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Foreword 

This is the eighth successive issue of the Applied (Reactor) Physics Division 
Annual Report and, in format, it simulates the preceding report, ANL-7710, and 
the earlier six reports: ANL-7010, 7110, 7210, 7310, 7410 and 7610. As in the 
previous reports, it emphasizes work performed by individual members or small 
groups of members of the Division, rather than integrated programmatic accomplish
ments. Nevertheless, when reasonable and possible, papers related to a given subject 
are grouped together within a section. 

In order to assist those who may wish to pursue a given subject more extensively, 
a list of pertinent references is included in each article. A catalog of open literature 
and report publications and of abstracts prepared by staff of the Applied Physics 
Division during the reporting period are appended in Section VI to further aid 
those who may be interested in having additional information concerning work 
done in this Division. 
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/ Section I 

Fission Properties and Cross Section Data 

In close support of the reactor program, experimental and theoretical studies of 
neutron interactions Avith those nuclei found in the structural and fuel components 
of reactor systems continue to be carried out. This work is performed principally to 
provide information necessary for optimal reactor physics design. The major por
tion of the effort is devoted to studies of fast neutron induced processes, especialty 
those which are important in fast reactors. The studies are directed toward neu
tron elastic and inelastic scattering, neutron induced reactions including capture, 
and to characteristics of the fission process. 



I  l . F a s t N e u t r o n T o t a l a n d S c a t t e r i n g C r o s s S e c t i o n s of P a l l a d i u m 1 

A. B. SMITH, P. LAMBROPOULOS, P. GUENTHER and J. WHALEN 

Elemental palladium is in a mass region of particular 
interest from the point of view of understanding the 
neutronnucleus interaction and its implication in the 
applied use of such neighboring nuclei as zirconium, 
molybdenum and cadmium. Understanding is usually 
based upon the concept of the nuclear optical model.2 

The predictions of this model are unambiguously com

parable Avith the observed total neutron cross section 
over a wide energy range and, in the low energy limit, 
Avith average resonance properties. The choice of model 
parameters is particularly sensitive in the region of 
palladium Avhere the observed fast neutron properties 
must be reconciled Avith the extreme minimum in the 
I = 0 strength function. Theoretical and experimental 
studies at Argonne National Laboratory over a number 
of years have illuminated these uncertainties in this 
region of the periodic table. The study of the fast neu

tron properties of palladium reported here is a part of 
this work. 

The total neutron cross sections of palladium were 
determined from 0.1 to 1.5 MeV at intervals < 2 keV 
with resolutions of ~ 2 keV. The statistical accuracy of 
the individual measurements was ~ 1 % and the con

sistency also of that order. The results are summarized 
in Fig. Ill . Generally, the cross sections varied 
smoothly with energy Avith some structure of small 
magnitude in the hundred keV region. Differential 
clastic scattering cross sections were determined from 
incident energies of 0.3 to 1.5 MeV at intervals of 
<20 keV and at eight laboratory scattering angles 
distributed between 25 and 155 deg. The deduced angle

integrated elastic scattering cross sections are outlined 

in Fig. Ill . Neutron cross sections for the excitation 
of "states" at 320 ± 50, 390 ± 20, 440 ± 20, 450 ± 20, 
550 ± 30, 570 ± 20, 830 ± 20 and 940 ± 25 keV Avere 
quantitatively measured. Further, cross sections for the 
excitation of "states" at 650 ± 25, 720 ± 25, 760 ± 25 
and 1010 =fc 50 keV Avere qualitatively and/or tenta

tively determined. The experimental inelastic scatter

ing results arc graphically summarized in Fig. 112. 
An optical potential A\as deduced from the experi

mental results and shown suitable for extrapolation to 
higher and loAver neutron energies. Calculations based 
upon the selected potential directly and quantitatively 
describe the measured total neutron cross sections. The 
selection of potential Avas sensitive to the elastic angular 
distributions, though the comparison of calculated and 
experimental elastic values required the additional 
concept of a compound nucleus and statistical interac

tions. The latter processes are reasonably calculable in 
this energy region of good experimental definition and, 
as a consequence, may be preferred to higher energy 
comparisons of calculated and measured clastic scat

tering A\here the relation to the optical potential is more 
direct but the experimental basis often more uncertain 
due to poorly resolved inelastic contributions to the 
observed elastic processes. Concurrent with the quanti

tative description of the fast neutron processes the se

lected potential provided reasonable estimates of 
strength functions in a region Avhcrc S0 values arc at or 
near a minimum. Average So values Avere reasonably 
extrapolated from the available fast neutron base in 
this experimentally difficult resonance region, free 
from energylocal perturbations and Avith results equiva

C 6 
o 

b" -

EXP TOTAL SCAT, 
SELECTED TOTAL 

CAL B TOTAL 
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FIG. Ill. Measured Neutron Total and Elastic Scattering Cross Sections of Palladium Data Points Indicate Measured Values 
Various Curves Indicate the Results of Calculations as Described in Primary Ref. 2. ANL Neg. No. 116915. 
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lent to or better than those obtained AAdth potentials 
often based upon experimental strength function values. 
I t is emphasized that the deduction of a reliable optical 
potential from fast neutron data requires precise experi
mental information including total and partial cross 
sections over an appreciable energy range. Such in
formation is not Avidely available. Furthermore, atten
tion must be given to the validity of the computational 
procedures employed if the results are to be meaningful. 
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12. F a s t N e u t r o n T o t a l a n d S c a t t e r i n g C r o s s S e c t i o n s of 240Pu (1) 

A. B. SMITH, P. P. LAMBROPOULOS and J. F. WHALEN 

The isotope 240Pu is a major constituent of many 
fast breeding reactors Avherein the plutonium fuel may 
consist of 20 or more percent 240Pu.(2) Thus, fast neu

tron interactions AAdth this isotope are a consideration 
in the neutronic design of these systems. Despite this 
practical importance, experimental knowledge of fast 
neutron cross sections of 240Pu is sparse and as a con

sequence evaluated data sets are largely based on 
nuclearmodel estimates. The present Avork Avas under

taken in an effort to improve experimental understand

ing of the fast neutron cross sections of 240Pu by direct 
measurement of total and scattering cross sections to 
~1.5 MeV. 

TOTAL NEUTRON CROSS SECTIONS 

The measured total neutron cross sections are sum

marized in Fig. 121. The structure near 530 keV is 
believed to be a residual artifact due to uncertain cor

rections for the effects of the large aluminum reso

nance in this region and to have no physical signif

icance. The errors associated with the results are 
largely of a systematic nature, and are particularly 
due to the uncertain transmissiondensity of the sam

ple. 

ELASTIC NEUTRON SCATTERING CROSS SECTIONS 

The 240Pu differential elasticscattering cross sections 
Avere determined from incident energies of 0.3 to 1.5 
MeV in increments <50 keV and at eight scattering 
angles between ~ 2 5 and ~155 deg. The resulting 
distributions Avere leastsquare fitted with the expres

sion 

dQ, «£(1 + £4 (1) 

Avhere <r (angleintegrated cross section) and the o>t 
coefficients Avere determined from the fitting pro

cedure, and Pt arc Legendre polynomials expressed in 
the laboratory system. It was estimated that the error 
in the measured differential values varied from 5 to 
10 % at forward angles and to as much as 30 to 50 % at 
extreme backward scattering angles. The elastic scat

tering results are summarized in the format of Eq. (1) 
in Fig. 122. 

INELASTIC NEUTRON SCATTERING CROSS SECTIONS 

The inelastic neutron excitation of states at 42 ± 5, 
140 ± 10, 300 ± 20, 600 ± 20 and 900 ± 50 keV Avas 
observed. The corresponding inelastic excitation cross 
sections are shoAvn in Fig. 123. Furthermore, neutrons 
corresponding to the excitation of states at energies 
> 1.0 MeV were qualitatiA^ely obsen'cd but subject to 
large background effects Avhich made quantitatiA^e 
interpretation unreliable, and therefore the respective 
cross sections are not reported here. 

CALCULATION AND DISCUSSION 

The interpretation of the experimental results Avas 
primarily based upon optical and statisticalnuclear 
models.3,4 The point of departure Avas an optical po

tential of the form 

V(r) =  Vf(r)  iWg{r)  Vs0h(r) ttr, {2) 

Avhere fir) is of the Saxon form, g(r) a Gaussian surface 
form, and h(r) a Thomas form. The potential param

eters were assumed energyindependent over the 
energy range of the present experiments. Compounds 
nucleus processes A\ere calculated using the Hauser

Feshbach4 formula. Fission was introduced by mean

of transmission coefficients and the respective cross 
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FIG. 121. Measured Total (ciosses) and ElasticScattering (Boxes) Cross Sections of 240Pu The Solid Curve Indicates the Total 
Scattering Cross Section Deduced from the Present Measurements. Dashed Curves Denote the Results of Model Calculations as 
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FIG 1-2-2 Diffeiential Elastic-Scattenng Cross Sections of 
240Pu Expiessed in the Foi mat of Eq (1) Crosses Denote Re
sults Deduced fiom the Measuied Values Cuives are Derived 
fiom Calculations (see Ref 6) ANL Neg No 116-794 

sections Avere calculated using the computer program 
NEARREX (o) The calculational results were descrip
tive of expcnmcnt as indicated by the various curves 
shown in Figs 1-2-1 through 1-2-3 (6) 

COMPARISON AVITH THE ENDF/B EVALUATED FILE 

The lesults of the above experiments are quantita
tively compaied Avith the relevant contents of the 
ENDF/B evaluated file7 The measured and evaluated 
total neution cross sections are in reasonable agree
ment over the entne expcumental eneigy range as il
lustrated in Fig 1-2-4 The disci epancies near 500 
keV are not judged significant as they could be at-
tnbuted to experimental errors At energies above 1 0 
MeV the evaluated results tend to be systematically 
largei than the measured values but the difference is 
small—less than 300 mb Measured and evaluated elas
tic scattering cross sections diffei from one another in 
both shape and magnitude, as shown in Fig. 1-2-4. 
The evaluated quantities are slightly larger than the 
measuied values near 500 keV and pronouncedly lower 
at 1 0 MeV and above At the higher energies the dis
crepancies are a full barn. 

Evaluated cross sections are available for the ex

citation of states at 43, 142, 296, 599, 863, 903 and 945 
keV These energies are very similar to those measured 
in the present experiments with the latter three being 
experimentally observed as a composite state A\ith an 
average excitation energy of 900 keV The evaluated 
and measured inelastic excitation cross sections are 
compared in Fig 1-2-5. Below 500 keV the evaluated 
results are in agreement Avith experimental observa
tion However, at higher energies they are appreciably 
larger than the corresponding experimental values 

Generally, it was concluded that the ENDF/B file 
was reasonably descriptive of the measuied total neu
tron cioss sections In the areas of clastic and inelastic 
scattering cross sections there Aveie appreciable dis
crepancies between the measured and evaluated re
sults These will, of course, be reflected m discrepancies 
m associated quantities, such as the non-elastic cross 
section, as internal consistency of the file is mandatory 
It is suggested that the observed discrepancies may be 

£ 

UJ 

FIG 1-2-3 Inelastic-Neution Excitation Cross Section of 
240Pu Crosses Indicate Measuied Values with Associated Er-
lors for the Excitation of the Individual States The Inseit 
Coirelates the Reported Excited Structure of 240Pu with Th 
Obseived in the Expenments (Boxes) The Eneigy Dimensio 
of the Experimental Boxes Indicate the Effective Expenmeni._ 
Resolutions and the Brackets Associate the Expenmental Re
sults with the Reported Stiuctme ANL Neg No 116-802 
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FIG. 1-2-4. A Comparison of Measured Total (Crosses) and Elastic-Scattering (Boxes) Cross Sections with Comparable Quanti
ties from ENDF (Curves).7 ANL Neg. No. 116-806. 
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FIG. 1-2-5. A Comparison of ENDF Inelastic Excitation 
Cross Sections7 with the Respective Experimental Quantities 
(Crosses). ANL Neg. No. 116-804-

due to inappropriate consideration of the fission proc
ess in the calculations from Avhich the file Avas largely 
deduced. 
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1-3. M e a s u r e m e n t s o f t h e 235U F i s s i o n C r o s s S e c t i o n a t 552 a n d 644 k e V 

W. P. POENITZ 

The fast fission cross section of 235U has been re-
eatedly measured in the past in many different lab-
ratories. I t appears that as time passes the results 

reflect a doAATrward trend of this cross section. In view 
of the high accuracy requests for this cross section ad

ditional measurements are needed since a systematic 
discrepancy still exists between more recent measure
ments of 235TJ(?i,/) and absolute capture cross sections 
combined with appropriate ratio measurements. The 
associated activity method used in the present experi-
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ment has been applied by Hanna and Rose,1 Poenitz,2 

Hams et al ,3 Mcnlovc and Poenitz,4 and Knoll and 
Poenitz5 for absolute cross section measurements In 
the present expcrnnent the alY(p,n) reaction was used 
to obtain neutrons of about 600 keV Measurements 
A\ere earned out m this energy legion in order to avoid 
additional errors due to the energy dependence of the 
fission cross section The 7-activity of the residual nu
clei, 51Cr, was measured to obtain the absolute neutron 
flux. 

The ilV(p,ri) reaction was used as a neutron source 
Protons were accelerated by a 3 MeV Van de Graaff 
generator The target consisted of either a silver or 
tantalum backing on which metallic vanadium had 
been evaporated The taiget thickness was in the 
range 10-30 keV A layer of about 20 keV of silver had 
been evaporated on top of the vanadium deposit in 
order to avoid losses of 61Cr by thermal evaporation 
at runtime The target has been soldered or glued at 
the end of a 1 cm diam beam tube made from silver or 
stainless steel 

The target Avas positioned in the center of a sphen-
cal ionization chamber The inner sphere of the counter 
had a diameter of 3 in and the outer sphere a diam
eter of 5 in The spheres w ere made from 0 025 cm 
thick silver A layer of 120 /ig/cm2 of 235TJ (99 8 %) had 
been deposited on the inner sphere by molecular plat
ing An aiea of 2 5% had been lost for construction 
material and proton beam tube inlet The mass deter
mination of the hssile material has been obtained by 
subsequent chemical analysis Corrections due to ex
trapolation of the fission spectra to zero pulse height 
did not exceed 1 5 % due to the high quality of the fis
sile material After the end of the run at the accelera
tor the 7-activity of the targets w as measured Avith a 
NaI(Tl)-detector This detector had been calibrated 
Avith a large variety of radioactive samples 

Two measurements Avere earned out at each energy 
value Different taiget arrangements Avere used in 
these runs Additional measurements were carried out 
A\ ith blank targets in order to detemnne possible neu
tron background from the proton beam tube The room 
background A\as measured using the 1/r2 law and Avas 
found to be in the order of 1 % 

Corrections Avere applied for the total absorption of 
fission fragments, the back scattering of neutrons from 
the outer sphere, the increase of the flight path due to 
neutrons scattered in the inner sphere, inelastic scat
tering of neutrons m the taiget material and the 
counter, and back scattering of neutrons from the 

construction materials Due to the basic design of the 
experiment all of these conections Aveic small, a total 
correction of 3 6 % Avas applied for the effects named 
above 

The values obtained are 

c, (522 keV) = 1 085 ± 0 043 b 

o-f (644 keV) = 0 066 ± 0 042 b 

The unccrtamties Avere determined by statistical en 01 
evaluation using statistical quantities only and then 
adding systematic uncertamties in a straightfon\ ard 
summation The present values are m agreement Avith 
recent prelumnary values by the author,6 measure
ments by Gorlov et al ,7 and Szabo et al8 The values 
are lower by 7-8% than the smooth curve given by 
Davey,9 A\hich is based on the measurements by 
White I0 
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1-4. T h e F i s s i o n C r o s s S e c t i o n R a t i o o f 238U t o 235U a t 2 .5 M e V 

W. P. POENITZ and R. J. AEMANI 

INTRODUCTION 

The fission cross section ratio of 23SU to 235U is of 
considerable importance because of the use of 238U as 
the major breeding material in fast reactors. Additional 
interest is due to the use of mU(n,f) as a threshold de
tector in neutron spectral measurements. The accuracy 
requested by reactor designers for the above ratio is as 
high at 1%. However, a major discrepancy (as large 
as 6%) exists between two groups of data. This dis
crepancy is in the "plateau" range from 2 to 3 MeV 
between the data by Lampherc1 and Smircnkin et al.2 

on one hand, and Stein et al.,3 Smith et al.4 and Jarvis5 

on the other. In the present experiment, values Avere 
measured at 2.5 MeV in order to contribute to a clar
ification of the "plateau" value of a^^/o-^JJ). 
Accurate mass assignment of the fissile materials used 
in the experiment was emphasized. 

MEASUREMENTS 

The fission cross section ratio A\as derived from the 
observation of fission fragments detected Avith a gas 
scintillation counter. The 7Li(p,n) reaction Avas used 
as a neutron source. The targets, ranging in energy 
from 50 to 100 keV, Avere bombarded with a 2 nscc 
pulsed and bunched proton beam Avith a repetition 
rate of 2 X 106 pulses per sec. The fissile material was 
deposited on molybdenum backings by electroplating 

in thicknesses ranging from 30 to 500 /ig cm2. The 
foils Avere positioned back-to-back and perpendicular 
to the 0 deg neutron beam at 10 and 20 cm distances 
from the target. The time-of-flight technique was used 
for background suppression. The pulses from the gas 
scintillation counters Avere analyzed according to the 
fission fragment energy and the time- of -flight of the 
neutrons. This information Avas stored in an on-line 
computer. 

Measurements Avere carried out twice for each set 
of foils, once for the 23SU foil facing the target and once 
for the 235U foil, in order to eliminate effects due to the 
momentum carried by the incoming neutrons. Effects 
depending on the foil thickness Avere checked by meas
uring the ratio for pairs of foils with 50, 100, 300 and 
500 /ig/cm2 deposits of fissile material. Possible back
ground effects on the results Avere checked by measur
ing the backgrounds at 10 and 20 cm distances from 
the target. The corrections for fission events in nuclei 
other than 23SU and 235U were checked by measuring 
the fission ratio for three sets of foils differing by their 
isotopic composition. 

Four different methods have been applied to obtain 
the mass ratios. Two of the methods are based on de
structive analysis of the foils; thus, each method could 
not be applied to each pair of foils. I t is indicated in 
Table I-4-I which methods Avere applied to which pair 
of foils. 

TABLE I-4-1. DESCRIPTION OF FOILS AND MASS RATIO ASSIGNMENT [VALUE OF N(236U)/N(23SU)] 

Foil Set 

I 

I I 

' 

I I I 

Fissile 

235TJ 
238TJ 

235TJ 

238TJ 

236TJ 

238TJ 

235TJ 
238TJ 

235TJ 

238TJ 

235TJ 
238TJ 

Thickness, 
Mg/cm2 

35 
40 

50 
50 

100 
100 

300 
300 

500 
500 

300 
300 

Isotopic Composition, % 

23SIJ 

99 857 
0 015 

98.432 
2 062 

99 564 
0.006 

238TJ 

0.054 
99.985 

0.106 
96.812 

0.078 
99.993 

234TJ 

0.027 

1 034 
0.991 

0.047 
— 

236TJ 

0.062 

0.428 
0.125 

0.311 
— 

Mass Ratio Assignment 
(Method and Values) 

1 

1.031 

1.020 

1.024 

0.959 

2 

0.912 

1.043 

1.044 

3 

1.045 

1.026 

0.959 

4 

0.893 
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FIG. 141. Comparison of the Present Result of <r/(238U)/ 
oy(236TJ) with Other Data. ANL Neg. No 116909 

METHOD 1 

Accurately Avcightcd amounts of U308 were used to 
obtain three different solutions of 236TJ, 238U and 234U, 
respectively. The 234U solution Avas used to spike the 
236U and 23SU solutions such that the total aactivity 
of each solution Avas primarily determined by the 234U 
spike. Foils have been produced from these solutions 
and their aactivities measured. The ratio of 236U 
atoms to 23SU atoms deposited on the foils Avere ob

tained from the acount rates, the amounts of U308 
put into solution, and the amounts of 234U solution 
added. 

METHOD 2 

The deposits Avere dissolved from the molybdenum 
backings and an approximately identical, but accu

rately Aveighed, amount of a standard 233U was added. 
The isotopic composition of the mixture A\'as deter

mined by mass spectroscopy. The amounts of 235U and 
238TJ from the foils Avere obtained from the knOAvn 
amount of 233U and the isotopic composition. 

METHOD 3 

The deposits were dissolved from the backings. The 
resulting solutions Avere compared colorimetrically 
with a standard uranium solution. Because only the 
ratio is used for the present experiment, the accuracy 
of the standard solution does not influence the final 
result. 

METHOD 4 

The masses were determined from the known iso

topic composition, the measured aactivities of the 
foils, and the half lifes as given in the literature. 

RESULT AND DISCUSSION 

The results from nine different measurements, in

cluding six different pairs of foils have been combined, 
yielding a ratio value of 0.436 ± 0.007 at 2.5 MeV. 
This result is compared Avith previously reported val

ues in Fig. 141. 
The result from the present measurement is betw cen 

the tAvo extreme limits by Stein et al.,3 Smith et al.,4 

and Jarvis5 on the IOAV side and Lamphere1 and Smir

enkin et al.2 on the high side. The agreement with the 
result by White and Warner6 is very good. The accu

racy which can be achieved in fission ratio measure

ments appears to be limited by the uncertainties in the 
mass assignments. The latter are more likely indicated 
by discrepancies between different experimental tech

niques than by the uncertainty claimed for a single 
method and result. 
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15. A d d i t i o n a l M e a s u r e m e n t s of t h e R a t i o <r /(
239Pu)/<r /(

235U) 

W. P. POENITZ 

Several measurements of the fission cross section 
ratio of 239Pu to 235U have been made.1"6 The emoted 
uncertainty of the results is about 3 % and the agree

ment among the various reported values is consistent 
with this uncertainty over most, of the fast neutron 
energy range. However, two major problems important 
to fast reactor calculations and design remain unsolved. 
Below 100 keV the ratios measured by White et al.,1 

and by Allen and Ferguson7 diverge and differ by about 
15 % at 40 keV. Measurements by Gilboy and Knoll3 

support the results by White et al.,1 and the values 
obtained by Szabo et al.5 agree very well Avith those by 
Allen and Ferguson.7 Several other measurements4,9'10 

resulted in values between these two extreme limits. 
Above 800 keV the neAv measurements by Savin et 

al.6 display some structure in addition to, or different 
from, that shown in older measurements of Ncttcr11 

and Smircnkin ct al.2 Between 1 MeV and 1.5 MeV 
the values of Savin ct al.6 display a pronounced maxi

mum and a pronounced minimum while the results of 
Ncttcr11 and Smirenkin ct al.2 show a smooth rise in 
the ratio Avith increasing energy. Another noticeable 
feature of Savin's data is a sharp drop of the ratio 
above 4 MeV. 

The present measurements arc an extension of a pre

viously reported experiment.3 A single value has been 
obtained at the threshold of the Li(7?,?i)Bc reaction. 
With an average of 30 keV, this point is in the energy 
range of highest importance for fast power reactors. 
Additional measurements have been carried out in the 
higher energy range where attention was given to the 
possible existence of structure of the type observed by 
Savin ct al.6 

A detailed description of the experimental procedure 
has been given in Ref. 3; however, different plutonium 
and uranium samples have been used in the present 
experiment. The fissile sample thicknesses were about 
35 Mg/cm2 for uranium (99.856% 23SU, 0.062% 236U, 
0.054% 238U and 0.028% 234U) and 45 Mg/cm2 for plu

tonium (99.843% 239Pu, 0.049% 241Pu, and 1.007% 
240Pu). The mass ratio was determined from the known 
isotopic compositions and the measured activities. The 
uncertainty of 2.5 % for this massratio determination 
is mainly due to the uncertainties in the 234U contents 
a the uranium sample and the half lives of 235U and 
i4U. 

Measurements Avere made with plutonium and ura

nium foils alternately facing the neutron target and 
for about equal counting rates. Thus, effects due to 
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scattering in the molybdenum backings and the neu

tron momentum added to the fission fragments Avere 
eliminated. Corrections Avere applied for the second 
neutron group of the source reaction, inelastic scat

tering in the molybdenum backing and the fission 
counter assembly, inscattering of lower energetic neu

trons from the targetbacking, and contributions from 
fissions other than those of 235TJ and 239Pu. The extrap

olation to zero fission fragment energy has been as

sumed to be the same for both spectra. An additional 
effect Avas found Avhich might have caused the slower 
rise in the ratio values of previous measurements above 
1 MeV compared Avith the present results. At higher 
energies a background Avith about the same timeof

flight spectrum as the fission events was observed 
Avhich was not eliminated by the coincidence between 
the two multipliers. This background was reduced by 
higher threshold settings and estimated from separate 
measurements using blank molybdenum backings. The 
major uncertainties of the present results are due to 
statistics (about 12%) and the mass assignment 
(2.5%). 

A value of 0.796 ± 0.020 has been obtained for 
<r/(

239Pu)/(r/(
235U) at 30 keV. This value is an average 

of an absolute ratio measurement and a measurement 
relative to a value of 1.33 at 500 keV obtained by av

eraging the data given in Rcfs. 1 through 5 and Ref. 7. 
Both values were within 1 % of their average. 

The value obtained at 30 keV is compared in Fig. 
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151 AAdth data obtained by other experimenters. The 
present measurement supports the higher values of 
o/(239Pu)/o/(235U) as measured by Allen and Ferguson,7 

Dorofeev and Dobrynin,12 Pfletschinger and Kaeppe

ler,4 and Szabo et al.5 

In Fig. 152 a comparison is made between the 
present values and an eyeguide curve through the re

sults by Savin et al.6 Only the statistical errors of the 
present measurements have been shown in this figure. 
No indication has been found for the structure between 
1.0 and 1.5 MeV suggested by Savin et al.6 The pres

ent measurements folloAV in shape essentially those of 
Netter11 and Smirenkin et al.2 With the exception of a 
few isolated points they agree Avith those of Nesterov 
and Smirenkin,6 White and Warner,1 Poenitz,3 Pfle

tschinger and Kaeppeler,4 Dorofeev and Dobrynin,16 

and Szabo et al.6 
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16. Measurement of (n,p) Cross Sections for Titanium, Nickel and Iron 
by Activation Methods 

J. W. MEADOAVS and D. L. SMITH 

Cross sections for the 4'Ti(n,p)47Sc (Q = +0.22 
MeV), 58Ni(n,p) ^Co (Q = +0.40 MeV) and 66Fe(n,p) 

56Mn (Q = —2.90 MeV) reactions have been deter

mined by measuring the activity induced in samples 
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of titanium, nickel and iron irradiated by fast neu

trons. 
Targets of lithium metal evaporated on tantalum 

cups were bombarded Avith proton beams from the 
Fast Neutron Generator to generate fast neutrons Ada 
the 7Li(p,?i)7Be reaction. The samples used Avere 1 in. 
diam metal disks of various thicknesses. These disks 
were taped to the container of a methane gas ioniza

tion chamber used as a fission counter and this assem

bly Avas placed Avithin a fcAV inches of the target. The 
relative neutron exposures for all the samples were de

duced from the recorded fissions and the 235TJ(«,/) or 
23SU(?i,/) cross sections. 

The relative activities of the neutron irradiated sam

ples Avere measured by detecting the following gamma 
rays Avith both lithiumdrifted germanium and sodium 
iodide scintillation detectors: 

47Sc: 0.16 MeV gamma ray (3.4 day half life) 
68Co: 0. 51 and 0.81 MeV gamma rays (71 day half 

life) 
56Mn: 0.84 MeV gamma ray (2.58 hour half life) 
A fcAV of the titanium and nickel samples received 

long neutron exposures to induce sufficient activities 
for absolute activity determinations by coincidence 
counting. The 47Sc activities were measured by (37 
coincidence counting while the 58Co activities A\ere 
measured by 77 (0.510.81 MeV) coincidence count

ing. The activities of all the other samples Avere then 
normalized relative to the activities of these "stand

ard" samples. Although no iron samples Avere cali

brated by coincidence counting, the iron sample ac

tivities could be related to the nickel sample activities 
by means of a small correction for the difference in 
gammaray detection efficiencies at 0.81 and 0.84 MeV. 

Figure 161 summarizes the results of this work. 
Corrections for geometric effects and for secondgroup 
neutrons from the 7Li(p ,n)7Be* reaction have been 
applied to these data; however no corrections for finite 
sample thicknesses have been determined as jrct. These 
corrections AVIII be small because the neutron trans

missions for all the samples exceed 95 percent. 

NEUTRON ENERGY. MEV 

FIG. 161 Cross Sections for the «Ti(n,jo)47Sc, 56Fe(n, 
p)66Mn, and 58Ni(n,p)68Co Reactions. Box Data Symbols 
Represent Measurements Made with a LithiumDnfted Ger
manium Detector while Cross Data Symbols Correspond to 
Measurements Made with a Sodium Iodide Scintillation De
tector. ANL Neg. No. 116790 Rev 1. 
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1-7. U t i l i z a t i o n o f M e a s u r e d a n d C a l c u l a t e d T i t a n i u m C r o s s S e c t i o n s i n t h e 
E N D F / B E v a l u a t e d F i l e 

A. B. SMITH and E. M. PENNINGTON 

The Evaluated Nuclear Data File-B (ENDF/B)1 

contains titanium (Material 1016). This evaluation 
Avas prepared by E. Pennington and Avas largely based 
upon prior evaluated data sets.2 In order to make avail
able the results of the latest Avork done at Argonne 
National Laboratory,3 to make available other recent 
experimental values in useful form, and to provide for 
user requests for basic titanium cross section data, the 
previous titanium ENDF file Avas modified and updated 
to include the most recently measured and calculated 
values. Modifications were confined to incident energies 
above 0.1 MeV. Values at all lower incident energies 
Avere retained from the original file. The modification 
emphasized experimental values and used the model cal
culations to extrapolate the measured quantities Avhere 
necessary. The file requires internal consistency Avhich 
is not available in detail from the experimental values, 
primarily because of the different experimental resolu
tions employed in the various measurements. Thus, 
construction of the file requires appreciable extrapola
tion and interpolation of measurements. Generally, the 
modification procedures Avere as follows: 

TOTAL NEUTRON CROSS SECTIONS 

Total cross section values in the energy range 0.1 to 
1.5 MeV Avere taken explicitly from the recent experi
mental results determined at Argonne. Above an en
ergy of 1.5 MeV experimental values from Schwartz,4 

Barschall et al.,5 and Foster and Glasgow6 Avere used. 
Above 10.0 MeV the measured values Avere extrapo
lated Avith model calculations using a carefully selected 
optical potential normalized to experimental values at 
loAver energies. Where necessary the measured total 
cross sections Avere lincarty interpolated in energy so 
as to assure that the energies of the partial cross sec
tions Avere a sub-set of the total cross section energies. 
The resulting evaluated total cross section is indicated 
in Fig. 1-7-1. 

ELASTIC NEUTRON SCATTERING CROSS SECTIONS 

The evaluated elastic scattering cross section Avas 
calculated directly from the evaluated total cross sec
tion and the non-elastic cross section. The non-elastic 
cross section Avas constructed from the various partial 
cross sections and linearly interpolated to the more de
tailed energies of the total cross section file. In this 
manner the resulting evaluated elastic cross section re
tained the detail of the high-resolution total cross' 

section file and maintained internal consistency. When 
averaged over corresponding energy increments the 
evaluated elastic scattering cross sections A\ ere in good 
agreement Avith those recently measured here. The re
sulting clastic evaluated file is shown in Fig. 1-7-1. 

The clastic scattering angular distributions Avere ex
pressed as /<(E) coefficients as defined by the ENDF 
format. At neutron energies of <1.5 MeV these co
efficients were taken explicitly from the neA\ experi
mental results. Additional experimental results were 
used at 3.2 MeV<6> and 4.0 MeV.(7> Model calculations, 
normalized to available experimental values, A\ere used 
to interpolate the measurements and extrapolate the 
fe(E) coefficients to higher energies. The ft(E) values 
obtained in the above manner provide a good repre
sentation of the best available experimental informa
tion. However, they are generally based upon meas
urements made Avith approximately an order of 
magnitude poorer resolution than those employed in 
total cross section studies. Thus /«(E) values will not 
display as detailed an energy dependence as cither the 
total or clastic cross sections of the file. 

INELASTIC NEUTRON SCATTERING CROSS SECTIONS 

The inelastic neutron scattering cross sections were 
assumed entirely due to the even isotopes of titanium 
(88% abundant). At incident neutron energies of <1.5 
MeV the experimental results of recent Avork here were 
explicitly used. Their components plus the cross sec
tions due to the excitation of known states at 2.32, 
2.40 and 3.2 MeV Avere extrapolated to incident neu
tron energies of ~7 .0 MeV using the calculation and 
the selected potential normalized to the measured val
ues. At higher energies the continuum inelastic dis
tributions and nuclear temperatures of the original 
evaluation Avere retained. The resulting partial and 
total inelastic neutron scattering cross sections are 
shown in Fig. 1-7-2. 

NON-NEUTRON E X I T CHANNELS 

Radiative capture cross sections and (n,X) reac
tion cross sections, A\hcre X 9^ neutron, Avere retained 
from the original evaluation Avithout modification •< 
the present experimental results did not directly defii 
these quantities. These non-neutron reaction cross sec
tions Avere incorporated into the non-elastic cross sec
tions used to obtain the elastic file as described above. 
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FIG. 1-7-2. Evaluated Inelastic Scattering, (n,y), (n,p), (n,2n) and (n,a) Cross Sections of Titanium, 0.01 to 18.0 MeV. ANL 
Neg. No. 116-792. 

Where necessary various partial cross sections Avere 
interpolated in energy-magnitude in a linear manner. 

The revised and updated ENDF file deduced in the 
above manner was verified using the check routine 
CHECKER1 and the physical content inspected with 
suitable graphical procedures. The final result is an 
evaluated file in the Avidely used ENDF format fully 
contemporary AAdth available microscopic cross section 
information and largely meeting the needs of the ini
tial user request. 
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1-8. E m p i r i c a l F o r m u l a f o r I n t e r p o l a t i o n of T a b u l a t e d P h o t o n P h o t o e l e c t r i c 
C r o s s S e c t i o n s 

D. L. SMITH 

Photoelectric absorption is the predominant inter
action between photons and matter for low-energy 
photons with energies exceeding the required threshold 
for ejection of the most weakly bound electrons of the 
atoms in the medium. Photoelectric cross sections, 
which are difficult to measure or calculate, are required 
for radiation-shielding applications and in the analysis 
of photon-energy deposition in reactor cores and in 
nuclear explosion environments. 

The available photoelectric cross sections, which are 
evaluated compilations including both experimental 
and calculated values, usually appear in tabular form. 
The user must interpolate to obtain cross sections for 
energies other than the tabulated values. I t has been 
found that the empirical formula 

or (Ey) = exp L - ( g piEy-'} In J2T1 (1) 

is very useful for interpolation of photon photoelectric 
cross tabulations. Sets of parameters {pi} Avhich yield 

good fits of Eq. (1) to tabulated cross sections for var
ious atomic numbers Z and photon energy intervals 
can be generated by least-squares analysis. The num
ber of adjustable parameters required for a particular 
fit varies AAdth Z, the photon energy interval, and the 
desired precision. 

A collection of sets of parameters \pi\ which provide 
fits of Eq. (1) to the total photoelectric cross sections 
compiled recently by Storm and Israel1 for Z = 1 to 
100 and Ey = 1 keV to 100 MeV has been generated 
by this procedure. The agreement between the fitted 
curves and the tabulated values is better than ± 3 % 
throughout. This collection is available in Ref. 2. 
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1-9. T h i c k T a r g e t Y i e l d f o r t h e T a ( p , / i ) R e a c t i o n 

J. W. MEADOAVS 

Neutron production in target backings and defining 
aperatures by the (p,n) reaction can be a significant 
source of background for proton energies above ~ 5 
MeV. An elementary calculation indicates a thick tar
get neutron yield of ~106/sr-;uC for 7 MeV protons 
striking a heavy metal target such as gold or tantalum. 
This can be compared Avith the 0 deg yield of a nom
inal 25 keV lithium target Avhich is only ~ 2 X 106/ 
sr-nC. 

The following experiment was carried out to provide 
corrections for a specific experiment. However, the re
sults have been recalculated to give neutron yields at 
0 deg. Although these results may be in error by as 
much as 25% due to uncertainties in the solid angle 

and in the neutron spectrum, they are still useful in 
estimating the seriousness of this source of background. 

The proton target was a clean, new, tantalum cup. 
Neutrons Avere detected by a fission ion chamber at 0 
deg Avhich subtended an angle of 17 deg and contained 
93 % 236U (0.196 mg/cm2) or 99.5 % 238U (1.04 mg/cm2). 
The incident proton beam Avas measured Avith a cur
rent integrator and all measurements were normalized 
to the same total charge. 

The experimental results are shoAAm in Fig. 1-9-1. 
The 0-deg neutron yield, shown in Fig. 1-9-2, Avas cal
culated assuming a constant 235U fission cross section 
of 1.25 b. Comparison of the 235U and 238U fission rates 
shoAvn in Fig. 1-9-2 indicates that ~ 7 5 % of the neu
trons had energies beloAv 1.5 MeV. 
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Reaction ANL Neg. No 116-927. 

FIG. 1-9-2. The Relative 236U and 238U Fission Rates for 
Neutrons fiom a Thick Tantalum Target ANL Neg. No. 116-

1-10. R e l a t i v e Y i e l d s o f t h e N e u t r o n G r o u p s f r o m t h e 7 L i ( p , 7 i ) 7 B e , 7 B e * R e a c t i o n s 

J. W. MEADOWS 

The 7Li(p,n)7Bc reaction is a convenient and widely 
used source of neutrons. Below proton energies of 2.38 
MeV the reaction goes only to the 7Be ground state 
and the neutrons are monoencrgetic in the center of 
mass system. Above 2.38 MeV the reaction can also go 
to the first excited state of 7Be and yield a second neu
tron group. However the third neutron group does not 
appear until 7.07 MeV so the reaction is still useful for 
monoencrgetic experiments providing the relative in
tensities of the first and second groups arc known. In
tensity ratios have been measured in this energy 
range1'2 but the estimated errors range from ~ 6 % 
near 3 MeV to > 1 5 % near 7 MeV. This paper pre-

snts some additional measurements. The choice of 
lglcs was based on the intended use of the reaction as 

a neutron source. 
The two neutron groups were separated by time-of-

flight methods. Neutrons were produced by proton 
bursts approximately 2 nsec long striking a lithium 
target and were detected at a distance of ~ 6 m. The 
two groups were completely separated over the entire 
energy range. The target was a thin layer of metallic 
lithium evaporated onto a tantalum bacldng. Most of 
the data were taken with target thicknesses of ~ 7 5 
keV as measured at the 7Li(p,?i)7Be threshold. The 
average proton beam current was only 1-2 juamps so 
the targets were stable for long periods* The beam 
current was monitored by a current integrator and the 
yields of the several targets were measured at 4 MeV 
relative to a long counter. 

The neutron detector was a hydrogeneous liquid 
scintillator in a glass container 2.5 cm in diam by 2.0 
cm thick. Bias levels were set to reject all neutrons 
with energies less than 950 keV. The shape of the de-
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FIG. 1-10-1. Ratios of the Yields of the Neutron Groups 
from the 7Li(p,w)7Be and 'Li(p,n)7Be* Reactions. ANL Neg. 
No. 116-848. 

tector response was computed for a single scattering-
event with, a 950 keV bias plus an approximate correc
tion for double scattering. For neutron energies below 
2000 keV (3.6 MeV proton energy) the detector re
sponse varies rapidly with neutron energy, bias level, 
and the overall gain of the detector electronics. Data 
in this region can be considerably in error. Above 2000 
keV the detector response is dominated by the shape 
of the n,p scattering cross section and is relatively in
sensitive to the above factors. For this reason the de
tector response contributes very little to the errors in 
the relative yields of the two neutron groups. 

Figure 1-10-1 shows the relative yields of the neu
tron groups (I2/I1) at 3, 15 and 50 deg. The error asso
ciated with each data point above 3.6 MeV is 5 % and 
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FIG. 1-10-2. Differential Cross Sections for the Total 
Neutron Yield of the 'Li(p,ra)'Be Reaction. ANL Neg. No. 
116-847. 

is largely due to the counting statistics and the -back
ground subtraction. 

The differential cross sections for total neutron yield 
are shown in Fig. 1-10-2. These results were obtained 
by normalizing each measurement to the integrated 
proton current. The results were normalized at 4 MeV 
to the 0 deg results of Bevington et al.1 which were 
normalized to the results of Gabbard et al.3 at lower 
energies. The errors due to counting statistics, back
ground subtraction, and normalization are estimated 
to be <10%. In addition the detector response curve 
can contain a systematic error which may be as large 
as 10 % at 7 MeV. 
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A. B. SMITH 

Some recent macroscopic and spectrum-averaged 
measurements and some analyses of fast critical ex
periments indicate an uncertain knowledge of the 

prompt fission neutron spectrum.2 I t has been sug 
gested that the average energy of the prompt fission 
neutron spectrum of 235U is > 10 % harder than previ-
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ously deduced from a number of microscopic measure
ments3 and that the average energy of the 239Pu spec
trum is appreciably nearer that of the 235U spectrum 
than indicated by many microscopic measurements. 
The effect of such fission spectrum uncertainties on 
fast-reactor parameters has been extensively studied. 

The microscopic experiments reported herein had 
the limited objective of: a) testing the validity of the 
previously reported microscopic prompt fission neu
tron spectrum of 235U and providing a basis for com
parison with macroscopic results, and b) determining 
the ratio of the average prompt fission neutron energy 
of 239Pu to that of 235U. Generally, the experimental 
rationale was the definition or the resolution of dis
crepancy rather than a definitive and comprehensive 
spectral study. 

RATIO OF AVERAGE FISSION NEUTRON ENERGY 
OF 239Pu TO 236U 

The relative ratio of the number of 239Pu fission neu
trons to those of 235U was determined as a function of 
fission neutron energy from ~0 .3 to ~8 .0 MeV. In
terpretation of the measured ratios was based upon 
the assumption that both 235U and 239Pu spectra are of 
the form 

N(E) « En exp (-E/T), (1) 

where n is a single constant for 235U and 239Pu and T is 
a "temperature" that can vary with isotope. I t follows 
from Eq. (1) that 

In R = A + BE, (2) 

where R is the energy-dependent ratio of 239Pu-to-236U 
fission neutrons and A and B are constants. Further, B . 
can be expressed as a function of the temperature \T 
of Eq. (1)] of the 235U and the 239Pu spectra by the for-m 

B = 1 T(235) 
T(235) T(239) - 1, (3) 

where T(285) and T(239) refer to 235U. and 239Pu neu
tron temperatures, respectively. A and B of Eq. (2) 
were .determined from a least-squares fit to the meas
ured R distributions. Individual datum points were 
weighted inversely proportional to the square of their 
respective standard deviations. A typical fit to an ex
perimental distribution is shown in Fig. 1-11-1. The 
average B values for a given incident energy and bias 
group were calculated from the results of all eight de
tectors and an RMS deviation from the average was 
" jtermined. 

The ratio of temperatures, T{239)/T(285), and av
erage fission-neutron energies, E(239)/E(235), follows 
directly from Eq. (3). Using a value of T(235) = 1.297 
MeV and the B values derived from the measurements, 

N(E 235 

N(E) 239 

;35 keV 
R = 0.0944-0.631 E 

-n i MeV 
FIG. 1-11-1. Linear Fit to the Logarithm of the Measured 

Relative Ratio of the 239Pu Fission Spectrum to that of 236U. 
Vertical Bars Indicate Experimental Uncertainties: ANL Neg. 
No. 116-434-

the ratios R = E(289)/E(285) were calculated. Rela
tively large changes in the reference T(2S5) value had 
only a small effect on R (a 10 % shift in T changes R 
by about 1 %). The individual B values were further 
combined, weighted each by the inverse of its RMS 
deviation to obtain a "grand" average B = —0.0543. 
This B value leads to R = E(239)/E(2S5) = 1.075 
with an estimated uncertainty of 1.5 to 2.0%. No 
significant dependence of R on incident neutron en
ergy was noted over the incident neutron energy 
range of 35 to 400 keV in the present experiments. 

URANIUM-235 FISSION NEUTRON SPECTRUM TO 
ENERGIES OF 1.6 MeV 

The calibrated response of the detectors was used to 
deduce the shape of the 235U prompt fission neutron 
spectrum to fission neutron energies of less than 1.6 
MeV. Results typical of a number of measurements 
are indicated by the solid datum points shown in the 
upper portion of Fig. 1-11-2. A numerical measure of 
the spectral shape was determined assuming the dis
tributions were of Maxwellian form. Each measured 
distribution was fitted, by the method of least-squares, 
with the expression 

In 
N(E) 
VE = a + 0E, (4) 

where j3 is the inverse of the Maxwellian temperature. 
One such fit is indicated by the curve in the upper por
tion of Fig. 1-11-2. The subjectively weighted average 
beta value obtained from all the measurements was 
(3 = -0.710 ± 0.070 MeV"1. With no judgement of 
quality, the uncertainty was increased by a factor of 
about 2. There was no observable dependence of beta 
on incident neutron energy (~35 and ~400 keV inci-
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0 0 8 16 
En, MeV 

FIG 1-11 2 Uiamum-235 Prompt Fission Neutron Spectra 
in the Interval 0 0 to 16 MeV The Solid Datum Points aie 
Illustiative of a Number of Results of the Piesent Woik The 
Open Cucles Repiesent the Micioscopic Results of Barnard 
et al 3 The Shaded Band Indicates the Spectra Implied by 
McElroy4 from Macroscopic Fission Aveiaged Cioss Section 
Measurements Solid Curves aie the Results of Fitting Max
wellian Distubutions to the Respective Values as Descubed 
in the Text Normali/ation of the Thiee Distributions is 
Aibitrary ANL Neg No 116-474 

dent neutron energies) The micioscopic data of Bar
nard et al4 were interpreted in an identical manner and 
over the same energy interval as employed in the 
present work Their results and the interpretation, 

One of the best methods for describing the interac
tion of a neutron with a nucleus utilizes the optical 
model combined with Hauser Feshbach and coupled 
channel theory The optical model includes a number 
of parameters whose values depend on the specific 
nucleus Once this parameter set has been determined 

indicated by the open datum points and curve in the 
center of Fig I 11-2, led to a value of 0 = - 0 737 
MeV -1 The value of beta derived from the Barnard 
data and that of the present expenment imply tempera
tures somewhat larger than those usually deduced 
from a wider energy lange No significance is attached 
to this difference due to the small energy range em
ployed (~0 3 to 1 6 MeV) The piesent beta values 
and associated uncertainties are consistent with an 
"accepted" microscopic temperature of ~ 1 297 MeV. 

The present results to 1 6 MeV are in contrast to 
those implied by McElroy6 from fission averaged cross 
section measurements McElroy arrives at a prompt 
fission neution spectrum, indicated by the shaded band 
in the lower portion of Fig 1-11-2 The deduced beta 
values corresponding to the maximum and minimum 
limits of the McElroy band were /? = - 0 493 MeV"1 

and j3 = 0 338 MeV-1, lespectively These macioscopic 
beta values are not consistent with those derived from 
the present woik, even accepting the laigest uncer
tainties 
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the details of the interaction can be calculated with 
high accuracy Since the polarization of the scattere' 
neutrons is generally quite sensitive to the paiticula 
choice of parameters it can be a valuable aid in then 
determination 

In a previous report1 we presented the results of a 
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comprehensive survey of 29 nuclei representative of 
most of the periodic table. The incident energy was in 
the vicinity of 1 MeV. Data were taken at 8 angles 
using a partially polarized neutron beam emitted at 51 
deg from the Li(p,n) reaction. Both the differential 
scattering across section and polarization were meas
ured at each angle. A scan of a number of opt ical model 
parameters was made in order to achieve the best 
theoretical fit to the data. By demanding that the final 
parameter set fit both the differential scattering cross 
section and the polarization some of the ambiguities in 
the choice of optical model parameters arc removed. 

In the present experiment data were taken at 2 MeV 
incident neutron energy. Because of the more compli
cated structure in the angular distribution of scattering 
and polarization the data were taken at 16 angles. The 
experimental procedure was the same as in the previous 
report except for the addition of some shielding. Also 
since the Fast Neutron Generator'2' is capable of pro
ducing 8 MeV protons, measurements can be made at 
much higher neutron energies. With the ~Li(p,n) reac
tion neutrons emitted at 51 deg can be produced at an 
energy of 5.6 MeV. 

In the previous report it is pointed out that the peri
odic table separated into three rather distinct regions 
according to the difficulty or ease with which a good 
theoretical fit could be achieved. In general for nuclei 
with A < 80 it is not possible to achieve a good fit to 
both the differential scattering cross sections and 
polarization although either one could be fitted sepa
rately. In the region from A « 80 to A ft) 125 it is rela
tively easy to obtain a good simultaneous fit to the 
differential cross section and polarization for all nuclei 
studied. For nuclei with A > 125 the data again be
come more difficult to fit. 

I t is interesting to compare the present data at 2 
MeV with the previous data at 0.870 MeV in the three 
regions just described. In Fig. 1-12-1 the results for 
titanium, cadmium, and gold are given for a neutron 
energy of 0.870 MeV. Titanium typifies the region 
below A = 80 where theoretical fits arc difficult. Cad
mium is a typical example of the intermediate region 
where fits arc easily achieved; and gold represents the 
region above A = 125 where fits are again more diffi
cult. In Fig. 1-12-2 the 2 MeV results arc given for 
the same three elements. The solid and dashed curves 
in both figures arc optical model calculations. In the 
case of titanium at 0.870 MeV the solid curve repre
sents the best fit to the scattering cross section and the 
dashed curve the best fit to the polarization data. The 
optical model parameters required are quite different. 
For example the real potential depth is 45 MeV for the 
solid curve and 50 MeV for the dashed curve. A good 
fit is easily achieved for cadmium. In the case of gold 
the fit to the polarization is vastly improved by in
creasing the imaginary well diffuseness parameter from 
0.50 (solid curve) to 1.00 F (dashed curve). The fit to 
the scattering data is only slightly improved. 

The optical model curves given in Fig. 1-12-2 are ob
tained using the same parameter sets as for Fig. 1-12-1. 
Only the neutron energy is changed. Several features 
are immediately apparent. The parameter set which 
yields a good fit to the titanium differential scattering 
cross section at 0.870 gives a poor fit at 2.000 MeV. 
The parameter set which results in a poor fit at 0.870 
MeV still gives a poor fit at 2.000 MeV. Both parameter 
sets give poor fits to the polarization data. There are 
two reasons why titanium might be difficult to fit. I t 
lies in a region of the periodic table (A = 48) where 
there is still some resonance structure exhibited in the 

En=0870Mev 

30 60 90 120 150 ISO 
30 60 90 120 150 180 

30 60 90 120 150 180 
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FIG. 1-12-1. 
Model-Hauser 
Neg. No. 113 

Differential Elastic Scattering Cross Sections and Polarizing Power Data (Open Circles) Compared With Optical 
Feshbach Calculations (Solid Curve) for 0 870 MeV Neutrons Incident on Titanium, Cadmium, and Gold. ANL 



0.2 I. Fission Properties and Cross Section Data 

1.00 — 

0.01 

0.40 

0.20 

-0.20 

-0.40 

-0.60 

0.01 

= 1 



: 

r 

: 

i 

I ' M 
Cd 

n \ 

\ 

1 , 1 , 

1 ' 

w 
1 1 

1 z 

■ 

I 

= 
'

1 

10.00 pr 

1.00 

0.01 

 1 1 ' 
 nsffl 5 
_ "~~^__^S 

 . 1 . 1 

' 

s" i 

1 

1 
y§. 

1 

1 l_ 

4 

1 l " 
40 80 120 

—' 

1 

I ' M 

» ^ 

1 , 1 . 

1 ' 1 

\f 
1 , 1 

80 120 160 

FIG. 1122. Differential Elastic Scattering Cross Section and Polarizing Power Data (Open Circles) Compared With Optical 
ModelHauser Feshbach Calculations (Solid Curve) for 2.000 MeV Neutrons Incident on Titanium, Cadmium, and Gold. The Optical 
Model Parameters Are the Same as Those Used for Fig. 1121. ANL Neg. No. 116920. 

excitation function for the scattering cross sections. 
In addition the region of the periodic table in the 
vicinity of A « 50 contains many highly deformed 
nuclei. The combination of both effects would make it 
especially difficult to obtain a good fit to the data. The 
situation is more favorable in the cases of cadmium 
and gold. The parameter sets obtained at 0.870 MeV 
yield good fits to the differential cross section data and 
very good fits to the polarization data. Considering the 
detailed structure in the differential cross section and 
polarization for gold the fit is remarkably good. 

At present, data have been taken at 2.000 MeV for 
18 other elements: aluminum, vanadium, cobalt, 
copper, zinc, selenium, yttrium, zirconium, niobium, 

molybdenum, silver, indium, tin, antimony, tantalum, 
tungsten, gold and lead. It is hoped and expected that 
the analysis of the data for these and other elements at 
2.00 MeV and higher energies will result in an improved 
parameter set for neutron interaction calculations and 
contribute to an understanding of the neutronnucleus 
interaction. 
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113. S p o n t a n e o u s l y F i s s i o n i n g I s o m e r of 236U 

J. W. MEADOWS and W. P. POENITZ 

The existence of an isomeric state in 236U which de

cays by spontaneous fission with a halflife of 85115 
nsec has been proposed by Pilcher and Brooks.1 From 
the figure given in that report, at least 1 % of the ap

parent total 236U fission events induced by 30keV 
incident neutrons are due to such a spontaneously 

fissioning isomer of 236U. This amount would be of 
practical importance in absolute and relative fi?°;™ 
cross section experiments, fission neutron spect 
measurements, and other fission studies that use .__. 
timeofffight method for background suppression and 
spectroscopic purposes. Therefore, direct search for 
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this isomer has been carried out using a fast-ionization 
fission chamber with a time resolution of about 3 nsec. 
The measurement was made at an incident neutron 
energy of 30 keV using the kinematic collimation of the 
neutron beam close to the threshold energy of the 
7Li(p,n)7Be reaction. The general room background 
was measured by positioning the fission counter outside 
the neutron beam. 

Of a total of 3.7 X 104 fission events observed in the 
present experiment, only 15, 8, 12 and 9 fission events 
were found in 100-nsec intervals, 100, 200, 300 and 400 
nsec, respectively, after the prompt-fission peak. The 
total relative number of events outside the prompt peak 
was about 0.12%, approximately 75% of which were 

INTRODUCTION 

I t appears that many of the data evaluations pre
sented in the past use contradictory interpretations of 
data and various evaluation concepts which may be 
questioned with regard to their validity. Thus these 
evaluations, most notably those for 238U, contribute 
further to the confusion in absolute cross sections. I t is 
the goal of this paper to interpret data on the basis of 
their experimental origin and to discuss evaluation 
methods based on this concept. As an example, an 
evaluation of the absolute cross section data of 236U(rc,/), 
2 3 8U(?I ,T) , 197Au(n,y), and 6Li(?i,a) and the ratios 
ffT(lwAu)A/(M5U), <7T(238U)/<r/(235U) and <ra(»Li)/ff/(2"U) 
has been carried out on the basis of these considerations. 
The energy range from 25-1000 keV has been con
sidered. Some of the cross sections included in this 
evaluation are of importance to fast reactor systems, 
the rest are standard cross sections. 

A standard cross section is at the present time as 
poorly established as was, for example, the length 
standard when it was defined as a forty-thousandth of 
the circumference of the. earth. Every new measure
ment may change the standard and thus violate the 
meaning of "standard." Even worse! not only one 
"+",ndard cross section is in use but several, including 

n,n), i0B(n,a,y), 6U(n,a), 1S7Au(n,y) and 235U(nj). 
*..ose named have been accepted in recent years as 
standards justified by their practical use in experi
ments.1 Restriction to these cross sections as standards 

attributed to the measured room background. Thus, 
the contribution to observed 235U neutron-induced 
fission of a possible spontaneously fissioning isomeric 
state in 236U is less than 3 X 10"2 %. This is one to two 
orders of magnitude lower than indicated by the work 
of Pilcher and Brooks1 and too small to significantly 
affect fission cross-section measurements using time-of-
flight techniques. 
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supplies a feasible means of measuring and comparing 
cross sections of different types of reactions. 

Because a standard cross section is determined by 
many absolute measurements, the interpretation and 
evaluation of such data becomes a vital part in estab
lishing the standard cross section to be used. These 
standards influence in turn the selection of cross sec
tions to be used in reactor evaluations and design. 

CLASSIFICATION AND INTERPRETATION OF DATA 

In order to incorporate a proper set of data in a cross 
section evaluation, clarification and classification of the 
available experimental data are needed. 

RELATIVE DATA 

Cross section values have been measured "relatively" 
if the ratio between two cross sections has been deter
mined. Such data should be compiled separately to 
obtain proper ratio values between the twro cross sec
tions. If several cross sections have been measured in an 
experiment using the same experimental technique for 
all, or if they have been measured relative to the same 
standard cross section, proper ratios can be extracted 
for any combination of the two cross sections involved. 

ABSOLUTE DATA 

Cross section values have been measured "abso
lutely" if no other cross sections were involved. Excep
tions are usually made if thermal cross sections or 
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resonance parameters are used which arc known with 
an accuracy superior to that in the fast energy range. 
Those which have been measured relative to the H(n,?i) 
cross section are accepted as equivalent to absolute 
data. The justification of this lies in the high accuracy 
with which the hydrogen scattering cross section can 
be determined by the transmission method. On the 
other hand there is no justification to consider such 
data superior to other absolute data because obviously 
there are difficulties in obtaining proper relative data 
using the H(n,n) cross section to eliminate the neutron 
flux. 

SHAPE AND MAGNITUDE OF DATA 

Absolute cross section data as well as ratio data 
usually contain two different lands of information. The 
"shape" of the cross section or the ratio is the variation 
of these quantities as a function of energy. The "mag
nitude" depends on many quantities which arc usually 
common to all measured values. The inevitable con
clusion is that a single absolute cross section measure
ment supplies the same amount of information, as far 
as the amplitude of the cross section is concerned, as a 
measurement consisting of many values at different 
energies. The latter data supply, however, the addi
tional information about the shape of the cross section. 
The equivalence of a "singlo-encrgy-point" measure
ment and a "many-encrgy-point" measurement for the 
magnitude of a quantity is important for a proper 
compilation of the data. I t suggests the evaluation of 
the shape of a cross section or a ratio separately from 
its magnitude. 

I N D E P E N D E N C E OF DATA 

In order to obtain a proper and fair answer in an 
evaluation of a cross section or a ratio, there has to be 
assurance that the different input data sets arc inde
pendent of one another. This rule has been violated 
in nearly all recent cross section evaluations, especially 
in those for 23SU(?i,7). If the input data in an evaluation 
are thus improperly manipulated, the output informa
tion will reflect this manipulation and not the present 
knowledge of a cross section. 

SELECTION OF DATA AND EVALUATION METHODS 

Completely opposing concepts have been used for 
the selection of input data in cross section compilations. 
In some evaluations one cross section has been declared 
as the ultimate in cross section measuring technology 
and other data have been admitted or eliminated as 
input data, or have been renormalized to the preferred 
cross section. In other compilations all existing data 
have been admitted, unfortunately even those which 
were superceded by rcmeasurements in the same lab

oratories using the same experimental technique. The 
problem of selecting input data appears to require a 
different approach. Some rules are more or less ob
vious: Data should be replaced by re-evaluations of 
previously published data if such re-evaluated values 
are available from the experimentors. If an experiment 
has been repeated in the same laboratory employing 
the same basic technique, the new data should be used. 
The rest of the data should be admitted, properly 
weighted. However, in practical examples it will turn 
out that some data can be rejected since they arc in 
disagreement with a clear majority of other data by 
several error bar magnitudes. An example is the older 
measurements of the fission cross section of 235U which 
are higher by up to 60 % than the values obtained from 
the present evaluation. To eliminate some of the older 
data appears to be justified by the observation of a 
systematic trend of the measured values which reflect 
certain features of the considered reaction. For ex
ample, some of the older measured fission cross sections 
of 235U and some of the capture cross sections of I97Au 
appear to be too large. The reason most probably lies 
in the high thermal cross sections and the high reso
nance integrals of these materials. 

I t is surprising that evaluations of cross sections 
often are based on personal opinion or a belief of an 
evaluator about certain cross section experiments. 
Some of the evaluations using dependent input data 
justified this action by emphasizing the benefit from 
consistency with other previously selected data. Con
sistency between different cross sections is a need, 
especially in reactor calculations;2 however, there are 
proper methods to obtain such consistency by means 
other than to impress one selected cross section on all 
others. An example of a proper internally consistent 
evaluation is that employed for oy , <ry , v, -q, and a 
data at thermal neutron energy. 

An evaluation method should be based on a well-
defined mathematical procedure to obtain best-values 
of a cross section. The evaluation of a single cross sec
tion should include all available absolute data which 
arc independent of one another. Inclusion of relative 
data would require extending the data evaluation to 
the reference cross section. This means that a simul
taneous evaluation of absolute cross sections and their 
ratios is required. For fast neutron cross sections such 
simultaneous evaluation has been carried out by So-
werby et al.3 and Poenitz.4 An evaluation of data to be 
used in reactor calculations should include all major 
cross sections needed in these calculations and th_:~ 
ratios. Such evaluation will yield more accurate rcsu 
if the standard cross sections are included. 

The next step after the selection of independent in
put data properly classified and separated as absolute, 
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relative, shape, or magnitude data is the assignment of 
weights to the input data. In some evaluations the 
squares of the inverse error bars are used as weight. 
In others, the emoted error bars have been enhanced 
after considerations of the agreement or disagreement 
of the given data with data from other laboratories or 
the experimental techniques employed in their meas
urement. I t has been noted recently that all such meas
ures of the confidence in a set of data are ambiguous.4 

On the other hand they supply some information about 
the reliability of data and should be combined in a 
proper way to obtain a weight for the input data in a 
cross section evaluation. 

The quoted error bars reflect the confidence limit 
according to the different contributions of quantities 
involved in the computation of the result. I t must be 
emphasized that in most cases the quoted error bars 
are the 68 % probability limits only, obtained by apply
ing an error evaluation method which is valid for sta
tistical quantities. I t would appear improper to inter
pret data presented by an experimenter so that the 
true value is expected to be his quoted value or "close" 
to it, and to label other values as "right" or "wrong," 
depending on whether agreement or disagreement 
within error bars has been found. 

The age of a set of measured values has been used 
occasionally as a justification for ignoring the values. 
This view is opposed by many examples where older 
measurements appear to be closer to newest results 
than less recent results. On the other hand, giving 
newer and older measurements the same weights would 
mean denying the advances made in the experimental 
techniques. Therefore, the introduction of a weight con
taining the age of a measurement appears appropriate; 
however, too strong a down-weighting of older meas
urements (such as ignoring them altogether in some 
compilations) has to be avoided. 

The agreement or disagreement of a set of values 
with other data has been used occasionally to eliminate 
or admit such values in a cross section evaluation. The 
ideal goal is to reach an agreement between data meas
ured by several laboratories. I t has often been found 
in the past that such agreement has been reported, 
though the cross section or ratio values later drifted 
away from these previously consistent values. On the 
other hand, it appears appropriate to down-weight data 
which deviate greatly from a large majority of values 
which are in agreement. The use of the inverse of the 
absolute discrepancy appears to be an appropriate 
"^asure. Some addition to the discrepancy has to be 

de to avoid excessively large weights for values 
__jch are accidentally identical with the average. 
Consideration could be given to the assignment of a 

weight to the results of an experiment according to the 

TABLE I-14-I EVALUATION R E S U L T S 

Energj, 
keV 

25 
30 
40 
50 
65 
80 
100 
120 
150 
200 
250 
300 
400 
500 
650 
800 
1000 

ay{mV) 

0 482 
0 443 
0 382 
0 344 
0 287 
0 235 
0 205 
0 186 
0.166 
0.145 
0.129 
0 118 
0 112 
0 111 
0 122 
0 139 
0 134 

o-7(Au) 

0 639 
0 576 
0 489 
0 439 
0 381 
0 344 
0 320 
0 303 
0 299 
0 270 
0 237 
0 207 
0 165 
0.138 
0 110 
0 098 
0 084 

*„(Li) 

1 002" 
0 922 
0 800 
0 733 
0 665 
0.638 
0.636 
0 657 
0 847 

ff/O^U) 

2 221 
2 061 
1 S51 
1.769 
1.629 
1 556 
1 509 
1.495 
1 475 
1.342 
1 260 
1.187 
1 133 
1 088 
1 087 
1 116 
1.169 

experimental techniques applied. (For example, a 
time-of-fiight measurement would be preferred over a 
steady-state beam experiment). However, it appears 
to be tremendously difficult to assign fair measures to 
such different experimental techniques even for experi
mentalists who did comparative measurements employ
ing several techniques. 

EVALUATION EXAMPLE 

INPUT DATA 

The selection of input data followed the considera
tions given above. In addition, values have not been 
used if no documentation of the experiment were avail
able. 

EVALUATION METHOD 

In a first step, the shapes of o-7(197Au), <77(23STJ), 
^(•Li), af(^H), ay(™Au)/o-f(™U), <r7(23sTJ)A/(235U) 
and cra(6Li)/cr/(235U) were evaluated using smooth 
curves through the original data and the given error 
bars as weights. In a second step, the amplitudes5 were 
adjusted by minimizing the average deviations. The 
weights were composed from the absolute given error 
bars, the number of years between the measurements 
and the present time, plus 5, and the deviation from 
the unweighted average, plus 2. The numbers 5 and 2 
are chosen somewhat arbitrarily. 

The resulting adjusted values were used in a simul
taneous evaluation including all the above named 
absolute cross sections and ratios in order to obtain a 
consistent set of data. The results are given in Table 
I-14-1. The input data for 6Li(n,a) in the resonance 
region were insufficient and thus lead to no result for 
this cross section. 
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DISCUSSION 

The results of the present evaluation compare well 
with the absolute cross section data from the last 10 

, years for <r7(
197Au) and cr7(

238U). Good agreement is also 
obtained with the 6Li(ra,a) data in the energy range 
25150 keV. The evaluation result for 235U is on the 
low side of the data as a result of the absolute 6Li(n,a), 
mAu(n,y) and 2 3 8U(?I ,T) data. This demonstrates the 
feedback of the latter, cross sections on 235U(?i,/) in a 
simultaneous evaluation of several cross sections. A 
similar result has been obtained by Sowerby et al.3 A 
comparison of the available data for 2 3 8U(?I,Y) and 
235U(n,/) is made in Fig. 1141 for which the data were 
taken from Refs. 5 through 13 and in Fig. 1142 for 
which the data were taken from Refs. 14 through 22 
and Paper 13, respectively. 
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Because of apparent discrepancies in the basic 2200 
m/s fission parameters, an independent examination 
and determination of possible adjustments was per
formed. Rather significant modifications of the pre
viously "accepted" set of thermal fission constants arc 
proposed on the basis of reduced confidence in a input, 
adjusted v values, and equal weighting of v measure
ments. As a prominent example, the review suggests 
that, compared with IAEA surveys, the 235U fission 
cross-section should be 1% higher—585.7 ± 1.8 b— 
and the neutron yield should be correspondingly lower— 
2.400 ± 0.007 neutrons/fission. 

In studies and experiments associated with breeder 
reactors, there is a high degree of contingency traceable 
to the absolute yield2 of neutrons from spontaneous 
fission of 252Cf. This dependence arises, in short, from 
a direct connection between v(252Cf) as a reference upon 
which all values of v for thermal fission of 233U, 235U, 
and 239Pu and upon which all values of v(E) are ref
erenced. 

A long-standing experimental program at Argomic 
was recently completed with the publication of a mul
tiply-verified value for i>(262Cf).(1) Prior to this result, 
there have been published a number of measurements 
listed with precision of 1 % or better, but differing by 
as much as 3 %. The Argonne value falls within this 
range, but markedly below the weighted average of all 
experimental data. 

I t has also been evident that there exist a number of 
other anomalies in completely unrelated quantities. In 
particular, there are very accurate measurements of 

Also, W. D. McNeese, Preparation in Plutonium Sheet 
by Extrusion, LA-2113 (1957). 

21. W. D. Allen and A. T. G. Ferguson, The Fission Cross Sec
tions of 233U, 23iU, 23SU and 23"Pufor Neutrons in the En
ergy Range 0.030-3 0 MeV, Proc. Phys. Soc. A70, 753 
(1957). 

22. W. P. Poenitz, Measurement of the 23iU Fission Cross Section 
in the keV Energy Range, Second Conference on Neutron 
Cross Sections and Technology, Washington, D. C , 
1968, NBS Special Publication 299, Vol. I, 503 (1968). 

the fission cross section for 233U which are about 1 % 
higher than the IAEA average. To reconcile these 
major discrepancies where accuracies of 3 ^ % were 
previously attributed to the least-squares fitted values, 
significant revisions can be generated on the basis of a 
unified analysis. The result is a set of fission param
eters with much higher internal consistency. 

To some extent the approach was based on a par
tially-subjective—but different—view towards credi
bility of some experiments. This reviewer has accepted 
some of the more recent low measurements of the 233U 
and 234U half-lives, has eliminated the artificial down-
weighting applied to certain absolute measurements of 
v(252Cf), and has reduced the experimental values of 
some manganese bath results for v. After applying a 
uniform constraint of V<JS — r\oa, an adjusted set of 
fission parameters was generated with substantive 
support from the internal consistency of the revised 
experimental input data. The effect of these changes 
upon 236U propagates to both 233U and 239Pu, but these 
two isotopes have additional ambiguities due to inade
quate input data. 

Table I-15-I (Table XIV of Ref. 2) summarizes the 
full results, which are available with complete docu
mentation in an Argonne National Laboratory report.2 
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TABLE I15I. REVISED VALUES FOR 2200m/s CONSTANTS 

"a 

°f 

°r 
a 

71 

^t 

as
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233u 

Experiment 

575 6 ± 1 6 

mfi 
539 3 ± 4 8 

(+1 67.) 

50 6 ± 3 2 
(07.) 

0 0900 ± 0 0004 
(07.) 

2 278 ± 0 008 
(-0 447.) 

2 464 ± 0 005 
(-107.) 

10 5 
(+247.1 

Adjustment A
a 

582 5 ± 18 
(+0 857.) 

537 9 ± 19 
(+147.) 

446 ± 0 9 
(-57.) 

0 0830 ± 0 0018 
(-6 67.) 

2 265 ± 0 006 
(-0 867.) 

2 453 ± 0 007 
(-147.) 

35 
(-597.) 

Adjustment B
a 

578 0 
(+0 077.) 

536 5 
(+1 17.) 

415 
(-137.) 

0 0773 
(-147.) 

2 278 
(-0 297.) 

2 454 
(-13%) 

8 1 
(-4 97.) 

Adjustment C
b 

575 6 
(-0 357.) 

5319 
(+0 257.) 

43 7 
(-7 67.1 

0 0822 
(-7 77.) 

2 284 
(07.) 

2 472 
(-0 67.) 

10 5 
(+247.) 

235u 

Experiment 

680 5 ± 2 7 
(+0 157.) 

587 4 ± 2 5 
(+107.) 

-
-

0 1691 + 0 0021 
(-0 59%) 

2 067 ± 0 009 
(-0 487.) 

2 393 ± 0 008 
(-127.) 

14 3 ± 0 5 
(-7 0%) 

Adjusted 

683 0 ± 19 
(+0 66%) 

585 7 ± 1 8 
(+0 95%) 

97 3 ± 1 1 
(-107.) 

0 1661 ± 0 0021 
(-2 0%) 

2 058 ± 0 006 
(-0 687.) 

2 400 ± 0 007 
(-0 92%) 

13 6 ± 15 
(-5 0%) 

239P u 

Experiment 

1012 1 ± 6 2 
(07.) 

742 5 ± 2 8 
(+0 26%) 

275 5 ± 7 8 
'0%) 

0 3598 
(0%) 

2 100 ± 0 009 
(-0 487.) 

2 854 ± 0 008 
(-107.) 

Adjustment A
c 

10216 
(+0 867.) 

742 5 
(+0 267.) 

279 1 
(+2 97.) 

0 376 
(+2 8%) 

2 091 
(-0 847.) 

2 877 
(-0 107.) 

Adjustment B
c 

1013 4 ± 4 6 
(+0 137.) 

742 5 + 3 1 
(+0 267.1 

270 9 ± 2 6 
(-17%) 

0 365 ± 0 004 
(+1 4%) 

2 091 ± 0 007 
(-0 84%) 

2 854 ± 0 007 
(-0 91%) 

y,(252C(l = 3 731 ± 
= 3 735 ± 

o,(
2
39pu)/(235u) 
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0 008 (Adjusted) (-0 947.) 

12633 ± 0 0081 (Experiment) (-1 5%) 
12677 ± 0 0081 (Adjusted) (-0 87.) 
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5 years (Experiment) (-1 
u t(235u/252cf) = Q 6 4 ] 4 ± 0 Q 0 ] 8 ( E x p e r | m e n t | ( r j % , 

= 0 6426 ± 0 0015 (Adjusted) (0%) 
v t(239pu/252Cf j = 0 7648 ± 0 0067 (Experiment) (07.) 

= 0 7703 ± 0 0022 (Adjustment A) (+0 8! 

V 2 3 3 M , ■ 1554 
■= 1562 

Tj,2(234u) « 2 444 

(-2 57.1 
(-2 0%) 
») 

vt(235u)o((235M| 

Tj(235u)oa(235M| . 

1405 6 (Experiment) (-0 017.) 
1405 7 (Adjusted) (-0 01%) 
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1405 6 (Adjusted) (-0 01%) 

u,(233u)of(233ui 1328 8 (Experiment) (+0 717.) 
1319 5 (Adjustment Al (07.) 

=■ 1316 6 (Adjustment Bl (-0 22%) 
T)(233u)oa(233u) = i 3 n 2 (Experiment) (-0 637.) 

= 1319 4 (Adjustment A) (07.) 
= 1316 7 (Adjustment B) (-0 217.) 

u t(
2
3

9
Pu)o ((239pu| = 2119 1 (Experiment) (-0 817.1 

= 2136 2 (Adjustment A) (+0 027.) 
= 21191 (Adjustment B) (-0 817.) 

7)(239pu)0a(239pu) = 21254 (Experiment) (-0 517.) 
= 2136 2 (Adjustment Al (+0 027.) 
= 2119 0 (Adjustment B) (-0 817.) 

r,(239pu)0a(239p l l)/T,(235u|<, (235u| 15110 (Experiment) (+0 157.) 
15197 (Adjustment A) (+0 037.) 
1 5075 (Adjustment B) (-0 767.) 

Other Values 

1 509 + 0 023 (Magnuson) 

IT; - l ) (239pu |0 a(239pu | / (^ - l ) (235u ) a (235M| = 1 5333 (Experiment) (+3 6%) 
= 1 5424 (Adjustment A) (-0 097.) 
= 15300 (Adjustment Bl (-0 907.) 

T)(239pu)/T,(235u) = i 0160 (Experiment) (+0 13%) 
= 1 0160 (Adjustment Al (-0 167.) 
= 10160 (Adjustment B) (-0 16%) 

T)(
2
33u)/7j(235u) - 1 1021 (Experiment) (-0 05%) 

= 1 1006 (Adjustment A) (-0 17%) 
= 1 1069 (Adjustment B) (+0 407.) 

T)(
2
33uloa(233u)/r,(235U)0a(235U| = 0 9322 (Experiment) (-0 197.) 

= 0 9386 (Adjustment A) (0%) 
= 0 9367 (Adjustment B) (-0 207.) 

1017 (Vidal et a j ) 

± 0 005 (Vidal et al) 

0 934 ± 0 014 (Magnuson) 

a
For 233(j Adjustment A u t(

Z 3 3
U)o,(

2 3 3
U) = 1319 5 (as Hanna et al) • for Adjustment B, the product is 1316 6 

b
For ut(233(j)0f(233M) = 1314 8 ' 

c
For 239pu Adjustment A, u t(239Pulo f(239pu) ■ 2136 2 (as Hanna et aj) • for Adjustment B, the product is 2119 1 

d|n parentheses are percentage differences comparing Hanna et al input-experimental and output-adjusted data. (The experiment averages derived in this 
report are compared with IAEA experimental averages, the adjusted output is compared with the IAEA LSF ) 

e
Rolled metal 



16. Moldauer 29 

1-16. T h e o r y of M e a s u r e m e n t 

P. A. MOLDAUER 

Traditionally, the interpretation of a measurement in 
quantum mechanics has involved a process called 
"reduction of the state vector." Since this reduction is 
a nonlinear acausal change which cannot be described 
by the Schrbdmger equation, the question has often 
been raised whether quantum mechanics is a complete 
theory w hich is capable of describing the measurement 
process. 

In the usual notation one can predict the outcome 
of only one measurement at a time. "Reduction" is 
then the- way by which a previous measurement is 
made to affect the outcome of a later measurement, 
leading to the correct correlations between successive 

measurements. By recasting the notation so that all 
observations are described in terms of projection opera
tors (referring to properties of the measuring apparatus), 
it has been found possible to describe not only the out
comes of individual measurements, but also all correla
tions between successive measurements. Moreover it is 
found that these correlations are correctly predicted by 
the linear causal time development of the quantum 
state as described by the Schrodinger equation. Con
sequently, quantum mechanics describes the measure
ment process completely without the need for "reduc
tion." 
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Section II 

Fast Reactor Physics 

The section on Fast Reactor Physics is concerned with the analyses and measure
ments of hquid metal fast breeder reactor characteristics and parameters. The 
measurements are generally made on the critical facilities ZPPR (Zero Power Plu
tonium Reactor), ZPR-3, ZPR-6 and ZPR-9, and are often performed to check 
calculated results and hence to evaluate the analytical methods and the nuclear 
constants used in the calculations. Again, the critical assemblies may be constructed 
to permit measurements on mockups of hquid metal fast breeder power reactors. 
The results may possibly be extrapolated to aid in the design of the originally con
ceived power reactor. The work reported in this section is of value in understanding 
the fundamentals of the liquid metal fast breeder and in developing analytic meth
ods for predicting with accuracy the performance of such reactors. 
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J. W. DAUGHTRY, C. D. SWANSON, A. B. LONG, R. B. POND and G. K. RUSCH 

INTRODUCTION 

ZPR9 Assembly 27 is the Fast Test Reactor En

gineering Mockup Critical (FTREMC). The objec

tives of the EMC experiments arc to verify the neu

tronics characteristics of the FTR preliminary design 
and to provide data for fixing final design parameters, 
such as fuel enrichments and boron loading in control 
and safety rods, and for assessing power distributions, 
fixedshim methods, test loop loading effects, safety 
characteristics and cndoflifc conditions. 

The FTR is the main component of the Fast Flux 
Test Facility (FFTF) which is being built primarily 
for fast reactor fuel testing. The FTR is to be a plu

toniumfucled, sodiumcooled, fast reactor with a core 
volume of 1034 liters (cold) designed to operate at 400 
MW. I t is to be made up of hexagonal subassemblies 
equal in cross sectional area to approximately 4.1 
ZPR9 matrix tubes. This, in itself, constitutes a limita

tion to the degree of accuracy of the mockup. 
Within the constraints imposed by the ZPR9 matrix 

and drawers and the available material inventory, the 
EMC approximates, as closely as possible, the current 

design of the FTR. In particular, the EMC is very 
similar to the FTR in fissile mass and in the atom den

sities and volumes of each region and in the locations 
of the test loops and control, safety, and shim rods. 
The length of the ZPR9 matrix limits the extent of the 
axial mockup to approximately 47 in. from the mid

plane of the reactor. Both the size of the matrix and 
the limited inventory of stainless steel prevent the 
mockup of the complete radial shield. 

The EMC experiments constitute Phase C of the 
FFTF Critical Experiments Program.' They are related 
to the experiments previously performed in Phases A 
and B of the same program. However, while the Phase 
A and B experiments were used to study idealized 
models of the FTR in clean experiments, the EMC 
experiments are being performed in an assembly which 
reproduces as closely as possible the actual configura

tion anticipated for the FTR. 
The purpose of this paper is to provide a detailed 

description of the assembly including the worths of 
the ZPR9 control and safety rods and the temperature 
coefficient of reactivity. 
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FIG. IIll . The FTREMC Assembly; Stationary Half of 
ZPR9. ANL Neg. No. 116744 
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FIG. II-1-3 Plate Airangements for FTR-EMC Compositions. ANL Neg. No. 116-1056. 
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I I . CORE PLENUM 
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FIG. II-1-3. (cont.) Plate Arrangements for FTR-EMC Compositions. ANL Neg. No. 116-1057. 

DESCRIPTION OF THE ASSEMBLY 

In assembling the EMC in the ZPR-9 facility, the 
top half of the FTR was mocked up in the movable 

-half of the ZPR-9 matrix. Figure II- l - l is a diagram 
representing the front face of the stationary half. This 
corresponds to a cutaway view at the midplane of the 
FTR looking vertically down. The various regions of 
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the assembly are identified by letteis ID (innci driver), 
OD (outer dnver), RR (radial reflectoi), MT (material 
test), GP (general purpose loop), SP (special purpose 
loop), SR (safety rod), OSC (oscillator), CR (control 
lod), and PSR (penpheral shim rod) Segments of a 
one inch thick sodium ring sunound the reflectoi 

Each hexagonal subassembly of the FTR is identified 
by a numbei which gives the low (or ring) in which 
that subassembly is located, plus the location in that 
row In this numbering scheme the central assembly is 
designated 101 In the first row surrounding the central 
subassembly, low 2, there are six subassemblies num
bered fiom 201 to 206 In low 3 there arc twelve sub
assemblies, 301 through 312, and so on The numbers 

in Fig II 1 1 identify each four-matrix-tube array w ith 
its coi responding hexagonal subassembly of the FTR 
The front face of the movable half is the minor image 
of that shown in Fig II 1-1 

Every region identified in Fig II- l- l is divided 
axially in subrcgions of various sizes and compositions 
which aie described in Fig II-1-2 The regions lepre-
sentmg the control, safety, and shma rods and the 
oscillator aie shown foi both the fully inserted and the 
fully withdiawn conditions Each subregion is identi
fied by name and numbei in Fig II-1-2. The region 
identifiers along the left edge of the chart correspond to 
the letters in Fig II-l-l 

The plate arrangements for each subregion identified 

TABLE I I - l I As B U I L T ATOM CONCENTRATIONS ] OR THE F T R EMC", 1021 atonis/cc 

2 3 S P u 

239Pu 
2 4 0 p u 

2 4 i p u 

2«Pu 
239+24ip u 

240+242pu 

235TJ 
23STJ 

0 

c 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 

2 3 8 p u 

239Pu 
M 0Pu 
2 4 i p u 

242Pu 
239+24ip u 

240+242pu 

235TJ 
238TJ 

0 

c 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 

Inner Driver 

A. 

0 001 
1 765 
0 234 
0 030 
0 004 
1 795 
0 238 
0 015 
6 647 

15 792 
0 031 
6 686 

18 007 
2 979 
1 379 
0 234 
0 461 

B 

0 0004 
0 887 
0 118 
0 014 
0 002 
0 901 
0 120 
0 009 
4 144 

10 095 
0 033 

10 887 
14 999 
3 205 
1 484 
0 251 
0 239 

Sodium Channel 

— 
— 
— 
— 
— 
— 

— 
— 
— 

0 031 
IS 683 
10 427 
2 984 
1 381 
0 234 
0 011 

Outer Driver 

A 

0 001 
1 763 
0 233 
0 031 
0 004 
1 794 
0 237 
0 011 
5 008 

13 107 
1 073 
8 766 

17 921 
3 221 
1 491 
0 253 
0 462 

B 

0 0005 
1 478 
0 174 
0 019 
0 002 
1 497 
0 176 
0 012 
5 117 

13 107 
1 072 
8 766 

17 644 
3 142 
1 455 
0 246 
0 445 

General Purpose Loop 

0 001 
0 220 
0 029 
0 004 
0 0005 
0 224 
0 030 
0 002 
0 829 
2 412 
0 035 

15 783 
13 049 
3 377 
1 563 
0 265 
0 068 

239+24ip u 

240+242pu 

23 5TJ 
238TJ 

0 

c 
Na 
Fe 
Ci 
Ni 
Mn 
Mo 
IOB 

" B 

C 
Na 
Fe 
Ci 
Ni 
Mn 
Mo 
log 
*'B 

C 
Na 
Fe 
Ci 
Ni 
Mn 
Mo 
T a 

Special Purpose Loop 

0 058 
0 005 
0 001 
0 252 
0 624 
0 036 

17 238 
12 606 
3 488 
1 615 
0 274 
0 032 
— 
— 

Heavj Control Rod 

11 721 
5 653 

13 076 
3 732 
1 728 
0 293 
0 013 
8 919 

36 170 

Oscillator 

0 032 
15 960 

" 10 834 
3 100 
1 435 
0 243 
0 011 
2 908 

Control Rod 

— 

— 
— 
— 

9 390 
7 195 

14 806 
4 229 
1 958 
0 332 
0 015 
7 135 

28 936 

Radial Reflector 

A 

0 040 
2 090 

13 675 
3 888 

58 045 
0 456 
0 014 
— 
— 

B 

0 024 
4 081 
8 400 
2 378 

57 347 
0 338 
0 008 
— 
— 

Axial Reflector 

A 

0 052 
10 586 
17 365 
4 961 

20 859 
0 439 
0 01S 
— 

B 

0 047 
8 198 

16 241 
4 63 r 

29 98' 
0 43, 
0 016 
— 
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c 
Na 
Fe 
Cr 
N ! 
Mn 
Mo 

C 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 

Core Plenum 

A 

0 035 
9 256 

12 080 
3 457 
1 600 
0 271 
0 012 

B 

0 051 
9 256 

17 371 
4 971 
2 301 
0 390 
0 018 

Axial Shield 

A 

0.131 
4.555 

44 554 
12 749 
5 902 
1 000 
0 045 

B 

0 116 
6 462 

39 307 
11 248 
5.207 
0.882 
0.040 

TABLE I I - l - I Continued 

Control Rod Plenum 

0 052 
6 926 

17 722 
5 071 
2 348 
0 398 
0 018 

Radial Reflector Shield 

A 

0 117 
5 929 

39 793 
11 387 
5 272 
0 893 
0 040 

B 

0 020 

77 043 
1 950 
0 892 
0 663 
0 007 

C 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 

C 
Na 
Fe 
Ci 
Ni 
Mn 
Mo 

C 
Na 
Fe 
Ci 
Ni 
Mn 
Mo 

Reflector Follower 

0 065 
7 298 

22 138 
6 325 

26 095 
0 558 
0 022 

Control Shield 

0 148 
2 320 

50 166 
14 355 
6 646 
1 126 
0 051 

Drive Shaft 

0 059 
14 595 
19 854 
5 682 
2 630 
0 446 
0 020 

Sodium Ring 

0 031 
18 683 
10 427 
2 984 
1 381 
0 234 
0 011 

Handling Socket 

0 034 
18 024 
11 566 
3 310 
1 532 
0 260 
0 012 

Material Test 

0 098 
9 177 

33 162 
9 489 
4 393 
0 744 
0 033 

a Letters A and B refer to dra^ er types 

in Fig. II-1-2 are shown in Fig. II-1-3 according to their 
code numbers. The plate identification code is as 
follows: 

iron oxide (Fe203) 
uranium oxide (U3Os) 
sodium in a stainless steel can 
sodium carbonate (Na2C03) in a stainless 

steel can 
boron carbide (B4C) in a stainless steel 

can 
stainless steel 
tantalum 
nickel 
void frame 
iron 
two types of Pu-U-Mo fuel in stainless 

steel cans. 
The letters C, m, and h in parenthesis, refer to different 
weights of the same type of plate in the ANL inventory 
(light, medium, and heavy). In addition to the plate 

angements, Fig. II-1-3 indicates the composition 
ncs and the regions of Figs. II- l- l and II-1-2 where 

each plate arrangement is found. Composition 7 
(heavy control) docs not appear in Figs. II- l- l or 
II-1-2. I t is a control rod composition with increased 

Fe203 
U308 
Na 
Na2C03 

B4C 

Ta 
Ni 
VF 
Fe 
ZPPR \ 
SEFORJ 

B4C content used during the boron control rod enrich
ment experiment (see Paper II-2). 

The plate arrangements in Fig. II-1-3 are drawn to 
scale as viewed facing the front of the stationary half 
draw ers. When the same composition is in the movable 
half it will be the mirror image of that show n. When a 
composition occurs only in the movable half, the plate 
arrangements shown in Fig. II-1-3 are as viewed facing 
the front face of the movable half. The Type A drawers 
of compositions 1, 2, 8, 10, 13, and 14 are located in the 
odd-numbered matrix columns. 

The as-built atom concentrations of all compositions 
are listed in Table II-l-I. Table II- l-II gives the di
mensions and volumes of the assembly. 

EOC AND BOL CONFIGURATIONS 

During the experiments that have been performed 
thus far, many configurations (both critical and sub-
critical) have been assembled. Of these, two are of 
special interest. These are the cnd-of-cyclc (EOC) con
figuration and the bcginning-of-life (BOL) configu
ration. 

The EOC configuration was built to provide a rough 
simulation of the FTR at the end of an equilibrium 
cycle. Referring to Figs. II- l- l and II-1-2, all six 
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TABLE I I  l  I I . D I M E N S I O N S AND CORE VOLUMES 
OF THE F T R  E M C 

Inner core radius, cm 
Outer core outer radius, cm 
Radial reflector outer radius, cm 
Core height, cm 
Core volume, liters 

Inner core 
Outer core 

Total 

38.5 
60.5 
90.9 
91.6 

425.9 
627.7 

1053.6 
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F I G . II14. EOC Configuration of the F T R  E M C Showing 
Depletion Pa t t e rn . ANL Neg. No. 1161055. 

TABLE I I  l  I I I . ISOTOPIC M A S S CHANGES DUE TO THE 
SUBSTITUTION o r O N E COLUMN 0 4 X 2 X 36 in.) OF D E 

PLETED URANIUM FOR O N E COLUMN OF Z P P R 
P U  U  M O F U E L 

Isotope 

2 3 8 P u 

2 3 9 P u 

2 4 0 P u 

2 4 i p u 

2 4 2 p u 

239+24ip u 

238+240+242pu 

235TJ 
238TJ 

Fe 
Cr 
Ni 
Mn 
Si 
Mo 

Mass Change, 
kg 

0.00066 
0.98032 
0.13038 
0.01760 
0.00216 
0.999792 
0.13320 

0.00518 
2.56842 

0.24660 
0.06672 
0.03772 
0.00602 
0.00194 
0.10058 

peripheral slum rods wrere removed [PSR(OUT)], all six 
control rods were fully withdrawn [CR(OTJT)], all 
three safety rods were fully withdrawn [SR(OUT)], and 
the oscillator was fully withdrawn [OSC(OUT)]. All 
material test regions wrere removed and replaced with 
inner driver composition. In addition, to simulate 
burnup, the fertiletofissile ratio in the core was in

creased by replacing some of the fuel with depleted 
uranium. The numbered matrix tubes in Fig. II14 are 
the locations of the core fuel depletion. All of the num

bered tubes contain Type A inner and outer driver 
drawers that have two columns of ZPPR PuUMo fuel. 
The fuel that was replaced with depleted uranium was 
the column of ZPPR fuel plates on the left in the drawer 
loading patterns shown in Fig. II13. The isotopic mass 
changes resulting from the replacement of one column 
(1/4 x 2 x 36 in.) are given in Table IIlIII. The EOC 
configuration is showTi in Fig. II14. I t had a fissile mass 
of 485.39 kg of 239Pu + 241Pu and 4.30 kg of 236U and 
an excess reactivity of 147.5 Ih. 

The BOL configuration was a mockup of the FTR 
at the beginning of an equilibrium fuel cycle. Referring 
to Figs. II l l and II12, the oscillator was fully with

drawn [OSC(OUT)], all three safety rods were fully 
withdrawn [SR(OUT)], all six control rods [CR] were 
50 % (IS in.) inserted, peripheral shim rods 702, 714, and 
726 were in [PSR(IN)] and peripheral shim rods 705, 
717, and 729 were removed [PSR(OUT)]. All three ma

terial test [MT] regions (401, 407 and 413) were in. This 
configuration had a fissile mass of 530.26 kg of 239Pu 
+ 241Pu and 3.S1 kg of 235U and an excess reactivity of 
212.3 Ih. 

The calculated kinetics parameters for the EOC and 
BOL configurations are given in Table IIlIV. 

ZPR9 CONTROL AND SAFETY Ron WORTHS 

Five fuelbearing dualpurpose control/safety rods 
were installed in each half of the reactor. All fuelbear

ing rods were loaded with inner driver Type A composi

tion; when partially or fully withdrawn, a void was 
left in the core region. The stroke of this type rod from 
fullin to fullout is approximately 61 cm. 

In addition to the fuel rods there were six 10B poison 
rods in each half of the reactor. These poison rods con

tained enriched boron powder and the loading varied 
significantly from rod to rod. The average was about 
160 g of 10B per rod. The active length of the rods was 
61 cm and they had a stroke of 76 cm. The 10B rod 
locations are shown in Fig. II14. 

Each of the twentytwo fuelbearing and 10B rods 
was calibrated in the EOC configuration by the i 
drop—inverse kinetics method. The locations and me 
ured worths are given in Table IIlV. The uncertainty 
associated with each rod worth is approximately ± 
2Ih . 
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TABLE I I - l - IV. D E L A Y E D NEUTRON PARAMETERS FOR THE 
EOC AND BOL CONFIGURATIONS 

\ G r o u p 
IsotopeN 

239+241pu 

2 4 0 p u 

235TJ 
23STJ 

Decay Constants 

1 

0.0129 
0.0129 
0.0127 
0.0132 

2 

0.0311 
0.0313 
0.0317 
0.0321 

3 

0.134 
0.135 
0.115 
0.139 

4 

0.331 
0.333 
0.311 
0.358 

5 

1.26 
1.36 
1.40 
1.41 

.6 

3.21 
4.04 
3.87 
4.02 

Effective Delayed Neutron Fractions 
for the BOL Configuration 

239+24ip u 

2 4 0 p u 

235TJ 
238TJ 

6.092-5 
1.696-6 
1.388-6 
1.360-5 

4.489-4 
1.654-5 
7.780-6 
1.433-4 

3.463-4 
1.163-5 
6.867-6 
1.695-4 

5.259-4 
2.120-5 
1.487-5 
4.059-4 

1.651-4 
7.754-6 
4.675-6 
2.354-4 

5.611-5 
1.757-6 
9.497-7 
7.846-5 

P rompt neutron lifetime, usee 0.444 
Effective delayed neutron fraction 2.747 X 10_; 

Ih/%Ak/k 1108.15 

Effective Delayed Neutron Fract ions 
for the EOC Configuration 

239+24ip u 

2 4 0 P u 

235TJ 
238TJ 

6.039-5 
1.610-6 
1.717-6 
1.576-5 

4.450-4 
1.569-5 
9.623-6 
1.661-4 

3.433-4 
1.104-5 
8.493-6 
1.964-4 

5.213-4 
2.012-5 
1.839-5 
4.703-4 

1.637-4 
7.358-6 
5.783-6 
2.727-4 

5.562-5 
1.667-6 
1.175-6 
9.091-5 

P rompt neutron lifetime, jisec 0.549 
Effective delayed neutron fraction 2.904 X 10_l 

Ih/%Ak/k 1070.93 

TEMPERATURE COEFFICIENT 

The temperature coefficient of reactivity was meas
ured in the EOC and BOL configurations using a cali
brated control rod to determine the excess reactivity 
at different core temperatures. Day-to-day variations 
in the operating temperature of the reactor were dupli
cated by adjusting the cooling controls on the cell air 

INTRODUCTION 

The purpose of this experiment was to provide data 
to aid in the specification of the fuel and boron enrich
ments to be used in the Fast Test Reactor (FTR). To 

conditioning system while the reactor was critical and. 
while the reactor cooling fans were running. The assem
bly temperature was found by averaging data from 21 
thermocouples positioned throughout the core. The 
measured temperature coefficient in the EOC configura
tion was (4.1 ± 0.4) Ih/°C. In the BOL configuration 
the temperature coefficient was determined to be (3.3 ± 
0.3) Ih/°C. 

TABLE II- l -V. LOCATION AND WORTH OF F U E L - B E A R I N G 
AND I0B CONTROL/SAFETY R O D S IN THE EOC CONFIGURATION 

OF THE F T R - E M C 

Fuel Bearing Rods 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Location 

M19-25 
M22-29 
M26-25 
M24-17 
M21-21 
S19-25 
S22-29 
S26-25 
S24-17 

• S21-21 

Worth, 
Ih 

134 
115 
118 
100 
123 
133 
109 
118 
101 
117 

10B Rods 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Location 

M16-23 
M19-30 
M27-30 
M30-23 
M27-16 
M19-16 
S16-23 
S19-30 
S27-30 
S30-23 
S27-16 
S19-16 

Worth, 
Ih 

164 
148 
124 
121 

. 69 
110 
185 
168 
152 
180 
119 
92 

obtain the desired information, fuel worths and boron 
control rod worths were obtained in a series of configura
tions similar to those anticipated in a typical FTR burn-
up cycle. This was accomplished by initially loading 
the ZPR-9 facility with an assembly that simulated the 

I I - 2 . F u e l a n d C o n t r o l R o d E n r i c h m e n t E x p e r i m e n t i n t h e F a s t T e s t R e a c t o r 
E n g i n e e r i n g M o c k u p C r i t i c a l ( F T R - E M C ) 

R. B. POND, J. W. DAUGHTRY, C. D. SWANSON and A. B. LONG 
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FTR at the end of an equilibrium fuel cycle (EOC) 
Then, intermediate stages of burnup were simulated 
by incieasing the fissile fuel density in increments while 
compensating with various arrays of control lods, pe
ripheral shim rods, and material test subassemblies 
The final configuration simulated the FTR at the begin
ning of an equilibrium fuel cycle (BOL) with a new coie 
and partially-inserted control rods 

ASSEMBLY CONFIGURATIONS 

A detailed description of the FTR-EMC is given m 
Paper II-l Throughout the enrichment experiment, 
the general purpose and special purpose loops weie in 
the assembly, the oscillator w as withdrawn [OSC (out)], 
and the safct5' rods were withdiawn [SR(out)] The 
state of each peripheral shim rod [PSR], control rod 
[CR] and material test subassembly [MT] is given in 
Table II-2-I A PSR or MT could be either m place or 
completely removed, no partial insertion was allowed 
When an MT was removed it w as alw ays replaced with 
inner driver [ID] composition The control rods [CR] 

could be partially inserted any amount The only limi
tation w as the piece size inventory of materials used in 
loading the control lod drawers When a control rod 
was partially oi fully withdrawn, the control rod com
position w as replaced w ith sodium channel composition 
Table I I 2 I also lists the number of tubes of depleted 
driver composition and the fissile mass m each con 
figuration The replacement of depleted uranium with 
fuel follow ed the numbering system showrn in Fig 4 of 
Paper II-l in decreasing order Thus, in going fiom 
SUB1 to ICl one column of depicted uranium (1/4 x 2 x 
36 in) was removed from the drawers maikcd 
63 through 46 and ZPPR type Pu-U Mo fuel cans w eie 
added 

EXPERIMENTAL METHODS 

For the critical configurations m this scries of meas-
uiemcnts, the excess reactivity was measured using 
ZPR 9 calibrated control rods These rods were recali-
biatcd m each critical configuration using the inverse 
kinetics method For subcritical configurations, the 

Configu
ration 

EOC 

SUB1 
I C l 

SUB2 
IC2 

STJB3 
SUB4 
IC3 

SUBS 
IC4 1 
IC4 2d 

STJB6 
STJB7 
SUBS 
SUB9 
BOL A 
BOL-B 
B O L C 
BOL-D 
BOL-E 

TABLE I I 2 I SUMM 

PSR Position" 

702 

I 
I 

I 
I 

I 
I 
I 
I 
I 

705 

I 
I 

I 

714 

I 
I 

I 
I 

I 
I 
I 
I 
I 

717 

I 
I 

I 

726 

I 
I 

I 
I 

I 
I 
I 
I 

729 

I 
I 

506 

1° 
I<= 

I 
I 
I 

I 
I 
I 
I 
1° 
1° 
1° 
1° 
1° 

I R 1 3F C ON FIGURATIONS AsStMBLTO DURING THL E 

CR Positioi 

508 

I 
I 

I" 
I 
I 

I 
I 
I 

I 
I 
I 
I 
I<= 
I" 
1" 
I" 
1° 

514 

1° 
1° 

I 
I 
I 

I 
I 
I 
I 
1° 
1° 
1° 
I ' 
1° 

516 

I 
I 

I" 
I 
I 

I 
I 
I 

I 
I 
I 
I 
I" 
1" 
I<= 
1° 
I<= 

\° 

522 

1= 
1° 

I 
I 
I 

I 
I 
I 
I 
1° 
I" 
1° 
I" 
I ' 

524 

I 
I 

lb 
I 
I 

I 
I 
I 

I 
I 
I 
I 
1° 
1° 
1° 
I" 
I* 

MT 
Position" 

401 

I 
I 
I 
I 
I 
I 

407 

I 
I 
I 
I 
I 
I 
I 
I 

413 

I 
I 
I 
I 
I 
I 

No of 
Depleted 

Tubes 
Present 

63 

63 
45 

45 
26 

26 
26 
13 

13 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

NRICHMI NT EXPERIMENT: 

Fissile Mass 

239+24 i p u 

kg 

485 390 

485 390 
503 352 

503 352 
522 313 

522 313 
522 313 
535 286 

535 286 
548 259 
548 259 

548 259 
542 259 
542 259 
530 259 
530 259 
530 259 
530 259 
530 259 
530 259 

I»5U, 

4 297 

4 297 
4 204 

4 204 
4 105 

4 105 
4 105 
4 038 

4 038 
3 970 
3 970 

3 970 
3 919 
3 919 
3 815 
3 815 
3 815 
3 815 
3 815 
3 815 

L\cess Reactivity 
at 25°C, 

Ih 

147 5 ± 2 4 

-2074 ± 32 
13 2 ± 2 4 

- 1 7 2 1 ± 15 
125 9 ± 2 4 

- 4 3 4 6 ± 2 5 
-1547 ± 10 

29 8 ± 2 4 

- 1 6 7 3 ± 14 
- 2 7 2 1 ± 2 5 
- 2 6 1 7 ± 2 5 

-1453 ± 8 7 
-2302 ± 40 
-1178 ± 5 0 

- 2 4 35 ± 60 
212 3 ± 2 4 

-1076 ± 3 8 
- 4 0 8 1 ± 2 5 
-1204 ± 5 3 

13 6 ± 2 4 

Reactivity 
Change from 

Configuration, 
Ih 

-2222 ± 32 
+2087 ± 32 

-1734 ± 15 
+ 1847 ± 15 

- 5 6 0 5 ± 3 5 
-1112 ± 10 
+ 1577 ± 10 

-1703 ± 14 
+ 1401 ± 14 
+ 10 4 ± 3 5 

- 1 1 9 1 ± 9 
- 8 4 9 ± 41 

+ 1124 ± 40 
-1257 ± 60 
+2647 ± 60 
-1288 ± 4 
+668 ± 5 
- 7 9 6 ± 6 

+ 1218 ± 6 

" I means fully inserted unless otheiw ise indicated Blank means fully w ithdraw n foi a CR and removed for a PSR or MT 
b B4C content incieased by 25% (Heavy Contiol Composition) 
" Inseited 50% (18 in ) 
d IC4 1 and IC4 2 aie identical except for a minoi modification to the ZPR 9 fuel beaiing dual puipose lods 
• Inseited 61% (22 in ) 
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subcriticality was measured by the rod drop-inverse 
kinetics method. Repetitive measurements were made 
in order to establish a statistical uncertainty for the 
measured reactivity. The kinetics parameters used in 
the inverse kinetics analysis of the rod drop and control 
rod calibration flux profiles are given in Table III of 
Paper II-l . The EOC parameters were used from EOC 
through SUB-5 and the BOL parameters were used 
from IC4 through BOL-E. 

During the time that flux data were being accumu
lated during a rod drop measurement, the reactor tem
perature profile was recorded so that the results of each 
measurement could be adjusted to the reference tem
perature of 25°C using an experimentally determined 
temperature coefficient of reactivity ( — 4.1 Ih/°C). 

Radial reaction rate distributions of 239Pu(«,/), 
mXJ(n ,/) and wB(n,a) were measured in the Beginning-
of-Life (BOL) configuration of the FTR-EMC along a 
radial traverse hole located approximately 1.75 in. back 
from the interface of the two reactor halves and extend
ing from matrix position S23-23 (central tube) radially 
outward to S23-39. The diameter of the traverse hole 
was 1.125 in. and was formed by substituting diluent 
material containing holes for regular diluent plate ma
terial in the appropriate positions. Because there were 
no suitable plutonium plates with holes, a 2 x 2 in. void 
wras left in each column of fuel material to permit pas
sage of the traverse hole. 

The configuration of the core* for the reaction rate 
measurement is shown in Fig. II-3-1. In the configura
tion: 

a. The oscillator (OSC 203) is in the withdrawn 
position. 

b. Safety rods SR 304, SR 308, and SR 312 are in the 
withdrawn position. 

c. The Material Test Loops MT 401, MT 407, and 
MT 413 are inserted. 

d. Control rods CR 506, CR 514, and CR 522 are 
fully withdrawn. CR 508, CR 516, and CR 524 
are fully inserted. 

e. Peripheral shim rods PSR 702, PSR 714, and PSR 
726 are inserted. 

* Abbreviations are defined in Paper II-l. 

RESULTS OF THE EXPERIMENT AND 
How THEY ARE USED 

The measured values of excess reactivity and sub
criticality are listed in Table II-2-I for each configura
tion. Calculated values of k have been obtained for most 
of the configurations listed. Systematic differences be
tween the calculated and experimental results for the 
EMC have been used to provide correction factors in 
calculations of similar FTR configurations. 

The last column of Table II-2-I gives the reactivity 
changes between configurations. Comparisons of these 
values and corresponding calculated quantities indicate 
possible problem areas. For example, control rod wrorths 
may be calculated accurately, while fuel worths may 
be calculated poorly. 

f. The autorod is mounted in matrix position 23-14. 
g. Plates with holes are loaded into drawers S23-21 

through S23-39. 
Other regions identified in Fig. II-3-1 are the inner 

driver (ID), outer driver (OD), radial reflector (RR), 
general purpose loop (GP), and special purpose 
loop (SP). 

EXPERIMENTAL TECHNIQUE 

The experimental method used to record and correct 
the 239Pu(?i,/), 238U(n,/) and 10B(n,a) reaction rate data 
is documented in Paper 111-18 and Ref. 1. The fission 
counters and 10B counter used for the traverses were the 
same as those used in Refs. 1 and 2. In a particular 
traverse, the counter was placed at the end of the radial 
sample changer tube (without any stainless steel plugs) 
and traversed through the void hole using the radial 
sample changer mechanism. A reduction in the back
ground of the 10B spectrum was achieved in those meas
urements by using A-C02 gas in the counter, thus re
ducing proton recoils (see Papers 111-18 and 111-20). 

The data were recorded in these measurements "on
line", using the SEL-840 computer, and immediately 
corrected for dead-time and background as described 
in Papers 111-18 and 111-19. New Ortec Model 486 
Amplifier Pulse Height Analyzers were used giving a 
constant dead-time of 1.8 /isec per pulse. 

I I - 3 . M e a s u r e d R e a c t i o n R a t e D i s t r i b u t i o n s i n t h e F a s t T e s t R e a c t o r - E n g i n e e r i n g 
M o c k u p C r i t i c a l ( F T R - E M C ) , Z P R - 9 A s s e m b l y 27 

A. B. LONG and C. D. SWANSON 
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TABLE II3I . RADIAL REACTION R A T E D I S T R I B U T I O N S 
M E A S U R E D N E A R THE C O R E M I D  P L A N E I N THE BOL 

CONFIGURATION OP THE F T R  E M C 

Relative Reaction Rates 

Posi
tion," 

in. 

0.00 
2.18 
2.22 
4.36 
6.53 
8.71 

10.89 
13.07 
15.24 
17.42 
19.60 
21.78 
22.86 
23.95 
25.04 
26.13 
27.21 
28.30 
29.40 
30.48 
32.66 
34.84 
37.02 

239Pu(»,/) 

910.2 

912.5 
902.0 
872.6 
830.8 
791.2 
718.6 
652.1 
594.2 
547.9 
513.8 
517.2 
641.6 
602.8 
708.9 
755.7 
753.4 

601.1 
397.7 
224.1 
136.8 

± 4.7 

± 6.8 
± 5.1 
± 4.6 
± 5.1 
± 4.4 
± 4.0 
± 3.2 
± 3.6 
± 4.0 
± 2.6 
± 3.8 
± 3.3 
± 4.1 
± 4.1 
± 5.1 
± 4.0 

± 4.1 
± 2.9 
± 2.0 
± 1.4 

IOB 

854.1 
867.6 

846.8 
833.7 
799.2 
747.9 
669.9 
605.1 
558.5 
523.7 
537.9 

680.3 
823.8 

1037.5 

1237.5 
1136.0 
1001.9 
675.9 
366.4 

(»,<*) 

± 
± 

± 
± 
± 
± 
± 
± 
± 
± 
± 

± 
± 
± 

± 
± 
± 
± 
± 

4.6 
13.1 

14.7 
8.3 
7.5 
8.3 
4.0 
7.3 
3.4 
1.5 
7.8 

35.7 
2.9 
3.5 

44.2 
2.3 
1.8 
2.6 
2.8 

Posi
tion," 
in. 

0.00 
2.18 
2.54 
4.72 
6.89 
9.07 

11.25 
13.43 
14.52 
16.69 
17.79 
19.96 
22.14 
24.32 
26.49 
28.67 
30.85 
33.03 
35.20 
37.38 
39.56 

238TJ( 

103.76 
98.27 
97.17 
94.33 
89.09 
84.00 
80.66 
77.34 
73.85 
68.98 
66.75 
61.95 
53.50 
37.86 
18.69 
8.84 
4.33 
2.15 
1.06 
0.56 
0.48 

n,f) 

± 1.15 
± 1.33 
± 0.96 
± 1.40 
± 1.06 
± 1.11 
± 1.29 
± 1.42 
± 1.36 
± 1.51 
± 1.32 
± 1.50 
± 1.27 
± 1 . 1 6 
± 0.62 
± 0.23 
± 0.25 
± 0.13 
± 0.07 
± 0.03 
± 0.08 

8 Radial distance along Row 23 from the axis of the assembly 
which is at the center of matrix tube 2323. 

1.0 
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0.6 
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;CL ! 
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■ OL ! B4C ; 
il u Li_ u i_ 

SHIELD 
EMI 

FTR-

0 4 8 12 16 20 24 28 32 36 40 
RADIAL DISTANCE FROM CENTER, in. 

F I G . II32. A Comparison of 2 3 9Pu(n,/) Radial Reaction 
Rate Traverses in the EMC and FTR3 Assemblies. ANL Neg. 
No. 116971. 
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RESULTS 
The results of the 239Pu(n,/), 238U(w,/) and 10B(?i,a) 

radial reaction rate distributions are listed in Table 
II3I and plotted in Figs. II32 through II34. Re

sults from radial traverses in the FTR3 assembly are 
included in these figures for comparison. The data from 

all traverses are normalized to 1.0 at the core center. 
The initial FTR3 traverses1 were done in the configura

tion shown in Fig. II35. The FTR3 traverses through 
simulated loops and a B4C control zone2 were done in 
the configuration shown in Fig. II36. The closed loop 
contained 19 % of the fuel density of the FTR3 inner 

l b 

14 

12 

10 

OH 

0.6 

0 4 

0 2 

0 

— 

-

-

E M C ^ ^ 

v A 
/ \ — 

FTR-3 WITHOUT LOOPS/ \ 

»*s r̂> \ / \ 
^ ^ \ / \ 

^ v \ / \ — 
^ * ^ \s \ -

N - -
/ / *A -

FTR-3 WITH LOOPS - ~ _ V ' \ \ 

ID 1 SR | ID | OD RR 

INNER CORE OUTER CORE, REFLECTOR SHIELD, 

l l l l 
!OL : B4C ; 
i! l l 1 I 1 

- EMC 

FTR-3 

8 12 16 20 24 28 32 
RADIAL DISTANCE FROM CENTER, in 

36 40 

FIG. II33. A Comparison of 10B(re,a) Radial Reaction 
Rate Traverses in the EMC and FTR3 Assemblies. ANL Neg. 
No. 116970. 

10 

0.8 

0.6 

0.4 

0.2 

0 

- ^ * C 
— EMC 

— 

ID SR 1 
INNER CORE 

ICL ] 
l l l l l 

^ ^ - FTR-3 WITHOUT LOOPS 

\ 

ID | OD 
OUTER CORE 

1 OL ' 
1 ll ll 

/ F T R - 3 WITH LOOPS 

l \ 

^ V ^ _ _ R R 

REFLECTOR 
B4C ; 
1 .1 1 l 

SHIELD 

1 

EMC 

FTR-3 

8 12 16 20 24 28 32 
RADIAL DISTANCE FROM CENTER, in 

36 40 

FIG. II34. A Comparison of 238U(n,/) Radial Reaction 
Rate Traverses in the EMC and FTR3 Assemblies. ANL Neg. 
No. 116973. 
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FIG. II35. FTR3 Configuration without Loops for Radial Reaction Rate Distribution Measurements. ANL Neg. No. 116
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FIG. II-3-6. FTR-3 Configuration with Loops for Radial Keaction Kate Distribution Measurements. ANL Neg. No. 116-1052. 

core and the open loop contained 70 % of the outer core 
density. 

The reaction rate traverse results for 239Pu(n,/) and 
10B(n,a) in the three assemblies illustrate the effect of 
B4C control zones. In the EMC (Fig. II-3-1) there were 
no peripheral control zones in the vicinity of the trav
erse hole and CR 514, CR 416, and SR 308 were in the 
withdrawn position with sodium in their core positions. 
The 239Pu and 10B reaction rates for EMC have very 
prominent peaks in the reflector regions. The peripheral 
control zones above and below the traverse hole in the 
FTR-3 configuration without loops (Fig. II-3-5) flat
tened these peaks, and the special B4C zone through 
which the traverse passed in the FTR-3 configuration 
with loops (Fig. II-3-6) produced a flux depression with 
corresponding depressions in the reaction rate traverses 
for 239Pu and 10B. 

For the 238U(n,/) traverses, the effect of the B4C 
control zones was negligible due to the small 10B capture 
cross section for high energy neutrons. The difference 
between the FTR-3 and EMC core-reflector interface 

location produced the outward shift of the EMC trav
erse results in the vicinity of the B4C peripheral control 
zones. 

With the core regions, the effects of spectral softening-
due to loops and/or withdrawn control rods are evident 
in the reaction rate traverses. In FTR-3, the closed 
loop produced a severe depression in the 238U traverse 
and small peaks in the 239Pu and 10B traverses. The 
effects of the open loop are not as apparent.2 In the 
EMC, the sodium in the oscillator, SR 30S, CR 514, 
and CR 516 caused the 288U(n,,f) reaction rate in the 
core regions to be lower than in the FTR-3 core. 
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I I  4 . C o n t r o l R o d a n d L o o p E x p e r i m e n t s i n Z P R  9 A s s e m b l y 26 , F T R  3 

J. W. DAUGHTRY, R. B. POND, C. D. SWANSON and R. M. FLEISCHMAN* 

INTRODUCTION 

The FTR3 critical experiments were performed in 
the ZPR9 facility to provide physics information in 
support of the nuclear design of the Fast Test Reactor 
(FTR). FTR3 had a two zone PuO2U02 core and a 
ring of sixteen simulated B4C control rods surrounding 

the outer core zone. Its axial and radial reflectors were 
a nickelsodiumstainlesssteel composition. The total 
core volume was 1045 liters with a fissile mass of 541 
kg of 239Pu + 2«Pu + 236U. FTR3 was not intended to 
be an accurate mockup of the FTR, but rather, a sim

plified model in which gross heterogeneities such as 
ips and control rod channels Avere homogenized into 

* WADCO Corporation, a Subsidiary of Westinghouse Elec
tric Corporation, Richland, Washington. 

the core zones. Whenever possible, quarter core sym

metry was maintained to simplify the analysis. A de

tailed description of FTR3 is given in Ref. 1. 
One phase of the program of experiments in FTR3 

was a study of control rod and test loop effects. The 
control rod measurements were intended to provide 

data on B4C and tantalum as control materials. Simu

lated control rods were introduced in both core zones 
as well as at the corereflector boundary. The reactivity 
worths of various arrays of control rods were measured 
to investigate interaction effects, such as rod shadowing 
and flux tilting. Simulated open and closed loops were 
introduced in order to obtain more information relative 
to large incore perturbations. This paper reports the 
results of these control rod and loop experiments. 

RADIAL SHIELD 
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15 

RADIAL REFLECTOR 

25 

3 0 

35 

4 0 

4 5 ■ ■ . , ■ I , ■ . ' ■ ■ ' 
05 10 15 20 25 30 35 40 

FIG. II41. FTR3 Assembly Diagram Showing The Locations of Composition Changes In The Control Rod and Loop Experi
ments. ANL Neg. No. 116
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TABLE II4I. hex AND LOADING EXCHANGE W O R T H S FOR LOADINGS 7187 

Loading 
No. 

71 
72» 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 

Loading Exchange Zone 

1 

A\ 

A 

A 

A 

A 
A 

2 

A\ 

\A 

A 

A 

A 
A 
A 

3 

A 

A 

A 

A 
A 
A 

4 

A 

A 

A 
A 
A 
A 
A 

5 

A 

A 

A 
A 
A 
A 
A 

6 

A 

A 

A 

A 
A 
A 

7 

A I 

\A 

A 

A 

A 
A 
A 

8 

\A 

A I 

A 

A 

A 

A 
A 

9 

A I 

\A 

A 

A 

A 

A 
A 

10 

\A 

A\ 

A 

A 

A 
A 
A 

11 

A 

A 

A 

A 
A 
A 

12 

A 

A 

A 
A 
A 
A 
A 

13 

B 
B 

B 

A 

A 

B 

A 
A 
A 
A 
A 

14 

A 

A 

A 

A 
A 
A 

IS 

\A 

A\ 

A 

A 

A 
A 
A 

16 

A\ 

\A 

A 

A 

A 

A 
A 

17 

C 

D 

L 

D 

L 
L 

L 

18 

 C 

D 

L 

D 

L 
L 

L 

19 

C 

D 

L 

D 

L 
L 

L 

20 

C 

D 

B 
0 

D 
F 
 L 
 0 

 0 

kex 
© 30°C, 

Ih 

450.9 
496.9 

4148.3 
455.5 

1569 
 2 1 7 . 8 

1073 
 6 6 0 . 0 

1675 
 7 1 6 . 0 

1757 
 8 7 5 . 3 
 4 4 9 . 7 

1675 
1276 
 9 4 1 . 0 
450.7 

Ih 

4.0 
4.0 
4.0 
4.0 

45 
5.3 

80 
20.2 

146 
35.2 

163 
32.9 
11.3 

146 
89 
39.8 
4.0 

Exchange 
Worth, 

Ih 

446.0 
451.4 
 9 2 . 8 

1624 .5 
41351.2 

 8 5 5 . 2 
4413.0 

1015 .0 
4959.0 

1041 .0 
4881.7 
4425.6 

1225 .3 
4399.0 
4335.0 
4991.7 

97.4 
4136 .5 
4890.3 

5761 .0 
5426 .0 
41372.0 
4824.6 

42232.9 
42723.2 
43057.5 
44429.5 

 9 9 6 . 5 

«, 
Ih 

5.7 
5.7 
5.7 

45.2 
45.3 
80.2 
82.5 

147.4 
150.2 
166.8 
166.3 
34.8 

146.4 
171.0 
97.5 
40.0 

5.7 
278.2 
175.9 
281.9 
298.3 
171.4 
174.5 
172.4 
177.3 
245.3 
299.2 
422.5 

■ Part ia l subst i tu t ion: Loading 72, s ta t ionary half only; Loading 73, moveable half only. 
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EXPERIMENTAL DETAILS 

Figure II-4-1 is a diagram showing all simulated con
trol rod and test loop positions for this scries of meas
urements. The zones numbered 1-16 were peripheral 
control rod locations, numbers 17-23 w ere in-core con
trol rod locations, the four zones numbered 24 were 
simulated open loops and the four zones numbered 25 
and 26 were simulated closed loops. The length of the 
control rod and loop loadings was 36 in., which was the 
same as the core height. Twelve inches of radial reflector 
composition was loaded at each end of the peripheral 
control rods and twelve inches of axial reflector com
position was loaded at each end of the in-core control 
rods and loops. Atom densities and drawer loading 
diagrams arc given in Ref. 1 for each region of FTR-3. 

Beginning with the FTR-3 reference configuration 
in Loading 71, having B4C control composition in zones 
1 through 16 and core composition in all other numbered 
zones of Fig. II-4-1, a series of configurations was as
sembled by changing the loadmg in the numbered zones 
in Fig. II-4-1. The excess reactivity or subcriticality 
of each configuration was measured. 

The excess reactivities of all critical configurations 
w ere determined from the positions of calibrated ZPR-9 
control rods. These rods were recalibrated in each criti
cal configuration using the inverse kinetics method.2 

In each subcritical configuration the subcriticality was 
measured by the rod drop-inverse kinetics method.3 

The rod drop measurements were repeated until the 
desired precision was obtained. 

Each measured reactivity, critical or subcritical, was 
adjusted to a reference temperature of 30°C using an 
experimentally determined temperature coefficient of 
reactivity (-3.39 ± 0.04) Ih/°C.<1> The uncertainty 
in the measured reactivities due to the uncertainty in 
the temperature coefficient of reactivity was small (less 
than 0.25 Ih) since the temperature adjustment never 
exceeded 5.5°C. 

The results obtained in this series of measurements 
are given in Tables II-4-I through II-4-IV. Each con
figuration is listed by its loading number. The letters 
identify the loading change from the previous configura
tion and are defined in Table II-4-V. In some loadings 
only part of a zone was modified. This is indicated in 
the tables. For example, in Loading 72 only the sta
tionary half of zone 13 was modified. In Loading 73 the 
moveable half of zone 13 was modified. The symbol A| 
means that radial reflector composition was substituted 
for B4C control composition in the left half of the zone; 
A means that this same composition change was made 
in the top half of the zone; etc. A minus sign before the 
letters in Tables II-4-I through II-4-IV means the re
verse of the composition change defined in Table II-

Loading 
No 

88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 

TABLE II-4-II . AND LOADING EXCHANGE WORTHS FOR LOADINGS 88-100 

Loading Exchange Zone 

2 

A 

-A 

A 
A 

3 

A 

-A 

A 
A 
A 

4 

A\ 

\A 

-A 

A 
A 
A 

j 

A\ 

\A 

-A 

A 
A 
A 

6 

A 

-A 

A 
A 
A 

7 

A 

-A 

A 
A 

10 

A 

-A 

A 
A 

11 

A 

-A 

A 
A 
A 

12 

A 

-A 

A 
A 
A 

13 

A 

-A 

A 
A 
A 

14 

A 

-A 

A 
A 
A 

15 

A 

-A 

A 
A 

21 

-E 

-F 
-B 

G 

-E 

-D 

-G 

-E 

-G 

22 

-E 

/tS 
-D 

G 

-E 

-G 

-E 

-G 

23 

< 

-E 
-F 
-B 

G 

G 

-D 
-M 

-G 

ktx 
@ 30° C, 

Ih 

- 8 6 9 3 
- 2 0 9 4 
4-145 8 

-2074 
- 8 3 8 . 7 
4-159 2 

-1745 
- 2 8 6 8 

4-49 4 
- 1 4 0 . 6 
- 9 8 6 0 

-1472 
- 9 4 2 . 1 

a, 
Ih 

41 0 
4.7 
4 0 

103 
30.0 
4.0 

84 
162 

4 0 
4 5 

18 
65 
12 8 

Exchange 
Worth, 

Ih 

- 9 2 0 0 
4-659 9 
4-355 2 

-2219 8 
4-1235 3 
4-997.9 

-1904 2 
-1123 0 
4-2917.4 

- 1 9 0 0 
- 8 4 5 . 4 
- 4 8 6 . 0 
4-529.9 

4-1449 9 
- 3 0 2 7 . 2 
-1331 .4 
-1035 4 
-6167 .0 
- 1 5 2 1 4 
- 9 9 1 . 5 

4-2250.4 
4-3248 3 
-2918 .7 

T, 
Ih 

41.2 
41.3 
6.2 

103.1 
107 3 
30.3 
84 1 

182 5 
162 0 

6 0 
18 6 
67.4 
66 2 

80 0 
200.9 
69.9 
19.6 

229.6 
70.2 
96.5 

115.1 
119.1 
258.6 
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TABLE II -4- I I I . hex AND LOADING EXCHANGE W O R T H S FOR LOADINGS 101-114 

Loading 
No. 

101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 

• 112 
113 
114 

Loading Exchange Zone 

1 

A 

-A 

A 
A 
A 
A 

2 

B 

H 

-H 

-B 

B 
H 

A 

A 

A 
B 
B 

3 

B 

H 
-H 

H 

-A 

B 
II 
II 
II 

A 
A 

A 
A 
A 

4 

A 

-A 

A 
A 
A 
A 

5 

A 

-A 

A 
A 
A 
A 

6 

B 

H 
-H 

H 

-A 

B 
II 
H 
II 

A 
A 

A 
A 
A 

7 

B 

H 

-H 

-B 

B 
H 

A 

A 

A 
B 
B 

8 

A 

-A 

A 
A 
A 
A 

9 

A 

-A 

A 
A 
A 
A 

10 

B 

H 

-H 

-B 

B 
II 

A 

A 

A 
B 
B 

11 

B 

H 
-H 

H 
-A 

B 
H 
H 

A 
A 

A 
A 
A 

12 

A 

-A 

A 
A 
A 
A 

13 

A 

-A 

A 
A 
A 
A 

14 

B 

H 
-H 

H 
-A 

B 
H 
II 

A 
A 

A 
A 
A 

15 

B 

H 

-H 

-B 

B 
H 

A 

A 

A 
B 
B 

16 

A 

-A 

A 
A 
A 
A 

21 

- / 

-K 

M 

-N 
-F 
-P 
-M 

-M 

22 

- / 

- / 

-K 

M. 

-N 
-F 
-P 
-M 

-M 

kex 
@ 30°C, 

Ih 

- 6 1 9 . 6 
- 3 0 5 . 5 

-2004 
-1346 
- 7 6 8 . 8 

-2055 
- 7 1 5 . 5 

-1584 
- 9 4 . 9 

- 9 1 5 . 8 
- 7 3 5 . 5 
- 5 4 1 . 2 
- 1 7 8 . 7 
4-44.7 

Ih 

34.6 
7.7 

81.8 
29.4 
14.3 

125 
14.1 
29 
4.0 

31.0 
14.7 
4.9 
4.4 
4.0 

Exchange 
Worth, 

Ih 

4-322.5 
4-314.1 

-1698 .5 
4-658.0 
4-577.2 

-1286 .2 
4-1339.5 

- 8 6 8 . 5 
4-1489.1 

- 8 2 0 . 9 
4-180.3 
4-194.3 
4-362.5 
4-223.4 

-1689 .4 
-3387 .9 
-2567 .0 
-4307 .9 
4-636.6 

4-1235.2 
4-737.1 
4-374.6 
4-972.1 
4-899.7 

4-1871 8 
4-2828.6 
4-4700.4 
4-4042.4 

- 2 6 5 5 

", 
Ih 

36.9 
35.4 
82.2 
86.9 
32.7 

125.8 
125.8 
32.2 
29.3 
31.3 
34.3 
15.5 
6.6 
5.9 

44.9 
93.7 
88 3 

102.3 
51.1 
92.8 
38.2 
37.6 
93.8 
49.3 

106.0 
129.2 
167.1 
142.7 
175.6 

y 
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TABLE II-4-IV. kcx AND LOADING EXCHANGE W O R T H S FOR LOADINGS 115-119 

Loading 
No. 

115 
116 
117 
118 
119 

1 

\A 

2 

A 

4 

A 

5 

A 

7 

A 

Loading Exchange Zone 

8 

\A 

9 

A\ 

10 

A 

12 

A 

13 

A 

15 

A 

16 

A\ 

24 

-Q 

25 

-R 

-R 

26 

-R 

-R 

@ 30°C, 
Ih 

- 8 3 2 . 3 
- 5 . 8 

-1414 
- 3 6 6 . 8 

- 1 9 2 2 

Ih 

11.9 
4 .1 

37 
4.0 

68 

Exchange 
Worth, 

Ih 

- 8 7 7 . 0 
4-826.5 

- 1 4 0 8 . 2 
4-1047.2 
- 1 5 5 5 . 2 

- 2 9 6 3 . 4 

a 
Ih 

12.6 
12.6 
37.2 
37.2 
68.1 

77.6 

TABLE II-4-V. D E F I N I T I O N S OF SYMBOLS U S E D TO IDENTIFY CHANGES IN COMPOSITION 

Symbol1' 

A 
B 
C 
D 
E 
F 
G 
H 
1 

Composition Removed 

B4C Control 
B4C Control 
Safety Rod Channel 
B4C Control 
Safety Rod Channel 
Ta Control 
B4C Control 
Ta Control 
Ta (25/75) 

Composition Added 

Radial Reflector 
Ta Control 
Outer Core 
Safety Rod Channel 
Inner Core 
Safety Rod Channel 
Inner Core 
Radial Reflector 
Safety Rod Channel 

Symbol" 

J 
K 
L 
M 
N 
O 
P 
Q 
R 

Composition Removed 

T a (50/50) 
Ta Control 
B4C Control 
Ta Control 
T a Control 
T a Control 
Ta (50/50) 
Open Loop 
Closed Loop 

Composition Added 

T a (25/75) 
T a (50/50) 
Outer Core 
Inner Core 
Ta (25/75) 
Outer Core 
Safety Rod Channel 
Outer Core 
Inner Core 

a A minus sign before a let ter in Tables II-4-I through II-4-IV means the reverse of the composition change defined here. 

TABLE II-4-VI. F T R - 3 R E G I O N AND ZONE COMPOSITIONS, 10 n a toms/cm 3 

Isotope or 
Element 

Mo 
Na 
C 
Fe 
Cr 
Ni 
Mn 
Ta 
B-10 
B - l l 
B 
Al 
O 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-239 4- Pu-241 

'u-240 4- Pu-242 
'u 

J-235 
U-23S 
U 

Inner Core 

Type A 

0.2340 
9.1731 
0.0257 

13.363 
2.7593 
1 3166 
0.2026 

14.454 
0.0006 
0.8814 
0.1167 
0.0181 
0.0019 
0.8995 
0.1186 
1.0187 
0.0125 
5.7811 
5.7936 

TypeB 

0.0123 
11.208 
0.0356 

13.234 
3.8193 
1.8224 
0.2804 

0.1109 
8.7577 

1.0690 
0.0510 
0.0049 
0.0001 
1.0739 
0.0511 
1.1250 
0.0069 
3.2769 
3.2838 

Outer 
Core 

0.4412 
8.7013 
1.0686 

15.906 
3.1571 
1.5064 
0.2318 

12.717 
0.0006 
1.4669 
0.1723 
0.0227 
0.0022 
1.4896 
0.1745 
1.6647 
0.0125 
5.9000 
5.9125 

Closed 
Loop 

0.0357 
9.3880 
0.0716 

26.595 
7.6726 
3.6610 
0.5634 

0.1S77 
0.0178 
0.0015 
0.0001. 
0.1892 
0.0179 
0.2071 
0.0019 
0.8279 
0.8298 

Open 
Loop 

0.3324 
9.5310 
1.0778 

17.634 
4.1332 
1.9722 
0.3035 

10.236 
0.0003 
1.0276. 
0.1141 
0.0136 
0.0013 
1.0412 
0.1154 
1.1569 
0.0097 
4.6547 
4.6644 

B4C 
Control 

0.0105 
4.1257 

14.043 
11.320 
3.2536 
1.5525 
0.2389 

10.698 
43 387 
54.085 

Ta 
(control) 

0.0077 
4.194 
0.022 
8.261 
2.383 
1.137 
0.175 

33.428 

Ta 
(50/50) 

0.0086 
8.812 
0.025 
9.247 
2.668 
1.273 
0.196 

21.801 

Ta 
(25/75) 

0.0088 
13.853 
0.026 
9.533 
2.750 
1.312 
0.202 

11.627 

Safety 
Rod 

Channel 

0.0097 
18.470 
0.028 

10.519 
3.035 
1.448 
0.223 

Radial 
Reflector 

0.0078 
6.7544 
0.1646 
8.4575 
2.432 

48.072 
0.2864 

Axial 
Reflector 

0.0079 
9.2102 
0.0231 
8.5898 
2.4614 

38.1013 
0.2789 

Radial 
Shield 

0.036 
6.754 
0.105 

39.022 
11.258 
5.372 
0.827 
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4-V. Wherever inner core composition is specified, Type 
A composition is loaded into even numbeied matiix 
columns and Type B m odd numbered columns Atom 
densities are given in Table II-4-VI foi each composi
tion mentioned m Table II-4 V 

The initial or reference FTR-3 configuration, Loading 
71, had the following compositions m the numbeied 
zones of Fig II-4-1 

a zones 1-16 contained B4C control composition, 
b zones 17-20 and 24 contamed outer core composi

tion, 
c zones 21-23 and 25-26 had inner core composition 
The assembly was returned to this refeience con

figuration in Loadings 74, 87, 96, and 114 

RESULTS OP REACTIVITY MEASUREMENTS 

Tables II-4-1 through II 4-IV give the measured kex 
foi each configuration adpasted to 30°C The value of 
<r given with each kex is the combination of a 70 % con
fidence interval (based on lepetitive reactivity meas
urements) plus a ± 4 Ih uncertainty in physically le-
producmg each configuration The list of exchange 
worths gives the reactivity worth associated with each 
loading change 

At the bottom of each table is a list of exchange 
worths obtained indirectly as combinations of the load
ing changes given in the top part of the table The w oi th 

INTRODUCTION 

In order to preclude a shutdown or refueling lcac-
tivity accident in the Fast Test Reactoi (FTR), it is 
important to have a reliable method for continuously 
monitoring the reactivity status of the reactor under 
shutdown conditions, expecially duiing refueling opeia-
tions, during control, safety, or shmi rod reloading, 
and during fuel test loop loading The requirement on 
the accuracy of the shutdown reactivity for the FTR 
is ± 2 0 % at about $30 subcritical One system that 
has been proposed to provide the desired information 
uses a digital computer to convert subcritical count 
rate data to reactivity This requires a calibration 
within a few dollars of critical usmg a method such as 
noise analysis, pulsed neutron, or rod drop-inverse ki
netics 

An experiment was conducted in the FTR-3 assembly 

of any given loading change depends on the configura
tion of the assembly pnoi to the change The procedure 
of addmg up the results of partial changes to infer the 
"n orth of composite changes, as done here, neglects this 
dependence How ever, a survey of the results given in 
Tables II 4-1 through II 4 IV show s that within the 
accuracy of these measurements the \\ orths of the load
ing changes that weie made were essential^ independ
ent of the configuration of the other contiol lods and 
loops in the assembly. 

Many of the configurations reported here have been 
analyzed b}' WARD and WADCO to doteimine their 
calculational ability in predicting experimental lesults 
and to obtain bias factors for fuel, boron, and tantalum 
to be used in FTR design calculations 4 
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on ZPR 9 to evaluate the proposed system for moni
toring the shutdown margin and to compare various 
subcriticality measurement methods for their suitability 
m making the near critical calibration To obtain the 
desired information, a senes of configurations w as as 
sembled on ZPR 9 spanning the reactivity lange from 
critical to about $30 subcritical Neutron count late 
data w ere recorded w ith a number of detectors in each 
configuration Subscriticahty measurements w ere made 
by several methods, each method was used as far sub-
critical as possible 

There were three general types of subcriticality meas
urements (1) rod drop, (2) noise analysis, and (3) 
asymmetric source 

Two groups of visiting experimenters were involvec 
in this series of measurements One group from Oak 
Ridge National Laboratory (ORNL) N J Ackcrman, 
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J W DAUGHTRY and R. B POND 



5. Daughtry and Pond 51 

05 10 15 20 25 30 35 10 

F I G . I I -5-1. Ini t ial Configuration for the Shutdown Margin 
Experiment. ANL Neg. No. 116-1066. 

A. R. Buhl and R. C. Kryter were responsible for the 
asymmetric source measurements and the noise meas
urements by the cross power spectral density (CPSD) 
technique. The other group, from the University of 
Washington and under contract with WAD CO: R. W. 
Albrecht and G. M. Hess were responsible for the noise 
measurements by the polarity spectral coherence (PSC) 
technique. 

INITIAL REACTOR CONFIGURATION 

Figure II-5-1 shows the matrix loading pattern for 
FTR-3 loading 125 which was the initial configuration 
for the shutdown margin experiment. The zones marked 
by letters in Fig. II-5-1 are the locations of simulated 
FTR open and closed loops in FTR-3. The drawers 
labeled A in the inner core region contained closed loop 
Type A drawers. The remainder of the drawers in the 
inner core loops, labeled B, contained closed loop Type 
B drawers. The zones labeled C contained safety rod 
channel composition, and the zones labeled D contained 
open loop composition. Atom densities for these com
positions are given in Table II-5-I. The remainder of 
the assembly (radial shield, radial reflector, outer core, 
inner core and the axial configuration) is described in 
detail in Ref. 1. 

Neutron detectors were installed in the assembly at 
—,rious locations for this series of experiments. Table 

-5-II lists the detector types and locations. Except 
^ noted, all detectors were inserted into drawers in the 
radial reflector region so that one end of the detector 

was at the midplane of the assembly. The installation 
of the detectors required the removal of reflector com
position from the drawers. Space in the drawers not 
occupied by the detectors, leads, etc. was filled with 
nickel and sodium cans in approximately equal volumes. 

The ZPR-9 poison rods were used to adjust the sub
criticality of the assembly for some of the measure-

TABLE II-5-I . ATOM D E N S I T I E S OF SIMULATED LOOPS IN 
THE INITIAL CONFIGURATION FOB THE SHUTDOWN 

M A R G I N E X P E R I M E N T , 1021 a toms/cc 

Isotope or 
Element 

23spu 

239Pu 
2 4 0 P u 

2 4 i p u 

2 4 2 p u 

235TJ 
238TJ 

Mo 
Na 
C 
0 
Fe 
Cr 
Ni 
Mn 

Closed Loop, 
Type A 

— 
0.5631 
0.0535 
0.0044 
0.0003 
0.0057 
2.4836 
0.0582 
9.1730 
0.0732 

— 
27.192 
7.8448 
3.7432 
0.5760 

Closed Loop, 
Type B 

— 
— 
— 
— 
— 
— 
— 

0.0244 
9.4957 
0.0708 

— 
26.297 
7.5866 
3.6200 
0.5571 

Safety Rod 
Channel 

— 
— 
— 
— 
— 
— 
— 

0.0097 
18.470 
0.028 

— 
10.519 
3.035 
1.448 
0.223 

Open 
Loop 

0.0003 
1.0276 
0.1141 
0.0136 
0.0013 
0.0097 
4.6547 
0.3324 
9.5310 
1.0778 

10.236 
17.634 
4.1332 
1.9722 
0.3035 

TABLE II-5-II . N E U T R O N DETECTORS U S E D IN THE 
SHUTDOWN MARGIN E X P E R I M E N T 

Location 

M14-15 
M15-14 

S22-36 
S24-10 
S31-14 
S14-31 
S15-32 

M31-32 
M32-31 

S13-13 | 
S13-334 
M32-32J 

S27-19" 

M23-23" 

Type 

3He neutron detectors 

235U fission counters 

Nuclear Enterprises glass scintil lators 
NE905 containing 6Li 

WE6376 

WX42445A 

Westinghouse 235U fission 
counters 

10B ion chamber, SP5 

Using Or
ganization 

WADCO 

ORNL 

ANL 

° Distance from midplane of assembly to nearest end of 
detector : 

S13-33 45.7 cm 
S27-19 62.0 cm 
M23-23 62.0 cm 
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TABLE I I 5  I I I 10B R O D LOCATIONS 

Rod Number 

1 
2 
3 
4 
5 
6 
7 
S 
9 

10 
11 
12 

Matrix Location" 

M1916 
M2716 
M3023 
M2730 
M1930 
M1623 
S1916 
S2716 
S3023 
S2730 
S1930 
S1623 

Radius, 
cm 

42 9 
42 9 
38 7 
42 9 
42 9 
38.7 
42 9 
42 9 
38 7 
42 9 
42 9 
38.7 

a S = s ta t ionary half, M = movable half. 

TABLE II5IV. LOADING CHANGES PERFORMED FOR THE 
SHUTDOWN M A R G I N 

Load

No 

125 

126 

127 

128 

129 

130 

131 

132 

133 

134 

G 
H 

L 

G 
N 

N 
M 
G 

K 

P 
Q 
I 

J 

R 

Q 

Changes from Previous Configuration 

Composition Removed 

Init ial Configuration 

Radial Reflector 
Radial Reflector 

Instal l Source Transfer 
Tube 

B4C Control 
Radial Reflector 

B4C Control 
Radial Reflector 
Radial Reflector 

Closed Loop, Type B 

Radial Reflector 
Radial Reflector 
Closed Loop, Type B 

Closed Loop, Type B 

Inner Core 

B4C Control 

Composition Added 

B4C Control 
B4C Control 

Radial Reflector 
B4C Control 

Radial Reflector 
B4C Control 
B4C Control 

B4C Control 

B4C Control 
B4C Control 
B4C Control 

B4C Control 

Safety Rod Channel 

Radial Reflector 

" Locations of zones are shown in Fig. II52. 

ments. The poison rods contained boron powder, an 
average of about 160 g of 10B per rod; however, the 
boron loading varied somewhat from rod to rod. Table 
II5III gives the matrix location and approximate 
radial distance of each rod from the central axis of the 
assembly w hich was at the center of matrix tube 2323. 
The average worths of the rods were about 140 Ih at 
the 38.7 cm radius and 120 Ih at the 42.9 cm radius. 

Two calibrations were made in loading 125 to provide 
lcnown reactivity increments for later use in this experi

ment. The worth of 10B rod No. 3 was 163 Ih. The com

bined w orth of 10B rods Nos. 6 and 12 was 264 Ih. 
The excess reactivity of the initial configuration for 

the shutdown margin experiment, FTR3 loading 125, 
was determined to be (136.3 ± 4.0) Ih at 30°C. The 
fissile mass was 488.0 kg of 239+24iPu p l u s 4 2 icg 0f 235TJ. 

LOADING CHANGES 

From the initial configuration described in the pre

vious section of this report, a scries of loading changes 
were made which provided a variety of subcritical con

figurations in which count rates were recorded and 
subcriticality measurements were made when possible. 
The different configurations achieved are described in 
Table II5IV and Fig. II52. The changes listed in the 
table are cumulative. The only change made in loading 
127 was the extension of the source transfer tube 
through the radial shield and radial reflector to the edge 
of the outer core zone. The transfer tube was in the sta

tionary half of the reactor, approximately four inches 
from the midplane. In order to extend the source tube 
to the edge of the core, 2 in. of radial reflector material 
was removed from drawers S2308 through S2312. 
The subcriticality of the assembly was measured before 
and after the source tube was installed. The reactivity 
change was less than the uncertainty in the measure

ments; therefore, the inverse kinetics data from loadings 
126 and 127 have been grouped together. 

Figure II52 represents the stationary half of ZPR9 

RADIAL SHIELD RADIAL REFLECTOR 

■TTT T r X L XL XE TV xrx 
F I G II52. Matr ix Loading Diagram Showing Locations oi 

Zones Reloaded during the Shutdown Margin Expei iment . 
ANL Neg. No. 116526. 
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during this experiment. The movable half was the 
mirror image except for the source transfer tube. 

METHODS AND EQUIPMENT USED 

COUNT RATE DATA 

Neutron count rates were recorded from four 235U 
fission counters in each configuration assembled. The 
fission counters were located in the reflector regions of 
the assembly as indicated in Table II-5-II (ANL de
tectors). In addition, the current levels were recorded 
from four sets of 10B ion chambers: CH3, SP5, SP10, 
and SP11. CH3 was a single uncompensated 10B ion 
chamber, SP10 was a bank of three compensated 10B 
ion chambers, and SP11 was a bank of four uncompen
sated 10B ion chambers all located above the reactor 
matrix near the midplane of the assembly. SP5 was a 
single, smaller 10B ion chamber located within the reac
toi' matrix at M23-23 in the axial reflector. The end of 
the detector nearest the core was approximately 6.4 in. 
from the core or 24.4 in. from the midplane of the as
sembly. 

ROD DROP 

The rod drop-inverse kinetics method is described 
in Ref. 2. Flux data from SP5 and SPll were recorded 
simultaneously during each rod drop. The flux profiles 
were analyzed by the inverse kinetics methods, giving 
measured values of subcriticality before and after each 
drop. The kinetics parameters used in the analysis are 
listed in Table II-5-V. The reactor temperature was 
monitored during each measurement and the results 
were adjusted to a reference temperature of 30°C using 
the measured temperature coefficient of reactivity 
(3.39 I lVC). 1 

NOISE ANALYSIS 

Two noise analysis techniques were used in this ex
periment. The ORNL technique (CPSD) is described 
in Rcf. 3. The WAD CO technique (PSC) is described 
in Rcf. 4. The primary detectors for the CPSD measure
ments were two 235U fission counters located in the sta
tionary half near the midplane of the assembly in matrix 
tubes 14-31 and 1.5-32. For the PSC measurements a 
pair of 3Hc neutron detectors was located in matrix 
tubes 14-15 and 15-14 in the movable half near the 
midplane of the assembly. For some of the experiments 
the ORNL and WADCO experimenters exchanged sig
nal leads from their neutron detectors so they could 
attempt noise measurements with different types of 
detectors. A third pair of detectors was used for some 
measurements by ORNL. These were 6Li glass scintil
lators located in the movable half matrix positions 31-32 
and 32-31, again near the midplane of the assembly. 

ASYMMETRIC SOURCE 

The asymmetric source method for measuring sub
criticality is described in Rcf. 5. A 252Cf source was used 
for these measurements. The source was 410 =fc 20 Mg 
of 262Cf. I t was stored in a container of borax and parafin 
outside the ZPR-9 matrix when not in use. The increase 
in the count rates and ion chamber currents due to the 
Cf source were found to be negligible when the source 
was in the storage container. The source could be trans
ferred remotely from the storage container to the edge 
of the core. When fully inserted in the reactor the source 
position was in the stationary-half radial reflector (26 ± 
%) in. radially from the center of the core and 4 in. 
axially from the midplane of the core. 

0.115 
0 139 
0.134 
0.135 
0.134 

0 311 
0 358 
0.331 
0 333 
0 331 

1 40 
1 41 
1.26 
1.36 
1.26 

3.87 
4 02 
3.21 
4 04 
3.21 

TABLE II-5-V. CALCULATED K I N E T I C S PARAMETDRS FOR ZPR-9 ASSEMBLY 26, LOADING 125 

Isotope 

235TJ 
238TJ 
23»Pu 
8 4 0 p u 

2 4 i p u 

235TJ 
23STJ 
2 3 9 p u 

24°Pu 
24 ip„ 

Effective Delayed Neutron Fractions by Groups 

1 

1.683298-06 
1 476299-05 
6 252933-05 
1 640600-06 
1.277647-06 

2 

9 598775-06 
1 577476-04 
4.692747-04 
1 426740-05 
9 589982-06 

3 

8 408743-06 
1 850646-04 
3 596905-04 
9.633773-06 
7.350326-06 

4 

1.842206-05 
4 483523-04 
5.532876-04 
1.893038-05 
1 130654-05 

5 

5 784307-06 
2 599266-04 
1 737376-04 
7.151476-06 
3 550361-06 

6 

1.178793-06 
8 664219-05 
5 880351-05 
1.442314-06 
1.201661-06 

Decay Constants by Groups 

0 0127 
0.0132 
0.0129 
0.0129 
0.0129 

0 0317 
0 0321 
0 0311 
0.0313 
0 0311 

0.115 
0 139 
0.134 
0.135 
0.134 

0 311 
0 358 
0.331 
0 333 
0 331 

1 40 
1 41 
1.26 
1.36 
1.26 

3.87 
4 02 
3.21 
4 04 
3.21 

N o t e . /3„// = 2 962238 X 10"3; I h / % Ak/k = 1036 539; (p = 7 451128 X 10"' sec; SI = 307.048 Ih 



TABLE II-5-VI SUBCRITICAL N E U T R O N F L U X D A T A RECORDED D U R I N G THE SHUTDOWN M A R G I N E X P E R I M E N T 

Load
ing 
No 

126 
126 
127 
127 
127 
127 
127 
127 
128 
128 
128 
128 
128 
128 
128 
128 
129 
129 
129 
130 
130 
130 
130 
131 
131 
132 
132 
133 
133 
134 
134 
134 

Date 
11 / /70 

10 
10 
12 
12 
12 
12 
13 
13 
13 
13 
16 
16 
17 
17 
17 
17 
18 
18 
18 
19 
19 
19 
19 
20 
20 
23 
23 
24 
24 
24 
24 
25 

Temp, 
°C 

23 98 
23 95 
24 67 
23 70 
23 05 
23 02 
23 70 
23 16 
23 33 
22 97 
24 64 
24 25 
35 58 
30 15 
25 40 
24 95 
27 69 
28 35 
29 00 
29 03 
28 47 
26 30 
25 37 
25 59 
25 60 
24 03 
24 61 
26 35 
26 70 
28 32 
28 88 
29 29 

2<*Cf 
Source 

Out 
Out 
In 
In 
Out 
Out 
Out 
Out 
In 
Out 
In 
Out 
Out 
Out 
Out 
Out 
Out 
Out 
Out 
In 
Out 
Out 
In 
In 
Out 
In 
Out 
In 
Out 
In 
Out 
Out 

10B Rods In" 

None 
6, 12 
None 
6, 12 
6, 12 
3» 
6, 12 
3, 6, 12 
None 
None 
2, 4, 6, 8, 10, 12 
2, 4, 6, 8, 10, 12 
None 
6, 12 
2, 4, 6, 8, 10, 12 
2, 4, 6, 8, 10, 12 
None 
1, 2, 4, 5, 7, 8, 10, 11 
3, 6, 12 
None 
None 
1, 2, 4, 5, 7, 8, 10, 11 
1, 2, 4, 5, 7, 8, 10, 11 
None 
None 
None 
None 
None 
None 
None 
None 
None 

Fission Chamber Count Rate, cpm 

M32-32 

344,358 
200,059 

1,752,079 
1,037,858 

200,247 
184,401 
199,897 
161,973 

2,487,559 
494,589 
605,478 
119,026 
426,967 
242,976 
119,454 
103,688 
28,403 
22,206 
26,163 
73,868 
21,258 
17,247 
51,490 
25,648 
8,956 

21,983 
7,856 

21,571 
7,860 

22,467 
8,167 
8,067 

S13-13 

262,981 
152,176 

1,252,329 
794,623 
152,429 
141,411 
152,489 
125,634 

1,035,349 
211,478 
310,943 
53,891 

182,312 
105,581 
54,354 
47,883 
20,902 
16,286 
18,911 

102,244 
16,893 
13,707 
80,194 
43,696 
6,457 

42,084 
6,057 

40,915 
5,639 

41,402 
5,813 
5,780 

S27-19 

239,433 
142,393 

1,215,975 
744,008 
139,596 
129,028 
140,105 
114,513 

1,672,059 
336,005 
451,901 

82,219 
282,028 
161,953 
81,559 
71,308 
24,353 
18,775 
22,109 
93,152 
18,628 
15,114 
68,736 
53,389 
10,357 
50,130 
9,442 

48,581 
8,998 

48,801 
9,132 
9,164 

S13-33 

157,806 
94,087 

752,810 
454,232 
93,322 
86,793 
93,322 
76,765 

863,101 
185,398 
221,427 
44,533 

150,580 
84,989 
44,687 
39,546 
13,462 
10,396 
12,110 
39,777 
11,195 
9,029 

27,928 
15,978 
5,349 

14,147 
4,750 

12,926 
4,389 

15,587 
5,374 
5,354 

Ion Chamber Current, amp 

M23-23, SPS 

1 209 
6 900 
6 371 
3 702 
6 362 
5 828 
6 400 
5 158 
8 940 
1 676 
173 
764 
410 
990 
743 
242 
130 

8 814 
1 008 
3 572 
9 399 
6 734 
2 549 
1 740 
4 652 
1 540 
4 062 
1 476 
3 869 
1 508 

io-
io-
io-

X 10" 
X 10" 
X 10-
X io-
X io-
X io-
X 10" 
X io-

io-
io-
10-

X 10-

X 10" 
x io-
x io-
x io-
x io-
x io-
x io-
x io-
x io-
x io-
x io-

962 
972 

X io-
X 10" 
X 10" 
X 10" 

SP11 

1 323 X 
7 487 X 
5 855 X 
3 354 X 
6 315 X 
5 834 X 
6 334 X 
5 199 X 
7 726 X 
1 500 X 
1 885 X 
3 592 X 
1 266 X 
6 877 X 
3 567 X 
3 145 X 
8 575 X 
6 764 X 
7 709 X 
2 781 X 
7 034 X 
5 815 X 
2 078 X 
1 296 X 
3 551 X 
182 X 
197 X 
113 X 
996 X 
215 X 
401 X 
359 X 

10~8 
10-9 
IO"8 
IO"8 
io-9 
IO"9 
10-" 
IO"9 
IO"8 
IO"8 
IO"8 
10-9 
IO"8 
10"9 
10"9 
10"9 
lO-io 
10"10 
lO-io 
io-9 
IO"9 
10"9 
10-9 
io-9 

!0-io 
IO"9 
lO-io 
10"9 
lO-io 
IO"9 
lO-io 
lO-io 

SP10 

1 728 X 
9 779 X 
9 069 X 
5 185 X 
9 846 X 
9 093 X 
1 002 X 
8 219 X 
1 914 X 
2 253 X 
2 899 X 
5 589 X 
1 909 X 
1 069 X 
553 X 
893 X 
368 X 
081 X 
229 X 
271 X 
124 X 

9 300 X 
3 160 X 

935 X 
682 X 
748 X 
127 X 

1 633 X 
4 780 X 
1 820 X 
5 474 X 
5 433 X 

10-9 

lO-io 
IO"9 

IO"9 

lO-io 
lO-io 
IO"9 

lO-io 
IO"8 

IO"9 

10"9 

lO-io 
10"9 

10"9 

lO-io 
1 0 - i o 
lO-io 
lO-io 
lO-io 
lO-io 
lO-io 

10"11 

lO-io 
LO-io 
10"11 

lO-io 
10"11 

lO-io 
io-11 

lO-io 
10"" 
10"11 

CH3 

930 
213 
315 
344 
221 
055 
231 

1 831 
066 
174 
153 
280 
366 
433 
272 
123 
962 
351 
657 
247 
426 
017 
008 
308 

1 257 
6 959 
1 153 
6 702 
9 880 
6 807 
1 121 
1 007 

X IO"9 

X io-9 

X IO-8 

X IO"8 

X IO"9 

10-9 

IO"9 

IO"9 

IO"8 

10"9 

X io-° 
X 10-9 

X io - 9 

X io - 9 

X io-» 
x io-» 
X 10"1» 
X 10"10 

x io-1° 
x io-
x io-
X 10"10 

x io-fl 

X IO"19 

x io-1° 
X 10"10 

X io-1» 
X 10"10 

x io-
x io-
x io-
x io-

& 

5f 
03 

» 10B lod No 3 pait ial ly insoited, estimated subcnt i t i i l i ty a t 23 02°C is 447 3 Ih 
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RESULTS 

COUNT RATE DATA 

Table II-5-VI lists the subcritical flux data recorded 
during the shutdown margin experiment. Included are 
ion chamber currents from CH3, SP5, SP10, and SP11 
and count rates from the four ANL fission chambers 
listed in Table II-5-II. At the left of the table the con
figuration is identified by loading number and date. 
Also shown is the average core temperature, the loca
tion of the 252Cf source (either "OUT" of the assembly 
and stored in the shielding container or " IN" the as
sembly at 26 in. from the center of the core), and the 
identification numbers of all ZPR-9 10B rods that were 
in the core when the data were recorded. 

TABLE II-5-VII . R E S U L T S OP R O D D R O P — I N V E R S E K I N E T I C S 

Each number listed for the fission counters is the 
average of ten one minute counts with no dead time 
corrections. The average ion current for each configura
tion was determined by obtaining the integrated aver
age current for ten second intervals and talcing the 
average of ten of these observations. 

ROD DROP DATA 

The results obtained by the rod drop-inverse kinetics 
method are presented in Table II-5-VII. In order to 
obtain additional subcritical states without making 
time-consuming loading changes, it was convenient to 
insert selected ZPR-9 10B rods. Column 4 in Table II-
5-VII shows which 10B rods were in the reactor prior to 

MEASUREMENTS OF SUBCRITICALITY IN FTR-3 LOADINGS 126-128 

Loading 
No. 

126 

127 

127 

12S 

128 

Data 
Tape No. 

11/10/70-1/1 
-1/2 
-2/1 
-2/2 

11/12/70-1/1 
-1/2 

11/13/70-1/1 
-1/2 
-2/1 
-2/2 
-3/1 
-3/2 

11/17/70-1/1 
-1/2 
-2/1 
-2/2 
-3/1 
-3/2 

11/17/70-4/1 
-4/2 
-5/1 
-5/2 
-6/2 
-7/2 

I0B Rods 
Dropped" 

6, 12 
6, 12 
6, 12 
6, 12 

6, 12 
6, 12 

3 
3 
3 
3 
3 
3 

6, 12 
6, 12 
6, 12 
6, 12 
6, 12 
6, 12 

2, 4, 8, 10 
2, 4, 8, 10 
2, 4, 8, 10 
2, 4, 8, 10 
2, 4, 8, 10 
2, 4, 8, 10 

ion 
Rods 
In« 

None 
None 
None 
None 

None 
None 

6, 12 
6, 12 
6, 12 
6, 12 
6, 12 
6, 12 

None 
None 
None 
None 
None 
None 

6, 12 
6, 12 
6, 12 
6, 12 
6, 12 
6, 12 

Data 
Channel 

Sp 11 
S p 5 
Sp 11 
S p 5 

Sp 11 
Sp 5 

Sp 11 
S p 5 
Sp 11 
S p 5 
Sp 11 
Sp 5 

Sp 11 
S p 5 
Sp 11 
S p 5 
Sp 11 
S p 5 

Sp 11 
S p 5 
Sp 11 
S p 5 
S p 5 
S p 5 

Temp. 
T, 
°C 

23.9 
23.9 
24.0 
24.0 

24.3 
24.3 

23.7 
23.7 
23.5 
23.5 
23.3 
23.3 

34.6 
34.6 
33.5 
33.5 
32.9 
32.9 

28.3 
28.3 
27.1 
27.1 
26.0 
25.4 

Measured Subcritical Reactivities in Inhours 

Initial, 
at T 

391.8 
384.3 
396.4 
366.1 

394.8 
381.4 

Final, 
at T 

689.4 
675.0 
686.5 
636.3 

689.8 
659.6 

Averages 

653.9 
590.2 
612.7 
654.9 
622.3 
611.8 

794.6 
730.8 
747.6 
811.8 
756.3 
756.9 

Averages 

333.4 
327.7 
330.4 
321.8 
325.7 
311.3 

608.3 
596.5 
607.2 
592.7 
604.9 
575.9 

Averages 

548.9 
547.0 
557.1 
540.2 
555.2 
513.3 

Averaj 

1092.0 
1119.3 
1107.4 
1118.0 
1135.6 
1064.0 

*es 

Initial, 
at 30°C 

412.5 
405.0 
416.7 
386.4 

414.1 
400.7 

405.9 ± 4.6 

675.3 
611.6 
634.7 
676.9 
645.0 
634.5 

646.3 ± 10.4 

317.8 
312.1 
318.5 
309.9 
315.9 
301.5 

312.6 ± 2.6 

554.7 
552.8 
566.9 
550.7 
568.8 
528.9 

553.8 ± 5.9 

Final, 
at 30°C 

710.1 
695.7 
706.8 
656.6 

709.1 
678.9 

692.9 ± 8.7 

816.0 
752.2 
769.6 
833.8 
779.0 
779.6 

788.4 ± 12.5 

592.7 
580.9 
595.3 
580.8 
595.1 
566.1 

585.2 ± 4.7 

1097.8 
1125.1 
1117.2 
1127.8 
1149.2 
1079.6 

1116.1 ± 10.0 

Worth of Rods 
Dropped, 

Ih 

297.6 
290.7 
290.1 
270.2 

295.0 
278.2 

287.0 ± 4.3 

140.7 
140.6 
134.9 
156.9 
134.0 
145.1 

142.0 ± 3.4 

274.9 
268.8 
276.8 
270.9 
279.2 
264.6 

272.5 ± 2.2 

543.1 
572.3 
550.3 
577.1 
580.4 
550.7 

562.3 ± 6.6 

» See Table I I -5 - I I I for 10B rod locations. 
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the rod drop measuiement If "none" is indicated, the 
assembly was m its most icactive configuiation 

Table II-5 VII gives the leactor tempciatuie at the 
time of each lod drop, the initial and final subcnticah-
ties at that tempcratuie, and the initial and final sub-
criticahties corrected to 30°C The last column of Table 
II-5 VII gives the measured A\oith of the lod 01 rods 
diopped Theie appears to be a disci cpancy of about 
5 % betw een the lcsults obtained foi the same configuia
tion depending upon whcthci it is the initial or final 
configuration of the lod diop 

Ftuthei examination of Table II-5-VII indicates the 
possibility of small differences in the lesults obtained 
with the two data channels Since SPl l was located 
on top of the reactoi matux and SP5 w as located m the 
axial reflectoi, deviations fiom the point kinetics model 
could produce diffeicnt flux piofiles at the two detector 
locations It is cncouiaging that the chffcienccs ob-
seived weie quite small 

NOISE AND ASYMMETRIC SOURCE DATA 

The data obtained by the ORNL and WADCO cx-
penmenters were analyzed by the lcspccfive gioups 
and have been rcpoited clsewheie Specifically, the le-
sults of the CPSD noise analysis technique weie le-
poited m Ref 6 by ORNL The lesults of the PSC 
noise analysis weie leportcd m Rcf 7 by WADCO 

INTRODUCTION 

The Applied Physics Division is active in planning 
and evaluating a scries of cutical expciimcnts in a 
continuing effoit to piovidc physics infoimation needed 
foi the design of the Fast Test Reactor (FTR), which 
is an mtegial part of the Fast Flux Test Facility 
(FFTF) These planning and evaluating activities aie 
earned out m close coopeiation with the WADCO 
Coiporation (the FTR progiam manager), which is a 
subsidiary of Wcstinghouse Electnc Coipoiation m 
Richland, Washington and with the Advanced Reactor 
Division of Westmghouse Electric Coipoiation (the 
leactor designer) Waltz Mill, Pennsylvania 

Durmg the cuirent repoitmg period the activities 
weie concerned with (1) completion of a senes of ex-
penments planned to investigate basic physics design 

The asymmetiic souice mcasmements weie reported 
in Ref S by ORNL 
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pioblems associated with FTR m relativelj clean and 
idealized gcometnes13 (Phase B), and (2) the initiation 
of engineeimg mockup experiments which aie directed 
tow aid finalizing important design parametcis (Phase 
C) The Phase B expeiimcnts weie pcifoimed m FTR-3 
Assembly 26 and the Phase C expciiments weie per-
foimed in the Engmcenng Mockup Cutical (EMC) 
Assembly 27, both on the ZPR-9 cutical facility 

A detailed description of FTR-3 is contained in Ref 1 
An analytical study of kinetics paiameteis of one of 
the FTR-3 assemblies appears in a latei section of this 
article 

T H E FFTF ENGINEERING MOCKUP CRITICAL, 
ZPR-9/FTR-EMC 

The leferencc map (Fig II-6-1) of the FTR at the 
beginning of life (BOL) as of February 1971 scived as 

I I - 6 . P l a n n i n g a n d A n a l y s i s i n S u p p o r t o f t h e F a s t F l u x T e s t F a c i l i t y ( F F T F ) 
C r i t i c a l E x p e r i m e n t s o n Z P R - 9 

A T R W E L L I , A J ULRICH and J C BEITEL 
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I B I M B I I I B I I I B I I I B I M B M I U T 

FIG. II-6-1. Reference FTR Map, February 1971 ANLNeg. 
No. 116-1079. 

the basis for the design of FTR-EMC Assembly 27 on 
ZPR-9 (see Paper II-l) . The rows (or rings) of hexag
onal subassemblies arc numbered from 101 through 
930, the first digit being the row number and the other 
digits giving the order within the row. Not all sub
assemblies are outlined or numbered in Fig. II-6-1. The 
figure identifies with letters various types of regions: 
ID (inner driver), OD (outer driver), RR (radial re
flector), MT (materials test), GP (general purpose 
loop), SP (special purpose loop), SR (safety rod), OSC 
(oscillator) and CR (control rod). 

The FTR-EMC involves many loading configura
tions, most of which are transitional steps between 
particular configurations which simulate conditions of 
the FTR that are of interest for design, safety or opera
tional reasons. Simulation of the first core at BOL is, 
of course, an important area of the program. 

One loading of special interest in the BOL scries is 
BOL-C, which corresponded closely to the BOL con
figuration of the FTR. The BOL-C was near critical, 
had the six row-five control rods (CR) inserted 55% 
into the core, and had three peripheral shim rods 
(PSR) located at the edge of the core in the radial 
reflector. Figure II-6-2 shows the map of the ZPR-9 
stationary half at the core midplane when the reactor 
was loaded with this configuration. The figure identifies 

e PSR regions. Equivalent subassemblies arc num-
red like the corresponding subassemblies of Fig. 

II-6-1. No radial shield was represented, but segments 
of a 1.0 in. thick sodium ring surrounded the reflector. 

Every region identified in Fig. II-6-2 was divided 

FIG II-6-2. FTR Engineering Mockup Critical (EMC) 
BOL-C ANL Neq. No 116-7U-
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FIG II-6-3 
EMC-BOL-C. 

. Axial Compositions of Various Regions of the 
ANL Neg. No. 116-958 

axially into subregions of various sizes and composition 
which are described in Fig. II-6-3, both for the inserted 
and for the withdrawn position, whenever applicable. 
In the EMC-BOL-C configuration, the three peripheral 
shim rods at locations 702, 714 and 726 were fully in
serted; the oscillator and the three safety rods were 
fully withdrawn; the in-core control rods 508, 516 and 
524 were inserted 22 in. and the in-core control rods 
506, 514 and 522 were inserted 18 in., resulting in the 



58 II. Fast Reactor Physics 

average insertion of 20 in. (55%) specified for the 
FTR-BOL. Whenever a control rod was partially in
serted, the size of the control rod and of the regions 
which were contiguous to the rod within the same 
matrix tubes in the movable half were left unchanged; 
this means that all of the boundaries of these regions 
were shifted by the length of the rod insertion, while 
all other boundaries within the same matrix tubes in 
the stationary half were left unchanged. The name and 
code number of the compositions used in the various 
subregions are also indicated in Fig. II-6-3. 

The preliminary atom concentrations of all composi
tions in the EMC-BOL-C are listed in Table II-6-I, 
where they are compared with the concentrations of 
the hot FTR-BOL. 

PREPARATION OF A CROSS SECTION SET FOR 
ANALYSIS OF THE FTR-EMC 

A 29-group cross section set, designated 29007, was 
prepared from ENDF/B nuclear data, VERSION I 
revised Category 1, for computational analysis of the 

FTR-EMC. The energy-group structure of set 29007 is 
the same as that of set 29004.2.(2) Inner and outer core 
29-group cross sections were obtained by averaging in 
a 2100-group fundamental mode MC2M) flux spectrum 
at criticality for the inner and outer core compositions, 
respectively. The two-region heterogeneous treatment 
of MC2 was used to obtain cross sections for the isotopes 
present in the fertile and fissile plates (see Paper II-l) 
in the inner and outer core. Cross sections for the other 
isotopes in the inner and outer core were obtained 
through the homogeneous treatment. Because of the 
great simlarity in the average compositions of the 
inner and outer cores of FTR-3 with the inner and 
outer cores of the FTR-EMC, the cross sections for 
some isotopes in certain fissile and fuel plates of FTR-
EMC were assumed to be the same as those previously 
calculated for the same plates of FTR-3. Radial and 
axial reflector cross sections were averaged in the 2100-
group flux spectrum for the radial and axial reflector 
compositions, respectively, with zero buckling and using 
the homogeneous treatment. 

TABLE II-6-I . PRELIMINARY 

Isotope or 
Element 

239+24 ip u 

240+242pu 

236TJ 
238TJ 

0 

c 
N a 
F e 
Cr 
Ni 
Mn 
Mo 
Si 
O + 0.87C 

Isotope or 
Element 

238+24 ip u 

240+242pu 

235TJ 
238TJ 

O 

c 
N a 
Fe 
Cr 
Ni 
Mn 
Mo 
Si 

EMC 

1. Inne 

1.357 
0.180 
0.012 
5.411 

13.152 

8.889 
16.756 
3.084 
1.364 
0.234 
0.355 

3. Sodiur 

0.031 
18.683 
10.427 
2.984 
1.381 
0.234 
0.011 

FTR 

r Driver 

1.381 
0.188 
0.040 
5.605 

14.210 

9.098 
13.336 
3.580 
2.239 

0.286 
0.393 

n Channel 

20.160 
5.564 
1.494 
0.934 

0.119 
0.164 

ATOM C O N 

EMC 

2. Oute 

. 1.645 
0.207 
0.011 
5.063 

13.010 
1.053 
8.834 

17.706 
3.170 
1.401 
0.241 
0.456 

13.926 

4. General ] 

0.224 
0.030 
0.002 
0.829 
2.412 
0.035 

15.783 
13.049 
3.377 
1.563 
0.265 
0.073 

CENTRATIONS OF THE E M C - B O L - C 

V A L U E S , 10 

FTR 

r Driver 

1.660 
0.226 
0.037 
5.303 

14.236 

9.098 
13.336 
3.580 
2.239 

0.286 
0.393 

14.236 

'urpose Loop 

0.235 
0.032 

0.038-0.068 
0.924-0.895 

2.423 

15.973 
12.516 
3.360 
2.101 

0.268 
0.369 

21 a toms/cc 

Isotope or 
Element 

230+24ip u 

240+242pu 

236TJ 
238TJ 

O 
C 
N a 
F e 
Cr 
Ni 
Mn 
Mo 
Si 
i°B 
" B 

Isotope or 
Element 

C 
N a 
Fe 
Cr 
Ni 
Mn 
Mo 
Si 
1 0 g 

" B 
Fe + Cr 

AND CORRESPONDING H O T FTR-BOL 

EMC FTR 

5. Special Purpose Loop 

0.058 
0.005 
0.001 
0.252 
0.625 

17.373 
12.780 
3.510 
1.543 
0.267 
0.037 

0.045 
0.006 

0.023-0.050 
0.132-0.159 

0.458 

17.423 
11.643 
3.126 
1.955 

0.249 
0.343 

7. Heavy Control 

11.733 
5.653 

12.200 
3.481 
1.612 
0.273 
0.012 

S.919 
36.170 

EMC FTR 

6. Control Rod 

9.371 
7.364 

14.842 
4.220 
1.868 
0.440 
0.020 

7.132 
28.925 

9.143 
7.276 

15.905 
4.269 
2.670 

0.341 
0.468 
7.314 

29.259 

8. Radial Reflector 

3.156 
11.187 
3.159 

57.327 
0.389 
0.014 

14.346 

2.912 
6.815 

13.309 
56.094 

0.02" 
0.03 

20.124 
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TABLE II 6-1.—Continued 

Isotope or 
Element 

C 
N a 
Fe 
Ci 
Ni 
Mn 
Mo 
Si 
Ta 
W 
Ta + W 
Fe + Ci 

Isotope or 
Element 

C 
N a 
Fe 
Ci 
Ni 
Mn 
Mo 
Si 

Isotope or 
Element 

Na 
Fe 
Ci 
Ni 
Mn 
Mo 
Si 
Fe + Cr + Ni 

E M C F I R 

9 Oscillator 

0 032 
15 960 
10 834 
3 100 
1 435 
0 243 
0 011 

2 908 

2 908 

17 193 
9 963 
2 675 
1 673 

0 213 
0 293 
2 573 
0 286 
2 859 

11 Core Plenum 

9 318 
14 940 
4 263 
1 577 
0 321 
0 018 

9 098 
13 334 
3 579 
2 239 

0 286 
0 393 

13 Axial Shield 

5 567 
43 018 
12 364 
5 796 
0 915 
0 044 

61 178 

5 286 
42 514 
11 412 
7 138 

0 910 
1 252 

61 064 

E M C T 1 R 

10 Axial Reflector 

9 177 
16 889 
4 805 

25 434 
0 425 
0 021 

21 694 

9 098 
15 480 
S 632 

24 029 

0 286 
0 393 

24 112 

12 Control Rod Plenum 

0 052 
6 926 

17 722 
5 071 
2 348 
0 398 
0 018 

7 276 
15 905 
4 269 
2 670 

0 341 
0 468 

14 Radial Reflector 
Shield 

2 987 
60 143 

6 780 
3 131 
0 568 
0 026 

70 054 

2 911 
48 065 
12 902 
8 070 

1 029 
1 415 

69 037 

Isotope or 
Element 

C 
Na 
Fe 
Ci 
Ni 
Mn 
Mo 
Si 
Fe + Ci 

Isotope or 
Element 

C 
N a 
Fe 
Ci 
Ni 
Mn 
Mo 
Si 

Isotope or 
Element 

C 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 
Si 

E M C T T R 

15 Reflector Follower 

0 065 
7 298 

22 138 
6 32o 

26 095 
0 558 
0 022 

28 463 

7 276 
IS 322 
9 964 

27 230 

0 341 
0 468 

28 286 

17 Control Shield 

0 148 
2 320 

50 166 
14 355 
6 646 
1 126 
0 Ool 

2 554 
49 297 
13 233 
8 277 

1 055 
1 452 

19 D n \ e Shaft 

0 059 
14 595 
19 854 
5 682 
2 630 
0 446 
0 020 

14 560 
19 475 
5 228 
3 270 

0 417 
0 574 

E M C F T R 

16 Sodium Ring 

0 031 
18 683 
10 523 
3 011 
1 394 
0 236 
0 011 

22 4 

18 Handling Socket 

17 915 
11 409 
3 230 
1 396 
0 247 
0 016 

17 920 
11 129 
2 987 
1 869 

0 238 
0 328 

20 Material Test 

0 098 
9 177 

33 162 
9 489 
4 393 
0 744 
0 033 

9 098 
31 836 

8 546 
5 345 

0 682 
0 938 

PRELIMINARY ANALYSIS OF EMC-BOL-C 

The reactivity of the EMC-BOL-C was piecalculated 
in a series of steps similar to those used to calculate 
the critical mass of FTR-3 (1) As stated earlier, the six 
in-core control rods w ere to be 55 % insei ted This com
plication in geometry could have been adequately 
handled m a three dimensional anatytical model How -
evei, because of computer cost and time limitations, 
the use of such a model would have requncd a drastic 
l eduction from 29 bioad neutron-energy groups and a 
small number of mesh points The problems consideied 
in the calculations w eie lcstuctcd to one and two dimcn-

>ns in order to avoid the above lmutations 
The determination of leactivity of the EMC BOL C 

was based primaiily on two diffusion theoiy calcula
tions in xy geometij using the DIF2D(5> code and cioss 
section set 29007 The bank of io\\-five contiol lods 

was fully withdrawn in the first calculation and fully 
inserted in the second calculation The desired reactiv
ity was detcimincd by uiteipolation between the re
activities calculated foi these two problems to account 
for the partial inseition of the bank of row-five rods 
The axial buckhngs for the two xy problems were de
rived from two diffusion theory problems m rz geom-
etiy, one with the rods fully withdrawn and the other 
with rods fully nisei ted 

The icactoi was lepiesented in the rz pioblems as a 
series of annulai regions which concsponded to the 
various subassembly lows, and which were subdivided 
axially in vanous paits to leproducc the axial structuie 
of the reactoi The leactoi materials were homogenized 
within each tiuncatcd annulus The pait of the row-five 
annulus which extended ovei the length of the coie 
contained contiol rods and outer driver homogenized 
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together. In this composition the 10B concentration 
required adjustment so that the worth of the annulus 
would be the same as the worth of the row-five rods. 
Similar adjustment of 10B concentration was required 
in the row-seven truncated annulus which contained 
the peripheral shim rods and radial reflector. 

The adjustment of the 10B concentration in the row-
five annulus when the rods w ere fully inserted was per
formed in a one-dimensional radial problem in diffusion 
theory using DIF1D (6) and cross section set 29007. The 
10B concentration was multiplied by a factor, as , which 
was varied until the value of k was equal to that ob
tained in a representation of the assembly at the mid
plane in ?-0-geometry. The result was a5 = 0.6088. The 
latter representation treated as individual homogenized 
regions those regions of the reactor which included, 
respectively, the four innermost subassembly rows, the 
subassemblies of row-five except the six row-five control 
rods, the row-five control rods, the subassemblies of 
row-six, and the radial reflector. A value of 5.33 X 
10~4 cm -2 was assumed for the region- and group-
independent axial buckling, B\, to be used in these 
problems. In a similar procedure, the 10B concentration 
in the row-seven annulus was adjusted by determining 
a variable multiplier, a7, which w as found to be 0.2400. 

Having obtained adjusted 10B concentrations for the 
annulii of rows five and seven to account for the self-
shielding of the rods, a scries of five recalculations 
were run, simulating row-five rod positions at 0, 25, 50, 
75 and 100 % insertion, respectively. This procedure is 
based on the assumption that the self-shielding of the 
rods is essentially independent of the degree of their 
insertion. 

The calculations for various degrees of row-five rod 
insertion were run with a seven-group set of cross-
sections in order to reduce the expense involved. The 
set was prepared as follow s. An auxiliary radial problem 
in diffusion theory simulating the EMC-BOL-C was 
solved by the MACH-1(6) code using cross-section set 
29007 to give approximate neutron fluxes over each 
region of interest. The values of ks{t, a7, and B\ were 
assumed on the basis of previous experience. The boron 
self-shielding in row-five annulus {ab) was varied to 
produce criticality. The calculated fluxes were used to 
average the 29-group cross sections within the seven-
group structure and over each region. Each of the 
seven groups of the coarser structure contained four of 
the twenty-nine groups of the finer structure with the 
exception of the lowest-energy coarse group, which 
contained five fine groups. Inner core cross sections 
were averaged by weighting with the radial flux of the 
inner core (rows one through four); row-five control 
rods and 10B were averaged with the flux of row five; 
outer driver cross sections were averaged with the flux 

of rows five and six; row-seven control rods and 10B 
were averaged with the flux of row seven; and the 
radial fluxes in row seven, eight and nine were used to 
average the cross sections of the radial and axial re
flectors. The seven-group set was designated 29701 and 
was used in the scries of five rz problems which were 
run with varying insertion of the bank of row-five con
trol rods. 

The calculations yielded a scries of five reactivities, 
corresponding to different fractional insertions of the 
rods. The five values were then fitted with a fourth 
order polynomial of the fractional insertion, and the 
change in reactivity for 55 % insertion of the rods w as 
determined to be 54% of the change in reactivity cor
responding to a full rod insertion. 

Each of the two solutions obtained in rz geometry 
with seven groups for control rods fully inserted and 
for control rods fully withdrawn also yielded group-
and radially-dependent axial bucklings for use in the 
corresponding a;?y-problcms. The average values of the 
axial buckling were calculated for each of the seven 
groups in those regions of the rz problem which cor
responded (a) to the subassemblies of the inner core 
(rows 1 through 4), (b) to row five, (c) to row six, (d) 
to row seven, (c) to row eight, and (f) to row nine. 
These values were then used in the corresponding re
gions of the xy calculation. In particular, the result of 
(a) was used over the inner core region, (b) was used 
over the row-five control rod positions, the average of 
(b) and (c) was used in the remainder of the outer 
core, (d) was used in the row-seven control rod posi
tions, and the average of (d), (c) and (f) was used in 
the remainder of the radial reflector. The region-de
pendent axial bucklings for the xy calculations, which 
were derived in this manner for each of the seven groups 
of the somewhat coarse structure of set 29701, were 
used for each of the corresponding four or five energy 
groups of the finer structure of set 29007, which in
cluded 29 groups. 

The 29-group xy calculations done with these buck
lings and with the preliminary atom concentrations 
from Table II-6-I for the EMC-BOL-C with three 
PSR in place yielded a value of 7c equal to 1.0231 when 
the row-five rods were fully withdrawn and to 0.9478 
when the rods were fully inserted. The worth of the 
bank of six row-five rods was therefore calculated to be 
0-07527, and the kefj corresponding to 55% insertion 
of the rods was inferred to be 0.9824. In this prelim
inary evaluation it was assumed that experimental 
criticality would correspond to the same value of 7c 
which had been calculated for FTR-3; this was t 
critical assembly with the greatest similarity to EMv^-
BOL-C and whose calculations had been performed 
using the same basic cross section data and similar 
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methods. The value of keff which had been calculated 
for the critical FTR-3 configuration was 0.9S31. On 
this basis the EMC-BOL-C was predicted to be sub-
critical, with p = -0.0007. 

Experimentally, the EMC-BOL-C assembly had a 
reactivity of —0.00368. However, the fissile mass in 
the experiment was 1.867 kg of 239+24ipu l c s s t h a n t n a t 
assumed in the calculation. The difference was due to 
the fact that preliminary concentrations had been used 
in the calculations instead of the then-unavailable as-
built concentrations. Correcting for this difference in
creases the experimental reactivity to —0.00182. Thus, 
the predicted reactivity disagrees with the experimental 
value by 0.0011. 

COMPARISON OF COMPUTED AND EXPERIMENTAL 
CENTRAL REACTION RATE RATIOS 

Central reaction ratio measurements have been re
ported for assemblies ZPR-3/51,(7) ZPR-3/56B,<s> 
ZPPR/ETR-2<9) and ZPR-9/FTR-3(10) of the FFTF 
critical experiments program. The assemblies arc de
scribed in Rcfs. 1-3. Computed central reaction ratios 
are compared to the experimental values in Table 
II-6-II. 

The cross section sets used in the computations w ere 
taken from set 29006«> for FTR-3, from set 29004.2 
for FTR-2 and ZPR-3/56B, and from set 29005 for 
ZPR-3/51. 

Set 29005 has the same 29-cncrgy group structure 
as the other two sets, and is also based on ENDF/B 
VERSION I cross section data. The core cross sections 
were averaged in the fundamental mode spectrum for 
the core composition at criticality by the MC2 code. 
The cross sections of fissile and fertile core isotopes 
were averaged using the two-region heterogeneous 
treatment of MC2. Radial and axial reflector cross sec
tions were averaged in the spectrum of the radial and 
axial reflector compositions, respectively, with zero 
buckling and using the homogeneous treatment of MC2. 

The reaction rates were computed using central 
fluxes from diffusion theoiy for each assembly. The 
FTR-3 central flux w as obtained from a representation 
in rd geometry using the DIF2D Code, where the axial 
leakage was simulated by a DB2, absorber. The FTR-2 
and ZPR-3/51 central fluxes were solutions of cylin
drical problems using the MACH-1 code which again 
simulated the axial leakage by a DB* absorber. In the 
case of ZPR-3/56B the central flux was taken from a 
diffusion theory fundamental-mode calculation. 

I t would have been most desirable to compute the 
iction rates using cross sections with resonance sclf-

sntelding corrections for the spectrum intercepted by 
the counters of foils. In lieu of those cross sections the 
most applicable cross sections available w ere employed. 

TABLE II-6-II CENTRAL REYCTION R A T E S R E L A T I V E TO 
23oU FISSION R A T E S 

Reaction 

FTR-3 
!3opu dssion 
240Pu fission 
238U fission 
238U fission" 
238U captuie" 

FTR-2 
239Pu fission 
240Pu fission 
238U fission 

ZPR-3/56B 
239Pu fission 
24opu fn s S ion 
23SU fission 

ZPR-3/51 
239Pu fission 
240Pu fission 
238U fission 

Exp 

0 984 
0 256 

0 0250 
0 0234 

0.161 

0 973 
0 227 

0 0294 

1 028 
0 2S2 

0 0309 

1 003 
0 240 

0 0309 

Ratio by 

eriment 

± 0 022 
± 0 006 
± 0 0006 
± 0.0013 
± 0.009 

± 0 010 
± 0 002 
± 0 0003 

± 0 010 
± 0 003 
± 0 0003 

± 0 010 
± 0 002 
± 0 0003 

Calcu
lation 

0 890 
0 184 
0 0224 
0 0224 
0.135 

0 918 
0 212 
0 0273 

0 922 
0 214 
0 0274 

0 948 
0.234 
0 0300 

C/E 

0.904 
0 719 
0 896 
0.957 
0 S39 

0.943 
0 934 
0 929 

0 897 
0 758 
0.888 

0 945 
0 975 
0 971 

"Measured by radiochemist iy. All other measuiements 
weie made by detectors 

The cross sections used to compute reaction rates in the 
FTR-3 assembly were as follows: uranium isotopes— 
cross sections appropriate for the uranium in the ZPPR 
fuel plate in the inner core; plutonium isotopes—cross 
sections appropriate for plutonium of the inner core 
homogenized with all oi the inner core material except 
for the ILOs plates. All other reaction cross sections 
were appropriate (in the sense of MC2) for the fuel 
plates in the case of plutonium isotopes, or for the fertile 
plates in the case of uranium isotopes. 

CALCULATIONS OF THE INFINITE DILUTION 
WORTH OF 10B IN ZPR-3/56B 

Five measurements of the worth of boron in the 
center of ZPR-3 Assembly 56B are reported in Rcf. 11. 
The infinite dilution worth of 10B was mferred from 
these measurements through computation by deter
mining the self-shielding factor of the samples, F, de
fined as the ratio of the worth of the 10B in the sample 
and the infinite dilution worth of 10B. 

Recent methods have been developed12,13 to study 
self-shielding problems of this type in fast reactors by 
considering accurately the sample geometry in an ap
proximate transport calculation. This section describes 
another method which has been used with success to 
analyze! the results of ZPR-3/56B experiments, and 
which uses accurate transport calculations for an ap
proximate sample geometry. The method was particu
larly suited to the analysis of the ZPR-3/56B experi-
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ments which used hollow cylindrical samples difficult 
to handle with the other methods. 

The first step of this method consists of identifying a 
hollow spherical sample with the same weight and the 
same first two chord moments14 as the sample in ques
tion, and in assuming that it also has the same worth. 
The assumption stems from early thermal reactor 
work15 according to which two purely absorbing samples 
have the same self-shielding factor if the same function 

/ (2) ^ 
f dA J da(n-a)[i - e-xtu-a)] 

J dA J dCi (n-ft)Sf(A,Q) 

is valid for both of them. In this notation, 2 is the 
microscopic absorption cross section of the sample, dA 
its surface element, and ft the vector perpendicular to 
dA and directed toward the inside of the sample. I t can 
be shown through suitable analytical manipulations 
that two samples with the same first two chord mo
ments satisfy this condition satisfactorily. In particu
lar, the two /(S) curves then have the same value and 
the same slope at S = 0, tend to the same asymptotic 
expression as 2 —» <*>, and arc reasonably close to each 
other for all other values of 2. 

The self-shielding factor can then be calculated with 
relative ease in spherical geometry. A high-order trans
port (Sis) calculation yields the energy-dependent 
depression of the flux in the sample, and the value of F 
is derived from perturbation calculations. 

Four of the measurements were performed on three 
cylindrical samples at the center of the reactor in the 
radial traverse tube and one on a cylindrical sample, 
also at the center of the reactor but in the axial traverse 
tube. The inner core plate loading was locally and differ
ently perturbed to accommodate each of these two 
traverse tubes. 

The samples were all 4.2875 cm high. A computer 
code was developed to calculate the chord moments 

in the cylindrical geometry and to identify the equiva
lent spheres. 

The group-wise self-shielding factor, / , the ratio of 
the average flux within the spherical annular sample 
position with sample material present to that with the 
sample material not present, was calculated for each of 
the 29 energy groups of set 29004. The average fluxes 
for each group with and without sample material pres
ent were obtained from spherical Si6 calculations using 
the SNARG-1D code.16 

The perturbation worth for 10B at the center of 
ZPR-3 Assembly 56B wras computed in diffusion theory 
using the MACH-1 code. The perturbation worth com
ponent associated with each group was then multiplied 
by the / calculated for that group and the products 
w ere summed to give the computed perturbation worth 
corrected for self-shielding. This method assumed that 
the adjoint flux for each group over the sample volume 
with and without the sample in place is almost the 
same when calculated in diffusion theory or in the »Si6 
approximation. I t also assumes that the leakage com
ponent of the sample worth is negligible. The self-
shielding factor, F, for each sample was taken to be 
the ratio of the perturbation worth of 10B to that with
out the self-shielding correction. The results appear in 
Table II-6-III. The values of the infinite-dilution 10B 
worth obtained from the various samples for the radial 
traverse tube (samples 1, 2 and 3) fall well within their 
experimental error from their weighted average, 6926 
± 13 Ih/kg, (the value calculated from perturbation 
theory was 7209 Ih/kg). This indicates that very small 
errors, if any, were introduced by the evaluation of the 
self-shielding factors. A consistent agreement of this 
type, if it were to be found also in other experiments 
to be evaluated in the future, would not only confirm 
the validity of the method but possibly also simplify the 
experimental procedures. 

An estimate of the effect of different plate loadings 
surrounding the sample is obtained by comparing the 

TABLE I I -6 - I I I . E X P E R I M E N T A L SAMPLE SIZES AND W O R T H S , CALCULATED SELF-SHIELDING FACTORS, 
AND I N F E R R E D I N F I N I T E - D I L U T I O N 10B W O R T H S 

Sample No. 

B-10 weight, g 
Outer radius of cylindrical sample, cm 
Inner radius of cylindrical sample, cm 
Outer radius of equivalent spheie, cm 
Inner radius of equivalent sphere, cm 
Experimental B-10 worth, I h / k g 
Self-shielding factor, F 
Infinite dilution B-10 worth, Ih /kg 

1 

0.8641 
0.25400 
0 
0.75945 
0.699039 

- 6 1 5 8 ± 18 
0 89133 

-6909 ± 20 

2 

0.5906 
0.49657 
0.44577 
1.08987 
1 05926 

- 6 5 9 8 ± 17» 
0.95153 

-6934 ± 18" 

3 

0 3470 
0.49657 
0 47117 
1.08987 
1 07530 

-6736 ± 39 
0.96836 

-6956 ± 40 

4 b 

0.5906 
0.49657 
0.44577 
1.08987 
1.05926 

- 6 6 9 1 ± 34 
0.95153 

-7032 ± 36 

a Average worth from two measurements. 
b The same sample as sample 2, but measured at the center of the reactor in an axial travel se tube lather than in a radial travel se 

tube, in which the others were measured. 
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result for sample 4 with that of sample 2. The difference 
is small (1.4%) but measurable, and is due to plate 
heterogeneity effects which were not taken into account 
in the calculations. In addition, there may be small 
systematic errors due to the calibration of the autorod.11 

CALCULATION OF THE 23SU (n,f) RADIAL TRAVERSE 
IN ZPPR/FTR-2, TAKING HETEROGENEITY 

INTO ACCOUNT 

A calculation of the radial dependence of the 23SU 
fission rate near the axial mid-plane in ZPPR/FTR-2 
has been reported previously.1 The neutron flux was 
obtained using the 29-group cross section set 29004.2 
and the SNARG-1D code, with one-dimensional cylin
drical-transport theory in the £4 approximation. The 
29-group. cross sections of fissile and fertile isotopes 
included the heterogeneity effect due to resonance self-
shielding according to the two region treatment of 
MC2. The calculation of this effect was modeled for the 
plate arrangement in the cell of the ZPPR/FTR-2 core. 

Calculation of the 238U fission rate as a function of 
position in a central cell with the plate arrangement of 
the core of ZPR-3/56B was also reported previously.2 

This computation with cross section set 29004.2 in-
cluded-the effect of geometric self-shielding on the fission 
rate. The SNARG-1D code in the DSH approximation 
and the modified single-Gaussian quadrature17 was used 
in the calculation. 

Since the plate arrangement of the cores of 56B and 
of FTR-2 were the same, the intracellular variation of 
fission rate in Ref. 2 could be combined with the radial 
variation of Ref. 1. The calculated fission rate from 
Ref. 2 was averaged over the active length of the ex
perimental fission counter for each position in the cen
tral cell and divided by the rate for the counter position 
corresponding to the center of the core. The calculated 
radial variation of the fission rate from Ref. 1 was 
then multiplied by the value of this ratio which was 
proper for the cellular location of each computed radial 
point within the core. 

In the peripheral B4C control ring and in the reflector, 
the reaction rate calculation used the 29-group cross 
sections obtained from a 2100 group fundamental mode 
MC2 flux averaging for the homogenized reflector com
position with zero budding. The resulting radial 238U 
fission rate traverse is compared with the experimental 
measurement18 in Fig. II-6-4. 

The agreement between the experimental and com
putational results plotted in Fig. II-6-4 is very much 
better than that reported in Ref. 1. The improvement 
is due in part to the removal of a plotting error which 
had resulted in misplacing the experimental points in 
Ref. 1, and, in part, to the fact that the new calculation 
takes into account the broad-group heterogeneity effect 
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FIG. II-6-4. Comparison of Experimental and Calculated 
Values of the Radial U238 Fission-rate Distributions in the 
FTR-2 Assembly on ZPPR ANLNeg No. 116-964-

on the 238U traverse. As a result, the oscillations of the 
reaction rate over the cells are reflected in the calcula
tions and agree almost perfectly with the corresponding 
oscillations measured in the course of the experiments. 

CALCULATION OF KINETICS PARAMETERS OF THE 
INITIAL CONFIGURATION FOR SUBCRITICAL 

REACTIVITY MEASUREMENTS IN FTR-3 
During the FTR-3 experiments, a series of loadings 

were devoted to the study of techniques for measuring 
subcritical reactivity in a far-subcritical reactor (see 
Paper II-5). In preparation for these experiments the 
sixteen peripheral B4C control rods were removed in 
steps and replaced by radial reflector. At each step the 
increase in reactivity was compensated by reducing the 
reactivity of the core by fuel removal at several loca
tions which simulated open and closed loops. The re
sulting assembly, loading 125, is illustrated in Fi j . 
II-6-5 and was called the Initial Configuration for 
Subcritical Reactivity Measurements, and had a 
slightly positive reactivity of 136.3 Ih. The peripheral 
B4C rods were again replaced in steps in subsequent 
loadings producing the desired subcritical states re
quired in the experiments. 

The compositions present in regions A, B, C and D 
of Fig. II-6-5 are closed loop type A, closed loop type B, 
safety rod channel, and open loop composition, respec
tively. The atom concentrations in those compositions 
are given in Table II-6-IV. The volume-equivalent 
cylindrical dimensions of FTR-3 arc shown in Fig. II-
6-6. The atom concentrations present in the other re
gions of loading 125 shown in Figs. II-6-5 and II-6-6 
are given in Table II-6-V. 

" In order to calculate the kinetics parameters for this 
assembly, the neutron flux distribution was obtained 
in two-dimensional rz geometry and in 29-group diffu
sion theory by means of the DIF2D code of the ARC 
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TABLE I I 6 IV As B U I L T ATOM D E N SITIES FOR O P I N AND 
C L O S F D L O O P S , IO21 atoms/cc 

Isotope or 
Element 

2 3 8 p u 

2 3 9 P u 

2 4 0 p u 

2 4 i p u 

2 4 2 p u 

239+24ip u 

240+242pu 

P u 
235TJ 
238TJ 

Tj 
Mo 
Na 
C 
0 
Fe 
Cr 
Ni 
Mn 

1 Closed Loop 

Type A 

— 
0 5631 
0 0535 
0 0044 
0 0003 
0 5675 
0 0538 
0 6213 
0 0057 
2 4836 
2 4893 
0 0582 
9 1730 
0 0732 

— 
27 192 

7 8448 
3 7432 
0 5760 

T y p e B 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

0 0244 
9 4957 
0 0708 

— 
26 297 
7 5866 
3 6200 
0 5571 

Open 
Loop 

0 0003 
1 0276 
0 1141 
0 0136 
0 0013 
1 0412 
0 1154 
1 1569 
0 0097 
4 6547 
4 6644 
0 3324 
9 o310 
1 0778 

10 236 
17 634 
4 1332 
1 9722 
0 3035 

Safety 
Rod 

Channel 

0 0097 
18 47 
0 028 

— 
10 52 
3 035 
1 448 
0 223 

system The various regions of the coi c w ci e repi esented 
by a succession of concentiic cyhndeis, each of which 
contained the same matenals as the corresponding re

gions of the core Six such cyhndiical legions weie used 
to lepiesent the core 

The neutron cross sections used m the calculation 
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TABLE I I 6 V F T R 3 ATOM D I N SITIES , 1021 atoms/cc 

Isotope 
or 

Element 

2 3 8 p u 

2 3 9 p u 

2 4 0 p u 

2 4 i p u 

2 4 2 p u 

239+24ip u 

240+2 I S p u 

235TJ 
238TJ 

Mo 
N a 
C 
O 
Fe 
Ci 
N i 
Mn 
Al 

Inner 
Core 
A\g» 

0 0003 
0 9822 
0 0814 
0 0110 
0 0009 
0 9932 
0 0823 
0 0095 
4 4359 
0 1149 

10 266 
0 0310 

11 394 
13 294 
3 3287 
1 5883 
0 2444 
0 0596 

Outer 
Core 

0 0006 
1 4669 
0 1723 
0 0227 
0 0022 
1 4896 
0 1745 
0 0125 
5 9000 
0 4412 
8 7013 
1 0686 

12 717 
15 906 
3 1571 
1 5064 
0 2318 

— 

Outer 
Core 

Drawer 
Next to 

10B Rods 

0 0006 
1 4466 
0 1704 
0 0225 
0 0022 
1 4691 
0 1726 
0 0114 
4 9970 
0 4338 
6 2784 
1 0684 
8 0809 

14 124 
3 1204 
1 4889 
0 2291 

— 

Radial 
Re 

Hector 

— 
— 
— 
— 
— 
— 
— 
— 

0 0078 
6 7544 
0 1646 

8 4575 
2 432 

48 072 
0 2864 

— 

Axial 
Re 

Sector 

— 
— 
— 
— 
— 
— 
— 
— 

0 0079 
9 2102 
0 0231 

— 
8 5898 
2 4614 

38 1013 
0 2789 

•— 

Radial 
Shield 

— 
— 
— 
— 
— 
— 
— 
— 

0 036 
6 754 
0 105 
— 

39 022 
11 25S 
5 372 
0 827 
— 

0 112 Type A diaweis and 130 Type B d i a ^ e i s 

corresponded to a modification of Set 29006, in which 
the bioad group heterogeneity effect due to the plate 
loading patterns m the cells of the FTR 3 core weie 
taken into account by means of the MODXSS<19) code 
The modified cioss section set was labeled "Set MD

29006 " The delayed ncution data concerned six families 
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of delayed neutrons and described their respective 
yields,20 decay constants,20 and energy distubutions.21 

A separate calculation for the same assembly w as run 
in one-dimensional cylindrical geomctiy. The purpose 
of the one-dimensional calculation was to assess the 
effect of the axial 1 effector and the extent to which this 
moic economical type of calculation may be used to 
determine kinetics paiamcters in FFTF-hke assemblies. 

The one-dimensional calculation was run through the 
DIF1D code of the ARC system with the same cross 
sections, compositions, radial mesh spacings and de
layed neutron data as the tw o-dunensional calculation. 
The legion- and gioup-indcpendcnt buckling (5.4075 
IO-4 cm2) was determined so that the effective multi
plication constant (0.991760) would also be the same 
in the two pioblcms. In the onc-chmensional problem, 
the flux and the fission cross section were assumed to 
vanish respectively, at the extrapolated axial boundary 
of the core (67.549 cm from the reactor midplane) and 
at the physical axial boundary of the coie (45.801 cm 
from the icactor midplane). 

Table II-6-VI describes the lesults of the calculations. 
One-dimensional and two-dimensional calculations 
agicc very well with each other in the values of the 
perturbation denominator, in the effective delayed 
neutron fraction, and in the mliours per percent re-
activity. Thcrcfoic, one dimensional calculations appear 
to be adequate foi most static calculations. However, 
the internal 1/v product is underestmiatcd bj approxi
mately 13 % m the one-dimensional calculation, causing 

TABLE II-6-VI K I N E T I C S PARAMETERS OF THE INITIAL 
CONFIGURATION IN' FTR-3 AS OUTAINED FROM O N E -

D I M E N S I O N VL AND T W O - D I M E N S I O N A L 
CAECOLVTIONS 

Parameter 

Effective mult ipl icat ion 
constant , /ce// 

Pe i tu iba t ion denomina
t e , PD = 
(<j>* | x x S / I <t>) 

In terna l 1/v p ioduct , 

IP = (<t>* 
1 0) 

Ncu t ion generation 
time, A = IP/PD, sec 

P i o m p t neut ion life
t ime, tp = ke/f A, sec 

Effective delayed neu
t ion fi action, (3<.// 

Iuveise lolloff angulai 
/ ^ v e l o c i t y , a = A./P.t/, 

Inhouis per peicent l e -
activi ty 

R Calculation 

0 991760 

1 844777 X 10"5 

1 196290 X IO"11 

6 484739 X IO"7 

6 431304 X IO"7 

0 00297056 

218 30 X 10"6 

1036 517 

RZ Calculation 

0 991760 

1 S47618 X IO"5 

1 347272 X 10"" 

7 291940 X IO"7 

7 231854 X IO"7 

0 002948S4 

247 2S X 10-° 

1040 638 

a similai bias in the values of the neution generation 
time, of the prompt neution lifetmie, and of the inverse 
rolloff angular velocity. The underestimate rs a direct 
consequence of the inability of the one dimensional 
calculations to take piopeily into account the significant 
neutron population in the axial reflectoi. 

The value of the inverse lolloff angular velocity ob
tained from the two-dimensional calculation (247.28 
Aiscc) is in excellent agi cement with the coi responding 
experimental value (252 ± 6 yuscc) measured by ORNL 
personnel.22 
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F i o II-7 1 Immediate E n v n o n m e n t of a Pe i tu iba t ion 
Sample ANL Neg No 116-977 

TABLE II-7 I I CALCULVTI D PERTURBATIONS IN THE R E A L 
IND ADJOINT F L U X E S D U E TO TRANSFI R Turn 

AIND SVMPLE H O L D E R 

SP 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

«/<*>» 

0 9254 
0 9309 
0 9406 
0 9511 
0 9517 
0 9548 
0 9608 
0 9580 
0 9676 
0 9702 
0 9698 
0 9797 
0 9629 
0 9834 

**/<*>«,* 

0 9419 
0 9506 
0 9539 
0 9542 
0 9499 
0 9533 
0 9581 
0 9588 
0 9682 
0 9693 
0 9698 
0 9757 
0 9685 
0 9783 

*/*„ X 
<t>*/<t>„* 

0 8716 
0 8849 
0 8972 
0 9076 
0 9040 
0 9103 
0 9206 
0 9185 
0 9368 
0 9404 
0 9404 
0 9559 
0 9326 
0 9621 

SP 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

<t>/<t>„ 

0 9866 
1 0022 
0 9692 
0 9740 
0 9832 
0 9907 
1 0004 
0 9900 
1 0012 
0 9982 
1 0054 
1 0148 
1 0131 
1 0040 

*•/*-• 

0 9806 
0 9770 
0 9706 
0 9768 
0 9778 
0 9794 
0 9792 
0 9792 
0 9787 
0 9781 
0 9695 
0 9780 
0 9754 
0 9725 

<t>/<l>n X 
4>*/<t>J 

0 9675 
0 9791 
0 9406 
0 9513 
0 9613 
0 9703 
0 9796 
0 9695 
0 9798 
0 9764 
0 9748 
0 9924 
0 9881 
0 9764 

transfei tube that contains the sample The ratios of 
peituibed to unpeiturbcd fluxes, <£*/<£» and <!>/<}>«>, was 
taken to be the ratio of the flux at the position of the 
sample to the flux at the boundary of the cell 

The effect of these flux pertuibations, wluch aie given 
in Table II 7-II, on the computed central worths rs 
easrly obtained only foi those samples for which the 
dominant leactivity effect is the change rn absoiptron 
cross section For these samples (tantalum and ennched-
boron) a good estimate of the effect of the immediate 
envnonment is obtained by multiplying the gioup-wise 
leactivitj fiom the perturbation calculations by the 
pioduct of peiturbcd-to-unpciturbed flux latios When 
this was done, theie resulted a 2 9% reduction in the 
woi th of the tantalum sample and a 5 2 % reduction m 
the worth of the enriched boron sample For the fissile 
samples, this effect would be slightly larger because the 
fission souice term involved the lugh energy adjoint 
fluxes wluch are moic highly perturbed than the low-

energ}' adjoint fluxes (the absorption effect is mainly at 
low cncigrcs) Therefore, although including the im
mediate envnonment of the sample m the calculation 
tends to leduce the discrepancies between calculation 
and measurement, the discrepancies cannot be attrib
uted to tlus effect 

ANALYSIS OF RADIAL WORTH TRAVERSES 

Radial worth measurements were made for three 
samples enriched boion, plutonium (11% 240) and de
pleted uranium The measuiements weie made in a 
radial dnectron midway between peripheral control 
diawcis as shown in Fig II-7-2 The worth traverse 
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F I G I I 7 2 F T R 3 Configuiation foi Radial Sample Woi th 
and Reaction Ra te Tiaveises ANL Neg No 116-526 Rev 1. 

F I G 11-7 3 Repiesental ion of FTR-3 in R-0 Configuiation 
ANL Neg No 116 966 
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measurements were analyzed using two-dimensional 
diffusion-perturbation theory in rd geometry. Real and 
adjoint fluxes were computed for the reactor representa
tion shown in Fig. II-7-3 in which a section of the reac
tor is divided into 37 radial intervals and 8 azimuthal 
intervals. Symmetry wras assumed at both azimuthal 
boundaries shown in the figure. A buckling search, 
which yielded a critical extrapolated transverse height 
of 134 cm, was made so that fluxes of a critical system 
could be used. 

The sample worths were computed in the same man
ner as the center worths; namely, as the difference be
tween the worths of the sample-plus-stainless-stcel and 
stainless steel. As for the central worth analyses, the 
sample cross sections were based on the assumption of 
infinitely-thin samples and an inner core spectrum. A 
comparison of the computed and measured worth 
traverses is given in Figs. II-7-4 through II-7-6. Both 
the computed and measured worths are normalized to 
unity at the center. 

I t is seen that for all three samples there is good agree
ment between calculation and experimc nt in the inner 
core region and the inner portion of the outer core 
region. However, near the core-reflector interface the 
calculations for the boron and plutonium samples yield 
the start of a depression that was not measured. For the 
depleted uranium sample, the calculation correctly pre
dicts the change in sign of the worth in the reflector and 
shield. For the plutonium sample, the graph also con
tains the worths as calculated with the rz representation 
of the core, in which the peripheral control drawers are 
represented as an annular region. As may be expected, 
this curve dips far too much at the core-rcflcctor inter
face. This illustrates the importance of the geometric 
representation of the assembly in calculating accurate 
worth traverses. Although the rd representation is far 
superior to the rz representation for these measure
ments, it is not an ideal representation of a square 
matrix. Near the core-reflector interface in the proxim
ity of the peripheral control drawers, the flux is a sensi
tive function of space and energy, which may not be well 
represented in our calculations. Another possible source 
of error in the calculations for the inner core and re
flector regions is the use of sample cross sections that 
were derived with an inner core spectrum. In the 
analysis of reaction rate traverses in FTR-2,(7> better 
agreement between theory and experiment in the re
flector was attained when the cross sections for the foils 
were derived using the reflector spectrum. 

It is of interest to compare the shape of worth tra
verses in the core with that of the 238U Dopplcr effect to 
determine if an estimate of the Dopplcr effect can be 
deduced from sample worth traverse data. The spatial 
dependence of the Dopplcr effect w as obtained from a 
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perturbation run in which the effective Doppler change 
in 238U capture cross sections (see Paper II-8) to 1070°K 
was imposed throughout the core. These cross sections 
included the effects of hot-sample, cold-core resonance 
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TABLE I I -7 - I I I . R E L A T I V E W O R T H S OF BORON, U R V N I E M , 
AND PLUTONIUM SAMPLES IN RVDIAL T R VVERSES IN FTR-3 

AS C VLCULATED IN R-0 GEOMETRY 

cm 

0 
7 828 
14 09 
20 35 
26 62 
32 88 
39 11 
45 25 
51 39 
57 04 
60 87 
63 63 
66 40 
69 16 
72 62 
78 17 
83 5 
89 6 
95 6 

p/po 

Boron 

1 0 
0 97765 
0 92644 
0 S4S4S 
0 74680 
0 62492 
0 48327 
0 33933 
0 21801 
0 14296 
0 12853 
0 09455 
0 05645 
0 03088 
0 01339 
0 00338 
0 000714 
0 000089 

-0 000053 

Uranium 

1 0 
0 97517 
0 91835 
0 83200 
0 71955 
0 58481 
0 45069 
0 25695 
0 09580 

-0 00063 
-0 00966 
-0 00371 
-0 00486 
-0 00486 
-0 00467 
-0 00343 
-0 00258 
-0 00191 
-0 00155 

Pluto
nium 

1 0 
0 98030 
0 93292 
0 86293 
0 77360 
0 66998 
0 55258 
0 41388 
0 27700 
0 17077 
0 12139 
0 11038 
0 09908 
0 08465 
0 06534 
0 03600 
0 01414 
0 00369 
0 000225 

Tan
talum 

1 0 
0 97651 
0 92259 
0 84025 
0 73228 
0 60202 
0 45250 
0 30534 
0 19325 
0 14206 
0 16666 
0 13835 
0 08506 
0 04620 
0 01888 
0 00385 
0 00038 

-0 00017 
-0 00025 

238 [J 
Doppler 

1 0 
0 97648 
0 92238 
0 83936 
0 72961 
0 59553 
0 43500 
0 29609 
0 19451 
0.14019 

interaction and the flux perturbations introduced by the 
Doppler draw er and its surrounding steel buffer. 

From Table II-7-III, in which the calculated worth 
traverses are summarized, it is seen that the shape of the 
Doppler worth is approximated very well by tantalum 
and well by boron. Our real interest lies in comparing 
measured Doppler worth traverses with measured 
sample worth traverses. Since there are discrepancies 
between measured and computed worth traverses [for 

the position-dependent 238TJ small-sample Doppler meas
urements in ZPR-3 Assembly 51 there are sizeable dis
crepancies, (see Paper 11-10)] one should not give too 
much weight to the close agreement between the cal
culated worth traverses. 

ANALYSIS OF REACTION RATE MEASUREMENTS 

Radial traverses at the core midplane and central 
axial traverses were calculated for the 239Pu(n,/), 
238TJ(n,/), and 10B(n,a) reaction rates. The reaction rate 
traverse experiment is described in Rcf. 8. Central reac
tion rate ratios for 239Pu fission, 240Pu fission, 238U fission, 
and 238U capture relative to 23SU fission were also calcu
lated. A fission counter was used to measure all reaction 
rate ratios9 except for 23STJ C/235TJ / which was determined 
by foil irradiation. The 238U//236U/ ratio was determined 
by both methods for compaiison. 

FTR-3 reaction rate traverse and central reaction 
rate ratio calculations were previously reported by 
Travelli ct al.7,10 However, the calculations reported 
here involve three additional methods that were not 
used in the previous calculations: 

1. The cross sections used to calculate fluxes were 
spatially weighted within the cell (with the 
MODXSS code). 

2. Infinitely-dilute cross sections were used for the 
"foil" isotopes. 

3. The effect of the flux perturbation due to the stain
less steel in the traverse tube and detector was in
vestigated using the flux perturbation factors cal
culated for the sample wrorth analysis. 

Infinitely-dilute cross sections were thought to be ap
propriate for the calculations because the foils used in 
the measurements w ere very thin (for 239Pu and 23SU the 
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lute Cross Sections Averaged in the Reflector Spectrum; C, as 
in A with Corrections Applied for the Stainless Steel in the 
Traverse Tube , and D , with Inner Core Cross Sections. ANL 
Neg. No 116976. 

fissionable material was electrolytically deposited to a 
thickness of 20 /jg/cm2 on a stainless steel disk). The 
infinitelydilute cross sections generated for the sample 
worth calculations were used. These cross sections were 
averaged in the spectrum of the inner core. In addition, 
infinitelydilute 239Pu cross sections averaged in the 
spectra of the axial and radial reflectors A\ere used to 
determine the effect of spectral weighting of cross sec

tions on the reaction rates in the reflector regions. 
Finally, to determine the possible effect of selfshielding, 
239pu cross sections for the inner core composition 
(<TP = 127 b) were used for comparison with results 
using infinitelydilute cross sections. 

Although no specific calculation of the effect of the 
stainless steel environment of the traverse foils was 
done, the perturbation factors calculated for the sample 
worth analysis are sufficient to give an indication of the 
effect. This is most valid for the radial traverse calcula

tion since the same transfer tube was used for both 
worth and reaction rate measurements. The perturba

tion factors were also applied to the reaction rate ratio 
calculations even though the only stainless steel present 
was in the detector itself. 

Results of the reaction rate traverse calculations are 
shown in Figs. II77 through II712 along with the ex

perimental results. The twodimensional rO fluxes gen

erated for the sample A\ orth calculations were used for 
he radial calculations. The fluxes used were appropriate 

.or a traverse midway between two peripheral control 
rods as shown in Fig. II72. Fluxes from a twodimen

sional diffusion theory problem in rz geometry were used 

for the axial calculations. The peripheral control zones 
were represented by an annular region outside the core. 

The calculated reaction rates using infinitelydilute 
cross sections averaged in the spectrum of the inner core 
were normalized to 1.0 at the core center, as were the 
measured rates. All other calculated traverses used the 
same fluxes and were not renormalized to 1.0 at the 
center. Therefore, the differences between various 
traverse calculations reflect differences in the cross sec

tions used and are independent of normalization. 
The radial and axial calculations for 239Pu (Figs. 

II77 and II710) illustrate all of the effects discussed 
above. Calculations using infinitelydilute cross sections 
averaged in the spectrum of the inner core are in good 
agreement with measured values well within the core 
regions. Agreement is poor at the corereflector interface 
and in the reflector region where the reaction rates are 
underpredicted. 
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238U(n,/) Axial Reaction Rate Tiaverse. ANL Neg. No. 116-974-

Using infinitely-dilute cross sections averaged in the 
reflector spectrum had negligible effect on the calculated 
traverse, even in the reflector region. However, self-
shielded cross sections appropriate for 239Pu in the inner 
core composition gave significantly lower reaction rates 
in the reflector than infinitely-dilute cross sections. Thus 
differences between reaction rate calculations in the re
flector regions were due almost completely to differences 
in self-shielding with insignificant effects due to spectral 
averaging of cross sections. 

The effect of a stainless steel environment around the 
foils is shown on all the traverse figures. I t amounted to 
a 2 to 6% reduction in the central reaction rate with 
similar or smaller differences along the traverse. The cor
rection did not significantly affect the shape of the 
traverse nor did it account for the discrepancies between 
calculation and measurement at the core-reflector inter
face or in the reflector. 

I t may be concluded that infinitely-dilute cross sec
tions are the most appropriate for reaction rate calcula
tions of this type. I t made little difference whether core 
or reflector spectrum averaging was used. While self-
shielded core cross sections gave equivalent results in 
the core regions, they gave poorer results in the reflector 
regions. No matter what cross sections were used, how
ever, the reaction rates in the reflector regions were 
undcrpredicted, an indication that the calculational 
model was not representing the flux in the reflector 
regions properly. The stainless steel corrections did not 
affect the traverse calculations enough to make more de
tailed or specific calculations of this effect necessary. 

A comparison of calculated and measured central 
reaction rate ratios is given in Table II-7-IV. The cal
culations were done with the rd fluxes previously de
scribed. The calculated results -were the same for in
finitely dilute and self-shielded core cross sections for the 
240Pu, and 238U/ to 236U/ ratios while the 239Pu//235U/ ratio 
was 2.3 % lower with the self-shielded set. Similar results 
arc expected based on the traverse results which showed 
the two sets to be equally as good in the core region. 
However, the 238UC/235U/ ratio using core cross sections 
was 23 % lower than the ratio with infinitely dilute cross 
sections, indicating the strong dependence of 23SUC cross 
sections on resonance self-shielding. The infinitely dilute 

10 20 30 4 0 50 60 70 80 
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FIG. II-7-12 Compaiison of Measured and Calculated 
10B(re,<*) Axial Reaction Rate Traverse. ANL Neg. No. 116-980. 
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TABLE II-7-IV COMPARISON OF CALCULVTED AND MEASURED CENTRAL REACTION RATE RATIOS IN FTR-3 

Ratio and Measurement lechmque 

239pU//236Tj/ by detector 
24opU//235Tj/ by detectoi 
238U//236U/ by detectoi 
238TJ//236TJ/ b j ' iadiochemisti3 r 

238Tj(./235Tj/ by iadiochemist iy 

Calculation 

Experiment 

0 984 ± 0 022 
0 256 ± 0 006 

0 0250 ± 0 0006 
0 0234 ± 0 0013 

0 161 ± 0 009 

Dilute 
Cross Sect 

0 890 
0 184 
0 0227 
0 0227 
0 177 

Core 
Cross Sect 

0 869 
0 184 
0 0227 
0 0227 
0 137 

Dilute Cross 
Sect 

SS Corrected 

0 887 
0 180 
0 0221 
0 0221 
0 178 

Travclh 
Calc 12 

0 890 
0 184 
0 0224 
0 0224 
0 135 

cross sections ovcrprcdicted the latio by 10% while the 
core cross sections underpredicted the ratio by 15 %. 

Corrections for stainless steel produced only small 
(0 3 to 2 6 %) differences in the ratios. Recall that the 
stainless steel correction factois were calculated for the 
sample worth measurements which involved a much 
greater perturbation to the reactor than the detector 
used for the latio measurements. Therefore the effect 
of stainless steel was probably even smaller than indi
cated here. 

The pievious reaction rate latio calculations by 
Travelh and Ulnch10 aie included in Table II-7-IV for 
compaiison 
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I I - 8 . A n a l y s i s of U 0 2 S m a l l S a m p l e D o p p l e r M e a s u r e m e n t s i n F T R - 3 , 
Z P R - 9 A s s e m b l y 26 

P. H. K I E R and C. E. TILL 

INTRODUCTION 

The UO2 small-sample Doppler measurements in 
ZPR-9 (Zero Powei Reactor) Assembly 26, the thud in a 
scries of critical assemblies associated with the FTR 
(Fast Test Reactoi) Program,1 have been analyzed in 
great detail to yield information on the compaiative ac
curacy of several computational foimulations Details 
of the cxpciiment are given by Pond et al. 111 Rcf 2 The 
natural UO2 sample w as 1 in. in diam, 12 in. long and 

contained 1116g of uranium. The sample was placed in 
the oscillator drawer, shown in Fig. II-S-1, which was 
located in the central matrix location of the assembly. 
In the 16 front drawers sin rounding the oscillator 
drawer, TJ3O8 plates weie replaced by stainless steel to 
provide an additional % in. thick steel region betw een 
the sample and the inner core. This legion, which will be 
refeircd to as the buffer, is shown in the di awing of the 
modified mnci core zone, Fig. II-8-2. 
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CALCULATIONAL MODELS 

A perturbation formulation was used to compute the 
Doppler reactivity effect of the change in temperature 
of the UO2 sample. This formulation is based on the 
assumption that the Doppler effect arises solely from 
the change in capture in 238U, that is, 

Afc/fc2 = ^ / 5 < 4 W ° ° dV (1) 

where D is the perturbation denominator and <t>°° and 
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FIG. II-8-1. Cross Sectional View of the Oscillator Drawer 
and Doppler Capsule. ANL Neg. No. 116-417. 

<j>*°° are the unperturbed real and adjoint fluxes. That is, 
4>°° and <£*" are the fluxes when the center of the as
sembly contains inner core fuel drawers. Since the un
perturbed fluxes are used in Eq. (1), the flux perturba
tions introduced by the oscillator drawer and stainless 
steel buffer should be incorporated into Sal8, the effective 
Doppler change in the capture cross section of 23SU. 

The expression for del8 should also include the hot-
sample cold-core resonance interaction effect. Not only 
is the Doppler change in 23SU capture cross sections in 
the sample affected by 238U in the core remaining cold 
but also the uranium cross sections in the portion of 
core adjacent to the sample are affected by the change 
in temperature of the sample.3 The primary function of 
the stainless steel filter is to reduce the magnitude of this 
effect. The RABBLE code,4 which is based on an in
tegral transport formulation, can explicitly include the 
environment when computing cross sections for ura
nium in the sample, and therefore it provides a means 
of including the hot-sample cold-core resonance inter
action effect. 

An expression for 8<r2
c
8 that includes both the perturba

tion in the fluxes introduced by the presence of the 
oscillator drawer and the hot-sample cold-core reso
nance interaction effect is 

8ais = 5o-sms
c*/4r<i>n + a**" ( « * : * / * V ) , (2) 

where 

8o-s is the Doppler change in the capture 
cross section section of 238U in the sample 
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FIG. II-8-2. Modified Core Surrounding Doppler-Oscillator Drawer. ANL Neg. No. 116-418. 
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8cl is the change in the capture cross section 
section of 23STJ in the adjacent core per 
238U atom in the sample arising from the 
temperature change of the sample 

$1 and $1 are the average perturbed real flux in the 
hot sample and the adjacent core respec
tively 

<j>l* and ft* are the average perturbed adjoint flux in 
the cold sample and adjacent core respec
tively. 

In Eq. (2), the flux perturbation effect is accounted 
for by the presence of the ratios of perturbed to unper
turbed flux and the hot-sample cold-core resonance 
interaction effect is accounted for by the presence of the 
adjacent core term and implicitly by the use of 
RABBLE to generate group cross sections. 

The ratio of perturbed to unperturbed fluxes were ob
tained from <Ss transport computations for a cylindrical 
cell centered upon the Doppler oscillator drawer. This 
cell, which is described in Table II-S-I, was sufficiently 
large that the flux in the thin outer region was taken to 
be the unperturbed flux. 

To assess the magnitude of these two effects, the small 
sample Doppler effect was computed with use of three 
prescriptions for Sal8. In order of increasing sophistica
tion, these prescriptions were: 

1. Sal8 was taken as the difference between two 
MC2<5) derived cross sections. Because MC2 cannot 
include the environment when computing reso
nance cross sections for the sample, neither the 
flux perturbation effect nor the hot-sample cold-
core resonance interaction effect was included. 

2. Sal8 was taken as the difference between RABBLE 
derived cross sections with contributions from the 
sample (Sas) and the adjacent core (So-0). This pre
scription accounts for the hot-sample cold-core 
resonance interaction effect but not the flux per
turbation effect. 

3. Sol8 was computed by use of Eq. (2). Here the 
components from the sample and the adjacent core 
were weighted by the appropriate products of flux 
ratios. This prescription accounts for both the hot-
sample cold-core resonance interaction effect and 
the flux perturbation effect. 

CALCULATIONAL DETAILS 

The calculations were made with use of a 30 group 
cross section set. Groups 1-24 were }4 lethargy units 
"•;dc, groups 25-29 were 1 lethargy unit wide and group 

was the thermal group. There w ere contributions to 
_„j Doppler effect from groups 11-27, which covers an 
energy range from 67 keV to 5 eV. The cross section set 
that was used in the diffusion and perturbation com-

TABLE II -8-I . C E L L U S E D IN TRANSPORT CALCULATIONS OF 
THE F L U X P E R T U R B A T I O N S INTRODUCED BY THE 

OSCILLATOR D R A W E R AND B U F F E R 

Region 

Sample 
Oscillator drawer 
Buffer 
Adjacent core 
Inner core 
Boundary 

Material 

TJ02 

SS 
SS 
Inner core 
Inner core 
Inner core 

Outer Radius, 
cm 

1.27 
3.32 
4.05 
9.35 

24.725 
25.1 

Mesh 
Points 

5 
8 
3 

14 
41 

1 

TABLE I I -8 - I I . C E L L U S E D IN R A B B L E CALCULATION OF 
C R O S S SECTIONS FOR FTR-3 

Region 

Sample 
Oscillator drawer 
Buffer 
Adjacent core 
Inner core 

Material 

U 0 2 

SS 
SS 
Inner core 
Inner core 

Outer Radius, 
cm 

1 27 
3 32 
4 05 
9.35 

14.00 

Mesh 
Points 

2 
2 
1 
4 
3 

putations, which is described in greater detail in Paper 
II-7, was used in the analysis of other measurements in 
FTR-3. Separate MC2 runs were made to derive cross 
sections for the inner core, outer core, peripheral control, 
radial reflector, radial shield and axial reflector regions. 
The cross sections for the inner core and outer core 
regions were then corrected for resonance shielding and 
cell heterogeneities. The computations were for ele
vated sample temperatures of 782 and 1069°K and for a 
base temperature of 293°K. ENDF/B VERSION I 
data were used in all computations. 

MC2 problems were run to obtain Doppler cross sec
tion changes for use in prescription 1. To obtain reso
nance cross sections, the pin cell geometry option was 
used with the central region being the U02 sample and 
the annular region being the homogenized buffer and 
oscillator drawer. The fine group Q/i lethargy unit) 
spectrum characteristic of the inner core was used to 
collapse to broad group cross sections. Thus, the MC2 

derived sample cross sections for 238TJ have proper reso
nance self-shielding, except for the hot-sample cold-core 
resonance interaction effect, and a gross spectrum char
acteristic of the inner core. 

RABBLE runs, which included the inner core ex
plicitly, were made to derive 238U cross sections for use 
in prescriptions 2 and 3. The cell used in these calcula
tions is described in Table II-S-II. The cell had five 
regions: the sample, the homogenized oscillator drawer, 
the stainless steel buffer, the adjacent core and the inner 
core. Both the adjacent core and inner core regions con
tained homogenized inner core material. The oscillator 



76 II. Fast Reactor Physics 

TABLE I I -8 - I I I COMPARISON OF MC 2 \ND R A B R L R 
C A P T U R E CROSS SECTIONS FOR 238U IN 

TIIR UO2 SAMPLE, b 

Group 

11 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 
22 
23 
24 
25 
26 
27 

eV ' 

67,379 
40,867 
24,787 
15,034 
9,118 S 
5,530 8 
3,354 6 
2,034 6 
1,234 1 

748 52 
454 00 
275 36 
167 02 
101 30 
61 442 
37 266 
13 709 

eV 

40,867 
24,787 
15,034 
9,118 8 
5,530 8 
3,354 6 
2,034 6 
1,234 1 

748 52 
454 00 
275 36 
167 02 
101 30 
61 442 
37 266 
13 709 
5 0439 

ac (293°K) 

MC2 

0 33225 
0 44027 
0 55583 
0 67340 
0 78099 
0 84205 
0 97634 
0 91751 
1 12450 
1 00170 
0 93080 
1 18558 
1 06618 
2 19957 
0 43319 
5 32351 
0 89768 

RABBLE 

— 
— 

0 58694 
0 69210 
0 76S81 
0 86955 
0 96187 
0 90081 
1 10800 
0 97411 
0 89400 
1 34310 
1 78590 
1 91900 
0 61509 
6 52860 
2 41990 

drawer region and buffer region were taken to be 29.5 
and 83.6 v/o 304 SS, respectively. The atom fractions in 
304 SS were taken as Fe/Cr /Ni /Mn/C/Mo = 68.92/ 
19.88/9.49/1.46/0.18/0.06. 

The RABBLE problems were run with the sample at 
three temperatures while the other regions were main
tained at the base temperature. A transverse buckling 
of 0.00103 was assumed. These calculations covered 
groups 13-27 and thus extended up to 24.8 keV. Since 
the resonances of 238U are resolved only up to 4 kcV, it 
was necessary to use the RANDOM code6 to generate by 
random selection s-wave and p-wave ladders with good 
statistics between 4 and 24.8 keV. 

In Table II-S-III are given the group cross sections 
for 238U m the sample at 293°K as generated by MC2 and 
by RABBLE. Contributions to the Doppler effect from 
groups 11 and 12 are sufficiently small that it was con
sidered to be unnecessary to cover these groups in the 
RABBLE calculation. Above 300 eV there is good agree
ment betw een the MC2 and the RABBLE derived cross 
sections. At lower energies, where the Narrow Reso
nance (NR) approximation used by MC2 becomes 
tenuous, the discrepancies are larger. 

An important part of the Doppler effect calculation 
is the use of accurate real and adjoint flux distributions 
throughout the reactor so that the perturbation de
nominator is computed accurately. For this reason two-
dimensional diffusion and perturbation calculations 
were made. The reactor was represented in rz geometry 
as shown in Fig. II-S-3, where each hash mark repre
sents a mesh point. The volume occupied by the Dopp

ler sample is enclosed by the dotted lines. The perturba
tion calculations of the small-sample Doppler effect 
were run in the following manner. A dummy isotope 
with zero cross sections and the concentration of 23STJ in 
the sample was added to the inner core and the outer 
core compositions. Also the volume occupied by the 
sample was made a discrete region to which the inner 
core composition was assigned. The perturbation was 
represented by giving the dummy isotope capture cross 
sections equal to So28. In this w ay we obtained the small-
sample Doppler effect from the reactivity contribution 
from the sample region and also a map of the Doppler 
worth in the inner core and outer core regions. The Sal8 

for the three prescriptions for elevated temperatures of 
782 and 1069°K are given in Tables II-S-IV and II-S-V, 
respectively. 

RESULTS 

Comparison of the calculated small-sample Doppler 
effect in 23SU w ith the measured values is noted in Table 
II-S-VI. In relating reactivity to period, the same con
version factor, 1064 Ih / %Afc//c, was used as in the pre
analysis of the assembly. From this table we see excel-

8 5 4 

65 13 

6 0 14 
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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TABLE II8IV. COMPARISON OP THE CHANGE IN THE G R O U P CAPTURE CROSS SECTION OP 238U AS THE T E M P E R A T U R E OF THE UO» 
SAMPLE IS R A I S E D FROM 293 TO 782°K, b 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

MC2 

0.00180 
0.00698 
0.01271 
0.02341 
0.04187 
0.06035 
0.09522 
0.11836 
0.19145 
0.24129 
0.23162 
0.26061 
0.23838 
0.26843 
0.00707 
0.15410 
0.02294 

Sample 

0.00180 
0.00698 
0.01165 
0.02323 
0.03767 
0.06647 
0.09303 
0.12599 
0.20550 
0.25489 
0.24680 
0.27990 
0.31420 
0.30230 
0.01333 
0.28730 
0.05690 

RABBLE 

Core" 

0.0 
0.0 
0.00049 
0.00086 
0.00098 
0.00135 
0.0 
0.0 
0.0 

0 .00120 
0 .00240 
0 .00370 
0 .01597 
0 .02700 
0 .00036 

0.05774 
0 .01597 

Total 

0.00180 
0.00698 
0.01214 
0.02409 " 
0.03865 
0.06782 
0.09303 
0.12599 
0.20550 
0.25369 
0.24440 
0.27620 
0.29823 
0.27530 
0.01297 
0.34505 
0.04093 

Sample 

0.00170 
0.00698 
0.01023 
0.02232 
0.03635 
0.08309 
0.07564 
0.10422 
0.18272 
0.25532 
0.22878 
0.27089 
0.42564 
0.34068 
0.02038 
0.36227 
0.08202 

RABBLES,, 

Core" 

0.0 
0.0 
0.00084 
0.00084 
0.00097 
0.00143 
0.0 
0.0 
0.0 

0 .00120 
0 .00236 
0 .00398 
0 .01833 
0 .03043 
0 .00042 

0.07185 
0 .01989. 

Total 

0.00170 
0.00679 
0.01070 
0.02316 
0.03732 
0.08452 
0.07564 
0.10422 
0.18272 
0.25412 
0.22642 
0.26691 
0.40731 
0.31045 
0.01996 
0.43412 
0.06213 

a p e r 238TJ a t o m i n the sample. 

TABLE II8V: COMPARISON OF THE CHANGE IN THE G R O U P CAPTURE CROSS SECTION OF 238U AS THE T E M P E R A T U R E OF THE UOa 
SAMPLE IS R A I S E D FROM 293 TO 1069°K, b 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

MC2 

0.00224 
0.00874 
0.01603 
0.02986 
0.05406 
0.08019 
0.12629 
0.15906 
0.26175 
0.33214 
0.31532 
0.37544 
0.32123 
0.40178 
0.01319 
0.23951 
0.03475 

Sample 

0.00224 
0.00874 
0.01430 
0.02933 
0.04841 
0.08677 
0.12243 
0.16989 
0.28250 
0.35259 
0.34440 
0.41100 
0.45080 
0.43860 
0.02482 
0.44750 
0.09070 

RABBLE 

Core" 

0.0 
0.0 
0.00061 
0.00110 
0.00147 
0.00209 
0.00123 
0.00123 
0.00123 

0 .00123 
0 .00123 
0 .00737 
0 .02211 
0 .03686 
0 .00061 

0.09092 
0 .02580 

Total 

0.00224 
0.00874 
0.01491 
0.03043 
0.04988 
0.08886 
0.12366 
0.17112 
0.28373 
0.35136 
0.34317 
0.40363 
0.42869 
0.40174 
0.02421 
0.35658 
0.06490 

Sample 

0.00212 
0.00851 
0.01258 
0.02819 
0.04670 
0.10837 
0.09942 
0.14029 
0.25036 
0.35157 
0.31754 
0.39513 
0.60588 . 
0.49122 
0.03780 
0.56065 
0.13619 

. RABBLES,,.. 

Core" 

0.0 
0.0 
0.00058 
0.00108 
0.00145 
0.00221 
0.00125 
0.00120 
0.00120 

0 .00124 
0 .00120 
0 .00794 
0 .02533 
0 .04147 
0 .00071 

0.11306 
0 .03310 

Total 

0.00212 
0.00851 
0.01316 
0.02927 
0.04815 
0.11058 
0.10067 
0.14149 
0.25156 
0.35034 
0.31634 
0.38719 
0.58055 
0.44975 
0.03709 
0.67371 
0.10309 

a Per 23STJ a t o m i n the sample. 

TABLE II8VI. COMPARISON OF E X P E R I M E N T A L WITH CALCULATED D O P P L E R E F F E C T S 
FOR U 0 2 SAMPLE IN F T R  3 , I h / k g U 

Experimental ' " 
MC3 , ACT 
BABBLE, Ao

RABBLES,, , ACT 

AT = 293 > 782°K 

Ak/k 

■  1 . 0 0 4 2  ± 0.0043 " ' 
0 .9821 
1 .0265 
0 .9794 

C/E 

0.978 
1.022 
0.975 

AT = 293 » 1069°K 

Ak/k 

1 .3689 ± 0.003S 
1 .3170 
 1 . 4 0 4 2 
1 .3197 

' C/E 

0.962 
1.026 
0.964 
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TABLE I I 8VII . R E A L AND A D J O I N T F L U X R A T I O S FROM S S 

TRANSPORT CALCULATIONS 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

. 23 
24 
25 
26 
27 

Real Ratio, 1069°K 

Sample 

0.994 
1 027 
0.930 
1.029 
1.054 
1.371 
0.891 
0.900 
0.982 
1.095 
1.054 
1.355 
1.516 
1.322 
1.865 
1.637 
1.838 

Revised 
Core 

0.994 
1.008 
0 971 
1.006 
1.015 
1.093 
1.047 
1.006 
1.005 
1.034 
1.021 
1.125 
1.179 
1.166 
1.229 
1.291 
1.334 

Adjoint Ratio, 293°K 

Sample 

0.953 
0.948 
0.946 
0.934 
0.915 
0.911 
0.912 
0.918 
0.903 
0.911 
0.875 
0 710 
0.886 
0 847 
0.816 
0.765 
0.817 

Revised 
Core 

0.983 
0.982 
0 981 
0.977 
0 972 
0.972 
0.973 
0.973 
0.970 
0.972 
0.962 
0 957 
0.972 
0.964 
0.956 
0.963 
0.962 

TABLE I I 8VII I . G R O U P  W I S E CONTRIBUTIONS TO D O P P L E R 
E F F E C T AS CALCULATED WITH R A B B L E  S „ CORRECTED 238U 

C A P T U R E C R O S S SECTIONS 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

■Em.*, 
eV 

40,867 
24,787 
15,034 
9,118.8 
5,530.8 
3,354.6 
2,034.6 
1,234.1 

748 52 
454 00 
275 36 
167.02 
101.30 
61.442 
37.266 
13 709 
5.0439 

AT = 293 
> 782°K 

0.010425 
0.032288 
0.045731 
0.071501 
0.069121 
0.098317 
0.031734 
0.140760 
0.173378 
0.166814 
0 067196 
0 047176 
0 034290 
0.010800 
0.000108 
0 000366 
0.000006 

AT = 293 
> 1069°K 

0.009648 
0.030031 
0.041739 
0.067060 
0.066181 
0.095458 
0.031343 
0.141815 
0.177140 
0.170668 
0.069671 
0.050781 
0.036270 
0.011611 
0.000149 
0.000421 
0 000007 

lent agreement between calculation and experiment as 
the discrepancies are less than 4 % for all three prescrip

tions. By comparison of the results for MC2 and 
RABBLE derived cross sections, it is seen that the cal

culated hotsample coldcore resonance interaction 
effect augments the Doppler effect by about 4 %. This is 
in agreement with the detailed study at the small

sample Doppler effect in ZPR9 Assembly 18.<3> In con

trast, by comparing the results for RABBLE and 

RABBLESa derived cross sections it is seen that the 
flux perturbation effect reduces the Doppler effect by 
about 4%. 

It would be unwarranted to generalize this cancella

tion of the two effects to other assemblies. For example, 
in Assembly IS the flux perturbation effect augmented 
the Doppler effect by about 10 %. Table IISVII gives 
the perturbedtounperturbed flux ratios for the Dopp

ler calculation between 293 and 1069°K. It is seen that 
the adjoint ratio is consistently less than unity, while 
the real ratio fluctuates about unity for the higher 
energy groups and then becomes greater than unity for 
the lower energy groups. The flux ratios exhibit the 
same characteristics in Assembly 18, except that the 
adjoint ratios arc closer to unity and the real flux ratio 
in group 16 is appreciably greater. Assembly IS and 
FTR3 differed in that Assembly 18 had a small, concen

trated uraniumfueled core while FTR3 had a large, 
dilute plutoniumfucled core. It appears that we are 
seeing more of a 'fluxtrap" effect in the test zone in 
Assembly 18 than in the more dilute FTR3. 

In Table IISVIII, the relative contributions to the 
Doppler effect by group is given for Sal8 obtained from 
prescription 3. It is seen that nearly half of the Doppler 
effect comes from the three groups that cover the 
energy interval 2034 keV to 454 eV. The diffusion calcu

lations from which the flux distributions were obtained 
yield a rough check of the methods that were used to 
construct the cross section set by giving the multiplica

tion constant, k. These diffusion calculations yielded 
k = 0.983, which is consistent with the analysis of 
ZPR6 Assembly 5 when similar methods were used.7 

Material worths at the center of FTR3 were also 
measured and have been analyzed (see Paper II7). The 
worth of the fissile samples were overpredictcd by 
2530 %, which is similar to that found for all previous 
plutoniumfueled assemblies of this general type. This 
general pattern of overprediction of fuel worths, how

ever, tends to reduce the confidence one could place in 
the excellent agreement between the calculation and 
measurement of the central smallsample Doppler effect. 
For example, for the Doppler effect C/E is about 30 % 
smaller than for the fissile sample worths. This is similar 
to the 35% underestimate of Dopplcrtofucl worth 
ratio found for uraniumfueled systems,8 although for 
those systems the Doppler effect was underestimated by 
some 25%. As previous reviews9 have indicated, until 
some general pattern of agreement is established be

tween the bulk of reactivity perturbation calculations 
and measurements, any single comparison, such as the 
Doppler effect comparison of this paper, must be con

sidered in the framework of apparent systematic bias 
in the whole class of measurements. 
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real and the adjoint flux distributions which were then 
used m the twodimensional perturbation module to 
compute the reactivity effect of changing the tempeia

ture of the isotopes of uranium and plutomum fiom 1180 
to 21S0°K The cross section set had 30 broad groups 
Gioups 126 were onehalf lethargy unit wide, groups 
2729 were one lethargy unit wide, and group 30 was 
the thermal group. 

Several MC2 problems were run to generate isotopic 
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TABLE II-9-I . SUBASSEMBLIES ASSIGNED TO THE F U E L 
BEARING Z O N E S 

Type 

Innei dnve r , i d 

Outer driver, i d 

Spccial-puipose closed 
loop 

Geneial-purpose closed 
loop 

Open loop, 1 d 
Open loop, o.d 
Safety lod sodium 

channel 
Control rod sodium 

channel 
Oscillator 
B«C control rods 

Tota l 

MVVd 
kg 

0 
15 
30 
0 

15 
30 

15 
15 

Subassemblies Per Zone 

1 

1 

1 

2 

1 
1 
1 

1 

1 

1 

6 

3 

3 
3 
3 

3 

12 

4 

5 
5 
5 

1 

1 

1 

IS 

5 

6 
7 
7 

4 

24 

6 

9 
9 
9 
1 

2 

30 

16 

6 
7 
7 

1 

3 

24 

cross sections. Two runs were made for the driver 
regions, using the average concentrations of the inner 
and outer driver regions for beginning of cycle condi
tions. To obtain proper resonance shielding, a two-
region cell centered on a fuel pin was used in the calcu
lation of resonance cross sections. The center region was 
the meat of the fuel pin with a radius of 0.246 cm. The 
annular region (0.3924 cm outer radius) was 73.6 v/o 
sodium and 24.6 v/o stainless steel cladding. To obtain 
the fundamental mode spectrum that was used to col
lapse to broad group cross sections, concentrations 
characteristic of the homogenized subassemblies (in
cluding the duct tube) were used. The two MC2 runs 
differed only in the temperature of the isotopes in the 

fuel pin; in one run the temperature was 11S0°K and in 
the other 21S0°K. 

Aii MC2 problem w as run to derive cross sections for 
the seven fixed shim subassemblies that form part of the 
peripheral control. Each fixed shun subassembly con
tains 19 stainless-steel-clad rods of an alloy 90 v/o 
tantalum and 10 v/o tungsten. To obtain proper reso
nance shielding for , s lTa and the isotopes of tungsten, a 
two-region cell centered on an absorber rod w as used in 
the calculation of resonance cross sections. The center 
region w as the meat of the absorber with a radius of 1.01 
cm and the annular region, 1.441 cm outer radius, was 
60 v/o sodium and 40 v/o stainless steel. To collapse to 
broad group cross sections, the fundamental mode spec
trum characteristic of the tantalum subassemblies was 
not used because to do so w ould grossly exaggerate the 
attenuation of the flux. Rather, fine group fluxes (the 
flux groups were ^ lethargy units wide) characteristic 
of the fundamental mode spectrum in the driver regions 
was used to collapse to broad group cross sections for 
tantalum and tungsten. 

The other part of the peripheral control and the in-
core control arc supplied by boron carbide subassem
blies. I t would be logical that the treatment of a boron 
carbide subassembly would be similar to that of a 
tantalum subassembty. The shielding in the boron car
bide rods w ould be accounted for and the gross spectrum 
would not have exaggerated attenuation. However, 
because boron is not a resonant material, the boron 
carbide subassemblies cannot be treated m this way in 
MC2. Cross sections were obtained from a homogeneous 
MC2 run in w hich there w as assumed to be no leakage, 
a procedure that introduces two compensating errors. 
Because the surroundings that feed neutrons into the 
boron carbide subassembly are neglected, the attenua
tion of the flux within each broad group is overesti
mated. Because the (n,a) reaction in 10B has an inverse 
speed dependence, this effect would cause the broad 
group cross section to be underestimated. How ever, the 

235TJ 
23STJ 
2 3 9 p u 

"»Pu 
2 « p u 

F . P . 
O 
N a 
SS 
i o B 

" B 
C 

T A B L E I I -9 - I I . ATOM D E N S I T I E S IN 

Zone 1 

0 31S -4 
0 5497 -2 
0 12869 -2 
0 2215 -3 
0.114 -4 
0 2695 -3 
0 14426 -1 
0 9098 -2 
0 20133 -1 

Zone 2 

0.304 -4 
0 3379 -2 
0 9244 -3 
0 1439 -3 
0 380 -5 
0.90 -4 
0.10027 -1 
0 12065 -1 

- 0 17915 -1 

Zone 3 

0 269 -4 
0.41884 -2 
0 10137 -2 
0 1557 -3 
0 4280 -5 
0 1012 -3 
0 1082 -1 
0.1183 -1 
0 1712 -1 

F U E L - B E A R I N G 

Zone 4 

0 370 -4 
0 5023 -2 
0.12173 -2 
0 1867 -3 
0.510 -5 
0 1199 -3 
0.12986 -1 
0.9942 -1 
0 19922 -1 

• 

Z O N E S , 1024 a toms/cm 3 

Zone 5 

0 292 -4 
0 44193 -2 
0 13627 -2 
0 2034 -3 
0 39 -5 
0 934 -4 
0 12403 -1 
0 10919 -1 
0 18122 -1 

Zone 6 

0 357 -4 
0 51334 -2 
0 15854 -2 
0 2357 -3 
0 42 -5 
0 1032 -3 
0 13986 -1 
0 9375 -2 
0 20048 -1 

Zone 16 

0 292 -4 
0 44193 -2 
0 13627 -2 
0 2034 -3 
0 39 -5 
0 934 -4 
0 12043 -1 
0 9295 -2 
0 2026 -1 
0 925 -3 
0 3699 -2 
0 1156 -2 
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TABLE I I 9  I I I . ATOM D E N S I T I E S IN N O N  F U E L  B E A R I N G Z O N E S , 1024 atoms/cm 3 

Na 
SS» 
ioB 

»B 
C 
Ta10Wb 

Inconel0 

Zone 7 

0 6462 2 
0 80894 2 
0 1154 2 
0 6575 2 
0 20547 2 
0 3948 2 
0 44013 1 

Zone 8 

0 9098 2 
0 2103 1 

— 
— 
— 
— 

0 29425 1 

Zone 9 

0 8581 2 
0 2139 1 
0 1850 2 
0 739S 2 
0.23115 2 

— 
0 22069 1 

Zone 10 

0 8840 2 
0.2076 1 
0.925 3 
0 3699 2 
0.1156 2 

— 
0.2575 1 

Zone 11 

0.9098 2 
0.2013 1 

— 
— 
— 
— 
— 

Zone 12 

0 8581 2 
0.2139 1 
0.185 2 
0.739S 2 
0 23115 2 

— 
— 

Zone 13 

0.884 2 
0 2076 1 
0.925 3 
0.3699 2 
0.1156 2 

— 
— 

Zone 14 

0.2912 2 
0.1925 2 

— 
— 
— 
— 

0 7545 1 

Zone 15 

0.1210 2 
0.7936 1 

— 
— 
— 
— 
— 

» Atom fractions of Stainless Steel: Fc 0 6721, Cr 0 1805, Ni 0.1129, Mo 0.0345. 
b Atom fractions of tantalum10% tungsten: T a 0.9015, W 0 0985. 
" Atom fractions of Inconel: Fe 0.0740, Cr 0 1743, Ni 0.7455, Mo 0.0021, Si 0.0041. 

TABLE II9IV. CONTRIBUTIONS TO D O P P L C I I E F F E C T IN 
FTK BY ISOTOPE U S I N C E N D F / B VERSION 1 D A T A 

T E M P E R VTURE ClIVNGU FROM 1180 TO 2180°K 

Isotope 

23STJ 

239Pu 

Total1' 

Ak/k, 
% 

 0 29795 
0 05729 

 0 24018 

aw 

 0 00485 

 0 00391 

■> (1/fc) (dk/dT) = a/T 
b Includes contributions fiom 210Pu and 235U. 

subassembly was treated as being homogeneous. Hence, 
the shielding of the boron carbide rods was neglected, 
thereby causing the cross section to be overestimated. 
Thus, the two errors introduced by the calculational 
model tend to cancel. 

Another MC2 problem was run to obtain cross sec

tions in the radial reflector region. This was a homoge

neous run with no leakage. From these five MC2 prob

lems, cross sections for the constituents of steel were 
generated for three spectra: driver, radial reflector, and 
boron carbide subassembly. Steel cross sections derived 
in the driver spectrum were used in Zones 16, 11, and 
16; steel cross sections derived in the reflector spectrum 
were used in Zones 8, 10, 14, and 15; and steel cross sec

tions derived in the boron carbide spectrum were used 
in Zones 7, 9, 12, and 13. 

RESULTS 

The results of the perturbation calculations for the 
isothermal Doppler effect obtained by raising the tem

perature of the fuel from 1180 to 21S0°K arc given in 
Table II9IV. The reactivity effect of this temperature 

change was found to be —0.24018 %Ak/k. With the 
assumption that the Doppler effect has an inverse tem

perature dependence (i.e., dk/dT = ak/T), the result

ing Doppler coefficient, a, was —0.00391. In interpret

ing this result it must be remembered that the data for 
239Pu in ENDF/B VERSION 1 is highly suspect of 
being in error because they yield a strongly positive 
Doppler effect in contrast with recent experiments in 
which a small and probably negative Doppler effect in 
plutonium samples was measured3 (sec Paper 1122). 

To substantiate that the relatively small Doppler 
coefficient results from the overly positive contribution 
from 239Pu, separate perturbation calculations were 
made to obtain the contributions from 239Pu and 238TJ. I t 
was found that 239Pu did give a significant positive con

tribution to the Doppler coefficient, +0.05729 %Ak/k, 
and that the 23SU contribution alone yields a Doppler 
coefficient of —0.00485. Upon comparing the total 
Doppler effect with the contributions of 238U and 239Pu 
it is seen that the contributions from 236U and 240Pu are 
negligible. It appears, therefore, that, if on the basis of 
experiment the contribution to the Doppler effect from 
239Pu is ignored, the Doppler effect in FTR is well ap

proximated by the Doppler effect in 238U. 

REFERENCES 

1. B. J. Toppol, Ed , The Argonne Reactor Computation (ARC) 
System, ANL7332 (1967). 

2 B J Toppol, A. L. Rago and D . M. O'Shea, MC2, A Code lo 
Calculate Multigroup Cioss Sections, ANL731S (1967). 

3. R. B. Pond, J. W. Daugh t iy , C. E . Till, E. F . Groh, C D . 
Swanson and P . H. Kier, Plutonium and 23SU Doppler 
Measurements in ZPR9 Assembly 26, FTR3, Applied 
Physics Division Annual Report , July 1, 1969 to June 30, 
1970, ANL7710, pp . 7377. 



82 II. Fast Reactor Physics 

11-10. A n a l y s i s o f U 0 2 S m a l l - S a m p l e D o p p l e r M e a s u r e m e n t s i n Z P R - 3 A s s e m b l y 51 

P. H. KIER 

INTRODUCTION 

ZPR-3 Assembly 51 was the first assembly in the 
Fast Test Reactor (FTR) critical program. It had a 
one-region, plutonium-fueled core, a nickel inner ra
dial reflector, a nickel axial reflector and an iron outer 
radial reflector as shown in Fig. II-10-1(1>. Table II-10-I 
gives the compositions of these regions. Doppler meas
urements with a natural U02 sample, 6 in. in length 
and }•% in. in diam, were made at three elevated tem
peratures (500, 800 and 1100°K) at three positions in 
the core to yield information on the spatial dependence 
of the Doppler effect. The three matrix positions w ere 
at the center of the core (P-16), at the core between 
the center and the inner reflector (P-12), and at the 
core adjacent to the inner reflector (P-10). 

The Doppler effect was measured at P-16 with both 
a nickel and a stainless steel buffer but since nickel 
provided greater neutronic buffering, only the nickel 
buffer was used in the two off-center measurements. 
The buffer region was a square annulus, 5.08 cm in 
outer dimension by 0.95 cm thick, which contained 
either nickel or stainless steel plates. The nickel plates 
had a linear density of 131.93 gm/cm for a cross sec-
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F I G II-10-1 Reference Core for Assembly 51 ANL-ID-
103-2694-

tional area of 15.121 cm2 and the stainless steel plates 
had a linear density of 110.14 gm/cm for a cioss 
sectional area of 14.516 cm2.'2' The details of the 
oscillator rod are given in Fig. II-10-2.(3) 

CALCULATIONAL MODEL 

The calculational model used one-dimensional per
turbation theory and the assumption that Doppler 
effect arises solely from the Doppler change in the 
capture cross section of 238U, that is, 

^=7r/ dv[sal8^*dE, (1) 
/v U J sample " 

where D is the perturbation denominator, N28 is the 
atom density of 238U, So18 is the Doppler change in the 
capture cross section of 238U and 4> and <t>* are the real 
and adjoint fluxes. Because the sample, oscillator rod, 
and buffer arc neutronically quite different from the 
core, the fluxes in the vicinity of the sample vary 
rapidly and should therefore be obtained from trans
port calculations. Let us define <£„ and 4>Z> as the real 
and adjoint flux distributions in the system when the 
drawer containing the sample contains core material. 
Then Eq. (1) can be rewritten as 

Afc N 2 S f f 2» „ 
-rj = -rr / dV Sac $«,$«,* 
ft JJ Jsample J (9\ 

•[<!>*/<t>»* X 4>/4>«\dE. 

The unperturbed fluxes, <£«, and <t>Z , are relatively 
slowly varying functions of space and are obtained, 
therefore, from diffusion calculations. For the center 
position, P-16, the ratios of perturbed-to-unperturbed 
fluxes were computed from one-dimensional Ss trans
port problems for the cell described in Table II-10-11. 
A perturbed-to-unperturbed flux ratio was taken as 
the ratio of the average flux in the sample to the flux 
in the boundary region. For the off-center measure
ments two-dimensional transport calculations would be 
required to obtain the perturbed-to-unperturbed flux 
ratios. Because of their great expense, these two-di
mensional transport calculations were not done and 
consequently, it w as assumed that these flux ratios are 
independent of the location where the Doppler effect 
was measured. 

The calculations were made with use of a 29 group 
cross section set that utilized ENDF/B VERSION I 
data. Groups 1-24 were J^ lethargy unit wide and 
groups 25-29 were one lethargy unit wide. 
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TABLE IIIOI. ATOM D E N S I T I E S IN ASSEMBLY 51 COMPOSITIONS, 10M/cm3 

Isotope 

239,24ipu 

24 0,24»p u 

235TJ 
23STJ 

Mo 
Na 
C 
0 
Al 
Fe 
Cr 
Ni 
Mn 
Si 

Core 

0.001736 
0.000172 
0.000015 
0.007005 
0.00032S 
0.009253 
0.003113 
0.01279 
0.000055 
0.01564 
0.003666 
0.001604 
0.000153 
0.000180 

Inner Rad. 
Reflector 

0.004143 

0.007529 
0.001860 
0.056338 
0.000227 
0.000091 

Outer Rad. 
Reflector 

0.000561 

0.074860 
0.001153 
0.000494 
0.000560 
0.000055 

Axial 
Reflector 

0.010321 

0.010426 
0.002583 
0.028926 
0.000182 
0.000126 

Nickel" 
Buffer 

0.008077 
0.001984 
0.063459 
0.000251 
0.000097 

Steela 

Buffer 

0.050225 
0.012489 
0.005468 
0.000522 
0.000612 

Osc. Rod 

0.019075 
0.004743 
0.002077 
0.000198 
0.000198 

Doppler 
Sample 

0.000110 
0.015312 

0.030846 

0.002875 
0.000715 
0.000313 
0.000030 
0.000035 

a Includes SS in core drawer and matr ix tube . 

MC2 problems with uranium temperatures of 293, 500, 
and 1100°K. In the pin cell that was used to obtain 
the selfshielded resonance cross sections, the sample 
was the fuel pin and the oscillator rod and nickel 
buffer wrere homogenized together to form the annular 
region. The fine group (3^ lethargy) fluxes charac

teristic of the fundamental mode spectrum in the core 
were used to collapse to broad group cross sections. 
The 238U cross sections in the sample at 293 °K and 
the Doppler changes in these cross sections are given 
in Table II10III. 

RESULTS 

For a circularized representation of Assembly 51, 
a buckling search diffusion calculation was made to 
obtain the critical extrapolated height of the unper

turbed system. For this extrapolated height (114 cm) 
the real and the adjoint flux distributions were com

puted. Then three perturbation problems were run in 
which sample material replaced core material at mesh 
points corresponding to the three matrix locations. The 

TABLE II10II . DESCRIPTION OF C E L L U S E D IN S S 

TRANSPORT CALCULATIONS OF F L U X PERTURBATIONS 
INTRODUCED BY D O P P L E R SAMPLE D R A W E R 

Region 

Sample 
Fil ter 

Buffer 

Rev. Core 
Core 
Boundary 

Composition 

Homogenized sample and thermocouple 
Homogenized capsule, heater, vacuum 

can, enclosure tube, guide tube and 
vacuum 

Homogenized buffer (Ni or SS), core 
drawer and matrix tube 

Core 
Core 
Core 

Radius, 
cm 

0.635 
1.709 

3.126 

9.378 
21.46 
21.88 

■-* '■ ■■■■ «■ »«■ •<■ " - " ' 

1. THERMOCOUPLE WELL-O. I59 CM O.R. 0.46GM/CM 
2. SAMPLE M A T E R I A L - 0 . 6 3 5 CM O.R. 

3. CAPSULE AND HEATER-0.794 CM O.R 2.61 GM/CM 

4. INSULATING VACUUM - 1.022 CM O.R. 

5. VACUUM CAN - I.Ill CM O.R. 4.61 GM/CM 
6. COOLING AIR PASSAGE- 2.56 CM SQ. O.D. 

7. ENCLOSURE TUBE-2.70 CM SQ. O.D. - 7.06 G/CM . 
(INCLUDING AIR TUBES NOT SHOWN) 

F I G . II102. Cross Section of Oscillator Rod through Dop

pler Sample. ANLID1032998. 

Isotopic cross sections for the core region were ob

tained from a homogeneous MC2H) run. The homo

geneous uranium and plutonium cross sections wrere 
then corrected for resonance selfshielding. To account 
for cell heterogeneities, the isotopic cross sections were 
finally weighted by the intracell plateaveraged fluxes 
obtained from an Si 6 transport calculation for the two

drawer cell. Isotopic cross sections for the inner radial 
reflector and the axial reflector were obtained from 
separate homogeneous MC2 runs in which there was 
~,ssumed to be no leakage. Isotopic cross sections for 
he outer reflector were assumed to be the same as for 

„he axial reflector region. 
The Doppler changes in the capture cross sections 

of 238U in the sample were obtained from heterogeneous 
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pe i tmba t ions diffeied only in the tempera tu ie of 
238U, 1 e , in the 238U cioss sections B j r subtracting the 
reactivity effect foi room tcmpcia tu ic u i a m u m fiom 
the leactivity effect for the elevated temperatuics , t he 
Doppler effects, unconected for the flux perturbat ions, 
were obtained These a ie given by group in Table 
II-10-IV. From comparison of the gioupwise contri
butions a t the three locations, the softening of the 
calculated spectrum as the mnei ladial reflectoi is 
approached can be readily mfeired 

TABLE II 10 III 238U CAPTURE V\D DOPPLI a CHVNGI S IN 
CVPTURL CROSS SICIIONS IN THE 1/2 IN 

D l U i rTLR TJO2 S U I P L L 

Group 

11 
12 
13 
14 
15 
16 
17 
IS 
19 
20 
21 
22 
23 
24 
25 
26 
27 

eV ' 

67379 
40867 
24787 
15034 
9118 8 
5530 8 
3354 6 
2034 6 
1234 1 
748 52 
454 00 
275 36 
167 02 
101 30 
61 442 
37 266 
13 709 

ev" 
40867 
24787 
15034 
9118 8 
5530 8 
3354 6 
2034 6 
1234 1 
748 52 
454 00 
275 36 
167 02 
101 30 
61 442 
37 266 
13 709 
5 0439 

<r(293°K) 

0 33276 
0 44459 
0 56571 
0 69367 
0 82202 
0 9100o 
1 08404 
1 06955 
1 36768 
1 32344 
1 23002 
1 65851 
1 89464 
2 33551 
0 47147 
5 04957 
1 48534 

5<r(500°K) 

0 00060 
0 00238 
0 00447 
0 00869 
0 01676 
0 02694 
0 04660 
0 06217 
0 10779 
0 14586 
0 13627 
0 19852 
0 16652 
0 21222 
0 00404 
0 12110 
0 03209 

&<r 
(1100°K) 

0 00127 
0 00512 
0 00979 
0 01943 
0 03850 
0 06367 
0 11358 
0 15723 
0 28336 
0 38867 
0 35473 
0 58996 
0 47092 
0 61514 
0 02137 
0 45397 
0 11383 

TABLE II 10-IV UNNORM VLI/LD CVLCULATLD GROUP Wisr 
CONTRIBUTION 10 DoppLLiiEin CTUNCORRI CTI D ton 
PERTURBATION INTRODUCPD m DOPPLLR DRAW 1 R, 

-10-'A/c/fc 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Total 

P 12 

500°K 

0 2067 
0 6223 
0 9724 
1 3382 
1 5354 
1 5768 
1 0639 
3 8520 
4 3728 
4 0852 
1 91673 
1 4780 
0 5807 
0 5126 
0 0019 
0 0506 

24 1664 

1100°K 

0 4420 
1 3408 
2 1268 
2 9911 
3 5279 
3 7260 
2 5928 
9 7425 
11 4949 
10 8857 
4 9895 
4 3920 
1 7900 
1 4860 
0 0102 
0 1895 

61 7277 

P 10 

500°K 

0 1126 
0 3257 
0 3952 
1 0818 
1 0725 
1 1623 
1 1898 
3 3419 
3 9792 
5 3082 
2 8333 
2 3110 
1 7072 
2 4751 
0 0043 
0 4842 

27 7845 

1100°K 

0 2409 
0 7017 
0 8643 
2 4181 
2 4643 
2 7466 
2 8997 
8 4522 
10 4602 
14 1446 
7 3754 
6 8678 
4 8281 
7 1747 
0 0225 
1 S557 

73 5189 

P 16 

500°K 

0 3508 
1 0410 
1 6701 
2 2381 
2 5068 
2 5139 
1 6814 
5 6563 
6 0258 
5 0401 
2 0893 
1 4267 
0 4510 
0 2231 
0 0007 
0 0034 

32 9186 

1100°K 

0 7502 
2 2430 
3 6529 
5 0025 
5 7599 
5 9404 
4 0978 
14 3057 
15 8401 
13 4300 
5 4388 
4 2398 
1 2754 
0 6467 
0 0036 
0 0128 

82 6397 

TABLE II 10 V COMPARISON OF B r a VND ADJOINT 
Pi RTURBLD-TO UNPFRTURBLD FLUX R VTIOS FOR 

NlCKl L AND SlAINLLSS S l l TI B u F F l RS 

Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Nickel 

<t>*U*„ 

0 9491 
0 9546 
0 9498 
0 9392 
0 9512 
0 9351 
0 9411 
0 9429 
0 9453 
0 9315 
0 9288 
0 S848 
0 9095 
0 8509 
0 7868 
0 8378 

*/<*>«, 

1 0769 
0 8515 
0 4526 
1 9378 
1 3632 
1 9700 
1 2450 
1 1384 
1 3053 
1 5018 
1 6321 
2 0074 
2 4753 
2 3430 
3 3787 
3 3346 

(0/<O 
1 0221 
0 8128 
0 4298 
1 8200 
1 2968 
1 8421 
1 1717 
1 0734 
1 2340 
1 3989 
1 5160 
1 7762 
2 2512 
1 9937 
2 6584 
2 7938 

Stainless Steel 

*7**. 
0 9467 
0 9453 
0 9440 
0 9426 
0 9271 
0 9275 
0 9276 
0 9275 
0 9094 
0 9312 
0 9282 
0 9014 
0 9252 
0 8810 
0 8409 
0 8650 

*/*-

0 9730 
1 0293 
0 9166 
1 0289 
1 0625 
1 3529 
0 9318 
0 96S2 
1 0466 
1 1863 
1 1672 
1 5871 
1 7631 
1 6456 
2 1381 
2 0004 

0 9211 
0 9730 
0 8652 
0 9698 
0 9850 
1 2548 
0 8644 
0 8980 
0 951S 
1 1047 
1 0834 
1 4307 
1 6311 
1 4498 
1 7980 
1 7304 

T h e icactivities computed with use of diffusion 
thcoiy fluxes mus t be concctcd foi the flux perturba
tions introduced by the Doppler diawci, which were 
obtained from Ss t i anspo i t calculations ° T h e pei -
turbed to unpci turbed flux latios with both buffeis a ie 
given in Table II-10-V, with 1100°K u i a m u m cioss 
sections used m obtaining the real flux latios (when 
500°K u iamum cross sections weic used, the icsults 
differed by less than 1 %) Foi both buffers, t he per
turbed adjoint flux is depressed in the sample and the 
pci turbed ical flux is generally laiger in the sample 
However, the mci eases in the leal flux in the sample 
are significantly gicater when the buffer is nickel 

The coirectcd Dopplei effects obtained by multi
plying the uncorrected results (Table 11-10 IV) by t h e 
product of flux latios (Table 11-10-V) a ie given in 
Table II-10-VI For the steel buffei in P 16, the flux 
pei tu iba t ion effect mci cases the Doppler effect by 
about 3 % This result is consistent with the lesults for 
ZPR-9 Assemblies 18 and 26 In Assembly 18, a small 
uiamum-fueled core, tins effect increased the Doppler 
effect by about 10%, ( 6 ) while m Assembly 26, a laige 
plutomum-fueled core, this effect 1 educed the Dopplei 
effect b y 4 % (see Papei II-8) I t appeais t h a t for 
small, concentrated coies, the scat teung ma tena l in 
the buffer mtioduces a 'flux t i a p ' effect a t low eneigies 
t ha t augments t he Dopplei w orth of the sample 

The flux pcr tu ibat ion effect for the nickel buffei 
much gieatci t han t ha t foi the steel buffer and rang* 
fiom 3 2 % foi measurements a t location P-16 to 51 % 
foi measurements a t P-10 Because the flux pei tu iba
tion effect picfcrcntially augments the Dopplei woi th 
a t low eneigies and because the spcct ium is softer 
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neai the penpheiy of the coic, the net effect is gieatei 
ncai the penpheiy than at the ccntei 

The measured computed Dopplei effects aie com
pared in Table II-10-VII To account foi the Doppler 
sample not extending through the cntne tiansveise 
height of the leactoi, the computed reactivities aie 
multiplied by the factoi 

[ (cos W 2 # ) 2ch, 
c Jo a 1 -n-a . s 

T~, 77777 = H + «smH' (3) 

whcie 2H is the cxtiapolatcd tiansveise height and 2a 
is the length of the sample, 15 24 cm In computing / 
we used 2H = 118 cm, which was the critical cx-
tiapolated height obtained from a buckling search 
with the Dopplei drawer lathci than with a coie 
diawcr in the centci matnx position To convert fiom 
reactivity to penod the factoi 1103 I h / % Ak/k was 
used This value was obtained fiom two dimensional rz 
leal and adjoint fluxes 

Fiom Table II 10-VII, we see that the agicement 
between calculation and mcasuiement vanes gieatly 
with the position of the measurement Foi the meas
urements at P 16, the calculations underpiedict the 
Dopplei effect by 8-22%, at P 12, the calculations 
oveipredict the Dopplei effect by 6-10%, at P-10, the 
calculations ovei pi edict the Doppler effect by about 
60 % It is evident that the spatial distnbution of the 
Dopplei effect is not piedicted accurately The icsults 
can be paitially explained if the calculated spectrum is 
too haid at the center and too soft at the penphery 
of the coie The results for P-16 indicate that the 
spectrum is too haid thcie because the chsciepancy 
for the measurement to 1100°K is appieciably gi eater 
than that foi the mcasuiement to 500°K Fiom Table 
II-10-III, it is seen that the Dopplei change in captuie 
cross section tends to saturate moie at high energies 
than at low eneigies The calculations indicate ex
cessive saturation in the Doppler change in cross 
sections oi that the spectium is too haid 

In location P-10, in the core adjacent to the nickel 
reflectoi, the flux spectium is changing rapidly so that 
it is not sui prising that the calculated spectrum is 
inaccurate Howevei, at this location anothei effect 
becomes important The calculation of the flux per-
tuibation effect intioduccd by the Doppler drawei 
was based on the assumption that it is suirounded by 
core However, at location P-10 there is as much nickel 
-effector in the vicinity of the sample as there is core 
md, as may be seen by comparing the icsults of the 
nickel and steel buffeis, the small-sample Doppler 
effect is strongly dependent on the immediate environ
ment of the sample Our assumption appeals to over-

Kier S5 

TABLE II-10-VI Pi RCl NTVGE INCRB iSL IN CVLCULVTI D 
D O P P L I R E F n CT IROM P L R T U H B VTION INTRODUCI D 

131 DOPPLI R DRVUER 

Location 

P 16 

P 16 

P 12 

P-10 

Buffer 

SS 

Ni 

Ni 

Ni 

l e m p , 
°K 

500 
1100 
500 

1100 
500 

1100 
500 

1100 

% Increase 

2 S 
3 2 
32 S 
33 3 
36 9 
37 9 
51 6 
51 5 

TABLE I I 10 Ml COMPARISON OI M I VSURLD \ND 
CvLCULVTl D S M VLL &AA1PLD DOPPLI R E t T L C l S 

IN -Vssi MBL1 5 1 , I h 

Loca 
tion 

P-16 

P-16 

P-12 

P-10 

Buffer 

SS 

Ni 

Ni 

Ni 

Temp, 
°K 

500 
1100 
500 

1100 
500 

1100 
500 

1100 

E \ p P 

- 0 1019 ± 0 0039 
- 0 3068 ± 0 0044 
- 0 1315 ± 0 0053 
- 0 3857 ± 0 0054 
- 0 0846 ± 0 0058 
- 0 2258 ± 0 0057 
- 0 0728 ± 0 0044 
- 0 1989 ± 0 0037 

Calc p 

- 0 0954 
- 0 2401 
- 0 1230 
- 0 3100 
- 0 0932 
- 0 2392 
- 0 1186 
- 0 3137 

C/E 

0 9362 
0 7826 
0 9354 
0 8037 
1 10 
1 06 
1 63 
1 5S 

predict the augmentation of the Dopplei woith fiom 
the flux peituibation effect in position P-10 The ovci-
prcdiction, which would be preferentiallv largci at low 
energies, coupled with a picdiction of too soft a spec
trum, could explain the large ovcipiediction of the 
Dopplei effect at location P-10 
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P l u t o n i u m - F u e l e d A s s e m b l y 7 — L M F B R D e m o n s t r a t i o n R e a c t o r 
B e n c h m a r k P r o g r a m 

C. E. TILL, L. G. LESAGE, R. A. KABAM, R. A. LEWIS, J. E. MARSHALL, 
M. SALVATORES* and B. A. ZOLOTAR 

INTRODUCTION 

The purpose of this paper is to specify in final form 
the characteristics of the two large uniform fast critical 
assemblies, ZPR-6 Assemblies 6A and 7, in a form 
suitable for data testing. 

These two assemblies were designed to be as identical 
as possible, the only significant difference being the fuel 
isotope—236U in Assembly 6A and plutonium in As
sembly 7. They are large, single-zone assemblies with 
few complications. The unit-cell is particularly simple 
and symmetric. The core geometry has an L/D in the 
neighborhood of unity, and the blankets are uniform 
depleted uranium. The core compositions simulate a 
typical LMFBR. The fuel is oxide. The fuel volume 
fraction in either assembly is about 33 %, based on 
85% theoretical density (TD) oxide (/> = 9.32 g/cc). 
The sodium volume fraction, based on hot sodium at 
0.84 g/cc, is 42 % in either assembly. The steel volume 
fractions are 20 %. The overall properties of the assem
blies are summarized in Table II- l l - I . 

These two assemblies give two integral data points 
toward the end of the scale of assembly compositions 
with soft spectra and characteristics typical of current 
LMFBR design. They should give diagnostic informa
tion on the suitability of ENDF/B cross section data 
for fast reactor design that is unparalleled by other 
assemblies currently available. 

The reader should also be aware that the two assem
blies, ZPR-6 Assemblies 6A and 7, in this paper repre
sent one part of an overall program based on these 
same basic compositions. They are part of the Demon
stration Reactor Benchmark Program.1 ZPPR Assem
bly 2 studies the effects of two-core zones of a more 
realistic LMFBR height and an oxide blanket. The 
inner core zone of Assembly 2 is the same composition 
as Assembly 7, and the outer core zone has similar 
volume fractions but a 50% increase in plutonium 
content. ZPPR Assembly 3 is planned to be of the 
same compositions, but to concentrate on the effects of 
control rod patterns and compositions. The ZPR in
ventory of oxide pins and sodium-containing calandria 
were also specified to be identical with the compositions 

* Comitato Nazionale per L'Energia Nucleare, Casaccia, 
Italy. 

and volume fractions of Assemblies 6A and 7. Thus 
the main studies of the effects of plate-pin translations 
and the Variable Temperature Rodded Zone Program 
planned for ZPR-6 are based on the same compositions. 
Finally, the inventory of plutonium fuel of high 240Pu 
content was also specified to hold the fertile-to-fissile 
ratio constant as plates of high 240Pu fuel are substi
tuted for those of normal ZPR plutonium composition. 
Thus the various complications due to geometry, both 
of the unit-cell and of the reactor itself, the effects of 
plutonium fuel of realistic higher isotopic content, 
and the effects of temperature on the reactor properties 
will all be studied as part of this program. This paper, 
however, concentrates on the simplest first stage: the 
properties of a simple critical assembly of one core 
composition and the change in its properties with a 
change in the main fuel isotope from 236U to plutonium. 

Most of the results from Assemblies 6A and 7 have 
been reported previously.2,3 In some cases small dis
crepancies exist between this paper previously re
ported values. In all cases of disagreement, the values 
reported in this paper supersede any previously re
ported values. 

ASSEMBLY CRITICAL MASSES AND DIMENSIONS 

The plate unit-cell for both assemblies is shown in 
Fig. I I - l l - l . The unit-cell is a single drawer with a y± 
in. thick fuel element at the center of the drawer and a 
symmetric succession of y$ m - Fe203, M m - sodium, 
and }/i in. U308 plates on each side of the fuel plate. 
For Assembly 7, the yi in. fuel plate is simply the 
normal ZPR plate-type plutonium fuel, an alloy of 
69.5 w/o uranium, 28 w/o plutonium, and 2.5 w/o 
molybdenum, clad in stainless steel. For Assembly 6A, 
the yi in. fuel section is made up of y{§ in. enriched 
uranium, y$ in. depleted uranium, and 34 6 m - stainless 
steel plates. 

There may be some confusion in the mind of the 
reader as to the relationship of Assembly 6A to Assem
bly 6. The results of Assembly 6 are reported in Ref. 4 
Assembly 6 was an earlier version of Assembly 6A 
constructed when the inventory of 235U fuel was in 
sufficient to construct a full-scale uniform composition 
core. Some zoning was therefore done to allow the 
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TABLE I I - l l - I . APPROXIMATE COMPARISON OF OVERALL 
P R O P E R T I E S OF ASSEMBLIES 6A AND 7 

Fissile element type 
Fuel type 
Core type 
Fuel volume fraction 
Sodium volume fraction 
Steel volume fraction 
Void volume fraction 
Fertile-to-fissile atom ratio 
Blanket 
LID 
Volume, l i ters 

Assembly 6A 

23 5TJ 

Oxide 
Single zone 
0.33 
0 42 
0.20 
0 05 
5 05 
Depleted U 
0.84 
4000 

Assembly 7 

Pu 
Oxide 
Single zone 
0.33 
0.42 
0.20 
0 05 
6 45 
Depleted U 
0 95 
3100 

assembly to reach criticality. For Assembly 6A, more 
fuel was available and although some compromises. 
from a strictly uniform core were necessary even in 
Assembly 6A construction, they were considerably 
fewer than in Assembly 6. Assembly 6A was therefore 
designed to be the reference benchmark assembly for 
this composition, and where a small nonuniformity in 
the loading existed near the edge of the core of Assem
bly 6A, measurements were made specifically to ex
perimentally adjust the core to its completely uniform 
equivalent. 

We now describe in detail the geometry and loading 
of the as-built reference cores, then list and describe 
the various corrections made to the latter to translate 
to a uniform twro-dimensional cylindrical core with 
zero-excess reactivity. This will then serve as the model 
for definition of a uniform spherical model for data 
testing, which will be described in a later section. 

THE AS-BUILT REFERENCE ASSEMBLIES 

Figures II-11-2 and II-11-3 give the exact as-built 
geometries for the two assemblies. I t is stressed that 
the dimensions on these figures are those for the as-
built system and must not be confused with the di
mensions for the final two-dimensional cylindrical 
model. The latter includes a number of corrections 
which will be described below. The as-built figures 
are shown so that the reader may note the degree of 
correspondence between the configuration actually 
built and the two-dimensional model defined for 
calculation. The fissile loadings for the as-built refer
ence cores are given in line 1 of Table II- l l - I I . 

THE REACTIVITY CORRECTIONS 

Excess Reactivity 
l ie as-built cores contain a certain amount of 

excess reactivity built in for operational purposes. 
Line 2a of Table I I - l l - I I lists the values for each 

assembly, corrected to an average core temperature 
of 20°C. 

Edge Smoothing Correction 

Line 2b of Table I I - l l - I I gives the correction made 
to convert the irregular radial boundaries of the assem
blies as shown in Figs. II-ll-2a and II-ll-2b to an 
equivalent area cylindrical system. The correction 
was calculated by summing the (mass) X (reactivity 
gradient) X (difference in radius) for each small 
triangular section inside or outside the equivalent-area 
C3dindrical boundary. This is a relatively small cor
rection in these assemblies because of their large size. 
The calculated gradient of the worth of the core ma
terial at the core-blanket radial interface, normalized 
to the measured edge drawer worth, was used for the 
value of the reactivity gradient. The difference in 
radius values were obtained by graphical integration. 

Interface Gap Correction 

In the past a correction has sometimes been listed 
for the effect of a possible interface void gap between 
the two halves of the ZPR machines. We specifically 
have taken this correction to be zero for these assem-
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blies. The gap worth is known only to be small. The 
precise value of the gap at the time of the reference 
measurement is not known, and in an}' case is very 
difficult to determine. Experience with the assemblies, 
however, indicate that the gap values range from 010 

mils, typically, with measured gap worths in the range 
of 0.8 Ih/mil. The correction has therefore been as

signed the value of zero, with a possible error of a few 
inhours associated with this. 

Uniform Core Correction 
As shown in Fig. IIll2a, the asbuilt reference 

version of Assembly 6A included an outer core region 
that was fueled with % in. thick ZPR enriched uranium 
plates rather than the Yi(> m  thick plates used for 
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the bulk of the loading (which has the unit-cell shown 
in Fig. I I - l l - l ) . The fissile density per drawrer was 
preserved by halving the number of plates used per 
drawer; however, the reactivity worth of a drawer 
containing the }£ in. thick plates was slightly greater 
than that of the ^f 6 m - plate drawers because of the 
somewhat different degree of heterogeneity. The actual 
drawer loadings and the measurements that were made 
to correct the actual core loading to an equivalent 
all-J-fe in. type drawer loading are discussed in Ref. 3. 
In brief, however, the technique used was to measure 
in several steps the reactivity associated with replac
ing the Y% in. fuel drawers with 3^6 m - i u e l drawers in a 
quadrant of the core. The results were then extrapo
lated the further 270° to give the full-core value. This 
value is listed as the uniform core reactivity correction 
in line 2d of Table II- l l - I I . I t is simply the reactivity 
change caused by the substitution of one type of fuel 
for the other over the entire outer region, and its value 
is 86.9 Ih. However, in addition to the reactivity change 
that results from replacing }i in. fuel drawers with 
y{6 in. fuel drawers, a small change in the actual 
critical mass present also takes place because the 
fissile weights in the two drawer types are not exactly 
the same. This change in critical mass is listed in line 
3a of Table I I - l l - I I . I t must also be included in the 
correction. 

THE CORRECTED ZERO-EXCESS REACTIVITY CRITICAL MASS 
FOR UNIFORMLY LOADED ASSEMBLIES AT 20°C 

The sum of the reactivity corrections is listed in 
line 2e of Table II- l l - I I . These values are converted to 
fissile masses using measured edge drawer worths. The 
value in Assembly 6A is 2.3 Ih/kg of 235U and in 
Assembly 7 is 10.4 Ih/kg of fissile material. The 
result is shown in line 3b. 

The region at the center of each assembly designated 
as the "exact core region" in Figs. II-11-2 and II-11-3 
is simply a region in which the material concentrations 
are more accurately known than in the rest of the core. 
The nominal loading of the drawers in this region is 
exactly the same as that for the drawers in the rest of 
the core. However, in the "exact core region" the 
exact weight of each individual piece of fuel or diluent 
loaded into the region was recorded and, in some cases, 
pieces with weights slightly above or below the average 
piece weight for the group of materials were selectively 
loaded into these drawers. The purpose was to con
struct a plate region with very well-known concentra
tions corresponding to the concentrations given by the 
pin-calandria combination to be used in later experi
ments. As will be noted in the next section, some minor 
concentration differences exist between the exact re
gion and the rest of the core. The differences are 

TABLE I I - l l - I I . CRITICAL M A S S E S FOR ZPR-6 
ASSEMBLIES 6A AND 7 

1. Fissile loading of as-built refer
ence coie" 

23 5TJ 
2 3 9 p u + 2 4 i p u 

2. React ivi ty coriections1 ' 
a. Excess reactivity of as-built 

reference core 
b . Edge smoothing correction 
c. Inteiface gap correction 
d. Umfoim core correction 

e. Net reactivi ty connection 

3. Fissile mass adjustments between 
as-built reference core and zero-
excess reactivity umfoim core due 
t o . 
a. Loading from as-built reference 

core to uniform core 
235TJ 

b Net reactivi ty coriection0 

235TJ 
2 3 9 p u _|_ 2 4 i p u 

4. Corrected zero-excess leact ivi ty 
critical mass for uniformly loaded 
core at 20°C 

23 5TJ 
2 3 9 p u _|_ 2 4 i p u 

Total fissiled 

Assembly 

6A 

1784.4 kg 
0 

- 7 5 . 1 I h 

- 3 3 I h 
0 

+ 8 6 . 9 I h 

+ 8 . 5 Ih 

+ 5 . 4 kg 

+ 3 . 7 kg 
0 

1793.5 kg 
0 

1793.5 kg 

7 

15 3 kg 
1118.1 kg 

- 9 6 . 2 Ih 

- 1 5 2 I h 
0 
0 

- 1 1 1 4 Ih 

0 

- 0 . 1 k g 

- 1 0 6 kg 

15 2 kg 
1107 5 kg 
1122.7 kg 

° The as-built leference cores are shown in Figs. II-11-2 
and II-11-3 

b 1% Sk/k = 458 Ih for Assembly 6A, 1% Sk/k = 1034 Ih 
for Assembly 7. 

0 Values based on edge drawer worth in Assembly 6A of 2.3 
I h / k g 235U and in Assembly 7 of 10 4 I h / k g fissile 

d The total uncei ta inty in this mass is est imated to be ± 1 0 
kg or less. 

generally due simply to a more exact knowledge of the 
weights in this region and they should have no sig
nificant effect on the analysis of the assemblies. 

The dimensions of both the as-built cores correspond
ing to Figs. H-ll-2 and II-11-3, and finally, the zero-
excess reactivity, uniformly loaded cylindrical versions 
of ZPR-6 Assembly 6A and 7 are given in Table 
II-11-III. 

SPECIFICATION OF THE HOMOGENEOUS 
ATOM DENSITIES 

We have made a particular effort in this document to 
carefully define the actual compositions of the two 
assemblies and the precisions to which the compositions 
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TABLE II-11-III . DIMENSION FOR " A S - B U I L T " C O R E S AND 
THE Z E R O - E X C E S S REACTIVITY, UNIFORMLY LOADED, 

CYLINDRICAL V E R S I O N S OF ZPR-6 
ASSEMBLIES 6A AND 7 

Outer core radius, cm 
Radius of K 6 in- fuel 

p la te region (6A 
only), cm 

"Exac t C o r e " region 
radius , cm 

Core height, cm 
Radial blanket thick

ness, cm 
Axial blanket thick

ness, cm 
Core volume, l i ters 

Asse 

6A 

As-Built 
75.1 Ih 
E.xcess 
Core) 

91.24 
77.86 

24.34 

152.56 
28.71 

34.22 

3990 

Zero-
Excess 
Core 

(Refer
ence 

Uniform 
Core) 

91.34 
— 

24.34 

152.56 
28.61 

34.22 

3999 

mbly 

7 

As-Built 
96.2 Ih 
Excess 
Core 

80.68 
— 

24.34 

152.56 
33.16 

34.27 

3120 

Zero-
Excess 
Core 

(Refer
ence 

Uniform 
Core) 

80.30 
— 

24.34 

152.56 
33.54 

34.27 

3090 

are known. An effort was also made to assure that the 
data for both assemblies were treated in exactly the 
same manner. 

The steps taken were the following: For both assem
blies, the reference critical loadings—Loading 6 for 
Assembly 6A and Loading 12 for Assembly 7—were 
inventoried. The number of each type of fuel and 
diluent plate in each assembly was listed. (Table 
II- l l-XV summarizes this information.) The mean 
weight and compositions of each piece type was then 
established (Tables II-11-XVI and II-11-XVII) and 
the sources from which the knowledge of this physical, 
chemical, and isotopic data were drawn were evaluated 
(Table II-11-XVIII). This inventory information is 
given in detail below, Inventory and Composition of 
Materials of Assemblies 6A and 7. 

The weight of each isotope in each region was estab
lished in this way. Then from a know-ledge of the 
number of matrix positions occupied by the core and 
the blanket, and definition of the (matrix position) 
unit-cell volume, the densities of each isotope in each 
region were defined. The unit-cell volumes were de
fined from the following considerations. 

For both assemblies, the stainless steel drawers in 
which the core materials were loaded wrere 33.442 in. 
in inside length, with a 0.032 in. wall thickness. The 
core material extended 30.000 in. from the inside 
front face of the front drawer. The core half-height for 
both assemblies was therefore 30.032 in. 

For the axial blanket in both assemblies, depleted 
uranium plates and blocks extended from 30.000 in. 
to 33.000 in. in the drawer. The remaining 0.442 in. 
was occupied by a light stainless steel spring, which in 
effect creates a small void region. A further 10.000 in. 
of depleted uranium block followed this, to complete 
the axial blanket. In Assembly 7, this was contained 
in a 12.000 in. inside length, 0.020 in. thick wall stain
less steel back drawer, while in Assembly 6A the 
material was placed directly in the matrix tube with
out the back drawer. 

For both assemblies, the radial blankets w-ere con
structed by placing depleted uranium blocks directly 
in the matrix tubes without drawers. Thus the follow
ing axial region heights were defined: 

1. Core half-height (both 
assemblies) 

2. Axial blanket for As
sembly 6A 

Fron t drawer loading 
Spring gap 
Back drawer loading 

3. Axial blanket for As
sembly 7 

Fron t drawer loading 
Spring gap 

30.032 in. (0.032 + 30.000 in.) 

13.374 in. (3.442 + 0.032 + 
10.000 in.) 

3.000 in. 
0.474 in. (0.442 + 0.032 in.) 

10.000 in. 

13.394 in. (3.442 + 0.032 + 
0.020 + 10.000 in.) 

3.000 in. 
0.494 in. (0.442 + 0.032 + 

0.020 in.) 
10.000 in. Back drawer loading 

4. Radial blanket half- 42.000 in. 
height (both assemblies) 

Consequently, the core and blanket unit-cell volumes 
are: 
1. Core (both assemblies) 

2. Axial blanket (Assem
bly 6A) 

3. Axial blanket (Assem
bly 7) 

4. Radial blanket (both 
assemblies) 

(30.032) (2.175)2 

= 142.07 in.3 or 2329.1 cm3 

(13.374) (2.175)2 

= 63.267 in.3 or 1036.8 cm3 

(13.394)(2.175)2 

=- 63.362 in.3 or 1038.3 cm3 

(42.000)(2.175)2 

= 198.69 in.3 or 3255.9 cm3 

For each region the density of each element of iso
tope is simply: 

Isotope wt., g 
X 

Avagadro No. 
Region volume, cm3 Isotopic atomic weight 

Atomic weights are normalized to 12C as indicated on 
the 1969 AEC nuclides chart (Battelle) and the physi
cal 12C scale consistent value for Avagadros No. of 
6.023 X 1023 atoms/mole. 

Table II-l l-IV lists the results. The mean atom 
densities are given for each region for both assemblies. 
Consistency checks were made to assure that the listed 
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TABLE I I  l l  I V . M E A N ATOM D E N S I T I E S FOR THE Z E R O  E X C E S S , UNIFORM CYLINDRICAL M O D E L OF 
ASSEMBLIES 6A AND 7, 1021 atoms/cc 

Outer radius, cm 
2 3 8 p u 

2 3 9 p u 

2 4 0 p u 

2 4 i p u n 
2 4 2 P u 

234TJ 
23 5U 
236JJ 
238TJ 
M1Am» 
Mo 
Na 
0" 
Fe d 

Ni 
Cr 
Mn 

Assembly 6A 

Exact Core 

24.34 

0.011 
1.153 
0.0056 
5.801 

0.011 
9.2904 

13.90 
13.42 

1.291 
2.842 
0.221 

Outer Core 

91.34 

0.011 
1.149 
0.0056 
5.784 

0.011 
9.202 

14.74 
13.99 

1.264 
2.841 
0.222 

Axial 
Blanket 

0.00040 
0.0836 
0.0020 

38.65 

0.0040b 

0 026b 

4.931 
0.5977 
1.378 
0.107 

Radial 
Blanket 

119.95 

0.00040 
0.0866 
0.0020 

40.06 

0.0034b 

0.022b 

4.197 
0.5082 
1.172 
0.0897 

Assembly 7 

Exact Core 

24.34 
0.00033 
0.8867 
0.1177 
0.0133 
0.00141 
0.00006 
0.0126 
0.00030 
5.777 
0.0030 
0.2357 
9.2904 

13.98 
12.97 

1.240 
2.709 
0.212 

Outer Core 

80.30 
0.00049 
0.8879 
0.1178 
0.0152 
0.00177 
0.00006 
0.0126 
0.00030 
5.802 
0.0028 
0.2382 
9.132 

14.82 
13.53 
1.212 
2.697 
0 213 

Axial 
Blanket 

■• 0.00040 
0.0834 
0.0020 

38.59 

0.0046b 

0.030b 

5.652 
0.6910 
1.579 
0.123 

Radial 
Blanket 

113.84 

0.00040 
0.0866 
0.0020 

40.06 

0 0034b 

0.021" 
4.197 
0.5082 
1.17 
0.0897 

a 241Pu decay to !4lAra corrected to 9/15/71. 
b Arising from SS304 impurit ies. 
c Includes ~ 0 . 0 0 5 % due to SS304 and P u / U / M o fuel impurit ies. 
d Includes ~ 0 0088% due to heavy (atomic wt. > Si) SS304 impurities and P u / U / M o fuel impurit ies. 
Note : The number of digits in each density is a measure of the compositional precision. Nominally, the r ightmost digit bounds 

the density according to a 2cr or 9 3 % confidence in terval . 

atom densities were consistent with both the dimensions 
of Table II11III and the masses, for example, of 
Table II l l  I I . 

The precision to which the atom densities can be 
defined is generally controlled by the precision to 
which the total region weight of any particular isotope 
is known. Since the total region weights are made up 
of a very large number of pieces, they are in general 
reasonably wellknown. For most of the materials, 
simple statistical considerations indicate that the total 
weights may be known to precisions approaching five 
digits. The atomic weights used were uniformly taken 
to five significant digits; e.g., 235U at 235.04. The intent 
of the tabulation in Table II l lIV is that the atom 
densities can probably be taken as being precise to 
the number of digits shown. 

DEFINITION OF THE ONEDIMENSIONAL 
SPHERICAL MODEL 

For both assemblies spherical models were defined by 
; defining a twodimensional finite cylindrical model 
each assembly and then defining the onedimen

sional spherical model as a sphere having the same 
ke/f as the twodimensional cylinder. 

T H E TWODIMENSIONAL F I N I T E CYLINDRICAL MODEL 

The dimensions of the twodimensional model were 
simply those of the zeroexcess Reference Uniform 
Core, as listed in Table II11III. One simplification 
was made. The radial blanket height was denned to be 
221.0 cm, the same as core plus axial blanket heights. 
The atom densities were those given in Table IIllIV. 

In the calculational model, each axial and radial 
region was given the dimensions shown in Table 1111

III, with the single exception noted above. Some 
simplification was also made in the isotopic composi

tions by combining some of the minor constituents 
shown in Table IIllIV. For both cases, 234TJ and 
236U were included in the 238U concentration. In Assem

bly 6A, molybdenum was included in the iron. In 
Assembly 7, 238Pu and 242Pu were included in the 240Pu 
concentration and 24IAm was included in the 238U 
concentration. 

Twodimensional (r,z) diffusion theory calculations 
were made for both assemblies to serve as the two

dimensional model. The cross sections used in the 
calculation were homogeneousoption MC2generated 
using ENDF/B VERSION I data. The cross section 
generation method is described in somewhat more 
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TABLE I I - l l -V . SPHERIC \ L M O D E L S OF ASSEMBLIES 6A AND 7 M E A N ATOM D E N S I T I E S , 1021 a toms/cc 

Assembly 

6A 

7 

Region 

Core 
Blanket 

Core 
Blanket 

2 3 9 P u 

— 

0.88672 

240p u 

— 

0.11944 

2 4 i p u 

— 

0.0133 

235TJ 

1.153 
0 0855 

0.01259 
0 0856 

-u 
5 8176 

39.5508 

5.78036 
39.6179 

Mo 

— 

0.2357 
0 0038 

Na 

9.2904 

9 2904 

O 

13.90 
0 023 

13 98 
0.024 

Fe 

13 431 
4.4669 

12 97 
4.637 

Ni 

1.291 
0 5407 

1.240 
0 5635 

Cr 

2.842 
1 247 

2 709 
1.295 

Mn 

0.221 
0 0960 

0 212 
0 0998 

TABLE I I - l l - V I . S P H E R I C \ L M O D E L S OF ASSEMBLIES 6A 
AND 7 CRITICAL DIMENSIONS 

Core radius, cm 
Blanket thickness, cm 

Assembly 6A 

95 67 
30 65 

Assembly 7 

88 16 
33.81 

detail in the next section. The diffusion theory code 
used was DIF-2D in the ARC system. 

SPECIFICATION 
MODEL 

OF THE ONE-DIMENSIONAL SPHERICAL 

The homogeneous spherical models were defined by 
first determining a blanket thickness, and then search
ing for a core radius giving a spherical reactor with the 
same ke/f as the homogeneous two-dimensional cylinder. 

The blanket dimensions and compositions were de
fined as the weighted average of the axial and radial 
blanket dimensions and compositions as given in 
Tables II-11-III and II-ll-IV. The weighting was 
done on the basis of the relative leakages into the 
axial and radial blankets (as given by the two-dimen
sional calculations). 

The spherical model core compositions were defined 
to be those of the "exact core" composition of the 
two-dimensional model. I t is these compositions that 
are most accurately known and it was also these com
positions that made up the environment in which the 
central measurements such as central reactivities and 
reaction rates, which form a part of the benchmark 
comparisons, were made. 

The resulting spherical models are defined by Tables 
II- l l-V and II-ll-VI. The atom densities arc given in 
Table II-l l-V and the dimensions are given in Table 
II-l l-VI. These arc the compositions and dimensions 
that should be used for benchmark comparisons. 

EVALUATION OF HETEROGENEITY CORRECTIONS 

THE BASE HOMOGENEOUS CALCULATION 

The homogeneous composition cross sections used 
in the previous section were defined on the following 
basis. A broad group structure using 27 groups was 
selected, consisting of 21 groups with a lethargy width 

of 0.50, followed by 4 groups of 1.0, 1 group of 2.0> 
and finally a thermal group. The broad group cross 
sections were generated for the homogeneous composi
tions of the "exact core" regions of Table II-ll-V. 
The MC2 code was used with the following options: 
(a) 30 ultra-fine groups per fine group of lethargy 
width 0.25; (b) consistent Pi approximation with 
isotopic scattering; (c) 4>(E) = constant for a fine-
group weighting. 

THE HETEROGENEITY CALCULATION 
First, in-plate capture and fission resonance cross 

sections for each absorber plate were obtained from 
equivalence theory5 and the two-sided E% formulation 
of Mcneghctti6 for the Dancoff effect. Heterogeneous 
unit-cell cross sections were then calculated using 
broad group flux shapes determined by the integral 
transport code CALHET.7 This averaging procedure 
amounts to preserving the reaction rates in the ho-
mogenization process. 

In the reduction of the actual unit-cell to the slab 
geometry unit-cell calculational model, the following 
approximations were made. Horizontal stainless steel 
of the matrix and drawer was smeared homogeneously 
through the cell. The voids between the drawers, 
plates and matrix tubes were accounted for by reducing 
the plate densities appropriately while preserving the 
overall dimensions. 

THE HETEROGENEITY RESULTS FOR ASSEMBLIES 6 A 
AND 7 

Table II-11-VII lists the heterogeneity results. The 
homogeneous kc/f given by the two-dimensional, and 
by definition, the one-dimensional calculation, is given 
in line 1. These correspond to a physical model that 
has the core materials simply ground-up into a homo
geneous mixture. 

Line 2 of Table II-11-VII gives the effects on reac
tivity of the inclusion of resonance self-shielding ap
propriate to the plate configurations. Separate cr1"" 
lations were made to display the individual effeel 
heterogeneous resonance self-shielding on each of . , ^ 
main heavy isotopes. I t will be noted that the effects 
are not large, and arc to some degree self-cancelling. 
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Line 3 of Table II-11-VII gives the effect on reac
tivity of the spatial fine-structure of the flux. I t will be 
noted that in bath assemblies the sclf-multiplication 
effects in the fuel tend to dominate, with the larger 
effect in Assembly 7 where the higher fission-energy 
fission cross sections and v of plutonium lead to greater 
sclf-multiplication in the- fissile plate. 

Line 4 gives the lolal reactivity effect due to unit-cell 
heterogeneity. The effects are not greatly different in 
the two assemblies—both are of the order of 1 % in k, 
with the slightly larger effect in the plutonium-fueled 
Assembly 7. 

Finally, the kef; values calculated for the hetero
geneous compositions arc given in line 5 of Table 
II-11-VII. Line 5a gives the result for the one-dimen
sional spherical model using the heterogeneous cross 
sections. All the intermediate Akeff numbers shown 
were calculated using the one-dimensional model as 
well, and in each case the difference was taken be
tween the one-dimensional keff calculation with the 
homogeneous cross sections and a one-dimensional 
kefj calculation with the set of heterogeneous cross 
sections appropriate to the effect under investigation. 
Line 5b represents an interesting cross-check. The two-
dimensional calculations were rerun using the hetero
geneous cross sections and the listed value of keff was 
obtained. As will be noted, no significant difference is 
found. This indicates that the use of the homogeneous 
one-dimensional spherical calculations with the cor
rection to keff for heterogeneity simply added to the 
homogeneous keff is a perfectly satisfactory approxi
mation for assemblies of this size. While the precise 
magnitude of the heterogeneity correction will change 
as cross section sets and methods change, the generality 
of the foregomg statement should hold for these as
semblies. Thus in reestablishing a heterogeneity cor
rection, even to higher precision, at some later date it 
should only be necessary to carry out the one-dimen
sional computation. 

T H E UNIT-CELL REACTION RATES 

Detailed unit-cell measurements of the capture and 
fission in 238U and fission in 235U and 239Pu (Assembly 7 
only) were made in these assemblies. Activation foils 
of 238U, 236U, and 239Pu were used to measure the rates 
within the fuel and UjOs plates, such that the actual 
cell-average values of the reaction rates could be ob
tained. To be clear, these unit-cell reaction rate values 
correspond to the reactions actually taking place in the 
unit-cell in the assembly, and not, for example, to a 
cell average defined as the value of the flux at every 
point in the cell multiplied by the cross section of the 
foil material in question. Some authors have referred 
to the latter as the unit-cell reaction rate. As we will 

TABLE I I - l l - V I I . H E T E R O G E N E I T Y E F F E C T S 

1 Homogeneous kCft"'h 

2. Ake// due to heterogeneous resonance 
self-shielding" 

a 23SU 
b 235U 
c Pu + Mo 

3. Akeff due to spatial heterogeneity" 
4. Akeff due to the total heterogeneity 

effect" 
5 Heterogeneous keff 

a ID diffusion theoiy 
b 2D diffusion theoiy 

Assembly 
6A 

0 9819 

0 0061 
- 0 0013 

0 0047 
0 0095 

0.99139 
0.9914 

Assembly 
7 

0 9615 

0.0053 

- 0 0029 
0 0111 
0.0135 

0 97499 
0 9750 

" One-dimensional diffusion theory. 
b Two-dimensional diffusion theoiy. 

use the term here, we mean it to refer to the flux and 
volume weighted reaction rates as they actually take 
place in the unit-cell. That is, the per atom unit-cell 
reaction rate ratios convert to the actual ratios of the 
number of reactions taking place in the cell simply 
through the multiplication of the former ratios by the 
relevant atom density ratios. 

Such measurements were done on both Assemblies 
6A and 7. At this point in time only the measurements 
on Assembly 7 have been reduced. On Asscmbty 7, 
however, measurements were also made of the reaction 
rates in pin-geometry. (This is possible using the 
ZPR inventory of pins of this composition and sodium-
filled calandria.) These measurements have also been 
reduced and both the pin and the plate measurements 
will be listed here. 

To relate the plate- and pin-geometry measurements 
on Assembly 7 to the values for a truly homogeneous 
composition, unit-cell calculations of the reaction 
rates were carried out for the three unit-cell geometries. 
Calculations were also made for the unit-cell of As
sembly 6A so that the 6A reaction rates could be linked 
to the Assembly 7 measurements as a temporary 
expedient at this point hi time before the 6A experi
ment reaction rate results are available. 

THE UNIT-CELL REACTION RATE MEASUREMENTS IN 
ASSEMBLY 7 

The details of the techniques used for counting the 
activated foils and reducing the data to absolute reac
tion rates are identical with those used in Ref. S. The 
absolute calibrations were effected three separate and 
independent ways: (1) by absolute fission chambers 
with identical foils on their faces to those used in the 
unit-cell measurements, with the fission chambers 
placed in the reactor at the same spectral position; 
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TABLE II11VIII . COMPARISON OF U N I T  C E L L B E V C T I O N  B A T B S , M E A S U R E D AND CALCULATED 

2SC/49/ 
28f/iSf 

Calculated UnitCell 

Homogeneous 

0 1666 
0.02343 
1 141 

Pin Geometry 

Normal 
UnitCell 

0.1642 
0 02357 
1.145 

Experiment 
UnitCell 

0 1642 
0.02342 
1.146 

Plate Geometry 

Normal 
UnitCell 

0.1636 
0 02383 
1.159 

Experiment 
UnitCell 

0 1641 
0 02305 
1.145 

Measured UnitCell 
(!«■ = 2 % ) 

Pin Geometry 

Experiment 
UnitCell 

0.1433 
0.02470 
1.054 

Plate Geometry 

Experiment 
UnitCell 

0.1430 
0.02338 
1.065 

(2) by thermal irradiation of identical foils in the 
ATSR thermal column; and (3) by absolute radio

chemical analysis of some of the foils that were actually 
used in the unitcell measurement. The degree of 
agreement between the various calibration methods 
lends unusually high confidence to the measured 
results. 

The pingeometry measurements arc reported in 
Paper 1125. More detail on the reaction rate measure

ment methods is also to be found in this memo. 
Five different unitcell geometry calculations were 

made for Assembly 7. The results of the calculations 
and the measurements are shown in Table II11VIII. 
The homogeneous ratios arc simply those from the 
calculations of the onedimensional spherical model. 
The pingeometry calculations w ere appropriate to the 
unitcell of the pincalandria combination. The column 
denoted "Normal UnitCell" refers to the values for a 
large array of such cells. The "Experiment UnitCell" 
column gives the values for the actual experimental 
geometry in which the array was a 5 x 5 square, 25

matrix position zone at the center of Assembly 7, and 
the small flux perturbation introduced by the change 
in the unitcell geometry had not quite died out at the 
center of the pingeometry zone. 

For the plategeometry unitcell the column entitled 
"Normal UnitCell" was simply that of Fig. I I  l l  l . 
The "Experiment UnitCell" was the analytical repre

sentation of the actual unitcell in which the foil 
measurements were made. This differs somewhat from 
the normal unitcell loading of Fig. I I  l l  l in that 
two "halfthickness" PuUMo fuel plates were used 
instead of the normal 34 in. thick plate. This was to 
allow foils to be placed at the center of the fuel column 
to enable an integration to be made of the reaction 
rates through the fuel plate. Each of the halfthickness 
plates had 0.015 in. stainless steel cladding and a 
0.095 in. core thickness. The effect of this substitution 
for the normal fuel plate was to reduce the amount of 
fuel present in the unitcell in which the foils were 
placed. The actual experimental loading, therefore, 

had approximately 33% less PuMo, 15% less 238U, 
and 7.5 % more stainless steel than the reference unit

cell. The calculated effects of these differences are 
shown in comparison of the two columns under the 
plategeometry heading of Table II11VIII. 

The cross sections used for the calculations w ere the 
following: For the homogeneous case, as previously 
stated, the cross sections are simply those of Section 4; 
for the "normal unitcell" in the plate geometry case 
the cross sections used were simply those of Section 5; 
for the "experiment unitcell" in the plategeometry 
case special cross sections were generated with the 
appropriate resonance selfshielding for 238U and 239Pu; 
for the pingeometry unitcell, both "normal" and 
"expernncnt", the cross sections were generated for 
the appropriate cylindrical geometry; for all the pin 
and plate cases, once the resonance corrections were 
made the CALHET code was used to reaverage over 
the flux fine structure. The effect of this, as previously 
stated, is to preserve the reaction rate in the homogeni

zation process. The pingeometry "experiment unit

cell", refers to a calculation made with the 5 x 5 unit

cell region imbedded in Assembly 7. 
It can be seen that the general conclusion, perhaps 

somewhat surprisingly, is that the effects of hetero

geneity in these assemblies are small. 

THE HOMOGENEOUS UNITCELL REACTION RATES FOR 
ASSEMBLY 7 

The information from Table II11VIII was used to 
extrapolate both the pin and plategeometry measured 
results to homogeneous values. The average of the two 
extrapolations was taken for each ratio and this number 
is given in Table IIllLX as the measured homogeneous 
unitcell reaction rate. These are the numbers that 
should be used as the benchmark homogeneous reaction 
rates. 

For orientation to ENDF/B VERSION I the calcu

lated values using this set of cross sections are also 
shown in Table IIllLX and the ratio of calculation 
to experiment is shown as well. 
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REACTION RATES IN ASSEMBLY 6 A 

Because the Assembly 6A measurements have not 
yet been reduced, a calculated comparison of the unit-
cell reaction rates for both assemblies is given in 
Table II- l l -X. 

This table will allow an estimation of the degree of 
error in these assemblies introduced by the homogene
ous approximation normally used in benchmark calcu
lations. As will be noted, the effects are small. Further, 
by linking through the experimental results for As
sembly 7 given in Tables II-11-VIII and II-ll-LX, 
the probable experimental results for Assembly 6A 
may also be estimated. 

CENTRAL REACTIVITY WORTHS AND 
NORMALIZATION INTEGRALS 

REACTIVITY WORTHS 

Two conceptually different types of central reac
tivity worth measurements were made in both Assem
blies 6A and 7. The first type was made in a small 
central cavity; the second type comprised measure
ments made on plates of the core constituents in the 
actual plate geometry of the unit-cell. The first type is 
the most common type of central reactivity worth 
measurement, while the second type is more amenable 
to a precise analytical description of the experimental 
geometry. 

The central cavity worth measurements were made 
using different sample changing equipment in the two 
assemblies. For Asscmbty 6A, an axial sample changer 
was used9 while in Assembly 7 a radial access sample 
changer was used.10 For both, however, the cavity in 
which the samples were placed was about 1 in. wide 
by 2 in. high. For the axial changer the other dimension 
is also 2 in., while in the radial sample changer the 
cavity extends horizontally to the edge of the assembly. 
Previous experience has always indicated that no 
difference in the experimental results is to be expected 
because of the presence of this potential streaming 
path when the measurements are made at the center 
of the assembly, as these measurements were. 

The experimental results for both assemblies arc 
given in Table II- l l -XI. Correction factors to account 
for self-shielding in the finite size samples are listed 
for certain key isotopes. These correction factors were 
based on calculation, but where possible, they were 
also experimental^' verified. For many isotopes no 
correction factor is listed. This simply means that no 
evaluation of the correction factor has been made, and 
docs not indicate that the correction factor should be 
taken as unity. 

A few calculated worths arc also given in Table 

TABLE I I - l l -LX. ASSLMBLY 7 HOMOGENEOUS U N I T - C E L L 
REACTION B A T E S , P E R ATOM 

286 /49J 
28//49J 
2 5 / / 4 9 / 

Measured 
(Extrapolated from 

Both Pin- and 
Plate-Geometry) 

0.1453 ± 0 002 
0 02424 ± 0.0005 

1 0554 ± 0 01 

Calculated 

0.1666 
0 02343 
1.141 

C/E 
(ENDF/B 
VERSION 

I) 

1.15 
0.97 
1.08 

TABLE I I - l l - X COMPARISON OF CALCULVTED U N I T - C E L L 
R E VCTION R V T E RVTIOED TO 23SU 

FOR B O T H ASSEMBLIES 

28c /25f 
2 8 / / 2 5 / 

iitjlht 

Assembly 6A 

Homo
geneous 

0.147 
0.0213 

Plate 

0 145 
0 0216 

Assembly 7 

Homo
geneous 

0.146 
0 0205 
0.8764 

Plate 

0.141 
0 0206 
0.8628 

I I - l l -XI. These were by-products of the calculations 
described in earlier sections of this paper. They there
fore use ENDF/B VERSION I data. They are an 
example of the results of using the spherical homogene
ous model with homogeneous sample cross sections and 
first-order perturbation theory. They arc included as 
an example of results typical of benchmark testing. 

The second type of central reactivity worth measure
ment was that of the individual plate materials in the 
unit cell. In these measurements, as small an amount 
of the plate is removed as is consistent with obtaining a 
sufficiently large signal. The measurements represent a 
good approximation to a calculation using perturba
tion theory in slab geometry. Table II-11-XII lists the 
results. The column headed "Environment" gives the 
position in the unit-cell in which the measured isotope 
was added or subtracted. Thus, for example, 239Pu 
in the Pu/U/Mo plate environment corresponds to a 
measurement in which a small disc sample of 239Pu 
was placed in a hole in the Pu/U/Mo fuel plate. Sodium 
in the sodium-plate environment corresponds to removal 
of the sodium plate and replacement with an empty 
can. 

For both assemblies these measurements were done 
using an axial oscillator drawer. Two inch long samples 
of unit-cell (loaded into thin-walled 2 in. cubical boxes) 
were used for the measurement. The worths were 
obtained by measuring the worth of a fully-loaded 
unit-cell box, then altering the amount of the material 
to be measured and re-measuring the worth of the box. 

For detailed analytical w ork, these measurements are 
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Isotope 

239Pu 
235TJ 
238TJ 

i»B 
T a 
N a 
C 
F e 
N i 

2 3 9 p u 

23 5TJ 
238TJ 

IOB 

T a 
N a 
C 
Al 
Fe 
Ni 
Ci 
Mo 

TABLE 11-11 X I CENTRAL REACTIVITY WOHTHS M E A S U R E D IN A CENTRAL CAVITY 

Isotopic Sample Weight, 
g 

Measured Worth and 
l<r Imprecision,» 
Ih/kg of Isotope 

Small Sample Correction 
Tactor and la 
Imprecision1" 

Calculated Worth,0 

Ih/kg 

ZPR 6 Assembly 6A 

41 23 
4 20 

1151 49 
29 29 

833 69 
51 38 

101 98 
20 6 
20 6 

59 5 ± 1 4d 

41 80 ± 0 48f 

- 3 29 ± 0 01 h 

- 8 2 0 41 ± 0 34 
- 1 2 50 ± 0 01 

0 160 ± 0 040 
3 863 ± 0 020 

0 83 ± 0 15' 
1 84 ± 0 20' 

0 96 ± 0 01° 
0 995^ 

— 
1 5 ± 0 1' 

— 
— 
— 
— 
— 

63 85 
49 90 

- 4 50 
-1211 85 

- 2 0 32 
0 102 

— 
— 
— 

ZPR 6 Assembly 7 

3 445 
2 874 

19 033 
0 1103 

18 647 
17 044 
33 441 
53 067 
33 277 
37 916 
26 999 
43 398 

159 1 ± 1 3k 

133 3 ± 2 01 

- 1 0 91 ± 0 46h 

- 2 8 6 8 7 ± 57 3m 

- 4 3 07 ± 0 41 
- 6 205 ± 0 315 
- 1 2 19 ± 0 21 
- 6 717 ± 0 168 
- 4 270 ± 0 156 
- 6 467 ± 0 185 
- 4 537 ± 0 370 
- 1 5 39 ± 0 11 

0 98 ± 0 01 ' 
1 00 ± 0 021 

— 
1 02" 
1 543" 

— 
— 
— 
— 
— 
— 
— 

211 0 
178 9 

- 1 3 34 
-3609 

- 6 9 48 
- 6 46 
— 
— 
— 
— 
— 
— 

» ZPR-6 ASSEMBLY 6A 1% Sk/L « 458 Ih , ZPR 6 ASSEMBLY 7 1% Sk/k « 1034 Ih 
b Rat io of / e io si/e woi th to finite s i /e worth 
° E N D F / B VERSION I, homogeneous spheucal model calculation 
d Obtained from worth of plutonuim s imple (72 w/o " P u / P u ) measuied in \ssembly 6A and woiths measured as a function of 

239Pu content in Assembly 7 
e Obtained fiom extiapolat ion of Assembly 7 results 
' Obtained from woi th of ennched uianuim sample (93 20 w/o 235U, 6 80 w/o 238U) 
g Calculated including spatial and lesonance self shielding 
h Obtained fiom worth of depleted man ium sample (0 22 w/o 235U, 99 78 w/o 238U) 
1 Calculated and verified by expenment 
' Obtained from worth of SS304 sample in ZPR 6 Assembly 6A and non , nickel, and SS304 samples in Assembly 6 
k Obtained fiom woi th of plutonuim sample (99 w/o 2 3 9Pu/Pu) 
1 Indicated b j ' experiment 
m Obtained fiom woi th of natuia l boion sample (19 9 w/o 10B/B) 
a Calculated including spatial self shielding 

piobably the most useful because Ihcii geometries arc 
more precisely descnbablc than aic those of the type 
measured in the cavity Howevci, utilization of the 
unit-cell worth measurements lcqunes detailed unit cell 
calculations and this is unlikely foi most data testing 

For usual benchmark data testing, the woiths meas
uied in the cavity and listed in Table 11-11 XI aic the 
appropriate numbers to be used Sample size collection 
should be applied befoic the data are compaicd with 
fust ordei perturbation thcoiy calculations Whcic the 
correction factors aie listed m Tabic II 11 XI they 
can be used with the uncertainties listed Where no 

collection factoi is listed, the usci must make his own 
evaluation 

NORMALIZATION DvTEGRALS 

The normalization integrals (denominator of the 
perturbation expression) have been measured in As
semblies 6A and 7 by the techniques described m 
Rcf 11 This measurement actually involves an in
ference of the value of 

/ vVfW* dV 

file:///ssembly
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TABLE II-11-XII . C E N T R A L W O R T H S FROM SAMPLES M E A S U R E D IN U N I T - C E L L P L A T E ENVIRONMENT 

Material 

Assembly 7" 
239Pu 
P u / U / M o " 
238 (J 
238 | J 
N a 
u3o s 
F e 2 0 3 

SS304 
SS304 
SS304 
Fe 
Fe 
Ni 

Assembly 6A 
23 5U 
SS304 
F e 2 0 3 

U3O s 
23STJ 

Na 

Weight, 
g 

1.919 
21.155 
14.43 

121.12 
42.90 
60.68 
32.74 
46.95 
46.77 
46.29 
58.05 
38.43 
38.66 

4.336 
11.586 
23.52 
95.755 
50.3 
42.912 

Environment 

P u / U / M o plate 
P u / U / M o plate 
P u / U / M o plate 
U3Os plate 
N a plate 
U 3 0 3 

F e 2 0 3 plate 
P u / U / M o SS304 cladding 
Vertical matr ix 
Horizontal matr ix 
F e 2 0 3 
Horizontal matr ix SS304 
Horizontal matr ix SS304 

Enriched uranium pla te 
SS304 plate 
F c 2 0 3 

U3Os plate 
Depleted uranium pla te 
Na plate 

Measured Worth, 
Ih/kg 

171.5 ± 5.2 
33.1 ± 0.5 

- 8 . 7 2 ± 0.72 c ' 
- 8 . 9 6 ± O.OS* 
- 6 . 6 8 ± 0.23 

- 9 . 2 7 ± 0.16 
- 6 . 0 9 ± 0.31 
- 5 . 2 7 , ± 0.21 
- 5 . 4 4 ± 0.21 
- 4 . 4 5 ± 0.22 
- 4 . 4 1 ± 0.17 
- 4 . 7 3 ± 0.26 
- 6 . 8 5 ± 0.26 

47.90 ± 0.69 
- 1 . 4 2 4 ± 0.216 
- 0 . 4 0 0 ± 0.055 
- 2 . 8 8 4 ± 0.011 
- 3 . 5 0 ± 0.02° 
+0.137 ± 0.019 

" See ZPR-TM-45 for details of measurement. 
b The composition of the P u / U / M o material w-as 2S.25 w/o Pu , 69.25 w/o depleted U and 2.50 w/o Mo. The plutonium compo

sition was 86.5 w/o 239Pu, 11.5 w/o 21°Pu, 1.81 w/o 241Pu and 0.2 w/o M2Pu. 
0 Obtained from worth of depicted uranium sample containing 99.78 w/o 238U and 0.22 w/o 235U. 

from measurements at the reactor center (r = 0) of 
the apparent reactivity of a known 262Cf source (S2'°2) 
at a power level at which the reactor neutron produc
tion rate uFo is known (also at r = 0). That is, from 

^ * ' ^ / v^Hl clV ' 

(A/c/fc)252 is a measured value, essentially of a period, 
*S252 is known from a previous calibration, and Fo is 
obtained from central absolute fission rate measure
ments. j/ and a correction to 4>* (for the difference 
between the fission neutron adjoint averaged over the 
core fission neutron spectrum and the 252Cf fission 
spectrum) are calculated but uncertainties in these 
quantities do not strongly affect the final precision. 

The calculated and measured values are given in 
Table II-11-XIII. The calculations are for the homoge
neous spherical model with ENDF/B VERSION I 
cross sections. 

As has been pointed out from time-to-time in the 
past12'13 the effect of correcting central worth calcula
tions by multiplying through by the ratio of the calcu-

1-to-experimental normalization integrals is to rc-
e any dependence of the calculated central worth 

on reactor geometry, delayed neutron fractions, or 

TABLE II -11-XIII . NORMALIZATION INTEGRALS 

Calculated 
Experiment 

Experiment 
Calculated 

Assembly 6A 

9.094 X 105 

(10.86 ± 0.14)» X 106 

1.19 ± 0.01 

Assembly 7 

7.328 X 105 

(9.48 ± 0.35) X 105 

1.29 ± 0.05 

" This is a revised value from tha t previously published2 

due to a probable error in the 262Cf source assignment. 

TABLE II-11-X1V. " F U E L " CENTRAL W O R T H S 

Calculated 
Exper iment 

Calculated 
Experiment 

Assembly 6A 
235 U Worth, 

Ih/kg 

49.90 
41.59" ± 0.49 

1.20 ± 0.01 

Assembly 7 
239Pu Wor th , 

Ih/kg 

211.0 
155.9" ± 1.3 

1.35 ± 0.01 

" Includes small sample correction factor given in Table 
I I - l l - I X . 

anything else except the properties of the reactor 
composition as reflected in the energy variation of the 
central fluxes and adjoints, and the cross sections of 
the sample itself. This is illustrated in Table II-11-XIV 
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TABLE II-ll-XV. MATERIALS INVENTORY FOR THE AS-BUILT, INITIAL-CRITICALITY CONFIGURATIONS OF ASSEMBLIES 6A AND 

Material 

Type 

Pu/U/Mo DOW 

Pu/U/Mo NUMEC 

Enriched uranium 

Depleted uranium 

U3Os 

Na cans (yellow) 

Na cans (black) 

Fe263 

SS304 plates 

SS304 front drawers 

SS304 back drawers 

SS304 matrix tubes 

SS1095 springs 

Nominal Size, 
in. 

M x 2 x 4 
5 
6 
7 
8 

14 x 2 x 4 
5 
6 
7 
8 

He x 2 x 2 
3 

h x 2 x 2 
3 

He x 2 x 3 
ys x 2 x 2 

3 
l x l x l 
2 x 2 x 2 

5 

14 x 2 x 2 

3 ^ x 2 x 6 
7 
8 

K x 2 x 2 
7 
8 

Ms x 2 x 3 
}£ x 2 x 2 

3 

He x 2 x 1 
2 
3 

2 x 2 x33.4 

2 x H x 12 

2 x 2 x 48 

%2 x 2 x 2 

Assembly 6A, Loading 6, 
75.1 Ih Excess 

I.C." 

— 

— 

— 

0 
1220 

0 
0 

0 
0 

1220 
0 
0 
0 

3660 

1220 
0 
0 

0 
0 
0 

2440 
0 
0 

0 
0 

1200 

122 

— 

122 

0 

O.C." 

— 

— 

— 

7545 
6270 
1528 
1290 

2040 
0 

14900 
0 
0 
0 

47760 

0 
1936 
1936 

200 
4832 
4032 

0 
19560 
18800 

640 
2760 

13880 

1592 

— 

1592 

0 

A.B." 

— 

— 

— 

— 

0 
13712 

0 
0 

1714 
3428 

— 

— 

— 

— 

E 
— 

— 

— 

1692 

R.B." 

— 

— 

— 

— 

0 
0 
0 
0 

1216 
9728 

— 

— 

— 

— 

E 
— 

— 

1216 

0 

Assembly 7, Loading 12, 
96.2 Ih Excess 

i.e. 

0 
732 

0 
0 
0-

0 
0 
0 
0 
0 

— 

— 

3660 

1220 
0 
0 

0 
0 
0 

2440 
0 
0 

122 

— 

122 

0 

O.C. 

819 
305 
727 ' 
699 
686 

1090 
354 

6 
666 
768 

— 

— 

36540 

0 
1000 
1000 

0 
3848 
3848 

200 
7500 

19160 

— 

1218 

— 

— 

0 

A.B. 

— 

— 

— 

— 

9226 
1152 
400 

1268 
2636 

— 

— 

— 

1318 

1218 

1318 

R.B. 

— 

— 

— 

— 

0 
0 
0 

1330 
10640 

— 

E 
E 

— 

— 

0 

1330 

0 

» I.C. = Inner core or exact region, O.C. = Outer core, A.B. = Axial blanket, R.B. = Radial blanket (Note: R.B. extends 
the full axial height). 

I 
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TABLE II-11-XVI. MEAN WEIGHT COMPOSITION OF URANIUM AND PLUTONIUM PLATES IN ASSEMBLIES 6A AND 7°, g 

Component 

238pu 

2 3 9Pu 
2 4 0 p u 

2 4 i p u b 
2 4 2 p u 

234TJ 
235U 
23GTJ 
238]J 

Mo 
M1Am 
U, P u c 

Imps. 
0 
p e + d 

Ni 
Cr 
Mn 

D a t a source e 

Component 

234TJ 
23 5U 
23 6JJ 
238JJ 

0 

D a t a source" 

Pu/U/Mo Metal Alloy (DOW) 

3 4 x 2 
x 4 
in. 

0.05 
107.88 

14.39 
1.78 
0.21 

0.0030 
0.665 
0.015 

301.27 

11.08 
0.36 
0.45 

30.74 
4.641 
8.210 
0.740 

A 

3 4 x 2 
x 5 
in. 

0.05 
136.56 

18.20 
2.06 
0.22 

0.0038 
0.841 
0.019 

380.80 

13.90 
0.45 
0.56 

36.08 
5.448 
9.636 
0.869 

A 

K x 2 
x 6 
in. 

0.08 
164.44 
21.96 
2.85 
0.34 

0.0046 
1.02 
0.023 

461.91 

16.97 
0.55 
0.68 

42.41 
6.403 

11.33 
1.02 

A 

3 4 x 2 
x 7 
in. 

0.08 
193.00 
25.73 
2.97 
0.33 

0.0054 
1.19 
0.027 

539.06 

19.68 
0.64 
0.79 

47.75 
7.211 

12.75 
1.15 

A 

Enriched Uranium Metal 

H e x 2 
x 2 
in. 

0.67 
68.62 
0.32 
4.04 ' 

B 

H e x 2 
x 3 
in. 

1.01 
103.65 

0.49 ■ 
6.09 

B 

^ x 2 
x 2 
in. 

1.31 
134.21 

0.63 
7.74 

B 

Hsx2 
x 3 
in. 

2.01 
206.19 

0.97 
11.92 

B 

H x 2 
x 8 
in. 

0.09 
222.00 
29.62 
3.49 
0.40 

0.0062 
1.37 
0.031 

619.93 

22.97 
0.74 
0.91 

54.31 
8.201 

14.51 
1.31 

A 

Pu/U/Mo Metal Alloy (NUMEC) 

H x 2 
x 4 
in. 

0.07 
106.99 

14.21 
1.96 
0.23 

0.0030 
0.667 
0.015 

301.96 

10.97 
0.36 
0.45 

30.54 
4.611 . 
8.156 
0.735 

A 

H x 2 
x 5 
in. 

0.09 
135.38 

17.97 
2.48 
0.29 

0.0038 
0.843 
0.019 

382.12 

13.87 
0.46 
0.57 

35.41 
5.403 
9.456 
0.862 

A 

H x 2 
x 6 
in. 

0.11 
163.46 
21.75 
3.02 
0.36 

0.0046 
1.02 
0.023 

461.92 

16.76 
0.55 
0.69 

41.67 
6.292 

11.13 
1.00 

A * 

3 4 x 2 
x 7 
in. 

0.13 
191.32 
25.47 
3.57 
0.43 

0.0054 
1.19 
0.027 

540.51 

19.62 
0.65 
0.81 

47.44 
6.163 

12.67 
1.14 

A 

H x 2 
x 8 
in. 

0.15 
220.14 

29.31 
4.06 
0.49 

0.0062 
1.37 
0.31 

621.39 

22.55 
0.75 
0.93 

53.68 
8.105 

14.34 
1.29 

. A 

Depleted Uranium Metal 

H e x 2 
x 3 
in. 

0.0011 
0.238 
0.0055 

111.97 

B 

H s x 2 
x 2 
in. 

0.0015 
0.315 
0.0075 

148.07 

B 

H s x 2 
x 3 
in. 

0.0022 
0.472 
0.011 

222.58 

B 

l x l 
x 1 
in. 

0.0030 
0.637 
0.015 

299.9 

B 

2 x 2 
x 2 
in. 

0.024 
5.22 

0.012 
2443.8 

B 

2 x 2 
x 5 
in. 

0.061 
13.1 
0.31 

6136.7 

B 

U3Os 

K x 2 
x 2 
in. 

0.0010 
0.213 
0.0050 

101.24 

18.18 

C 

a The small mass differences between this table and the data supplied by the Special Materials and Services Division is explained 
in detail in the ZPR/ZPPR Reactor Materials Inventory Manual (to be published). 

b 24lPu decay to 211Am corrected to September 15, 1971. 
0 Typically, 70 w/o heavy elements (atomic no. > Si) and 30 w/o light elements. 
d Fe+ = Fe + SS impurities (see Table II-11-XVII). 
* See Table II-11-XVIII. 
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change occurs in the sixth figuic and is outside the 
limits of significance. 

Tables II-11-XVI and II-11-XVII summanze the 
nominal size and mean isotopic -weight compositions 
foi all assembly components. The standaid deviations 
in the mean weights weie not indicated but will be 
delineated in the upcoming Reactoi Matenals In-
ventoiy Manual The chemical impuiities in the Pu / 
TJ/iVIo metal fuel and in SS304 were ticated as follows 

Pu/U/JVIo impuiities are considered to be all identi
fiable elements othei than plutonium, uranium, molyb
denum, and amencium SS304 impuiities aie all ele
ments other than non, nickel, chromium and mangc-
ncse Pioper mass normalization was accomplished by 
defining foi the Pu/U/Mo, 

w / o U = 100 00 - (w/o Pu + w/o Mo + w/o 
Am + w/o Total Impuiities), and for 
the SS304 souices, 

w / o F e = 100 00 - (w/o Ni + w/o Ci + w/o 
Mn + w /o Total Impurities) 

Then, the total w eight of impurities w as examined for 
elements already defined, for example, the molyb
denum was transfencd fiom SS304 impuiities to the 
molybdenum column Finally, the lcmaimng weight of 

TABLE I I 11 X V I I Mi u\ W T I G H T COMPOSITION OF N O N F L I L M i a u i a s IN Assi MQLILS 6A AND 7, g 

Material 

Type 

Na cans (yellow) 

Na cans (black) 

F e 2 0 3 

SS304 plates 

S&304 front diaweis 

SS304 back diawers 

SS304 matr ix tubes 

SS1095 springs 

Nominal Size, 
in 

H x 2 \ 6 
}i \ 2 v 7 
V2\2\8 

14 x 2 x 2 
Yi x 2 \ 7 
H \ 2 x 8 

%8 x 2 x 3 
Y% \ 2 \ 2 
3 ^ x 2 x 3 

He x 2 v 1 
H e x 2 x 2 
H e x 2 x 3 

2 x 2 x 33 4 

2 x y2 \ 12 

2 \ 2 \ 48 

H2 x 2 x 2 

Component 

Na 

82 560 
96 72 

110 98 

24 46 
95 56 

107 41 

— 
~ — 

— 

— 
— 
— 

— 

— 

— 

— 

O 

— 
— 
— 

— 
— 
— 

15 50 
12 14 
18 10 

— 
— 
— 

— 

— 

— 

— 

TV" 

42 72 
49 69 
55 47 

17 31 
50 48 
57 20 

36 06 
28 25 
42 11 

11 10 
21 64 
32 22 

584 3 

63 02 

1460 0 

12 51 

Ni 

6 539 
7 605 
8 490 

2 374 
6 923 
7 845 

— 
— 
— 

1 523 
2 968 
4 420 

75 56 

8 522 

185 1 

— 

Cr 

11 30 
13 15 
14 67 

4 541 
13 25 
15 01 

— 
— 
— 

2 913 
5 678 
8 455 

153 6 

16 35 

378 3 

— 

Mn 

0 891 
1 04 
1 16 

0 376 
1 10 
1 24 

— 
— 

0 241 
0 471 
0 701 

13 2 

1 34 

30 6 

0 05 

Data Sourccb 

D 
D 
D 

E 
E 
E 

F 
& 
G 

H 
H 
H 

I 

J 

K 

L 

a p e
+ = Fe + SS impuii t ies Impuri t ies = SS — (Fe + Ni + Ci + Mn) SS304 impuii t ies aie typically composed of ~ 9 0 w/o 

heavy elements (atomic no > Si) and ~ 1 0 w/o light elements 
» See Table 11-11 X V I I I 

whcie the "fuel cential woiths" aic listed foi both 
assemblies 

It may also be noted that without any such collec
tions the fuel woith is ovcipredicted by about 20% 
in the uiamum-fuelcd Assembly 6A and about 35 % in 
the plutomum-fuclcd Assembly 7 These disci epancies 
aic similai to those obseived m past -3oU and 239Pu 
fueled assembhes No significant impiovcment was 
found, theiefoie, in these laige assemblies Foi the 
moment this disci cpancy appears to lemam about the 
same as it w as in the smallei assemblies of the past 

INVENTORY AND COMPOSITION OF MATERIALS or 
ASSEMBLIES 6A AND 7 

The mventoiy of all assembly components, cxlcudmg 
poison rods and haidwaic for Assemblies 6A and 7, is 
summarized in Table II-l l-XV In both cases the 
assembly configuiations at initial cuticahty (Loading 
6 foi Assembly 6A and Loading 12 for Assembly 7) 
aic the most appropnatc foi mventoiy determinations. 
Although the Table II-11-III homogeneous atom den
sities are actually based on these as built excess-reac
tivity systems, the atom density effect of lcmoving the 
necessary edge drawers to define the unifoim zero-
excess model is negligible, for example, for 239Pu the 
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TABLE II-11-XVIII R L I E R K N C C S FOR P H Y S I C V L , 
CHLMICYL, AND ISOTOPIC D V T V ON 

ZPR M A T L R I \xs a 

Description 

ANL, Special Materials and Seivices Division, SPM, 
(1/19/71, M Nelson), summaiy of vendoi-supphed 
plate and melt da ta Modifications as follows (Ap
plied Physics Division, J E Maishal l , Matena l s 
Inventoiy Cooidinatoi) 

1 2"Am at fabncat ion (t = 0) fiom ANL-PSD ovei-
check piogiam 

2 241Pu decay a t 9/15/71, hand collected 
3 Tota l impuii t ies sepaiated using ANL-PSD ovei-

check analysis 
4 SS304 analysis from jacket m a t e n a l s vendoi 
5 Depleted uranium taken "by diffeience", I e , a t 

t = 0, D U = 100 w/o - (w/o Pu + w/o Mo + 
w/o total impuii t ies + w/o Am) 

ZPR-6 Memo No 40, Revised (9/26/67, G Main) 
Modifications as follows (J E Maishall) 

1 The 234U and 236U content of DU w as assigned the 
mean w eight peicent values fiom the P u / U / M o 
plate da ta 

2 The w/o 2 3 6U/Du taken from a sampling of new 
SPM data 

J E Marshall , sample of 600plates (without coating) 
fiom 1/1/71 to 6/1/71 Isotopic content fiom SPM 
(J Frogge) and P u / U / M o pla te da t a (234U and 
236U only) 

Vendoi supplied can weights compiled by C D Swan-
son SS304 chemistiy fiom can fabncatoi (J E 
Maishall) 

ZPR-6 Memo No 40, Revised (9/26/67, G Mainl 
SS304 analysis not available so abundance-
weighted mean coie SS304 chemistiy was assigned 

J E Maishal l , exact weight of I C plates Chem
istry fiom R Palmei (AP-West), 9/2/69 

J E Maishal l , samples of 200-300 plates Chemistry 
assumed to be the R Palmei (Re D a t a Souice F) 
values 

ZPR-6 Memo No 40, Revised (9/26/67, G Main) 
SS304 analysis—special job foi J E Maishal l , 2/71 

J E Maishal l , 50 diawei T C sample Special 
chemistiy analysis foi J E Maishal l , 1/71 

J E Maishal l , 50 diawei T C sample Vendoi-
supplied chemistiy on sheet stock 

J E Maishal l , compilation of vendoi supplied da t a 
from 1958 to 1969 (L B Dates) 

J E Maishal l , 20 spnng sample No SS1095 analysis 
was available—used SAE Handbook mid-iange 
values 

" F o i moie detail see the Z P R / Z P P R Reactoi Ma tena l s 
Invento iy Manual (to be published) 

Note D u = Depleted matena l , AP == Applied Phjs ics 
Division 

impuiities was assigned according to the following 
rule The weight of all elements with atomic weights 
less than that of silicon was transfcired to the oxygen 
column, with atomic weights equal to oi grcatei than 

silicon to the iron column Thus, the unassigned im
purity mass was conserved and the atom densities of 
oxygen and iron w ere very slightly increased as a result 
Table II-11-III includes the lesults of this impurity 
breakdown while Table II-11-XVI depicts the relative 
mass effect of the impurities 

Finally, Table II-11-XVIII contains a summary of 
the source or reference for the composition data The 
lefeicnces are keyed to Tables II-11-XVI and 11-11-
XVII by alphabetic characters 
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1112. M e a s u r e m e n t s i n Z P R  6 A s s e m b l y 7 w i t h t h e H i g h  2 4 0 P l u t o n i u m Z o n e 

E. M. BOHN, L. G. LESAGE and J. E. MARSHALL 

A. INTRODUCTION 

The results of measurements in the high240 plu

tonium (H240) zone of ZPR6 Assembly 7 are presented 
in this report. The measurements include small sample 
reactivity worths, 238U Doppler reactivity worth, central 
region sodium voiding worth, and fission rate ratios. 

Assembly 7 is a large, dilute, singlezoned, Pu0 2 fueled 
critical assembly constructed in ZPR6 as part of the 
Demonstration Reactor Benchmark Program.1 A com

plete description of the uniform reference version of 
Assembly 7 may be found in Paper 1111. The results of 
measurements in the uniform reference version of As

sembly 7 are given in Papers 1119, 1125, 1118, and 
1121. The results of measurements in the sodium

voided, high240 plutonium zone in Assembly 7 arc 
reported in Paper 1113. 

The H240 zone was constructed at the center of As

sembly 7 by replacing regular plutonium fuel containing 
12 w/o 240Pu with plutonium fuel containing 27 w/o 
240Pu. Experimental studies in this H240 zone are im

portant for two reasons: the composition of the H240 
zone matches more closely the actual composition of 
LMFBR cores currently under design consideration, 
and, by comparing measurements in the uniform refer

ence core of Assembly 7 with measurements in the H240 
zone, some of the effects of fuel burnup (which is char

acterized by a buildup of 240Pu) may be assessed. 
Five basic experiments were included in the H240 

experimental program: small sample reactivity worth 
measurements at the center of the H240 zone and radi

ally through the core, perturbation denominator meas

urement, 23SU Doppler reactivity worth measurement, 
sodium void measurement, and fission rate and ratio 
measurements. 

The small sample reactivity worths and perturbation 
denominator measurement provide information about 
the real and adjoint flux spectrum in the H240 zone and 
serve as a test of the calculation of these spectra and as 
a test of the cross sections of some of the materials used 
in the measurements. The 238U Doppler worth and so

dium void worth are two of the most important safety 
reactivity coefficients in an LMFBR. The results of the 
fission ratio measurements when compared with calcu

lated fission ratios offer a means of evaluating the 
fission cross sections of core materials. 

B. DESCRIPTION OF ASSEMBLY 7 WITH THE H240 ZONE 

The uniform reference version of Assembly 7 has a 
onedrawer unitcell loading pattern consisting of two 
Y± in. thick plates of U308, two K m  wide stainless steel 

cans containing sodium, two }■£ in. thick plates of Fe203, 
and a }>£ in. thick plutonium fuel plate canned in stain

less steel. The plutonium fuel is a Pu/U/Mo alloy: 28 
w/o Pu, 69.5 w/o U, and 2.5 w/o Mo.® The isotopic 
composition of the plutonium in the fuel plate is 88% 
(239P u _|_ 24ipu) a n d 1 2 % 240pu (2) 

The unitcell loading pattern in the H240 zone is ex

actly the same as in the uniform reference version of 
Assembly 7, except that the fuel plate has been replaced 
with a high 240Pu fuel plate containing a Pu/U/Mo 
alloy of 36 w/o Pu, 61.5 w/o U, and 2.5 w/o Mo.«> The 
isotopic composition of the plutonium in the high 240Pu 
fuel plate is 73% (239Pu + 241Pu) and 27% 240Pu.(2) 

The single drawer unit cell loadings for the regular 
uniform reference core and the H240 zone of Assembly 7 
are shown in Fig. II121. 

The H240 zone was constructed in Assembly 7 by 
replacing the regular plutonium fuel plates with high 
240Pu fuel plates along the entire height of the core (60 
in.) in a central region including 61 drawers in each 
reactor half. The H240 zone contains approximately 100 
kg of high 240Pu fuel and has an effective radius of 24.34 
cm. The radial and axial cross sections of Assembly 7 
with the H240 zone arc shown in Figs. II122 and 
II123, respectively. 

The atom densities in each region of Assembly 7 with 
the H240 zone are given in Table II12I. The 24lPu con

centration in Table II12I has been adjusted for the 

1/8 F e 2 o 3 
-SECTION OF 

SS MATRIX 

2.175 

ZPPR METAL FUEL 
ALL DIMENSIONS 
IN INCHES 

-NORMAL CORE 
27w/o

2 4 0
Pu-H IGH 240 ZONE (H240 ZONE) 

F I G . II121. OneDrawer UnitCell Loadings in ZPR6 
Assembly 7. Pu/Al Core Drawers (see Figs. II122 and 1112

3) not shown They contain a J^ in. Pu/Al Fuel Plate (1 w/o 
Al) and a Y% in. Depleted Uranium Plate in Place of the % in. 
P u / U / M o Fuel Plate.) ANL Neg. No. 116992. 
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FIG II122. Radial Cross Section of ZPR6 Assembly 7 
with the H240 Zone. Excess Reactivity of this Core is ~60 Ih. 
ANLNeg No. 116994. 
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FIG. II123. Axial Cross Section of ZPR6 Assembly 7 
with the H240 Zone. Excess Reactivity of this core is ~60 Ih. 
ANLNeg.No. 116991. 

decay of 241Pu to 24lAm from the date of fuel fabrication 
to 5/1/71, the starting date of the H240 measurements, 
using a halflife of 13.2 years. 

The fertiletofissile ratio in both the uniform refer

ence version of Assembly 7 and in the H240 zone is 6.5. 
In the H240 zone, the increase in 240Pu content is offset 
by a decrease in 238U content in the fuel plates. 

The kinetics parameters of Assembly 7 with the H240 
zone are only slightly different from those of the uni

form reference version of Assembly 7. The effective de

layed neutron fraction, fie{f, is 3.20 X 10~3, and there 
are 1027 Ih / %Ak/k. Compared with the uniform refer

ence version of Assembly 7, £„// has increased by 1 %. 
The small increase in peff is due to the presence of the 
higher mass isotopes of plutonium with their associated 
higher delayed neutron yields per fission. 

C. SMALL SAMPLE REACTIVITY WORTH MEASUREMENTS 

The reactivity worths of several small samples were 
measured at the center of the H240 zone and radially 
on the axial midplane of the core. The radial sample 
changer and fineautorod system were used for these 
measurements. A detailed description of the radial sam

ple changer, the fineautorod, and the technique of re

activity measurement in Assembly 7 is given in Paper 
1119. 

The results of the measurements at the center of the 
H240 zone are given in Table II12II. Several plu

tonium samples with varying 240Pu content Avere meas

ured. For each of the plutonium compositions, at least 
two samples which differed in weight, were measured; 
the results of these measurements indicate that the self

shielding effect in these samples is small (< 1 % in almost 
every case). Similar results were obtained at the center 
of the uniform version of Assembly 7 (see Paper 1119). 

The ratio of the central worths measured in the H240 
zone to those measured in the reference core are given 
in Table II12II. For all samples, the average ratio of 
specific worths (Ih/kg) is 1.11. The calculated real and 
adjoint spectra in the reference core and H240 zone 
differ very little over almost the entire energy range 
important for most of the reactivity samples. Thus, the 
average ratio of worths primarily indicates the differ

ence in the perturbation denominator of the reference 
core and the core with the H240 zone. (See below, Per

turbation Denominator, for a complete discussion of 
this point.) 

The measured central worths are compared with 
calculated central worths in Table II12III. The cen

tral worths were calculated using firstorder perturba

tion theory and real and adjoint fluxes from a 1D 
diffusion calculation. The cross sections used to com

pute the real and adjoint spectra were generated from 
ENDF/B1 cross section data in a heterogeneous MC2(4) 

run (resonance selfshielding computed for the plate

type unitcell using equivalence theory) and weighted 
by the spatial distribution of fluxes within the unitcell.6 

The spatial distribution of fluxes Avithin the unitcell 
Avas calculated using the CALHET(6) code. The per

turbation sample cross sections were taken from a 
homogeneous MC2 run (no spatial resonance self shield

ing in the unitcell included). 
The calculatedtoexperimental (C/E) ratio of central 

Avorths, excluding sodium, averages about 1.28. Most 
of this discrepancy betAveen measured and calculated 
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TABLE I1-12-T. ATOM D E N S I T I E S FOR ASSEMBLY 7 AVITH THE H-240 Zone,0 102' a toms/cc 

Region 

H-240 
P u / U / M o core 
Pu /Al core0 

Axial b lanke t ' 
Radial b lanket ' 

238pu 

0.00114 
0.00049 

<0.0001 

2 3 9 P u 

0.8370 
0.8879 
1.063 

240pu 

0.3212 
0.1178 
0.0499 

24!p u b 

0.0593 
0.0146 
0.0049 

242pu 

0.0174 
0.00177 
0.0005 

234 [J 

0.00006 
0.00006 
0.00006 
0.00040 
0.00040 

B5U 

0.0122 
0.0126 
0.0126 
0.0834 
0.866 

236(J 

0.00029 
0.00030 
0.00030 
0.0020 
0.0020 

a U 

5.585 
5.802 
5.717 

38.59 
40.06 

2 4 ! A m b 

0.0067 
0.0034 

<0.001 

Mo 

0.2297 
0.2382 
0.242 
0.0046« 
0.00348 

Na 

9.288 
9.132 
9.132 

O" 

13.84 
14.82 
14.82 
0.0308 
0.0218 

Fed 

12.91 
13.53 
13.15 
5.652 

4.197 

Ni 

1.235 
1.212 
1.481 
0.6910 
0.5082 

Cr 

2.701 
2.697 
2.675 
1.579 
1.172 

Mn 

0.221 
0.213 
0.21 
0.123 
0.0897 

Al 

0.101 

" The number of digits in each density is a measure of the compositional precision. Nominally, the right most digit bounds the density according to a 2a or 93% con
fidence interval . 

($ 
b 24ipu > 241 A.m decay corrected to May 1, 1971. 

• ° Includes ~0.001 X 1021 a toms/cc due to SS304 and P u / U / M o fuel impurities. 
d Includes <~0.001 X 102' a toms/cc due to heavy (atomic weight > Si) SS304 impurities and P u / U / M o fuel impurities. 
0 The compositional da ta available for the Pu/Al plates is not as complete as tha t for the P u / U / M o fuel. 
' The axial blanket material was loaded into special stainless steel backdrawers. The radial blanket material was loaded directly into the matrix tubes. In addit ion, 

the axial blanket atom concentrations include the spring gap materials and volume. (See Fig. II-12-3). 
8 Arising from SS304 impurit ies. 
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TABLE II-12-II SMALL SAMPLE REUDTIVITA' W O R T H S MEVSUKED AT THE C E N T E R o r ASSEMBLY 7 A\ITH THE II240 ZONE 

Sample" 

P u (1 w/o M0Pu) 

P u ( 1 1 . 5 w / o 2 4 0 P u ) 

P u (22 w/o 24°Pu) 

P u (45 w/o 240Pu) 

Enriched U 
Depleted U 
Ta 
Boron (Nat ) 
SS304 
Na 
C 

Sample Idenl a 

MB06 
MB 10 
MB 11 
Pu-7 
Pu-11 
Pu-13 
Pu-17 
Pa-19 
Pu-23 
U-235(L) 
U-238(L) 
Ta(L) 
B(L; 

Na(L2) 
C(L) 

Sample Weight, 
g 

3.524 
9.956 

21.409 
2.706 

15.122 
3.031 

13.939 
3.442 

13.923 
3.084 

25.988 
8.697 
0 5553 

43.827 
17 044 
33 441 

Specific Worth,b 

Ih/kg 
(1027 I h / % Sk/k) 

172 1 ± 2.2 
174 2 ± 0.6 
177 1 ± 0 3 
158 2 ± 1 0 
159 7 ± 0 2 
142 6 ± 2.1 
142 1 ± 0 3 
108.0 ± 1.5 
108 4 ± 0.2 
131 5 ± 2.1 

- 1 0 80 ± 0.25 
- 6 4 . 4 ± 1 1 

- 6 3 3 ± 16 
- 5 34 ± 0.19 
- 7 00 ± 0 48 

- 1 3 87 ± 0 IS 

Ratio of Measured 
Worths in H240 

Zone To Reference 
Core0 

1 13 
1.10 
1 11 
1.09 
1.10 
1.13 
1.11 
1.08 

1.10 
1.14 
1.11 
1.11 
1.09 
1 13 
1.09 

•' A complete description of each sample, including dimensions and composition, may be found in Tables II-19-V and II-19-VI. 
b These values aie the net specific \AOiths, i e —-the worth of stainless steel cladding and sample holders has been accounted for 

using the measured worth of stainless steel. The uncei ta inty in each measurement was computed as described in Ref. 3 and includes 
the uncertainty in each sample measurement and the uncertainty in the stainless steel cladding and holder worth. 

0 The measured values in the regular core were taken from Table II-19-A^ and are the "cent ia l matched plate zone" values. 

values is due to the difference between measured and 
calculated perturbation denominators as indicated in 
the last column of Table II-12-III Avherc "adjusted" 
C/E ratios are given. In this column, the calculated 
Avorth has been multiplied by the ratio of the calculatcd-
to-mcasured perturbation denominator. With the ex
ception of sodium, the calculated and measured central 
Avorths appear to be in good agreement. 

The perturbation denominator Avas measured as de
scribed in Ref. 13. The method involved the measure
ment of the apparent Avorth of a 252Cf source at the 
center of the core and measurements of the fission rate 
in a unit cell of core material at the center of the core.8 

The ratio of the calculated-to-mcasured perturbation 
denominator in Assembly 7 Avith the H240 zone is 
0.78 ± 0.05. This ratio is essentially the same as that 
obtained for the uniform, reference core of Assembly 7, 
namely 0.79 ± 0.03.(7) 

A discussion of the measurement of the perturbation 
denominator and the use of this quantity as an aid in 
the interpretation of reactivity measurements may be 
found beloAV, in the section entitled Perturbation De
nominator. 

The reactivity Avorths of several samples Averc meas
ured as a function of distance from the center of the core 

the reactor midplanc. The results of the radial reac-
/ity Avorths are given in Table II-12-IV and are 

graphically displayed in Figs. II-12-4 through II-12-7. 
The results of calculated radial Avorths are also included 
in Figs. II-12-4 through II-12-7. The calculated Avorths 

have been adjusted by the ratio of the calculated-to-
measurcd perturbation denominator (see Perturbation 
Denominator) and include sample self-shielding factors 
in the case of the plutonium and boron samples. 

Agreement between calculated and measured radial 
Avorths appears 1 o be good for the fissile samples (plu
tonium and uranium) and for boron. For the 238U sam
ple, the shape is Avell represented by the calculated 
curve, but the calculated AA'orth is consistently greater 
(more negative) than the measured value. A sample 
self-shielding factor has not been included in the calcu
lated 238U sample Avorth. 

Agreement bctAvecn calculated and measured radial 
Avorths for the scattering materials (sodium and stain
less steel) is not good, especially in the case of sodium. 
For scattering materials, the spectral component of the 
calculated reactivity Avorth is important. The spectral 
component of reactivity is sensitive to the difference bc-
tAvcen calculated group adjoint fluxes. Thus, for sodium 
and stainless steel, small errors in the calculated spatial 
distribution of adjoint group fluxes may be reflected in 
significant disagreement bctA\ cen calculated and meas
ured radial reactiAaty Avorths. 

D. CENTRAL REGION SODIUM VOID WORTH 

Sodium Avas voided from a small region at the center 
of the H240 zone. The voided region included the first 
six inches of the central nine draAvcrs (3x3 draAvcr array) 
in each reactor half. The tAvo % in- sodium filled cans 

file:///AOiths
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in each of these drawers (see Fig II-12-1) A\ere replaced 
A\ith empty stainless steel cans 

The total excess reactivity of the core A\ as measured 
before and after the sodium voiding. The excess reac
tivity measurements have been corrected AAith the meas
ured temperature coefficient of reactivity (3 23 ± 0 1) 
Ih/°C and 241Pu decay coefficient of reactivity (0 62 ± 
0 08)Ih/day characteristic of Assembly 7 AAith the H240 
zone An uncertainty in the separation of the reactor 
table halves ("table closure") of ± 2 Ih was assumed 
(A complete description of the technique employed in 
this type of reactivity measurement may be found in 
Paper 11-19) 

The results of the sodium-voiding measurement are 
summarized in Table II-12-V The sodium void AAorth 
in the central icgion of the H240 zone A\as found to be 
(6 24 ± 0 9)Ih/kg of sodium This result includes a 
small correction (~0 01 Ih) to account for the slight 
mismatch in the amount of stainless steel between the 
sodium filled and empty stainless steel cans The meas
ured Avorth of stainless steel in the sodium-voided high 
240Pu zone Avas used (sec Paper 11-13). 

Also included in Table 11-12-V is a summary of the 
central small-region sodium void measuiement in the 
regular unifoim reference vcision of Assembly 7 (see 
Paper 11-19) The region of voiding is exactly the same 
as that described above The sodium void worth is 

TABLE I1-12-III COMPARISON OF M E A S U R E D \.ND 
C VLCUL VTED SAI ALL S A A I P L L Rh. ACTIVITY WORTHS 

VT THE CCNTI R OF AsSLMBIA 7 AVITH 
THE H240 ZONE 

Sample 

2 3 9 p u 

235U 
238TJ 

Ta 
10g 

SS304 
Na 
C 

Measured Specific 
Worth, 
Ih/kg 

(1027 I h / % Sk/k) 

177 7 ± 2 2° 
141 7 ± 2 1° 

- 1 1 12 ± 0 25e 

- 6 4 4 ± 1 1 
-3184 ± 80 
- 5 34 ± 0 19 
- 7 00 ± 0 48 

- 1 3 87 ± 0 18 

Calculated 
Worth," 
Ih/kg 

229 5d 

188 7 
- 1 4 85 
- 7 9 28 

- 3 8 7 3 ' 
- 6 82 
- 7 26 

- 1 7 85 

C/E 

1 29 
1 33 
1 34 
1 23 
1 22 
1 28 
1 04 
1 29 

Adjusted 
C/E b 

1 01 
1 04 
1 05 
0 96 
0 95 
1 00 
0 81 
1 01 

a 1-D diffusion theory, fiist-oidei per turbat ion calculations 
using homogeneous cross sections for the samples , 1 e , cross 
sections from a homogeneous MC2 run 

0 C / E values have been multiplied by 0 78, the rat io of the 
calculated-to-measured pe i tu iba t ion denominator 

" T h i s value A\as deduced by correcting the measuied P u 
(I w/o 24°Pu) Avoith of sample MB-10 with a calculated 24°Pu 
worth 

d A small experimentally detei mined self shielding factor 
(1 03) has been included in this value 

e This value was deduced by compaung the measured A\ oi ths 
foi ennched and depleted uianium 

f A small experimentally detei mined self-shielding factor 
(0 98) has been included in this value 

TABLE II-12-IV SMALL SAMPLE RADIAL REACTIVITY 
W O R T H T R A V E R S E S IN ASSEMBLY 7 AVITH 

THE H240 ZONE 

Sample" 

Pu (1 w/o 
240pu) 

Ennched U 

Depleted U 

Boion (Nat) 

NA 

SS304 

Sample 
Ident tt 

MB 10 

U-235(L) 

U-238(L) 

B(L) 

NA(L2) 

Sample 
Weight, 

g 

9 956 

3 084 

25 988 

0 5553 

17 044 

43 83 

Radius,b 

cm 

0 
11 0 
22 1 
33 1 
49 7 

0 
11 0 
22 1 
33 1 
49 7 

0 
11 0 
22 1 
33 1 
49 7 

0 
11 0 
22 1 
33 1 
49 7 

0 
11 0 
22 1 
33 1 
49 7 

0 
11 0 
22 1 
33 1 
49 7 

Specific Worth,0 

Ih/kg 
(1027 I h / % Sk/k) 

174 2 ± 0 6 
167 7 ± 0 4 
149 7 ± 0 3 
118 9 ± 0 4 
70 1 ± 1 0 

131 5 ± 2 1 
124 4 ± 1 4 
109 3 ± 0 6 
88 7 ± 1 3 
57 7 ± 3 6 

- 1 0 80 ± 0 25 
- 9 84 ± 0 13 
- 8 21 ± 0 18 
- 6 70 ± 0 22 
- 2 48 ± 0 40 

- 6 3 3 ± 16 
- 6 0 4 ± 10 
- 5 2 7 ± 7 
- 4 1 0 ± 8 
- 2 7 0 ± 22 

- 7 00 ± 0 48 
- 6 19 ± 0 52 
- 3 46 ± 0 37 
- 1 08 ± 0 17 
+ 2 81 ± 0 91 

- 5 34 ± 0 19 
- 4 94 ± 0 07 
- 3 75 ± 0 02 
- 2 08 ± 0 03 
+ 0 26 ± 0 21 

a A complete descupt ion of each sample, including dimen
sions and composition, may be found in Tables II-19-V and 
II-19-VI 

b Distance from the centei of the core along the axial mid-
plane of the core 

0 These values a ie the net specific woi ths , 1 e , the worth of 
stainless steel cladding and sample holders has been accounted 
foi using the measured worth of stainless steel a t each radial 
point The uncertainty in each measurement was computed as 
descubed in Ref 3 and includes the uncertainty in each sam
ple measurement and the uncertainty in the stainless steel 
cladding and holder w or th 

(6 94 ± 0 6) Ih/kg at the center of the uniform reference 
core 

The ratio of the cential small-region sodium-vo 
measurement in the H240 zone of Assembly 7 to tl 
same measurement in the unifoim version of Assembly 
7 is 0 90 ± 0 15. When the correction for the perturba
tion denommator ratio is applied, this ratio becomes 
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FIG. II-12-4. Radial Reactivity Traverse in ZPR-6 Assem
bly 7 with the H240 Zone. ANL Neg. No. 116-995. t 
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FIG. II-12-5. Radial Reactivity Traverse in ZPR-6 Assem
bly 7 with the H240 Zone. ANL Neg. No. 116-998. 

0.S0 ± 0.13 (see Eq. 5 of Perturbation Denominator). 
The ratio of the central small-sample sodium worth in 
the H240 zone to the same measurement in the uniform 
version of Assembly 7 (see Table II-12-II) is 1.13 ± 
0.10, and this ratio, corrected for the perturbation de

nominator is 1.01 ± 0.09. The results of the central 
small-region sodium void Avorth measurements and the 
central small sample sodium worth measurements do not 
disagree by virtue of the rather large uncertainties in 
the measurements. 

The small-region sodium Avorth of —6.24 ± 0.9 and 
the small-sample sodium Avorth of —7.00 ± 0.48 in the 
H240 zone are also in agreement in the sense that they 
have overlapping uncertainties. Agreement between 
these Wo values is not necessarily expected, however, 
since there are significant heterogeneity differences be-
W"ecn the two measurements. 
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FIG. II-12-6. Depleted Uranium Radial Reactivity Tra
verse in ZPR-6 Assembly 7 with the H240 Zone. ANL Neg. 
No. 116-993. 
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FIG. II-12-7. Boron Radial Reactivity Traverse in ZPR-6 
Assembly 7 with the H240 Zone, Sample B(L), Natural Boron. 
ANL Neg. No. 116-996. 
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TABLE I I 12 V CENTRAL R E G I O N SODIUM VOID W O R T H S 

Core Environment 

Assembly 7 -with the 
H240 /one1 ' 

Unifoim Refeience Vei 
sion of Assembly 7° 

Dimension of Core Region w hich 
was Voided of Sodium, 

in 

6 52 \ 6 52 \ 12 0 
(This legion includes the fiist six 

inches of the cential nine diaweis in 
each leactoi half, S/M 22 22, 22-23, 
22 24, 23 22,23 23, 23 24, 24-22, 24 23, 
24-24) 

(Same as above) 

Amount of 
Sodium 
Voided, 

1* 

2 972 ± 0 014 

2 972 ± 0 014 

Net 
Change in 
Stainless 

Steel, 
1* 

+ 0 009 

+ 0 004 

Measured Reac 
tivity Change Re
lative to Sodium 

1 died Region, 
Ih 

+ 18 5 ± 2 7 

+20 6 ± 1 8 

Sodium Void 
Coefficient0 

Ih/kg 

6 24 ± 0 90 

6 94 ± 0 60 

a A small collection to account for the slight mismatch in the amount of stainless steel between the sodium filled and empty 
stainless steel cans is included in these lesults 

b 1% Ak/k = 1027 Ih, p.f, = 3 20 X 10"3 

• 1 % Ak/k = 1033 Ih, /3„// = 3 18 X lO"3 The lesults heie have been taken fiom Table I I 19 I I 

E 238U DOPPLER WORTH MEASUREMENT 

The 23SU Doppler reactivity AAOith A\as measured at 
the centei of the H240 zone A sample of natuial uia-
nium oxide A\as heated to tcmperatuies langing fiom 
room temperatuie to 1050°K The change in the lcac-
tivity AAOith of the sample AAith a change in the tem
peratuie of the sample Avas measured using the Dopplci 
oscillator equipment and a cahbiated autorod A de
scription of the Doppler measurement technique and 
refeiences pcitaimng to the subject are given m Papci 
11-21 The U02 Doppler sample NI containing 1108 88 
g of 23SU and 7 99 g of 23oU A\as used I t is a fieely ex
panding sample, 1 m m diam and 12 in long The 
experimental lesults are given in Table II-12-VI The 

TABLE II 12-VI CLNTKAL DOPPLJ it Ri \CTIVITA WORTHS 
FOR N VTURAL UR VNIUM OAIDI. MLASXJRLD IN ZPE 6 

ASSI MBLY 7 AND IN TH1 H240 
ZON C IN ASSLMBLA 7 

Uniform, Reference Version 
of ZPR 6 Assembh 7a 

Temper
ature,0 

°K 

293 
494 
771 

1075 

Reactivity 
Wor th / 

Ih/kg of U 

0 db 0 010 
- 0 300 ± 0 003 
- 0 608 db 0 002 
- 0 871 ± 0 009 

H240 Zone in ZPR-6 
Assembt> 7b 

1 emper 
ature,c 

°K 

297 
507 
792 

1054 

Reactivity 
Worth,'1 

Ih/kg of Tj 

0 ± 0 003 
- 0 323 db 0 003 
- 0 643 ± 0 006 
- 0 860 ± 0 003 

° 1% Ak/k = 1033 Ih, 0.// = 3 18 X 10"3 The lesults heie 
have been taken fiom Table II-21-II 

b 1% Ak/k = 1027 Ih, p,„ = 3 20 X 10"3 

0 The tempeia tu ie leported here is the average of the five 
theimoeouples located along the length of the sample Theie 
is a 1% uncei ta in ty in the aveiage tempeia tu ie 

d The unce i ta in ty in the change in leact ivi ty woi th a t each 
tempera tu ie includes only the uncei ta in ty in the aveiage dif-
feience between "sample i n " and "sample-out" auto iod m-
tegiat ion a t each tempera tu ie 

300 400 500 600 700 800 900 IOOO MOO 
AVERAGE SAMPLE TEMPERATURE °K 

F I G I I 12 8 238U Dopplei Woi th Measuied a t the Center 
of the Unifoim Refeience Veision of ZPR 6 Assemblj 7 and 
ZPR 6 Assembly 7 with the IT240 Zone ANLNeg No 900-1884 
Rev 1 

leactivity Avoiths have been conected foi the small 
(<1%) differential nonhncanty of the fine autoiod6 

The unceitainty in the leactivity Avoiths at each tem
peratuie icpoited in Table II-12-VI includes only the 
uncertainty in the average difference between "sam
ple-in" and "sample out" autorod mtegiations at each 
tempeiatuie 

Also included in Table II-12-VI aie the lesults of the 
238TJ Doppler measuiement, usmg the same Doppler 
sample, NI, at the centei of the unifoim, lefeience ver
sion of Assembly 7 (see Paper 11-21) The Doppler 
worths measured in both coies aie displayed in Pig. 
II-12-S Avheie the measurements in the H240 zone have 
been normalized (adjusted Avith the latio of peituiba-
tion denominators) to the measurements in the uni
form ref erence core The 238U Dopplei A\oith is appioxi-
mately 12 % less in the H240 zone along the entue lange 
of tempeiatures This icsult is an indication of the small 
amount of specti al hardening in the H240 zone in the 
legion of the 23SU Doppler resonances (beloAv 10 keV). 

file:///ctivita
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TABLE II-12-VII. F I S S I O N R VTC R A T I O S IN THIJ H240 
ZONK OF ZPR-6 ASSEMBLY 7 

Fission 
Foil 

239Pu 
2 4 0 p u 

238TJ 
235JJ 

Detector 
Drawer 

Location," 
Row-Col. 

M25-22 
M24-25 
M21-24 
M22-21 

Measured Fission 
Rate Relative 

to ™¥v?> 

1 00 
0.1930 db 0 0024 
0.0236 ± 0.00058 
1.0308 ± 0.0243 

Calculated 
Fission Rate 

Relative 
to S 8Pu 

0 1914 
0.0230 
1.150 

a All drawer locations are such tha t the fission foil is located 
12 35 cm radially from the center of the core. 

b Uncertaint ies include the uncertainties in weights of iso
topes on the foils, count ra tes , and the fission fragment low 
energy spectrum cut-off loss The nssion ratios are given here 
as ratios of the measured fission rates per atom of fissile isotope. 

P. FISSION RATE RATIOS AND TRAVERSES 

Fission rates in 239Pu, 240Pu, 241Pu, 236U, and 238U were 
measured near the center of the core Avith four thin-
Avalled Kirn-type fission AOAV counters.10 Each counter 
contained a foil Avith a thin (~20 /ig/cm2) deposit of 
the fissioning isotope. The detectors Avcre placed near 
the center of the core in the H240 zone. The detectors 
Avere loaded into fuel draAvcrs in a tAvo inch cavity six 
inches back from the axial reactor midplanc so that the 
fission foil Avas located 18.1 cm from the draAver front 
(axial reactor midplanc) and 12.4 cm radially from the 
center of the core. The location of fuel draAA-crs contain
ing detectors is given in Table II-12-VII. The fission 
ratios, measured relative to the 239Pu fission rate, are 
also given in Table II-12-VII. (The results of the 241Pu 
measurement have not yet been analyzed.) In forming 
the ratios in Table II-12-VII, complete symmetry of 
flux has been assumed; i.e., the neutron flux is assumed 
to be the same at each detector location. 

The fission ratios have been corrected for the fission 
fragment low-energy spectrum cut-off and for contribu
tions to the measured fission rates from other fissioning 
isotopes present on the foil deposit. The fission ratios 
given in Table II-12-VII arc ratios of the measured 
fission rates per atom of fissile isotope. The Avcights of 
the fissile isotopes present on each foil Avere determined 
as described in Re f i l l , using ana-counting technique. 

Also included in Table II-12-VII arc the results of 
calculated fission ratios. The method of calculation is 
as described in Section C. The cross sections for the 
fissile isotopes on the foils Avere taken from a homogene
ous MC2 run. The agreement bctAAcen measured and 

eulated fission ratios appears to be good for the 
5u/239Pu and 238U/239Pu fission ratios but the 235U/ 

239Pu fission ratio is calculated 11 % too high. This type 
of comparison between calculated and measured fission 
ratios could be a result of calculating the high energy 

flux (>0.2 MeV) too IOAV, or, in part, a result of poor 
236U fission cross section data. 

In addition to the ratios near the center of the core, 
radial fission rate traverses Avere obtained for 239Pu, 
235TJ, and 238U. A small ( ~ 1 in. diam.) fission flow-
counter Avas inserted into the sample tube of the radial 
sample changer.12 The radial sample changer Avas posi
tioned such that the sample tube extended radially 
along row 23 from the core center to the outside edge 
of the radial blanket at the reactor midplane (see Paper 
11-19 for a description of the radial sample changer as 
it A\as used in Assembly 7). The fission detector Avas 
positioned at several locations along the core radius, 
and the fission rate Avas recorded at each location.' The 
results are shoAvn in Figs. II-12-9 through 11-12-11. 

All fission foils contained thin (~20 /ug/cm2) deposits 
of the fissioning material. The compositions of the foil 
deposits Avere as folloAvs:13 235U foil—0.6646 Mg 234U, 
63.265 ng 235U, 0.275 ^g 236U, and 0.068 Mg 238U; 239Pu 
foil—57.467 Mg 239Pu, 0.588 y.g 240Pu, and 0.029 Mg 241Pu; 
238U foil—78.585 /xg 238U and 0.011 Mg 236U. 

The fission count obtained at each radial position was 
corrected for the fission fragment loAA'-cnergy spectrum 
loss. The correction factors, Avliich are dependent upon 
the radial location of the detector, AAere determined by 
recording fission fragment spectra at several radial 
locations. 

10 20 30 40 50 60 70 80 90 

RADIAL POSITION, cm 

F I G . II-12-9. 239Pu Fission Ra te Traverse in ZPR-6 Assem
bly 7 with the H240 Zone. ANL Neg. No. 116-987. 
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FIG. 11-12-10. 235U Fission Rate Traverse in ZPR-6 Assem 
blyj7 with the H240 Zone. ANL Neg No. 116-990. 

}., ' I I I ' I ' I i I i I ' I ' 

v O ° CALCULATED 2 3 8 U 
FISSION RATE 

0 10 20 30 40 50 60 70 80 90 
RADIAL POSITION, cm 

FIG. 11-12-11. 23SU Fission Rate in ZPR-6 Assembly 7 with 
the H240 Zone. ANL Neg. No. 116-999. 

Included in Figs. II-12-9 through 11-12-11 arc the re
sults of calculated relative radial fission rates obtained 
as described above for the fission ratios. The calculated 
fission rates have been normalized to the measured 
rates near the center of the core. In each case, the 
calculated fission rate distribution exhibits a greater 
flux gradient than the measured fission rates. 

The scattering of the 238U fission rates (Fig. 11-12-11) 
near the center of the core is due to the unit-cell hetero
geneity effects because the fission chamber is located, 
alternately, near a U30s plate and near a fuel plate. 

G. PERTURBATION DENOMINATOR 
The perturbation denominator Avas measured as de

scribed in Ref. 7. The method involved the measure
ment of the apparent Avorth of a 252Cf source at the 
center of the core and measurements of the fission rate 
in a unit cell of core material at the core center.8 The 
perturbation denominator measurements are made 
primarily for the purpose of adjusting other measured 
and calculated Avorth values so that more meaningful 
comparisons can be made, as discussed beloAv. This 
discussion is, of course, based on a first-order perturba
tion theory model. 

COMPARISON OF MEASURED AND CALCULATED CENTRAL 
SAMPLE AVORTHS 

A discrepancy betAveen measured and calculated 
central Avorths may be due to several different causes, 
such as incorrect effective sample cross sections, in
accurate calculated real and adjoint flux spectra at the 
sample location, an incorrect calculation of perturba
tion denominator, incorrect values of /3e//, or experi
mental error. An adjusted calculated Avorth, pAC, can 
be defined as 

PDC 
PAC — Pc PDn 

(1) 

Avhere pc is the calculated Avorth and PDC and PDm are 
the calculated and measured centrally normalized 
perturbation denominators. A discrepancy betAveen the 
measured and adjusted calculated central Avorths can
not be caused by either an incorrect perturbation 
denominator calculation or by incorrect /3e// values, 
since these causes arc eliminated Avhcn the calculation 
is adjusted, as Avill be discussed bcloAV. Therefore, a 
discrepancy between an adjusted calculated Avorth and 
a correct measured Avorth must be due either to the 
effective sample cross sections or to the calculated real 
and adjoint fluxes at the sample location; that is, the 
discrepancy must be due to the calculated perturba 
numerator. 

The elimination of the perturbation denominator and 
the /3e// values as causes for discrepancies betAveen the 
measured and adjusted-calculated Avorths can be shoAvn 
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as folloAvs. The measured perturbation denominator, 
PDm , is inversely proportional to the measured appar
ent Avorth of a 252Cf source;7 that is 

^ 1 + XtTCf 
AA here the /3t are the delayed neutron fractions and Tc! is 
the reactor period associated Avith the apparent reac
tivity due to the insertion of the 252Cf source into the 
critical reactor. The constant, C, is a function of only 
material properties at the exact location Avhere the 
source is inserted, primarily the source strength and the 
local core fission rate. 

The measured sample A\orth, ps, can also be AA'ritten 
in terms of its associated reactor period, Ts, as follows: 

* = ?rrbv - (3) 

If equations (1), (2), and (3) arc combined, an ex
pression for the ratio of the adjusted calculated AAorth 
to the measured Avorth is obtained: 

PAC _ PNC a 1 H~ X»Tcf / , \ 
P» C Y & 

4" i + x,rs 
AA-hcrc the calculated perturbation numerator, JPiVe, 
has been substituted for the product pcPDc. I t can 
be seen that the ratio, pAC/ps , is independent of the 
calculated perturbation denominator. Equation (4) 
is also essentially independent of the /3,s for the range 
of reactivities used in these measurements. The ratio is 
dependent only on the calculated local perturbation 
numerator and measured quantities. This statement 
must be qualified somewhat since the constant C does 
contain a small local calculated correction, but its 
effect is insignificant. 

COMPARISON OF AVORTH MEASUREMENTS MADE IN 
DIFFERENT CORES 

When the central AA orth of a given sample is measured 
in two different cores its A\orth value A\ill, in general, 
change. The change may be due entirely or in part to 
any of the folloAA'ing causes: 

a. Change in the local real and adjoint flux spectra, 
b. Change in the effective sample cross section due to 

flux changes in heterogeneity, 
c. Change in the normalization of the measurement 

as manifested by a change in the perturbation 
denominator, 

d. Experimental errors. 
Items a and b together constitute a change in the 

perturbation numerator, and it is the change in this 
quantity that is usually of interest. I t is possible to 
separate the perturbation numerator change from the 

total Avorth change if the ratio of the centrally normal
ized perturbation denominators for the two cores is 
measured. The result, which is listed here as the 
perturbation numerator ratio, PATm/PNm , for cores 1 
and 2, is 

PNl = PiPDl . . 
PNl P2PDI' W 

AA'hcrc the p, are the measured Avorths and the PDm are 
the measured perturbation denominators. I t is of 
course assumed that the worth changes are not due to 
experimental errors (item d). The perturbation num
erator ratio, measured indirectly as indicated by Eq. 
(5), is therefore a function only of the local fluxes and 
adjoin ts and the effective sample cross sections. 

APPLICATION OF PD MEASUREMENTS TO H240 CORE 
AVORTH RESULTS 

For Assembly 7 AAdth the H240 zone the ratio of the 
calculated-to-measured perturbation denominators was 
0.78 ± 0.05. For the uniform version of Assembly 7 the 
calculated-to-measured perturbation denominator ratio 
A\fas 0.79 ± 0.03 (see Ref. 7). These results are utilized 
elsewhere in this paper when comparing the measured 
central worths, sodium-void coefficients and Doppler 
worths Avith the corresponding calculations. 

The ratio of the measured perturbation denominator 
in the reference uniform version of Assembly 7 to that 
for Assembly 7 with, the H240 zone was 1.13 ± 0.05. 
Therefore, the worth of a sample measured at the 
center of the H240 zone should be 13% greater than 
the Avorth of the same sample measured at the center of 
the uniform version of Assembly 7, provided of course 
that the perturbation numerators are the same for the 
tAvo cases. 

The average of the measured central small-sample 
Avorths, PH24O/PREF , is 1.12 when expressed in 5fc units. 
(This value was obtained from the ratio 1.11 listed in 
Section C, for the worths expressed in inhour units.) 
The good agreement between the average of the small-
sample Avorth ratios and the perturbation denominator 
ratio is evidence of two things. First, the average of the 
Avorth ratios gives a good indication of the perturba
tion denominator ratio for tAvo assemblies in which 
the spectra are not too different. Second, the change in 
the average of the Avorths, and also in most of the 
indiAadual Avorths as indicated in Table II-12-II, is due 
almost entirely to the change in the perturbation de
nominators. These two conclusions are, of course, not 
independent of each other. 
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pcimicnts m the VH240 zone consisted of thiec meas
urements leactivity A\oith of voiding sodium fiom the 
H240 zone, small-sample central AAOith, and the 238U 
Dopplei i eactivity A\ OI th 

The sodium-void AAOith and 238U Doppler A\orth are 
of pumaiy concern m the study of liquid metal (so
dium) fast biecdei reactois The behavior of the 238U 
Dopplei A\oith m a sodium voided envnonment is 
especially impoitant for the study of loss-of-coolant 
conditions in an LMFBR 

The small-sample central Avoith measurements chai-
actenze the envnonment of the VH240 zone in tcims 
of the leal and adjoint neution flux spectra and aie 
therefoie useful as calculational and cioss section tests 

B. DESCRIPTION OF THE VH240 ZONE IN ASSEMBLY 7 

The sodium-voided high-240 plutonium zone 
(VH240) A\as constiucted by lemoving sodium from 
the H240 zone along the entire height of the core m a 
cential legion out to a radius of 19 cm Radial and ax
ial cioss sections of Assembly 7 A\ith the VH240 zone 
aic shoAvn in Figs II-13-1 and II-13-2 

The lemoval of sodium from the cential legion AAas 
accomplished by replacing the two columns of y^ in. 
thick sodium-filled stainless steel cans in each diaA\er 
(see Fig II-12-1) A\ith empty stainless steel cans. The 
atom concentiations in each legion of Assembly 7 AAith 
the VH240 zone A\cre the same as those given in Table 

11-13. Measurements in t he Sodium-Voided, High-240 P l u t o n i u m Zone 
of ZPR-6 Assembly 7 

E. M. BOHN, J E. MARSHALL and J F MEAER 
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II-12-I, except that in the VH240 zone the concentra
tion of sodium Avas zero (i.e., the atom concentrations 
of all materials except sodium Avere the same in the 
VH240 and H240 regions). 

The kinetics parameter of Assembly 7 Avith the 
VH240 zone have changed very little compared Avith 
the core containing the H240 zone. The effective de
layed neutron fraction is calculated to be 3.21 X 10 -3 

and the calculated inhours per percent reactivity con
version factor is 1026 Ih / % Ak/k. 

The size of the VH240 zone Avas made as large as 
Avas practicable; however, from a physics standpoint, 
the flux spectrum A\as not exactly representative of a 
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completely asymptotic sodium-voided spectrum. Re
activity Avorth calculations for samples at the center 
of the VH240 zone and at the center of a hypothetical 
fully sodium-voided core may be compared to esti
mate the degree that the flux at the center of 
the VH240 zone approaches the asymptotic flux. The 
Avorth of sodium at the center of the VH240 zone is 
calculated to be 13 % different from its Avorth at the 
center of a fully sodium-voided core. Similarly, the 
Avorths of 239Pu and 10B arc calculated to be 3 and 8 % 
different from their Avorths at the center of a fully 
sodium-voided core. The 238U Doppler Avorth is com
puted to be 30% greater than the Avorth in a fully 
voided core. The ratio of the fission rate in 238U to that 
in 239Pu is predicted to be 2 % less in the VH240 zone. 

C. SODIUM VOIDING MEASUREMENTS 

The reactivity Avorth of voiding sodium from the 
central regions of the H240 zone Avas measured during 
the transformation of the H240 zone to the VH240 
zone. The central portion of the H240 zone Avas voided 
of sodium in tAvo steps. The excess reactivity of the 
core Avas determined before and after each step. (A 
complete discussion of the measurement technique may 
be found in Paper 11-19. The results of these tAA'O meas
urements, along AA'ith the results of the central small-
region sodium voiding measurement reported in Paper 
11-12, are summarized in Table II-13-I and Fig. II-13-3. 

In Fig. II-13-3, a one-quarter axial cross section of 
the core is shoAvn AA'ith the regions that Avere voided of 
sodium during each measurement. In region 1, sodium 
Avas voided from the first six inches of each of the 
draAvcrs in the central nine draAvers ( 3 x 3 drawer array) 
of each reactor half. The resulting sodium-void coef
ficient is +6.24 ± 0.91 Ih/kg. 

During the second sodium-voiding measurement} 

Regions 
Voided of Sodium 
(see Fig II-13-3) 

Region 1 
Regions 1 and 2 
Regions 1, 2, and 3 

TABLE II-13-I. W O R T H OP SODIUM VOIDING 

Numbei of 
Draweis 

Voided per 
One-Half 

Zone 

9 
9 

37 

Depth of 
Void in 
Drawer 
(from 

midplane)," 
in. 

6 
30 
30 

Amount of 
Sodium 
Voided, 

kg 

2 972 ± 0 014 
14 S60 ± 0 070 
59 44 ± 0 27 

Net Change 
in Stainless 

Steel, 
kg 

+ 0 009 
+ 0 043 
+ 0 170 

IN THE H240 Zo 

Measured 
Reactivity 

Change Relative 
to Full H240 

Zone,b 

Ih 

18 5 ± 2 7 
35 6 ± 6 9 

1.55 0 ± 7 1 

MI3 

Measured Na-Void 
Coefficient,0 

Ih/kg 

6 24 ± 0 9ld 

2 67 ± 0.44 
2 62 ± 0 12 

Calculated 
Na-Void 

Coefficient, 
Ih/kg 

6.68° 
2.76' 

" The core half-height is 30 032 in. and the inside length of one drawer is 30 in. Thus, 30 in. sodium voiding in each half repre
sents full core height voiding. 

b Uncertainty in each measurement reported here includes uncertainties in control rod calibrations, table closure, temperature 
and 2,"Pu decay corrections. 

c The net change in stainless steel has been accounted for in this result. The experimental value for stainless steel worth from 
Table II-13-II was used. 

d This result is taken from Table II-12-V. 
c 1-D diffusion theory, first-order pei turbation calculation using the w/Na cross sections in region 1. 
' Calculation based on the difference between the calculated k of Assembly 7 AAith the H240 zone and the k of the same coie with 

sodium voided from regions 1 and 2 in Fig. II-13-3. The w/o Na cross sections Avere used in the voided zone. 
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sodium was voided along the entire core height in the 
central nine draAvers of each reactor half (region 1 plus 
region 2 in Fig. II-13-3). The sodium-void Avorth ob
tained is +2.67 ± 0.44 Ih/kg. 

In the third sodium voiding measurement, sodium 
Avas voided along the entire core height in the central 
37 draAvers in each reactor half (regions 1, 2 and 3 in 
Fig. II-13-3). This measurement gives the Avorth of the 
VH240 zone relative to the full H240 zone, 155 ± 7 Ih. 
The specific sodium void Avorth is found to be +2.62 ± 
0.12 Ih/kg. 

The results of calculations for the first tAA'o voiding 
measurements are given in Table II-13-I. These calcula
tions are based on one-dimensional diffusion theory 
and employ cross sections generated from ENDF/B 
VERSION-I data. The method of calculation and cross 
section generation is discussed more fully in Paper 
11-12. In addition to cross sections characteristic of the 
core AA'ith sodium (Av/Na cross sections), cross sections 
characteristic of a fully sodium-voided core (AA'/O Na 
cross sections) Avere also generated. 
[j£For the sodium voiding measurement in region 1 of 
Fig. II-13-3, the calculated sodium void coefficient is 
6.68 Ih/kg. This value Avas obtained from a first-order 
perturbation calculation using the w/Na cross sections 
to calculate the real and adjoint flux spectrum. The 
perturbed sodium cross section Avas also from the Av/Na 
set, A\'eighted by the spatial flux distribution in the 
unit-cell. Although agreement betAveen the calculated 
and measured values appears to be good, there is an 

indication that the perturbation denominator may be 
calculated ~ 2 0 % too IOAV (see Section D). 

For the sodium voiding measurement in regions 1 
and 2 of Fig. II-13-3 (the full core height voiding) the 
calculated sodium void Avorth is 2.92 Ih/kg. The calcu
lated value is based on the difference betA\ een the calcu
lated k of Assembly 7 Avith the H240 zone and the k of 
the same core A\ith sodium voided from regions 1 and 
2. The w/o Na cross sections Avere used in the sodium 
voided zone. In the voided zone, an axial extrapolated 
height of 201 cm Avas assumed. This value for the ex
trapolated height is based on the measured extrapo
lated height in the regular core of Assembly 7 (190 cm) 
adjusted by the ratio of the measured extrapolated 
heights, Avithout sodium to Avith sodium, in ZPR-6 
Assembly 6.(1) 

The calculated value appears to agree A\ell with the 
measured value; liOAvevcr, agreement may be fortuitous. 
The axial shape of the sodium void Avorth function is 
determined bjr the spectral component of reactivity 
(positive Avorth) near the center of the core and by the 
leakage component of reactivity (negative Avorth) near 
the core boundary. The integral of the sodium void 
worth function over the entire core height is propor
tional to the full core height sodium voiding worth. I t 
is possible to calculate the magnitude of the sodium 
void worth poorly as a function of position along the 
axis, yet obtain a total integral sodium void worth that 
agrees Avell A\dth the measured worth; that is, the posi
tive and negative components of reactivity may be 
calculated too low, but the sum of the components is 
invariant. An example of this type of behavior may be 
found in Fig. II-13-5 of Paper 11-12. 

D. SMALL-SAMPLE CENTRAL REACTIVITY 
WORTH MEASUREMENTS 

The reactivity Avorths of several small samples Avere 
measured at the center of the VH240 zone. The radial 
sample changer and fine-autorod system were used for 
these measurements (see Paper 11-19). The results of 
the measurements are given in Table II-13-II. 

The ratio of the central Avorths measured in the 
VH240 zone to those measured in the H240 zone are 
also given in Table II-13-II. The ratios vary consider
ably in magnitude and indicate that the spectrum in 
the VH240 zone is harder than that in the H240 zone. 
The degree of spectrum hardening may be more clearly 
demonstrated by adjusting these ratios so that only the 
perturbation numerator part of the reactivity worths 
are compared. The ratio of the perturbation denomi
nator in the VH240 zone to the perturbation denomina
tor in the H240 zone is used for this purpose (see Paper 
11-12). The calculated ratio of the perturbation de
nominators is 1.04. 

The adjusted central Avorth ratios for the fissile 
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TABLE II-13-II . SMALL-SAMPLE REACTIVITY W O R T H S M E A S U R E D AT THE C E N T E R OP ASSEMBLY 7 
AVITH THE VH240 ZONE 

Sample" 

P u (1 w/o 24°Pll) 

Pu (11.5 w/o 240Pu) 
P u (22 w/o 24°Ru) 
P u (45 w/o 24°Pu) 
Enriched U 
Depleted U 
Ta 
Boron (NAT) 
SS304 
Na 

Sample—Identification" 

MB-10 
MB-11 
Pu-11 
Pu-17 
Pu-23 
236U (L) 
238U (L) 
Ta (L) 
B (L) 

Na (L2) 

Sample Weight, 
g 

9.956 
21.409 
15.122 
13.939 
13.923 
3.084 

25.988 
5.772 
0.5553 

43.809 
17.044 

Specific Worth1', 
Ih/kg 

(1026 I h / % Ak/k) 

165.7 ± 0.8 
167.0 ± 0.4 
152.3 ± 0.5 
135.6 ± 0.4 
103.7 ± 0.4 
119.2 ± 2.1 

- 8 . 9 4 ± 0.25 
- 7 2 . 6 ± 1.3 
- 5 3 3 ± 12 

- 5 . 5 7 ± 0.11 
- 7 . 7 3 ± 0.39 

Ratio of Measured 
Worths in VH240 

Zone to H240 Zonec 

0.95 
0.94 
0.95 
0.95 
0.96 
0.91 
0.83 
1.13 
0.84 
1.04 
1.10 

" A complete description of each sample, including dimension and composition, may be found in Tables II-I9-V and II-19-VI. 
b These values are the net specific worths, i.e., the worth of stainless steel cladding and sample holder has been accounted for 

using the measured worth of stainless steel. The uncertainty in each measurement was computed as described in Ref. 2 and includes 
the uncertainty in each sample measurement and the uncer ta inty in the stainless steel cladding and holder worth. 

0 The measured values of the H240 zone were taken from Table II-12-II . 

TABLE II-13-II I . COMPARISON o r M E A S U R E D AND CALCULATED SMALL-SAMPLE REACTIVITY W O R T H S AT THE 
C E N T E R OF ASSEMBLY 7 AVITH THE VH240 ZONE 

Sample 

239Pu 
235U 
238TJ 

Ta 
10g 
SS304 
N a 

Measured Specific Worth, 
Ih/kg 

(1026 I h / % Ak/k) 

169.1 ± 0.8° 
128.4 ± 2.1° 

- 9 . 2 3 ± 0.25e 

- 7 2 . 6 ± 1.3 
- 2 6 8 1 ± 60 
- 5 . 5 7 ± 0.11 
- 7 . 7 3 ± 0.39 

Calculated Worth,8 Ih/kg 

w/Na 
Cross Sections 

223.3d 

178.4 
- 1 2 . 9 4 
- 5 7 . 4 3 

- 3 0 8 4 ' 
- 7 . 2 2 
- 7 . 6 2 

w/o Na 
Cross Sections 

219.7d ' 
175.9 

- 1 2 . 8 0 
- 5 5 . 9 6 

- 3 0 5 4 ' 
- 7 . 0 0 
- 8 . 5 8 

C/E 

w/Na 
Cross 

Sections 

1.32 
1.39 
1.40 
0.79 
1.15 
1.30 
0.99 

w/o Na 
Cross 

Sections 

1.30 
1.37 
1.39 
0.77 
1.14 
1.26 
1.11 

Adjusted C/E b 

w/Na 
Cross 

Sections 

1.04 
1.10 
1.11 
0.63 
0.91 
1.02 
0.78 

w/o Na 
Cross 

Sections 

1.03 
1.08 
1.10 
0.61 
0.90 
0.99 
0.88 

° 1-D diffusion theory, first-order per turbat ion calculations using homogeneous cross sections for the samples, i.e., cross sec
tions from a homogeneous MC2 run. 

b C / E values have been multiplied by 0.79, the est imated rat io of the calculated-to-measured per turbat ion denominator. The 
es t imate of the rat io is based on the calculated-to-measured ratios in the reference core of Assembly 7 and in Assembly 7 with the 
H240 zone. 

" This value was deduced by correcting the measured plutonium (1 AV/O 240Pu) Avorth of sample MB-10 with a calculated 240Pu 
worth. 

d A small experimentally determined self-shielding factor (1.03) has been included in this value. 
e This value was deduced by comparing the measured worths for enriched and depleted uranium. 
' A small experimentally determined self-shielding factor (0.98) has been included in this value. 

samples are near unity: 0.99 for the plutonium samples, 
0.95 for the enriched uranium sample. This is a conse
quence of the relative constancy of the fission cross 
sections of these samples in the energy range of im-

artance in both the H240 and VH240 zones. For the 
jsorber materials, boron and 238U, the adjusted cen

t a l worth ratios are 0.S7 and 0.86, demonstrating the 
relative depletion of low energy flux in the VH240 
zone. The adjusted Avorth ratios of the scattering ma
terials, sodium and stainless steel, are 1.14 and 1.08, 

respectively, indicating that the real flux in the VH240 
zone has shifted to a higher energy region AA'here the 
slope of the adjoint spectrum is greater. 

The adjusted central Avorth ratio for tantalum is 1.18. 
Since tantalum is primarily a loAV-energy absorber, this 
result is unexpected. 

The measured central Avorths are compared with cal
culated central Avorths in Table II-13-IIL The calcula
tions are based on first-order perturbation theory using 
ENDF/B VERSION-I data and central real and adjoint 
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TABLE II-13-IV. CENTRAL D O P P L E R REVCTIVITY W O R T H OP 
N A T U R U. URANIUM O X I D E M E VSURED IN ZPR-6 

ASSEMBLY 7 AVITH THE VH240 ZONE 

Temperature a 

°K 

301 
505 
760 

1034 

Reactivity Worth,b 

Ih/kg of U 

0 ± 0.007 
- 0 . 1 8 4 ± 0.003 
- 0 . 3 5 8 ± 0.004 
- 0 504 ± 0.003 

a The temperature reported here is the average of the five 
thermocouples located along the length of the sample. There is 
a 1% uncertainty in the aveiage temperature . 

b 1% Ak/k = 1026 Ih, 0./, = 3 21 X 10"3. 

I O r — , | , | i | , | 

400 600 800 1000 
AVERAGE SAMPLE TEMPERATURE, °K 

F I G . II-13-4. 238U Doppler Worth Measured a t the Center 
of Assembly 7 AA ith the H240 and VH240 Zones ANL Neg. No. 
116-997. 

fluxes from a 1-D diffusion calculation. The method of 
calculation and cross section generation is discussed in 
Paper 11-12. 

Since the size of the VH240 zone is such that the flux 
spectrum at the center of the core is not completely 
asymptotic in the sense of a fully sodium-voided en
vironment (see Section B), tAvo sets of calculations have 
been made: one set using the Av/Na cross sections and 
one set using the w/o Na cross sections. The central 
Avorth measurements are compared AAith both sets of 
calculations in Table II-13-III. Except for sodium, 
both sets of calculations give nearly the same com
parison AAith the measured Avorths. The C/E ratios vary 
over a AAide range of values; this behavior cannot be 
explained by a discrepancy between the calculated and 
the actual perturbation denominator of the core. 

The perturbation denominators of the uniform refer
ence core of Assembly 7(3) and Assembly 7 Avith the 
H240 zone (see Paper 11-12) were measured. The calcu
lated-to-measured perturbation denominator Avas found 

to be 0.79 for the uniform reference core of Assembly 7 
and 0.78 for Assembly 7 Avith the H240 zone. There Avas 
no measurement of the perturbation denominator of 
the core Avith the VH240 zone; however, a calculated-
to-measured perturbation denominator ratio of 0.79 
Avill be assumed for this core. In Table II-13-III, the 
C/E ratios have been adjusted Avith this assumed ratio 
to obtain the "adjusted C/E" ratios. These adjusted 
ratios are a measure of the agreement (or disagreement) 
betAveen calculated and measured perturbation nu
merators. 

Some of the adjusted ratios (239Pu, SS304, and so
dium) exhibit the same behavior as Avas found previ
ously for measurements in the H240 zone (sec Paper 
11-12). The adjusted ratios for 236U, 238U, and 10B indi
cate a 10% disagreement betAveen calculated and 
measured perturbation numerator Avorths; this is ap
proximately tAvice the degree of disagreement found 
for measurements in the H240 zone. The large disagree
ment betAveen calculated and measured tantalum 
Avorths is unexplained at this point. 

E. 23SU DOPPLER WORTH MEASUREMENT 

The 238U Doppler reactivity Avorth Avas measured at 
the center of the VH240 zone. The same natural ura
nium oxide sample used in the H240 zone measurements 
(see Paper 11-12) Avere used here. A description of the 
Doppler measurement technique and references per
taining to the subject are given in Paper 11-21. The re
sults of the measurement arc given in Table II-13-IV 
and arc plotted in Fig. II-13-4 along Avith the results 
obtained in the H240 zone. 

In Fig. II-13-4, the VH240 results have been nor
malized to the H240 results Avith the ratio of calculated 
perturbation denominators (see Section D). The 238U 
Doppler worth in the VH240 zone is about 40% less (in 
absolute value) than in the H240 zone. 

Similar results for the 238U Doppler Avorth Avere ob
tained in ZPR-6 Assembly 6A Avith and without sodium 
(see Paper 11-24). 
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I I - 1 4 . N e u t r o n S p e c t r u m M e a s u r e m e n t s i n Z P R - 6 A s s e m b l y 7 

T. J. YULE 

INTRODUCTION 

The central neutron spectrum Avas measured in 
ZPR-6 Assembly 7 (see Paper 11-11) using proton-
recoil proportional counters. The energy range of the 
measurement is from 1 kcV to 2 MeV. The measured 
central neutron spectrum is compared Avith a calculated 
fundamental-mode spectrum and the influence of 
heterogeneity effects is considered. 

SPECIFICS OF MEASUREMENT 

The techniques and analyses of fast reactor neutron 
spectroscopy AA'ith proton-recoil proportional counters 
are discussed in detail clseAvhere.1 This particular 
measurement is part of a series2 of measurements Avhich 
have used small counters Avith improved electronics 
and A\ hich have incorporated corrections for all known 
sources of systematic error—electric-field distortion, W 
variation, carbon-recoil contributions, and Avall-and-
end effects. 

A methane-filled or hydrogen-filled counter in a 
standard fuel draAver Avas inserted into position 23-22 
in the moveable half. During the measurement the 
neutron sources and fuel-loaded control drawers A\cre 
AvithdraAvn from the core and the boron-loaded draAvers 
Avere inserted. This configuration Avas approximately 
2% Ak/k subcritical. In one measurement plate ma
terial Avas placed around the probe and in that portion 
of the draAver not occupied by the preamplifier and 
cables. Figure II-14-1 SIAOAAS a sectional view of the 
loading around the probe. Another measurement Avas 
made AAithout the simulated loading to determine local 
heterogeneity effects. 

MEASURED AND CALCULATED SPECTRA 

The measured central spectrum in Avhich the draAver 
had a simulated loading and a calculated spectrum arc 
shoAAii in Fig. II-14-2. The predicted spectrum (indi
cated by the continuous line) Avas calculated using 
ENDF/B-VERSION I nuclear data and the MC2 

code.3 The calculation assumes a fundamental-mode 
model in the Pi approximation. The plate loading of 
the fuel Avas approximately considered by using the 
heterogeneous MC2 option Avhich employs the modified 
Bell approximation to account for self-shielding in the 

el. The calculation Avas normalized so that the in-
gral of the flux over the energy range of the experi

mental points equaled the corresponding integral for 
the experimental data. This method of normalization is 
rather arbitrary; it might be more satisfactory to em
ploy a normalization Avhich forces measured and calcu

lated fission rates or some other spectral index to be 
equal. The continuous curve is the result of smoothing 
the MC2 points, Avhich are calculated for K20 lethargy 
intervals, Avith a Gaussian A\indoAv AVIIOSC Avidth cor
responds to the experimental resolution. 

In general, the agreement betAveen the measured 
spectrum and calculated spectrum is good. HoAvever, 
there are some regions of significant disagreement. 
There is systematic disagreement in the positions of 
the measured and calculated resonance dips for energies 
above 100 keV. There is an indication that the disagree
ment is brought about by an excessive amount of con
taminants in the methane filling.1 There are also sig
nificant differences in the neighborhood of the large 
resonances, especially the large iron resonance at about 
30 keV. It is not easy to explain the discrepancies in 
terms of experimental resolution or instrumental dis
tortion. As is discussed bcloAV, heterogeneity effects 
cannot account for such large differences. 

HETEROGENEITY EFFECTS 

It is possible to distinguish betA\ecn tAvo types of 
heterogeneity effects. There are local heterogeneity 
effects introduced by the fact that the counter is view
ing only a particular region of a cell and there are non
local effects introduced by the use of a plate loading. 
The differences betA\een the spectrum seen by the 
counter and the homogeneous fundamental-mode 
calculation of the spectrum must be knoAA n in order to 
compare the measured and calculated spectrum. In an 
attempt to examine the extent of local heterogeneity 
effects, a measurement Avas made AA'ith and A\ithout a 

1 

" 

1/4" Pu-U-Mo 

1/4" No 

3/4" 

U 3 ° 8 
( / ) 

1/2" No 

h« 2" 1 

FIG II-14-1 Cross-Sectional View of Material Placement 
Around Pioton-Recoil Piobe for the ZPR-6 Assembly 7 Meas
urement All Dimensions are in Inches. ANL Neg. No. 116-1023. 
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FIG. II-14-3. Central Neutron Spectrum in ZPR-6 Assembly 7 AA'ith and without a Simulated Loading in the Counter Drawer. 
ANLNeg. No. 116-319 Rev. 1. 

simulated loading of reactor material in the counter 
draAver. In the simulated loading an attempt Avas made 
to keep iron aAvay from the counter. A comparison of 

sthe~two-~ measurements is shoAvn in Fig. II-14-3. The 
uncertainties are about the same as those SIIOAATI in 
Fig. II-14-2. For the most part, the differences are not 
significant but there are some small differences near 
the large iron resonance. In an empty draAver the 

counter can look directly at the stainless steel matrix 
and draAver. HaA îng the sodium next to the counter 
changes the flux near the sodium resonance. 

With respect to the effect of non-local heterogenei 
on the spectrum, there are indications that its influer 
is small. Two-thousand group heterogeneous unit-cell 
calculations for cores similar to the one considered here 
indicated only small differences near the scattering 
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resonances between homogeneous and heterogeneous 
spectra.4 In regions of strong capture and fission reso
nances the differences can be striking. 

CONCLUSION 

The spectrum measurement in ZPR-6 Assembly 7 is 
rather representative of the measurements made during 
the last few years in large, dilute fast reactors. The 
ability to predict the detailed flux variation in the 
vicinity of some large scattering resonances is not very 
good. The discrepancies are thought to be outside ex
perimental error and cannot be entirely accounted for 
by heterogeneity effects. 

Efforts are currently being directed toward improv
ing the low- and high-energy limits of the proton-recoil 

technique. Measurements in the future will attempt to 
make use of the ability of this method to provide ac
curate absolute fluxes. Suitable reaction rate measure
ments Avill be made in conjunction with the neutron 
spectrum measurement. 
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11-15. S p e c t r u m M e a s u r e m e n t B e t w e e n t h e H a l v e s of Z P R - 6 A s s e m b l y 7 

T. J. YULE 

INTRODUCTION 

When a large reactor is fueled with plutonium, the 
spontaneous neutron source from 240Pu may lead to 
significant neutron doses in the vicinity of the reactor, 
even when the reactor is far subcritical. In the case of a 
split-table machine, doses may be quite high since it is 
possible to directly view the core when the halves are 
separated. Since personnel are required to work be
tween the halves during loading and during the setup 
of experimental apparatus, it is imperative that the 
dose be determined with sufficient accuracy. 

The neutron spectrum is that of a degraded fission 
source. For such a spectrum it is difficult to accurately 
determine the dose with standard neutron rem coun
ters.1 Figure II-15-1 shows the response of a small 
6LiI(Eu) scintillator placed in the center of a 10 in. 
diam polyethylene sphere (the familiar bowling ball de
tector).2 Since a degraded fission spectrum extends 
over regions of rather large differences between the 
RBE dose and instrument response, measurements 
with such an instrument are difficult to interpret. It is 
possible to use different diameter spheres3 and combine 
the results to determine Avith about 15 % accuracy the 
dose for neutron energies betAveen 10 keV and 10 MeV. 
There is also available another type of rem counter 
vith an improved response based on the same moderat-
ng technique.4 The counter has a cylindrical design 

Avith a BF3 proportional counter surrounded by an 
inner polyethylene cylinder. A thin layer of boron 
plastic fits over the inner cylinder with holes drilled in 

the plastic to adjust the neutron sensitivity as a func
tion of energy. There is also an outer polyethylene 
cylinder. An accuracy of 10 % is obtained in the energy 
interval from 40 keV to 10 MeV and at thermal energies. 
Besides differences betAveen instrumental response and 
RBE dose, the counters described above must be cali
brated against a standard. 

The dose determination described here employs 
proton-recoil proportional-counter techniques, which 
were developed for in-core neutron spectroscopy.6 Al
though such a measurement is considerably more time 
consuming and difficult than one Avith a rem counter, 
one may place a rather high degree of confidence in the 

CURVE A-RBE DOSE 
CURVE B- 10in DIAMETER POLYETHYLENE SPHERE' 

1 0 " 10 10" 

ENERGY, keV 

F I G . II-15-1. Response of a 6LiI(Eu) Scintillator Placed in 
the Center of a 10 in. Diam Polyethylene Sphere Compared 
with the Calculated Thick Tissue RBE Dose for Monoenergetic 
Neutrons . (See Ref. 2). ANL Neg. No. 116-880. 
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result. Furthermore, such a measurement provides a 
standard for the testing of other dosimetry techniques 
in this environment (see Paper 111-35). The proton-
recoil counters are used to measure the spectrum; the 
measured spectrum and the RBE curve are employed 
to determine the dose. Since the n-p scattering cross 
section is well known and the number of hydrogen 
atoms in a particular counter is easily determined, an 
absolute measurement of the spectrum is realized. Such 
absolute measurements have recently been carried out 
in the high-dose irradiation cell of the JANUS reactor— 
a facility for the investigation of biological effects of 
fast neutrons.6 

SPECIFICS OF THE MEASUREMENT 

The spectrum was measured between the halves of 
ZPR-6 Assembly 7 Avith the halves fully separated. 
Assembly 7 is a large, dilute plutonium-oxide-fueled 
core AA'ith a single-draAver unit coll blanketed on all 
sides by depleted uranium (see Paper 11-11). The core 
volume is approximately 3500 liters and contains about 
1300 kg of plutonium. 

The same techniques Avere employed for the spectrum 
measurement between the halves as for in-core measure
ments.6 HoAvever, considerably larger detectors A\rere 
used in the present measurements to increase the sensi
tivity. The proton-recoil spectrum above 100 keV was 
measured AA'ith a 1 in. diam methane-filled detector 
AAith a 3 in. sensitive length filled to 90 psia. The proton-
recoil spectrum below 100 keV was measured with a 1 
in. diam hydrogen-filled detector A\ith a 6 in. sensitive 
length filled to 80 psia. The methane-filled counter has 
0.230 X 1023 hydrogen atoms in the sensitive volume 
and the hydrogen-filled counter has 0.222 X 1023. A 
lead sleeve 0.020 in. thick was placed around a detector 
to reduce soft photon interactions in the Avails of the 
detector. Figure II-15-2 S1IOAA-S the methane-filled de
tector together A\dth a preamplifier mounted in a thin-
walled stainless steel drawer. The drawer, which was 
supported with a light aluminum stand, AA-as placed on 
the reactor axis midAvay betAveen the halves. The dis
tance between the separated halves AA-as 5 ft. The maxi
mum count rate of about 5000 counts/sec occurred 
with the hydrogen-filled counter. The complete scan of 

Vs 

\ 

^ 

F I G . II-15-2. Methane Detector and Preamplifier Used for the Spectrum Measurement. ANL Neg. No. 900-405. 
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the protonrecoil spectrum was accomplished in about 
8 hours. 

ANALYSIS OF PRESENT MEASUREMENT 

The measured neutron spectrum is shown in Fig. 
II153. The oxygen resonances at about 450 keV and 
1 McV arc clearly seen. The iron resonance at about 
30 keV is also apparent. For an incorc measurement 
the statistics are usually better and the low energy 
data extends to 1 keV. 

The neutrontogamma ratio was such that it was 
not necessary to match distributions from a pure 
gamma field in determining the protonrecoil distribu

tion. No corrections were made for electric field distor

tions or variation of W—the energy loss per ion pair 
with energy.6 Electric field corrections and W correc

tions only significantly alter the spectrum shape at 
energies less than 10 kcV—a region which contributes 
little to the dose. There is some uncertainty introduced 
by electric field effects in determining the absolute value 
of the flux. The electrical volume of the detector is not 
the same as the mechanical volume defined by the field 
tubes because of bowing of the field lines near the ends. 
For the methane counter this difference may be 3 to 4 % 
and about half as much for the hydrogen counter. 

No corrections were made for wallandend effects or 
carbon recoils.5 It has been found that these corrections 
are not significant for spectral shapes similar to the one 
under consideration. 

The neutron flux derived from the methanefilled 
counter data might be assigned an absolute uncer

tainty of about 10%. The uncertainty in the neutron 
flux derived from data obtained with the hydrogen

filled counter is mostly that associated with statistics 
for energies greater than 10 keV; the uncertainty might 
be as high as 7 %. 
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FIG. II153. Measured Neutron Spectrum between the 
Halves for ZPR6 Assembly 7 ANL Neg. No. 116878 
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FIG II154 GroupAveraged Measured Neutron Spectrum 
between the Halves for ZPR6 Assembly 7 and Calculated 
Spectra ANL Neg No 116882. 

In Fig. II154 the measured neutron spectrum aver

aged over half lethargy widths is compared with calcu

lated broadgroup spectra. The histograms arc nor

malized to have equal areas within the experimentally 
measured energy range. The absolute scale applies only 
to the experimental data; the calculations yield only 
spectral shapes. The spectrum for kef/ = 1 is the cen

tral spectrum when the halves are together. This spec

trum is considerably softer than the measured one. 
The neutron leakage is greater when the halves are 
apart. The spectrum for keff = 0.89 is that at the inner 
boundary calculated with diffusion theory for a cylin

drical slab corresponding to a single half. At high 
energies the agreement is seen to be considerably better 
than for the spectrum for ke{{ = 1. At lower energies 
the spectrum for ke!! = 0.89 is too hard. A transport 
calculation in which both halves are taken into account 
would be expected to yield a more reliable prediction 
of the spectrum between the halves. 

To determine the dose and fission rates it is necessary 
to extrapolate the measured spectrum to higher energies 
and to lower energies. One is interested in determining

fission rates in order to relate the present spectrum 
measurement to fission rate measurements made with 
track recorders (sec Paper 11135). The high energy

extrapolation is straightforward. Since the flux above a 
few McV is almost entirely governed by statistical 
processes, one might expect that using a function of the 
form exp (a + bE) would be satisfactory. It has been 
shown that this form provides a reasonable fit to MC2 

predicted spectra above a few McV. This form is used 
in the SIGBAR program, which computes average 
fission cross sections in fast neutron spectra.7 In the 
present case the five highest energy points were fitted 
by leastsquares to the above functional form; this fit 
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piovides the extrapolation above 2 5 McV. Since the 
shape of the measured spectrum at high energies is 
somewhat sensitive to wall-and-end effect corrections, 
w hich were not made, and since there is some problem 
with energy calibration in methane counters when the 
track length of the recoils become long, the flux ex
trapolated to 10 MeV has an average uncertainty of 
about 30%—the uncertainty is somewhat less at lower 
energies and greater at higher energies. 

The extrapolation to lower energies is somewhat 
more difficult Extrapolation based on a fit to a simple 
function over the low energy range of the measurement 
is unacceptable From Fig II-15-4 it is seen that the 
calculated spectrum for keff = 1 is fairlj close to the 
measured spectrum at lower energies This spectrum 
is used for the low-energy extrapolation. 

DOSE 

The dose \\ as determined by averaging the measured 
spectrum over half lethargy widths and using the con-

TABLE II-15-I F I S S I O N R A T L S FOR THE M E A S U R E D S P E C 
TRUM BETWITN THl H\LVES OP ZPR-6 ASSEMBLY 7 

I M i l l 
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ENERGY, keV 

10 

F I G II-15-5 Incident Flux of Neutrons to Dehvei 0 1 R e m / 
40h as a Function of Neut ion Energy (See Ref 8) ANL Neg 
No 116-881 
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F I G II-15-6 RBE Dose foi the Measuied Spectrum fiom 
Neut rons above a Cutoff Energy as a Function of the Cutoff 
Energy ANL Neg No 116-879 

Fissile 
Material 

Tho imm 

238TJ 

235TJ 

Range 

Measurement limits 
Above 2 5 MeV 
Total 

Measuiement limits 
Above 2 5 MeV 
Total 

Below 1 7 keV 
Measurement limits 
Above 2 5 MeV 
Total 

<^/.«»<a) 

6 42E 01 
3 66E 01 
1 OlE 02 

3 05E 02 
1 41E 02 
4 46E 02 

2 40E 03 
1 27E 04 
3 OOE 02 
1 54E 04 

Per Cent 
Contribution 

64 
36 

100 

68 
32 

100 

16 
82 

2 
100 

" Fluv is in n/cm2 sec and the cioss section is in barns 

version curve shown in Fig II-15-5 to transform flux to 
dose8 A value of 385 ± 50 mrcm/hr was obtained. 
Contributions to the dose from neutrons below the 
measurement limit of 1 68 keV are insignificant Ap
proximately 20% of the dose comes from neutions 
above the measurement limit Figure II-15-6 shows the 
integrated dose from neutrons above an energy cutoff 
as a function of the cutoff energy Almost 85 % of the 
dose comes from neutrons above 250 kcV. 

FISSION RATE 

Fission rates for thorium, 238U and 23oU were deter
mined using the program SIGBAR, except for the low -
energy contribution to 23oU where the low energy ex
trapolation indicated above was used. Table II-15-I 
contains the results together with an indication of 
contributions from energy regions in which the spectrum 
was extrapolated. It would take a considerable effort to 
determine accurately the uncertainties associated with 
the fission rates The uncertainties are not less than 20 % 
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INTRODUCTION 

As part of the complete characterization of Assembly 
7 as a Benchmark Critical Assembly,1 several reaction 
rate measurements have been made. The measurement 
of reaction rates provides a sensitive test of the nuclear 
data which are being used for current LMFBR Demon
stration Plant design. The measurements reported here 
were planned to yield a detailed accounting of the 
neutron inventory throughout the assembly. Two types 
of reaction rate measurements have been employed: de
tailed foil irradiations throughout the assembly, and 
absolute fission chamber counting at a location in the 
assembly. 

DESCRIPTION OF FOIL IRRADIATION MEASUREMENTS 

In order to establish a complete mapping of the reac
tion rate ratios 28c/49/ and 28//49/ (/ and c refer to the 
fission and capture rates per atom, and 28 and 49 refer 
to 238U and 239Pu, respectively) throughout the assem
bly, two types of foil irradiation measurements were 
made: detailed irradiations in a unit cell and axial and 
radial traverse through the core. 

DETAILED IRRADIATIONS IN A U N I T CELL OF CORE 

MATERIAL 

Irradiations at positions between the plates in a unit 
cell were made in order to obtain cell-averaged reac
tion-rate ratios. Thin metallic foils of 239Pu, 238U, and 
235U, described in Table II-16-I, were used. These foils 
were placed between plates of a unit-cell loading con
tained in a 2 x 2 x 2 in. stainless steel box (10-mil thick 
stainless steel walls). Three foil loading patterns within 
the boxes were employed. The locations of foils for 
each loading pattern, designated as Box Type A, Box 
Type B, and Box Type C, are shown in Figs. 11-16-1 

rough II-16-3. 
In order to keep the foils in position within the unit 

cell, a small amount of high-vacuum silicone grease 
( < 1 mg) was used to stick the foils to the plates. In 
addition, 1 mil thick aluminum was placed between 

Reactor Physics Division Annual Report , July 1, 1968 to 
June 30, 1969, ANL-7610, pp 535-536 

8 Protection Against Neution Radiation up to SO Million Elec
tion Volts, Na t l . Bur. Standards (U. S ), Handbook, Vol. 
63 (1957) 

the foils and the U^Og plates to prevent fission-product 
transfer. 

Three reactor runs were required to complete all 
necessary irradiations. The foil box types and locations 
in the reactor for each irradiation are described in 
Table II-16-II and Fig. II-16-4. 

AXIAL AND RADIAL FOIL IRRADIATION TRAVERSES IN T H E 

CORE 

Axial and radial foil irradiation traverses were made 
in order to account for the spatial distribution of the 
important reaction rates throughout the assembly. The 
thin metallic foils of 239Pu and depleted uranium de
scribed in Table II-16-1 were placed between plates of a 
drawer along the entire length of the drawer. Three 
types of foil traverse drawers, Type AA, Type BB, and 
Type CC, described in Table II-16-III, were used. 

In each type of traverse drawer, 239Pu and depleted 
uranium foils were located at six-inch intervals along 
the entire length of the drawer. The foils in each drawer 
were wrapped in 1 mil thick aluminum and centered 
vertically between rows of plates. In Type AA and 
Type BB foil traverse drawers, depleted uranium and 
239Pu foils were placed between a row of FC2O3 plates 
and the fuel plates. In Types AA, BB, and CC foil 
traverse drawers depleted uranium foils were placed 
between a row of U3Os plates and sodium cans. 

The type of foil traverse drawer and the location of 

TABLE II-16-I. DESCRIPTION OP ACTIVATION F O I L S U S E D 
IN ASSEMBLY 7 

Material 

Enriched uranium 
Natura l uranium 
Depleted uranium 

Plutonium 

Foil Shape 

Disk 
Disk 
Disk 
Rectangle 
Disk 
Disk 

Size, 
in 

0.322 diam 
0.625 diam 
0.625 diam 
Xxy2 
0.12 diam 
0 4 diam 

Nominal 
Thickness, 

mils 

4 4 
5 
5.5 
5 5 
3 0 
0.5 

I I -16. R e a c t i o n - R a t e M e a s u r e m e n t s i n Z P R - 6 A s s e m b l y 7 

G. S. STANFORD and W. R. ROBINSON 
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STAINLESS-
STEEL 
CAN WALL 

U , 0 ' 3 ° 8 

P 
D 0 

E 

U 3 ° 8 
P 

0 D 

E 

D D 

E 

No 

F e 2 0 3 

Pu 

Pu 

F e 2 0 3 

P 
D E 

P 

P 
D E P 

P 

P 
D E 

P 

No 

U 3 ° 8 ST 

O.OIO 

1/8 

1/8 
\ 

1/2 <® 

1/8 

1/8 )$> 

1/8 

1/2 

^ D R - O R -
1/4 

1/8 

P PLUTONIUM 

E ENRICHED URANIUM 

D DEPLETED URANIUM ( 5 / 8 DIAM ) 

DR DEPLETED URANIUM 

(1 /4 X 1/2 RECTANGLE) 

® , ® , © , ® , © , © , LOCATION 
DESIGNATION FOR T A B L E S : . 

PLATE THICKNESSES IN INCHES 

F I G . II-16-1. Foil Locations in Box Type A. ANL Neg. No. 116-1048. 

STAINLESS -
STEEL 
CAN WALL 

U 3 ° 8 

U 3 ° 8 D 
D DR 

D 
D DR 

E 

D DR 
E 

F e 2 0 3 

Pu 

Pu 

P 

D P 

E 

F e 2 0 3 

No 

U 3°8 m 

0010 

1/8 

1/8 

1/2 

1/8 

1/8 

1/8 

1/8 

1/2 

P PLUTONIUM 

E ENRICHED URANIUM 

D DEPLETED URANIUM ( 5 / 8 DIAM ) 

DR DEPLETED URANIUM 

( 1 / 4 X 1/2 RECTANGLE) 

PLATE THICKNESSES IN INCHES 

-DR—DR-
1/4 

F I G . II-16-2. Foil Locations in Box Type B . ANL Neg. No. 116-1049. 

the foils within the drawer are given in Table II-16-IV. In addition to the unit cell and traversing foil L 

the thermal column of the Argonnc Thermal Source 

lVCn 111 JLaDIC JLl-10-1 V . I l l aaUlUOIl to Ulie UlliO ecu a i iu u a v c i o u i g IUI I i i -
The locations of the foil traverse drawers in the reactor radiations, foils were simultaneously irradiated at the 
during each irradiation arc described in Table II-16-IV face of absolute fission chambers in Assembly 7 and in 

-t r> A J-l-,,-. + V. nnii-i n 1 nrt l . i i^r. /-\-P +li*-i Avnnnnn T ho rmo l SinnT*f>fa and Fig. II-16-4. 



STAINLESS-
STEEL 
CAN WALL 

TABLE II-16-II . LOCATION OF U N I T - C E L L F O I L IRRADIATION 
B O X E S IN ZPR-6 ASSEMBLY 7 

P PLUTONIUM 
E ENRICHED URANIUM 
D DEPLETED URANIUM 

PLATE THICKNESSES IN INCHES 

F I G . II-16-3. Foil Locations in Box Type C ANL Neg. No. 
166-1051. 

Irradiation 

1 

2 

3 

Type of 
Foil Box" 

A 
A 
B 
C 
C 

A 
A 
B 
B 
C 

A 

Box Location 

Matrix 
Positionb 

S23-37 
S23-37 
S30-23 
S23-3S 
S23-38 

S23-23 
S23-23 
S23-23 
S23-23 
S23-23 

S23-23 

Distance 
from 

Reactor 
Mid-

plane,0 

in. 

0-2 
28-30 
0-2 
0-2 

28-30 

0-2 
28-30 
14-16 
26-28 
30-32 

0-2 

Designa
tion in 
Fig. I I -
16-4<«> 

a 
b 
c 
d 
e 

f 
g 
h 
i 
i 

g 

» See Figs. II-16-1 through II-16-3. 
b " S " Stands for s ta t ionary reactor half. See Fig II-16-4. for 

these locations, which correspond to a, b, • • •, j designation of 
last column of table. 

e Each foil box is 2 x 2 x 2 in. Thus , a foil box located a t the 
front of a drawer (front face of a drawer is a t the reactor mid-
plane) occupies the first two inches (0-2) from the reactor 
midplanc 

F I G . II-16-4. Radial Cross Section of ZPR-6 Assembly 7 Showing Locations of Unit-Cell Foil Irradiat ion Boxes (a, b , • • •, j ) and 
Foil Irradiation Traverses (1,2, • • •, 14). Refer to Tables II-16-II through II-16-IV for a Complete Description of the Foil Irradia
tion Boxes a through j and Foil Traverses 1 through 14. ANL Neg. No. 116-1050. 
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126 II. Fast Reactor Physics 

Reactor (ATSR). These auxiliary irradiations were 
used to calibrate the foil counting system and to aid in 
the determination of absolute reaction rates. 

REDUCTION OF FOIL IRRADIATION DATA 

The gamma activity of the irradiated foils was 
counted with Nal(Tl) scintillator detectors in an auto
mated foil counting system.2 Fission rates were deter
mined by counting fission-product gammas above 550 
keV. The capture rate in the 238U foils was determined 
by counting the 239Np gamma activity at 100 kcV using 
a coincidence technique.3 The fission-product counting 
was performed first, and followed by coincidence count
ing of the depleted uranium foils. 

The gamma-counting data were then processed using 
the computer codes NURF and COMBO.<4-5) In these 

TABLE II-16-III . F O I L P O S I T I O N S IN F O I L IRRADIATION 
TRAVERSE D R A W E R S 

Traverse 
Type 

AA 

BB 

CC 

Type Material" 

Pu 
Pu 
D U . 
Pu 
Pu 
D.U. 
P u 
D.U. 
Pu 
P u 
D U . 
Pu 
P u 
D U . 
P u 
P u 
D.U. 

Pu 
D.U. 
Pu 
D U . 
D.U. 
P u 
D.U. 
Pu 
D U . 
P u 
D.U. 

D.U. 
D U . 
D.U. 
D.U. 
D U . 
D.U. 

Distance from 
Reactor Centerplane, 

in. 

0 5 
0.875 
1.5 
6 5 
6 875 
7.5 

12 5 
13.5 
18 5 
18.875 
19.5 
24 5 
24.875 
25.5 
28.5 
28.875 
29 5 

0 5 
1 5 
6.5 
7 5 

13.5 
18 5 
19.5 
24.5 
25 5 
28.5 
29 5 

1.5 
7.5 

13.5 
19 5 
25.5 
29.5 

" Pu is plutonium and D U. is depleted uranium. 

TABLE II-16-IV. LOCATION AND T Y P C OF E A C H F O I L 
IRRADIATION T R W E R S E 

-

Irradiation 

1 

2 

3 

Type of 
Traverse" 

BB 
CC 
BB 
CC 

AA 
CC 
BB 
CC 

AA 
CC 
BB 
CC 
BB 
CC 

Traverse Location 

Matrix 
Position1' 

S33-33 
S33-33 
S37-23 
S37-23 

M23-09 
M23-09 
S34-23 
S34-23 

M23-23 
M23-23 
S27-23 
S27-23 
S31-23 
S31-23 

Adjacent Plate 
Materials 

Pu & F e 2 0 3 

U 3 0 8 & Na 
P u & F e 2 0 3 

U3O s & Na 

Pu & F e 2 0 3 

U3O s & N a 
P u & F e 2 0 3 

U3O s & Na 

Pu & F e 2 0 3 

U 3 0 8 & Na 
Pu & F e 2 0 3 

U 3 0 8 & Na 
Pu & F e 2 0 3 

U 3 0 8 & Na 

Designa
tion in 
Fig. 11-
16-4<b> 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 
13 
14 

" Refer to Table II-16-III for a desciiption of AA, BB, and 
CC type traverses. 

b " S " and "M" stand for stationary and movable reactor 
half, respectively See Fig II-16-4 for these locations, which 
correspond to 1, 2, • • •, 14 designation in last column of table. 

codes the data arc corrected for decay rates, counting 
system deadtimc, background radiations, and, in the 
case of the 239Np coincidence counting, accidental 
coincidences and gamma-ray self-absorption. From 
these codes the relative reaction rates per unit mass of 
foil material were obtained. These relative reaction 
rates were then corrected for the activity due to con
taminating isotopes in the foils to yield relative reac
tion rates per unit mass of the principal isotope (239Pu, 
2 3 8 T J J 235TJ) f o r e a c h f0ii. 

Several additional correction factors were employed, 
including calculated self-shielding corrections for the 
foils irradiated in the thermal column of ATSR, and 
experimentally determined corrections for the variation 
in gamma-detection efficiency with foil size. 

The relative reaction rates were converted to absolute 
reaction rates using three techniques: simultaneous ir
radiations in a reference thermal spectrum,6 simultane
ous irradiations at the faces of absolute fission counters 
located in the assembly, and radiochemical analysis 
of irradiated foils.7 

RESULTS OF FOIL IRRADIATION MEASUREMENTS 

The reaction rate ratios measured at the center 
the assembly (location f, described in Table II-16-II 
and Fig. II-16-4) arc given in Table 11-16-V. All reac
tion-rate ratios reported are for reaction rates per atom 
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TABLE II-16-V. REACTION R A T E R A T I O S AT THE C E N T E R OF ZPR-6 ASSEMBLY 7<"> 

Ratio 

2S//49/ 
2SfH9f 
28 c /49f 
28/-/25J 
2Sc/26f 

Location in the Unit-Cell1'-0 

Between Two 
^ i n . 

Fuel Plates 
(A) 

1.0540 
0.02614 
0.1412 
0.02480 
0.1342 

Between Fuel 
& Fe2>03 
Plates 

(B) 

1.0499 
0.02465 
0.1515 
0.02348 
0.1446 

Between 
Fe203 Plate 
& Na Can 

(C) 

1.0513 
0.02309 
0.1556 
0.02196 
0.1476 

Between Na 
Can & U3Os 

Plate 
(D) 

1.0585 
0.02221 
0.1522 
0.02098 
0.1438 

Between Two 

U3Os Plates 
(E) 

0.02076 
0.1322 

Between 
UuOs Plate 
& Matrix 

(F) 

1.0546 
0.02185 
0.1484 
0.02072 
0.1406 

Cell Average"1 

1.0645 
0.02338 
0.1430 
0.02202 
0.1343 

Face of The Fission 
Chambers0'0 

1.0502 
0.02191 
0.1629 
0.02086 
0.1551 

8 All ratios are reported on a per atom basis. Although these results are preliminary in nature , they are expected to be within 1% 
of any final corrected values which may appear la ter . 

b Refer to Fig. II-6-1 for the locations designated (A), (B), • • • , (F) . 
0 The absolute errors in these ratios are : 2S//49/ ± 2.5%, 25//49/ ± 1.5%, 2 8c/4 9 / ± 2.0%, 28//25/ ± 2.5%, 2 8c/2 5 /± 2.5%. The rela

t ive error among the values reported a t all locations for each rat io is ± 0 . 5 % . 
d The absolute errors in these ratios are the same as given in c. Relative to the values reported a t all locations for a rat io, these 

values are uncertain by ± 1 % . 
e The fission chambers were not located a t the center of the core, bu t were close enough to the center so t h a t the neutron spect rum 

was essentially the same as the central spectrum. Because the chambers and foils were contained in a 2 x 2 x 2 in. void, the ratios 
measured a t the fission chambers would not be expected to be the same as the cell-average rat ios. 

ASSEItBU 7 13/IS/70 533/23. 0-2 INCHES 

IFEJOJ PU EjOj 

ENRICHED HSSI0N ASSEHBLY 7 12/15/70 S 23/23. 0-2 INCHES 

IJJOJJ FEz0j PU FEjOj 

rt, & 

a oo 0 . 6 7 1 . 0 0 
INCHES 

1.33 1.67 a oo a 33 D. 67 l.ao 
INCHES 

2 . 0 0 

F I G . II-16-5. Relative Fission Rates Measured with 239Pu 
Foils in the Unit Cell P la te Loading at the Center of ZPR-6 
Assembly 7. ANL Neg. No. 116-1008. 

F I G . II-16-6. Relat ive Fission Rates Measured with 236U 
Foils in the Unit Cell P la te Loading a t the Center of ZPR-6 
Assembly 7. ANL Neg. No. 116-1005. 
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of each isotope. Two types of reaction-rate ratios have 
been determined: ratios at the actual locations of the 
foils within the unit cell plate loading, and cell-averaged 
ratios. The cell-averaged ratios were determined using 
the results of the reaction-rate measurements at all 
locations within the unit cell and then averaging these 
rates over the constituents of the unit-cell plate loading. 
Several subsidiary experiments, including irradiation 
of foils at locations within a simulated fuel plate and a 
depleted uranium plate, were necessary to obtain vol
ume-averaging factors. 

The reaction-rate ratios arc based on the absolute 
reaction rates which have been determined for each foil 
type and location. The uncertainties reported in Table 
II-16-V are due mainly to the uncertainty in the con
version of the relative reaction rates to absolute reac
tion rates. I t is the accuracy in the determination of the 
mass of fissionable material in the absolute fission 
chambers that limits the precision of the absolute 
fission rates assigned to each foil. 

The relative reaction rates measured at locations 
•within the unit-cell plate loading at the center of As
sembly 7 are shown in Figs. II-16-5 through II-16-S. 

°> CAPTURES ASSEMBLY 7 12/15/711 S 23/23. 0-2 INCHES 

IFEjOJ FEjOJ I u3o„. 

a oo D. 33 1 00 
INCHES 

FIG. II-16-7 Relative Capture Rates Measuied with "8U 
Foils in the Unit Cell Plate Loading at the Center of ZPR-6 
Assembly 7 ANL No 116-1004-

DEPUTED FISSION ASSEMBLY 7 12/15/70 S 23/23. 0-2 INCHES 

A 
A 

FE20i 

a oo 0.33 0.67 i.oo 
NCHES 

1.67 

FIG II-16-8 Relative Fission Rates Measuied with De
pleted Uranium Foils in the Unit Cell Plate Loading at the 
Center of ZPR-6 Assembly 7 ANL Neg. No 116-1009 

All these results pertain to the f oil-irradiation-box loca
tion designated f in Table II-16-II and Fig. II-16-4. 
The relative fission rate in 239Pu is shown in Fig. II-16-5, 
the relative fission rate in 235U is shown in Fig. II-16-6, 
and the relative capture and fission rates in depleted 
uranium arc given in Figs. II-16-7 and II-16-S, respec
tively. In Figs. II-16-7 and II-16-8 the triangular points 
represent the rectangular depleted uranium foils that 
were sandwiched horizontally between J^ x 1 x 2 in. 
U308 plates (see Figs. II-16-1 and II-16-2). 

The relative reaction rates determined from the axial 
foil-irradiation traverses have been fitted with a cosine 
function using the method of least squares. A typical 
axial traverse and cosine curve are shown in Fig. II-16-9. 
In these fits, the reaction rates measured close to the 
reflector have been omitted. A complete summary of 
the extrapolated core heights determined for each 
traverse and foil type is given in Table 11-16-VI. 

The results of the axial foil irradiation traverses i 
several matrix drawers located at different positior 
radially in the core were combined to obtain radial 
reaction rate traverses. These traverses have been 
fitted with a Bcsscl (Jo) function using the method of 
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F I G . II-16-9. Cosine F i t to 239Pu Axial Foil Traverse. ANL 
Neg. No. 116-1007. 

F I G . 11-16-10. Jo F i t to 239Pu Radial Foil Traverse. ANL 
Neg. No. 116-1006. 

TABLE II-16-VI. EXTRAPOLATED C O R E H E I G H T D E T E R M I N E D PHOM L E A S T SQUARES C O S I N E F I T S OF R E L A T I V E 
REACTION R A T E S M E A S U R E D JIY F O I L IRRADIATIONS IN ZPR-6 ASSEMULY 7 ( a ) 

Depleted U Fissions" 
Between Pu & F e 2 0 3 

Between Na & U 3 0 8 

Average 

238U Captures0 

Between Pu & F e 2 0 3 

Between Na & U 3 0 8 

Average 

Pu Fissions0 

Between Pu & Fe2Os 

Drawer Containing Traverseb 

M23-23 S27-23 S31-23 S34-23 S3 7-23 M23-09 S33-33 

Radial Position of Traverse, cm 

0 

184.24 
± 0 . 3 5 

184.93 
± 0 . 4 9 

184.58 

190.23 
± 0 . 5 3 

190.87 
± 0 . 3 8 

190.55 

189.80 
± 0 . 2 6 

22.1 

184.00 
± 0 . 5 0 

183.86 
± 0 . 3 1 

183.93 

189.81 
± 0 . 5 9 

190.31 
± 0 . 6 0 

190.06 

189.41 
± 0 . 7 5 

44.2 ' 

184.15 
± 1 . 3 8 

184 20 
± 1 . 1 3 

184.18 

188.70 
± 0 . 5 2 

188.32 
± 0 . 8 8 

188.51 

188.49 
± 2 . 6 9 

60.8 

184.14 
± 1 . 5 1 

183.08 
± 0 . 8 6 

183.61 

188.03 
± 0 . 7 7 

189.25 
± 0 . 5 6 

188.64 

186.62 
± 0 . 5 4 

77.3 

184.37 
± 2 . 0 5 

182.40 
± 1 . 1 7 

183.38 

186.96 
± 0 . 3 2 

187.22 
± 0 . 9 4 

187.09 

187.21 
± 2 . 6 7 

77.3 

183.44 
± 1 . 1 5 

182.15 
± 1 . 1 0 

182.78 

187.68 
± 1 . 0 0 

187.25 
± 0 . 8 4 

187.47 

187.89 
± 0 . 6 0 

79.3 

183.57 
± 1 . 2 7 

182.35 
± 1 . 0 6 

182.96 

188.52 
± 0 . 7 0 

188.25 
± 0 . 9 5 

188.39 

186.92 
± 1 . 1 4 

a D a t a from foils less than 10 cm from the axial reflector have been excluded. All distances are in cm. 
b Refer to Table II-16-IV and Fig. II-16-4. 
0 The quoted errors are from the least squares fitting process. 
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TABLE II-16-VII EXTRAPOLATED C O R E R A D I U S D E T E R M I N I D *ROM L E A S T SQUARES B C S S L L (JO) F I T S OF R E L A T I V E 
REACTION R A T E S M E A S U R E D BY F O I L I R R A D I I T I O N S IN APR-6 ASSEMBLY 7M 

Depleted U Fissions 
Between Pu & F e 2 0 3 

Between Na & U3Os 

Average 

B U Captures 
Between P u & F e 2 0 3 

Between Na & U3Os 

Average 

Pu Fissions 
Between Pu & F e 2 0 3 

3 8 

97 93 
± 0 04 

98 09 
± 0 31 

98 01 

100 03 
± 0 82 

100 48 
± 0 92 

100 26 

13 

99 29 
± 0 35 

A\ial Position of Uranium Traverse,b 

19 1 

96 29 
± 0 46 

96 85 
± 0 29 

96 57 

101 36 
± 0 58 

100 67 
± 0 99 

101 02 

34 3 

96 39 
± 0 62 

97 39 
± 0 42 

96 89 

100 08 
± 0 81 

100 25 
± 0 60 

100 17 

49 5 

98 49 
± 0 63 

97 66 
± 0 64 

98 08 

99 70 
± 0 10 

99 63 
± 0 69 

99 67 

Axial Position of Plutonium Traverse,b 

16 5 

98 76 
± 0 86 

47 0 

98 10 
± 0 27 

62 2 

97 35 
± 0 32 

cm 

648 

96 66 
± 0 32 

96 40 
± 0 19 

96 53 

99 07 
± 0 71 

99 38 
± 0 74 

99 23 

cm 

72 4 

95 19 
± 0 49 

94 89 
± 0 58 

95 04 

97 04 
± 0 88 

97 46 
± 0 70 

97 25 

72 4 

97 16 
± 0 20 

" D a t a from foils less than 7 5 cm from the radial leflector have been excluded The quoted eriors are from the least squares 
fitting process All distances are in cm 

b Distance fiom leactoi midplane 

least squares A typical radial traverse and fit are show n 
in Fig 11-16-10 In these fits the reaction rates meas
ured close to the reflector have been omitted. A com
plete summary of the extrapolated core radn deter
mined for each traverse and foil type is given in Table 
II-16-VII 

FISSION RATIOS MEASURED WITH FISSION CHAMBERS 

Four thin-walled Kirn-type fission flow counters8 

placed near the center of the core w ere used to measure 
fission rates in 239Pu, 240Pu, 235U, and 238U. Each counter 
w as loaded in a regular fuel draw er in a two-inch cavity 
six inches from the axial reactor midplane, so that the 
fission foil was located 7}{ in from the drawer fiont 
(axial reactor midplane) The drawer location of each 
detector is given in Table II-16-VIII All fission foils 
contained thin (~20 Mg/cm2) deposits of the fissioning 
isotope The fission ratios obtained from several sets 
simultaneous count rates are listed in Table II-16-VI 

The fission ratios have been corrected for the fission 
fragment low-energy spectrum cutoff by usmg a flat 

TABLE II-16-VIII F I S S I O N R V T I O S M E A S U R E D R E L V T I V E 
TO 239PU IN ZPR-6 ASSEMBLY 7 

Detector 
Drawer 

Location in 
Movable Half 

Col 
umn 

19 
22 
25 
27 

Ron 

24 
27 
27 
24 

Fission Foil 
in Counter 

239Pu 
238U 
2 4 0 p u 

285U 

Fission Ratios" 
Per Atom 

1 0000 
0 0215 ± 0 0002 
0 1850 ± 0 0027 
1 0474 ± 0 0227 

Calculated 
Tission Ratios'5 

1 0000 
0 0217 
0 1839 
1 162 

" Fission lat ios have been coirected for fission fiagment 
low-energy spec tmm cut-off, position relative to 239Pu de
tector, and count rates due to contaminating fissioning isotopes 
on each foil 

b Calculations were made with homogeneous cioss sections 
(I e , cioss section from MC2 , not weighted by uni t cell fluxes) 
Fission ratios weie computed a t a point on the leactor mid
plane corresponding to the ladial position of each fission 
chamber diawer The foils on the fission chambers were ac
tually located 7>6 in from the leactor midplane 
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extrapolation from the valley between the alpha and 
fission fragment pulse height distributions to the zero 
energy channel. All detectors, except the 240Pu detector, 
were located the same distance from the core center. A 
small position correction factor (~1.0%) was com

puted and applied to the 240Pu fission rate in order to 
compare the 240Pu fission rate directly with the 239Pu 
fission rate. The fission rates recorded for each foil were 
also corrected for counts from other fissioning isotopes 
present on the foil deposit. In every case this correction 
was small (<1.0%) except for the 240Pu foil, for which 
S % of the fissions were due to isotopes other than 240Pu. 
The weights of the fissioning isotopes present on each 
foil were determined as described in Ref. 9, using an 
acounting technique. 

The uncertainties in the fission ratios given in Table 
II16VIII include, in order of importance, contribu

tions from the uncertainties in weights of isotopes on 
the foils, count rates, and the fission fragment low

energy spectrum cutoff loss. 
The effects of deadtime in the counting system were 

investigated by measuring each fission ratio at several 
power levels. No correlation with power level was found, 
indicating that deadtime corrections to the measured 
count rates are unnecessary. 

Fission rates per atom relative to 239Pu were calcu

lated at the radial positions of the detectors with 
homogeneous cross sections. The homogeneous cross 
sections have been weighted in the MC2 code by the 
spectrum characteristic of a homogeneous mixture of 
core material. 

The results of the calculations are given in Table 

METHOD 

Spectrumaveraged capturctofission ratios (a) have 
been measured at the center of the core of ZPR6 As

sembly 7 for 239Pu, 236U and 238U by the reactivityreac

tion rate technique.1,2 Derived from first order pertur

bation theory, the equation which forms thebasis of 
x,ie method is 

II16VIII. Excellent agreement, within experimental 
error, is obtained for both the 238U and 240Pu fission 
rate relative to the 239Pu fission rate. The calculated 
235U fission rate ratio is 11 % greater than the measured 
value. 
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The measured quantities are 
p(A), p s relative reactivities of a 6Li absorber 

and the fissile sample, respectively 
p'(Cf), S s apparent reactivity of a 252Cf sponta

neous fission source of strength S 
Ra(A), Rf = absolute reaction rates for absorption 

in 6Li and for fission in the sample, 
respectively. 

(i>/S)p(Cf)tf/$t(Cf) }£U)/ti (l) 
[Pe(A)/P(A))} ■ } (! + «) = Ra(A){(P/Rf)[l  U / P ) ] 

P(A){1
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The other terms in Eq. (1) arc calculated from funda
mental nuclear data and arc defined as follows: 

[1 - Ps(A)/P(A)}, [I - {PJp)\ 
= correction terms for the scattering contribution 

to the measured reactivity in the 6Li absorber 
and the fissile sample, respectively 

tf/tftcf), ti(A)/$: 
= correction terms for differences in neutron im

portance for neutrons from induced fission in 
the sample and from spontaneous fission in the 
source and for neutrons absorbed in 6Li and in 
the fissile material, respectively 

v = the average number of neutrons per fission in 
the fissile sample. 

Eq. (1) is valid for measurements made at the center 
of the core provided Ra(A), R/ and p'(Cf) are normal
ized to a common power level. 

MEASUREMENTS 

The plutonium, enriched uranium, and depicted 
uranium samples used for reactivity measurements were 
in the form of hollow cylinders with wall thicknesses of 
5, 15, and 30 mils. They arc more fully described in 
Rcf. 3. The metallic lithium samples, containing 99.2 % 
6Li, were solid cylinders 0.309 in. diam and 1.75 in. 
long and were clad in 20 mil aluminum. Reference 1 
describes the 252Cf spontaneous fission source and the 
methods used to measure relative reactivities and 
absolute reaction rates. To correct for decay, a 2S2Cf 
half-life of 2.621 ± 0.006 yr<4) was used. In addition to 
the cylindrical samples, the specific reactivity of a 
Pu-U-Mo fuel plate, typical of those used in the core 
of Assembly 7, was determined (see Paper 11-19). The 
composition of the Pu-U-Mo material was 28.25 w/o 
Pu, 69.25 w/o depleted U and 2.5 w/o Mo. The pluto
nium composition was 86.5 w/o 239Pu, 11.5 w/o 240Pu, 
1.81 w/o 241Pu, and 0.2 w/o 242Pu. 

All the activation samples w ere mounted in a special 
holder 10 in. long, positioned at the reactor center in 
the oscillator tube of the radial sample changer, and 
irradiated simultaneously. Six enriched uranium foils 
(0.25 in. diam and 0-005 in. thick) and six small pluto
nium breeding gain foils5 (each containing approxi
mately 13 mg Pu) were equally spaced along a 2 in. 
length at the reactor center. Two 8Li samples were sup

ported end-to-end on each side of this central foil 
package and were followed by a depleted uranium foil 
of the same dimensions as the reactivity sample. En
riched uranium monitor foils were located at various 
positions along the 10 in. holder for the purpose of re
lating all the activations to the core center. In a drawer 
located two matrix positions off-center, the J£ in. thick 
plutonium fuel plate at the front of the draw er w as re
placed with two }£ in. fuel plates. Plutonium breeding 
gain foils were placed on each side of these thin plates 
to get a measure of the fission rate averaged over the 
34 in. plate thickness. Monitor foils of plutonium and 
enriched uranium were also placed adjacent to fission 
counters and solid state track recorders (SSTRs) to 
relate these fission rate measurements to the central 
location. 

Following the irradiation all the monitor foils were 
gamma counted. Fission rates for the six plutonium 
and six enriched uranium foils and the depleted ura
nium sample were measured radiochemically by deter
mining the absolute 99Mo fission product activity. The 
"Mo fission yields used in these analyses are given in 
Ref. 2. Table II-17-I lists the central isotopic specific 
fission rates measured by radiochemistry techniques, 
Kirn-type fission-flow counters,6 and SSTRs.(7> Note 
that the absolute fission rates measured with the fission-
flow counters are consistently lower than the radio-
chemistry results by about 7 %. The origin of this 
systematic discrepancy is currently being investigated. 
In the present analysis of the capturc-to-fission ratios 
the fission counter data have been omitted since these 
fission rates lead to unusually small values of alpha. 

The results of the reactivity and reaction rate meas
urements together with the californium data arc sum
marized in Table II-17-II. The precision of the reac
tivity measurements is not as good as it was in the 
previous alpha determinations.1,2 These larger errors 
arc a result of the combined effects of reactor drift, 
which was more pronounced in this plutonium core 
than in the previous uranium cores, and a massive 
( ~ 147 g) stainless steel plug used in the measurements 
to hold the sample in the rabbit. Errors in the reaction 
rates include estimates of the uncertainties in the fission 
yields and the calibration of the National Bureau of 
Standards (NBS) tritiatcd water standard used in the 

Isotope 

239Pu 
235U 
238JJ 

TABLE II-17-I. M E A S U R E D ISOTOPIC SPECIFIC F I S S I O N R A T E S 

Fission s/g-sec 

Radiochemistry 

(3 560 ± 0 062)10' 
(3 764 ± 0 071)10' 
(7.846 ± 0 210)105 

Fission Counter 

(3.321 ± 0 032)10' 
(3 524 ± 0 078)10' 
(7 271 ± 0 160)105 

SSTR 

(3 526 ± 0 096)10' 



17 Bi etschei 133 

TABLE IT 17 I I Mi ISUKI D I S O I O P I C SPI CII I C R I \CTIVITII S 
VND FISSION AND AUSORPIION R VTI S 

Isotope 

239Pu 
239Pu 
239Pu 
239Pu 
239Pu 

235TJ 

2351J 

238JJ 
6 L i 

Sample 
lhickness, 

in 

0 000 
0 005 
0 015 
0 030 

Fuel 
plate 

0 005 
0 015 
0 015 
0 309 

P, 
Ih/g 

0 1560 ± 0 0028 
0 1613 ± 0 0014 
0 1630 ± 0 0005 
0 1559 ± 0 0013 

0 1269 ± 0 0019 
0 1294 ± 0 0007 

- 0 01150 ± 0 00062 
- 1 9377 ± 0 0110 

Rf or JR„(6LI), 
Reactions/g sec 

(3 543 ± 0 057)10' 

(3 523 ± 0 057)10' 

(3 764 ± 0 071)10' 

(7 846 ± 0 210)105 

(8 194 ± 0 055) 108 

Note p'(Cf) = 0 01495 ± 0 00012 Ih , S(Cf) = (5 663 ± 
0 016)106 n/sec, radiochemical 238a = 6 709 ± 0 181 

TABLE I I 17 H I HOMOGI M OU^ ATOM D I NSITII s i o n 
ZPR-6 A S S I M U I Y 7 

Outei Ra
dius, 

cm 

Isotope 

238Pu 
2 3 9 P u 

»»Pu 
241Pu> 
2 4 2 P u 

2S4U 
235XJ 

238U 
!«Am" * 
Mo 
Na 
O 
Fe 
Ni 
Ci 
Mn 
Al 

Exact 
Core 

24 31 

Pu/U/Mo 
Core 

75 00 

Pu/Al 
Core 

79 92 

Radial 
Blanket 

113 84 

f\\ial 
Blanket 

Atomic Concentrations, 1021 atoms/cm3 

0 00033 
0 8867 
0 1177 
0 0128 
0 00141 
0 00006 
0 0126 
0 00030 
0 5777 
0 0036 
0 2357 
9 2904 

13 98 
12 97 

1 240 
2 709 
0 212 

0 00049 
0 8879 
0 1178 
0 0146 
0 00177 
0 00006 
0 0126 
0 00030 
5 802 
0 0034 
0 2382 
9 132 

14 82 
13 53 

1 212 
2 697 
0 213 

< 0 0001 
1 063 
0 0499 
0 0049 
0 0005 
0 00006 
0 0126 
0 00030 
5 717 

< 0 001 
0 242 
9 132 

14 82 
13 15 
1 481 
2 675 
0 21 
0 101 

0 00040 
0 0866 
0 0020 

40 06 

0 0034 

0 021 
4 197 
0 5082 
1 172 
0 0897 

0 00040 
0 0834 
0 0020 

38 59 

0 0046 

0 030 
5 652 
0 6910 
1 579 
0 123 

a 24ipu decay to 241Am collected to May 1, 1971 

6Li absorption rate dctciminations A tut mm half-life 
of 12 302 ± 0 040 yi<8) was used in the evaluation of 
Ra(A) For 239Pu, R; was based on ihe average of the 
ladiochcmistry and SSTR measurements The 238U 

ptuic late was measuied radiochcmically and com-
ncd with the fission late to give the 238U captuie-to-

nssion latio shown at the bottom of Table II-17-II 
The appaicnt reactivity of the 252Cf souice was evalu
ated at the same powei level used in the madiation of 

the plutonium, enriched and depleted uianium, and 
lithium samples 

CALCULATED QUANTITIES 

Assembly 7 of ZPR 6 is a laige, dilute, plutomum-
o\idc fueled, single-zone core Regional radii and 
avciage homogeneous atom densities are shown in 
Table II 17-111 Cential flux and adjoint distributions 
(Table II-17-IV) were calculated in the 1-D diffusion 
approximation using multigioup cioss sections gen-

TABLE I I 17 IV C A L C U L \ T I D C I N T R V L F L U X AND 
ADJOINT D I S T R I B U T I O N S 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

Lower Energ\ 
Boundary, 

keV 

6065 
3679 
2231 
1353 
820 8 
497 9 
302 0 
183 2 
111 1 
67 38 
40 87 
24 79 
15 03 
9 119 
5 531 
3 355 
2 035 
1 234 
0 749 
0 454 
0 275 
0 101 
0 0373 
0 0137 
0 00504 
0 00068 

Lelhargx 
Interval 

0 50 

Real 1 lux 

0 274 
1 116 
2 743 
3 889 
4 833 
9 434 
8 986 

12 619 
11 054 
10 096 
8 389 
6 805 
6 038 
4 415 
2 660 
1 638 
0 569 
1 737 
1 205 
0 768 

1 00 

2 00 

0 353 
0 326 
0 0498 
0 00251 
0 00010 
0 00000 

Adjoint 
J lux 

4 843 
4 225 
4 187 
3 844 
3 463 
3 365 
3 263 
3 173 
3 077 
2 974 
2 884 
2 850 
2 868 
2 942 
3 045 
3 210 
3 341 
3 411 
3 573 
4 144 
4 33S 
4 849 
5 561 
2 267 
5 558 
3 868 

TABLE 11-17 V C \ L C U L \ T I D QUANTITII s 

Isotope 

239Pu 
239Pu 
239Pu 
239Pu 
239Pu 

285TJ 
28 5U 
2S5U 
2S8TJ 

°Li 

lhickness, 
in 

0 000 
0 005 
0 015 
0 030 

Fuel 
plate 

0 000 
0 005 
0 015 
0 015 
0 309 

1 - (PJP) 

1 0061 
1 0066 
1 0074 
1 0084 
1 0071 

1 0101 
1 0110 
1 0124 
0 7569 
0 9824 

(Cf) 

0 9917 
0 9917 
0 9918 
0 9918 
0 9917 

0 9856 
0 9856 
0 9856 
0 9891 

*«*(6Li)/ 

0 9725 
0 9721 
0 9714 
0 9702 
0 9781 

0 9817 
0 9827 
0 9837 
0 9949 

> 

2 9241 
2 9277 
2 9330 
2 9398 
2 9314 

2 4564 
2 4589 
2 4625 
2 8195 

file:///ctivitii
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TABLE II-17-VI 239Pu C U ' T U R K - T O - F 

Thick
ness, 

in. 

0 000 
0 005 
0 015 
0 030 

Fuel 
plate 

ENDF/B Cross Sections 

Calcu
lated 

0.255 
0.250 
0.244 
0.235 
0 240 

Measured 

(0.374 ± 0.062)" 
0.353 ± 0 062 
0 294 ± 0 056 
0.278 ± 0 054 
0 355 ± 0 055 

ISSION R-VTIOS 

ORNL-RPI Cross Sections 

Calcu
lated 

0 327 
0 320 
0 310 
0.298 
0 304 

Measured 

(0.370 ± 0 062)» 
0.348 ± 0.062 
0 288 ± 0.056 
0.272 ± 0 053 
0 348 ± 0 055 

" By extrapolation of p to zero thickness 

erated from ENDF/B VERSION I data and corrected 
for plate heterogeneity effects. Following the proce
dures described in Ref. 2, v and the correction factors 
for scattering reactivity effects and differences in 
neutron importance were evaluated on the basis of the 
theoretical real and adjoint spectra (Table II-17-IV). 
These calculated parameters arc given in Table II-17-V. 

RESULTS AND DISCUSSION 

The reactivity-reaction rate integral alpha values for 
239Pu, 236U and 238U were evaluated from Eq. (1) using 
the data of Tables II-17-II and II-17-V. Reactivities 
were measured for several sample thicknesses and these 
results were extrapolated to zero thickness and then 
substituted into Eq. (1) to obtain the infinitely dilute 
alpha values. Unlike the alpha measurements made in 
other fast reactor cores,1,2 the fission rates were deter
mined for only one sample thickness. Except for the 
case of the fuel plate, where the 239Pu fission rate was 
averaged over the plate width, the results presented in 
Tables II-17-VI and II-17-VII were evaluated on the 
somewhat unrealistic assumption that the measured 
fission rate is independent of sample thickness. Since the 
neutron spectrum in Assembly 7 is harder than that in 
ZPR-3 Assembly 57, the fission rates are expected to 
fall off with sample thickness less rapidly than in the 
previous case.2 However, the measured alpha values 
probably decrease a little more rapidly with increasing 
sample thickness than shown in Tables II-17-VI and 

II-17-VII because of self-shielding effects on the fission 
rates. 

As expected, the plutonium alpha values are signifi
cantly larger than those calculated from ENDF/B 
VERSION I. For purposes of comparison, the data 
were re-evaluated on the basis of the recent ORNL-
RPI 239Pu differential cross section measurements.9 The 
239Pu multigroup cross sections were modified in the 0.1 
to 30 keV range to incorporate this ORNL-RPI data. 
Using these modified cross sections the central flux and 
adjoint distributions were re-evaluated to determine a 
new set of calculated quantities of the type shown in 
Table II-17-V. Alpha values based on the correction 
terms calculated from the ORNL-RPI data are also 
shown in Tables II-17-VI and II-17-VII. The measured 
alpha values are better predicted by ORNL-modified 
cross sections than by ENDF/B VERSION I. 

The sensitivity of the reactivity-reaction rate integral 
alpha values to errors in both measured and calculated 
quantities is illustrated in Table II-17-VIII. For exam
ple, a 1 % increase in the 6Li absorption rate increases 
239a, 235a, and 238a by 3.8, 4.8 and 1.1 %, respectively. A 
1 % decrease in the 239Pu fission rate decreases 2395 by 
5.2 %. The results are very sensitive to the value used 
for v. If v is increased by 1 %, 239a increases by 9.0% and 
2355 by 10%. The errors assigned to the various quan
tities and their corresponding uncertainties in alpha 
are shown in Table II-17-IX. These results apply to 
the 5 mil 239Pu and 235U samples. For the thicker samples 
the errors in p are somewhat smaller. The error in the 

TABLE II-17-VIII . ALPHA S E N S I T I V I T I E S 

A 1 0% Increase In 

fl„(6Li)<ft(6Li)/c& 
p(6Li)( l - [p8(«Li)/p(«Li)]) 

(5/S)p'(2*2Cf )<#/*; (262Cf) 
[1 - (Pi/p)](p/Rf) 

Causes Percent Increase 
In 

2S9 g 

3 84 

9.00 
- 5 . 2 1 

a5a 

4.76 

10.10 
- 5 . 3 8 

2 3 8 S 

1 14 

0 45 
0 68 

TABLE II-17-VII. URANIUM CAPTURE-TO-FISSION R A T I O S 

Isotope 

2S5TJ 
2 3 5 | J 
286U 
238fJ 

Thickness, 
in 

0.000 
0 005 
0 015 
0 015 

ENDF/B Cross Sections 

Calculated 

0 309 
0 306 
0 300 
6 957 

Measured 

(0 277 ± 0 050)" 
0 265 ± 0 051 
0 241 ± 0 047 

(6 944 ± 0 298)b 

ORNL-RPI Cross Sections 

Calculated 

0 305 
0 302 
0 297 
6 858 

Measured 

(0.293 ± 0 051)" 
0 280 ± 0 052 
0 252 ± 0 047 

(6.704 ± 0 284)" 

a By extrapolation of p to zero thickness. 
b Radiochemical 238« = 6 709 ± 0 181. 
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TABLE II-17-IX ERRORS 

Quantity 

iJa(6Li) 
Rf : 239, 235, 238 
S(252Cf) 
p(°Li) 
p: 239,235, 238 
p'(252Cf) 
5: 239, 235, 238 

Percent En or 

0.67 
1.61, 1.89,2.67 
0.29 
0.57 
1.80, 1.53, 5.43 
0.78 
1.00, 1.00, 1.00 

Combined Error 

Percent Error In 

ms 

2.hi 
8.38 
2.61 
2.17 
9.35 
7.00 
9.00 

17.5 

m& 

3 19 
10.16 

2.93 
2.70 
8.23 
7.85 

10.10 

19.0 

a8a 

0.76 
1.81 
0.13 
0.64 
3.68 
0.35 
0.45 

4.26 

6Li absorption rate includes an estimate of 0.5% un
certainty in the calibration of the NBS tritiated water 
standard. Uncertainties of 0.9, 1.8 and 2.4% in the 
"Mo fast fission yields for 239Pu, 235U and 238U, respec
tively, contribute most of the errors in R}. Although 
no errors have been assigned to the calculated correc
tion factors, an uncertainty of 1.0% in v has been 
assumed. 

It was mentioned earlier that the fission rates meas
ured with the fission flow detectors led to unusually low-
values of alpha. For the case of the 5 mil samples, the 
239Pu capture-to-fission ratio is reduced from 0.353 to 
0.229 and for 235U from 0.265 to 0.167 if the fission flow-
counter data are used for Rf. 

SUMMARY 

Integral capture-to-fission ratios have been measured 
in ZPR-6 Assembly 7 by the reactivity-reaction rate 
method. The measurements include a determination of 
239a characteristic of the Pu-U-Mo fuel plates in the 
core. For both 235U and 238U the measured capture-to-

INTRODUCTION 

ZPR-6 Assembly 7 is a large, dilute, single-zone Pu02 
fueled critical assembly that has been constructed as 
part of the Demonstration Reactor Benchmark Pro
gram.1 A complete description of Assembly 7 may be 
found elsewhere2 (also, see Paper 11-11). Sodium-void 
and small-sample reactivity worth measurements in 
Assembly 7 are reported in Paper 11-19, measurements 

fission ratios are in reasonable agreement with values 
calculated from ENDF/B VERSION I. In the case of 
239Pu, however, the results are significantly larger than 
the ENDF/B predictions and are best described by the 
ORNL-RPI differential data.9 Unfortunately, the alpha 
values for 239Pu and 235U arc very sensitive to uncer
tainties in v, the average number of neutrons per fission, 
and the measured fission rates and reactivities for the 
fissile samples. Consequently, the errors in these cap
ture-to-fission ratio determinations arc quite large. 

REFERENCES 

1. M. M. Bretscher and W. C. Redman, Low Flux Measurements 
of 28°Pw and uiU Capture-to-Fission Ratios in a Fast Reac
tor Spectrum, Nucl. Sci. Eng. 39, 368 (1970). 

2. M. M. Bretscher, J. M Gasidlo and W. C. Redman, A Com
parison of Measured and Calculated 239PM, 235!7, and ™U 
Integral Alpha Values in a Soft Spectrum Fast Critical 
Assembly, Nucl. Sci. Eng. 46, 87 (1971). 

3. M. M. Bretscher, J. M. Gasidlo and W. C. Redman, ™Pu, 
niU and 238f7 Capture-to-Fission Ratios in ZPR-3 Assembly 
57 Measured by the Reactivity-Reaction Rate Method, Ap
plied Physics Division Annual Report, July 1, 1969 to 
June 30, 1970, ANL-7710, pp. 112-121. 

4. A. DeVolpi and K. G. Porges, 262C/ Half-Life by Neutron 
Counting: Revision, Inoig. Nucl. Chem. Letters 5, 699 
(1969). 

5. A. B. Shuck, A. G Hins, W. R. Burt and R. A. 
Beatty, Breeding-Gam Specimens for EBR-I Core IV, 
ANL-6659 (1963). 

6. Reactor Development Program Progress Beport, ANL-7765, 
11 (December 1970). 

7. R. Gold, R. J. Armani and J. H. Roberts, Absolute Fission 
Rate Measurements with Solid State Track Recorders, Nucl. 
Sci. Eng. 34, 13 (1968). 

8. R. Sher, Half-Lives of 3H and ™Pu, BNL-50233 (1970). 
9. R. Gwin et al., Simultaneous Measurement of the Neutron 

Fission and Absorption Cross Sections of inPu Over the 
Energy Region 0.02 eV to SO keV, Nucl. Sci. Eng. 46, 25 
(1971). 

in a central rodded zone in Assembly 7 are reported in 
Paper 11-25, and measurements in a central high-240 
plutonium zone and sodium-voided high-240 plutonium 
zone are reported in Papers 11-12 and 11-13. Measure
ments of the reactivity worth of a single, simulated, 
LMFBR-type, B4C control rod assembly loaded at the 
center of ZPR-6 Assembly 7 are reported here. 

The simulated control rod consists of a single ZPR-6 
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drawer containing 63 v/o sodium (canned in stainless 
steel) and 37 v/o B4C (natural boron). This simulated 
control rod loaded along the entire axial height of the 
core and blanket regions of the assembly represents 
the "control in" control rod assembly configuration. 
The "control out" configuration is obtained by replac
ing the B4C in the simulated control rod with sodium. 

The effects of adding BeO around the B4C control 
rod assembly for both the "control in" and "control 
out" configurations has also been investigated. 

The reactivity worths of the simulated control rod 
assembly configurations were determined using three 
methods of subcriticalify measurement: analysis of rod 
drops with an inverse kinetics code, analysis of rod 
drops with a prompt-jump technique, and the inverse 
count rate-multiplication technique. 

DESCRIPTION OF THE SIMULATED B4C CONTROL 
ROD CONFIGURATIONS 

Each of the four control rod configurations ("control 
in" and "control out", both with and without BeO) 
arc described below. 

SIMULATED B4C CONTROL ROD CONFIGURATION 

The simulated B4C control rod consists of 63 v/o 
sodium (canned in stainless steel) and 37 v/o B4C 

DRAWER 

^ a ^ 
BeO LOADED 
CORE DRAWER 

Y/////\ 0 125 BeO 

NORMAL 
CORE DRAWER 

F I G II-18-2 Cutaway View of the Radial Cross Section of 
ZPR-6 Assembly 7 Showing the B^C-BeO Control Rod Con
figuration Loaded a t the Center of the Core. ANL Neg No. 
116-988. 

NORMAL 
CORE DRAWER 

0 125 Fe, 0 2 U 3 

F I G . II-18-1. Cutaway View of the Radial Cross Section of 
ZPR-6 Assembly 7, Showing the B<C Control Rod Configura
tion Loaded a t the Center of the Core. ANL Neg. No 116-989. 

(natural boron). The unit cell drawer loading pattern 
for this rod, illustrated in Fig. II-1S-1, contains five 
3̂ [ in. thick sodium cans and six ]4, m - thick Bi C 
plates. The control rod is shown in Fig. II-18-1 as it 
appears when loaded at the center of Assembly 7. 

SIMULATED B4C-BCO CONTROL ROD CONFIGURATION 

BeO was loaded around the B4C control rod described 
above to form the B4C-BeO control rod configuration. 
A Yi m - thick column of \% in. thick BeO plates was 
loaded into the drawers adjacent to the B4C control 
rod drawer. The B4C-BcO control rod configuration as 
loaded at the center of Assembly 7 is shown in Fig. 
II-18-2. 

SODIUM CHANNEL CONFIGURATIONS 

The "control out" configurations corresponding to 
the simulated B4C and B4C-BcO control rod configura
tions described above were obtained by replacing the 
B4C with sodium along the entire length of the control 
rod. The drawer loading patterns for the sodium 
channel and the Na-BcO channel are the same as in 
Figs. II-1S-1 and II-1S-2, respectively, with all B4C 
replaced by sodium. 

The atom densities in the simulated control rod 
assembly are given in Table II-1S-I for each "region" 



18. Bohn, LeSage and Marshall 137 

TABLE II-18-I. HOMOGENEOUS COMPOSITIONS 

Region 

Na Channel 
B 4C-Na Channel 
BeO Ring 

Na 

17.97 
10.15 

B-10 

3.80 

B-ll 

14.2 

IN THE SIMULATED CONTROL P> 

C 

4.76 

Be 

53 2 

0 

53.2 

on ASSEMBLY R E G I O N S , " 1021 a toms/cc 

Fe+M) 

9.54 
10.3 
6.67 

Ni 

1.46 
1.34 
0.804 

Cr 

3.19 
2.90 
1.86 

Mn 

0.190 
0.210 
0.135 

» The sodium channel and B4C-Na channel occupy one drawer in the reactor matrix (I e., one unit cell in volume); see Figs. 
II-1S-I and II-lS-2. The area of one drawer (including matrix) is 30.5201 cm2. Thus, when loaded at the center of the core, the effec
tive circular radius of the control rod channel is 3.117 cm. The BeO loaded in the drawers around the control rod channel (see Fig. 
II-lS-2) occupies an annular volume around the control rod channel with inner radius 3.117 cm and outer radius 4.448 cm. 

The concentrations for each region of the control rod assembly include SS304 contributions from the drawer and matrix. 
»Fe+ = Fe + (SS304-Fe-Ni-Cr-Mn). 

of the control rod configuration. Three regions have 
been defined: the B4C-Na channel, the sodium channel, 
and the BeO ring. The atom concentrations in the 
simulated B4C control rod configurations are just those 
listed for the B4C-Na channel. The atom concentration 
in the simulated B4C-BcO control rod configuration 
arc given for two "regions" of the control rod configura
tion: the BiC-Na channel and the BeO ring around the 
B4C-Na channel. 

T H E REFERENCE CORE: ZPR-6 
ASSEMBLY 7, LOADING 79 

The reference core loading for the control rod meas
urements was Loading 79 of Assembly 7. The core is 
described in Figs. II-18-3 and II-1S-4. The atom den-

35 40 45 
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E J AUTO ROD 

113 84 ' 

7992* 
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RADIAL. 
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106 68 -

RADIAL BLANKET 

Pu/Al CORE REGION 

OUTER CORE 

EXACT CORE REGION 

-SPRING 
GAP 

FIG. II-18-3. Radial Cross Section of ZPR-6 Assembly 7, 
Loading 79. ANL Neg No. 116-925 

O 76 28 A 110 55 
{AXIAL MIDPLANE 8 3 9 0

 X85 02 
•EQUIVALENT CYLINDRICAL RADII 

FIG. II-1S-4. Axial Cross Section of ZPR-6 Assembly 7, 
Loading 79. ANL Neg No. 116-924. 

sitics in each region of the core arc given in Table 
II-18-II. 

The excess reactivity of this core was carefully meas
ured and found to be (72.3 ± 2.2) Ih. The precision in 
the excess reactivity measurement is limited by the 
uncertainty in the reactor tables separation when the 
reactor halves arc brought together ("table closure" 
uncertainty). The uncertainty due to table closure has 
been conservatively estimated as ± 2 Ih.* 

REACTIVITY WORTH MEASUREMENTS 

Each of the simulated control rod configurations 
described above was loaded at the center of the refer
ence core displacing the center fueled drawers in each 
reactor half. The subcriticality of the core was measured 

* The contribution to the uncertainty due to table closure 
has been estimated or measured from time-to-time during the 
Assembly 7 program. Earlier estimates used ±0.5 Ih. Depend
ing upon the exact sequence of table closure operations used, 
the table closure uncertainty may vary from ±0.5 to ±2.0 Ih. 
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TABLE II-18-II ATOM D E N S I T I E S FOK ZPR-6 ASSEMBLY 7, LOADING 79,a 1021 atoms/cc 

Region 

Exact core 
P u / U / M o coie 
Pu /Al core0 

Axial blanket1 

Radial b lanket ' 

238 P u 

0 00033 
0 00049 

< 0 0001 

239pu 

0 8867 
0 8879 
1 063 

240p u 

0 1177 
0 1178 
0 0499 

24ip u (b) 

0 0128 
0 0146 
0 0049 

242pu 

0 0014 
0 00177 
0 0005 

234TJ 

0 00006 
0 00006 
0 00006 
0 00040 
0 00040 

23STJ 

0 0126 
0 0126 
0 0126 
0 0834 
0 866 

236TJ 

0 00030 
0 00030 
0 00030 
0 0020 
0 0020 

23STJ 

5 777 
5 802 
5 717 

38 59 
40 06 

241A m(W 

0 0036 
0 0034 

< 0 001 

Mo 

0 2357 
0 2382 
0 242 
0 0046« 
0 0034« 

Na 

9 290 
9 132 
9 132 

OM 

13 98 
14 82 
14 82 
0 0308 
0 0218 

re(d) 

12 97 
13 53 
13 15 
5 652 
4 197 

Ni 

1 240 
1 212 
1 481 
0 6910 
0 5082 

Cr 

2 709 
2 697 
2 675 
1 579 
1 172 

Mn 

0 212 
0 213 
0 21 
0 123 
0 0897 

Al 

0 101 

8 The exact core and P u / U / M o core have the same unit cell loading pa t te rn and aie essentially equivalent The so-called "exact co ie" region is one in which the 
weights of all drawei materials have been caiefully lecoided in order to minimise the unceitainties associated with average plate weights and to aid in the comparison 
of experimental results between this core and an earhei coie containing fuel pins in ca landna cans in the exact core region (see Paper 11-25) 

b 24ipu g 24iAm decay corrected to May 1, 1971 
c Includes ~ 0 001 X 1021 a toms/cc due to SS304 and P u / U / M o fuel impurities 
d Includes ~ 0 001 X 1021 a toms/cc due to heavy (atomic weight > Si) SS304 impurities and P u / U / M o fuel impurities 
0 The compositional da ta available for the Pu/Al plates are not as complete as those for the P u / U / M o fuel 
f The axial blanket material was loaded into special stainless steel backdraweis The radial blanket matei ial was loaded directly into the matrix tubes In addition, 

the axial blanket atom concentrations include the spring gap materials and volume (See Fig II-18-2 ) 
"Arising from SS304 impurities 

& 
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TABLE II-18-II I . R E S U L T S OF SUBCRITICALITY M E A S U R E 
MENTS OF THE SIMULATED CONTROL R O D CONFIGURATIONS 

IN ZPR-6 ASSEMBLY 7,<"> Ih 

Simulated Control 
Rod Configuration 

Sodium channel 
B4C control rod 
B4C-BeO control 

rodb 

Na-BeO channelb 

B4C-BeO in sta
t ionary reactor 
half, Na-BeO 
in movable re
actor half 

Subcriticality Measurement Technique 

Rod Drops Analyzed by. 

Inverse 
Kinetics 

- 3 5 . 4 ± 2 3 
- 4 5 7 ± 19 
- 5 9 3 ± 37 

- 5 4 . 3 ± 2.2 
- 3 4 0 ± 5 

Prompt-
lump 

Method 

- 4 6 0 ± 17 
- 5 6 9 ± 13 

- 5 9 ± 3 
- 3 3 9 ± 5 

Multiplication 

- 3 4 . 2 ± 2.4 
- 4 5 0 ± 11 
- 5 9 4 ± 21 

- 5 9 . 4 ± 2.1 
- 3 2 9 ± 12 

a Each control rod configuration was loaded at the center 
of Assembly 7, Loading 79, displacing the center fueled drawers 
in each reactor half The excess reactivity of Loading 79, with 
the center fuel drawers, was (72 3 ± 2 2) Ih. React ivi ty worths 
relative to Loading 79 are given in Table II-18-IV. There are 
1033 Ih per percent Sk/k and 0eft = 3.18 X lO"3. 

b Sodium was displaced from the four drawers adjacent to 
the center drawer to accommodate the ]/i in. BeO loading (see 
Fig. II-18-2). The contributions to the measured react ivi ty 
change due to loss of sodium is estimated (from other measure
ments) to be + 5 Ih. 

using three methods: analysis of rod drops by an in
verse kinetics code to determine the initial subcriticality 
of the core (see Paper 11-32), analysis of rod drops using 
a prompt-jump formulation to determine the initial 
subcriticality, and the inverse count rate-multiplication 
technique. The inverse count rate-multiplication tech
nique made use of the reactor flux monitoring channels 
3 and 4 which were calibrated by inverse kinetics for 
count rate versus subcriticality at a near critical power 
level ( — 7 Ih) in the reference core. 

The results of the subcriticality measurements are 
given in Table II-18-III. In addition to the four simu
lated control rod configurations described above, an 
additional configuration has been included (measure
ment 5 in Table II-1S-III). In this additional measure
ment, the B4C-BeO configuration was loaded into the 
stationary reactor half and the Na-BeO configuration 
was loaded into the movable reactor half. This combina
tion configuration simulates a control rod inserted 
exactly half way into the core. 

The results given in Table II-1S-III have been cor-
cctcd for temperature and 241Pu decay to the state of 

ihe reference core, using measured temperature and 
241Pu decay reactivity coefficients. 

The precisions reported for each measurement in 

Table II-1S-III include estimated uncertainties due to 
table closure, temperature and 241Pu decay corrections, 
and estimated precisions associated with each measure
ment technique. In the case of inverse kinetics, the 
estimated uncertainty in the technique is the standard 
deviation of the results obtained from a number of rod 
drops. For the prompt-jump technique, two rod drops 
were analyzed for each experiment; the estimated un
certainty in this case is the average deviation from the 
average subcriticality obtamed from the two rod drops. 
The results reported for the multiplication techniques 
arc an average of the subcriticality obtained with the 
flux monitoring channels 3 and 4 for each experiment. 
A 5 % random uncertainty was estimated for the result 
obtained from each of the two channels. 

The three measurement techniques are in good agree
ment for any one control rod configuration.* There 
appears to be no bias in any of the three methods; that 
is, one method does not consistently give a high or low-
value among the set of three values for each control 
rod configuration. 

RELATIVE REACTIVITY WORTHS OF THE SIMULATED 
CONTROL ROD CONFIGURATIONS 

The reactivity worth of each control rod configura
tion relative to the reference core, (Loading 79 with fuel 
drawers loaded at the center in S/M 23-23) is given in 
Table II-1S-IV. Also given in Table II-18-IV arc the 
reactivity worths relative to the sodium and Na-BeO 
channels. These latter two comparisons permit an 
inference of the "control in" relative to the "control 
out" worth of a simulated control rod. 

The B4C control rod "control in" configuration is 
worth about —420 Ih ($1.28) compared with the "con
trol out" configuration. Similarly, the B4C-BeO "con
trol in" configuration is worth about —537 Ih ($1.63) 
relative to the "control out" configuration. The BeO 
enhances the worth of the B4C control rod channel by 
a factor of 1.28. 

For the "control out" configurations, the sodium 
channel is worth - 107 Ih ($0.33) and the Na-BeO 
configuration is worth about - 1 2 8 Ih ($0.39). The 
BeO increases the negative worth of the "control out" 
configuration by 21 Ih. 

The B4C-BeO control rod inserted half-way into the 
core (B4C-BcO in the stationary half, Na-BeO in the 
movable half) is worth about 53 % of the B4C control 
rod "full in." 

* I t should be pointed out tha t the three techniques are not 
completely independent. Both methods of rod drop analysis 
make use of the point reactor kinetics equations and the same 
rod drop data. The multiplication technique relies on a calibra
tion near critical by the inverse kinetics code. 
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TABLE II-18-IV. REACTIVITY WORTHS OF THE SIMULATED B4C CONTROL R O D CONFIGURATIONS IN ZPR-6 ASSEMBLY 7 

. 

Rod Configuration 

Sodium channel 
B4C control rod 
B4C-BeO control rod 
Na-BeO Channel 
B4C-BeO in stat ion

ary reactor half, 
Na-BeO in mov
able reactor half 

Reactivity Worth (Ih) Relative to: 

S/M 23-23 Fuel Drawers (Loading 79) 

Rod Drops Analyzed by: 

Inverse 
Kinetics 

- 1 0 7 . 7 ± 3.2 
- 5 2 9 . 3 ± 19.1 
- 6 0 5 . 3 ± 37.1 
- 1 2 6 . 6 ± 3.1 
- 4 1 2 . 3 ± 5.5 

Prompt 
Jump 

- 5 3 2 . 3 ± 17.1 
- 6 4 1 . 3 ± 13.2 
- 1 3 1 . 3 ± 3.7 
- 4 1 1 . 3 ± 5.5 

Multiplication 

- 1 0 6 . 5 ± 3.3 
- 5 2 2 . 3 ± 11.2 
- 6 6 6 . 3 ± 2 1 . 1 
- 1 3 1 . 7 ± 3.0 
- 4 0 1 . 3 ± 12.2 

Sodium Channel 

Rod Drops Analyzed by: 

Inverse 
Kinetics 

- 4 2 1 . 6 ± 19.1 
- 5 5 7 . 6 ± 37.1 

- 1 8 . 9 ± 3.0 
- 3 0 4 . 6 ± 5.5 

Prompt 
Jump 

» 

Multiplication 

4l5.8 ± 11.3 
559.8 ± 2 1 . 1 

- 2 5 . 2 ± 3.2 
- 2 9 4 . 8 ± 12.2 

Na-BeO Channel 

Rod Drops Analyzed by: 

Inverse 
Kinetics 

- 1 8 . 9 ± 3.2 
- 4 0 2 . 7 ± 19.1 
- 5 3 8 . 7 ± 37.1 

- 2 8 5 . 7 ± 5.5 

Prompt 
Jump 

- 4 0 1 ± 17.3 
- 5 1 0 ± 13.3 

- 2 8 0 . 7 ± 5.S 

Multiplication 

- 2 5 . 2 ± 3.2 
- 3 9 0 . 6 ± 11.2 
- 5 3 4 . 0 ± 21.1 

- 2 6 9 . 6 ± 12.2 

**l 

CO 

a 

" D a t a not available. 
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I. INTRODUCTION 

This report describes the reactivity worth measure
ments that have been made in the uniformly loaded 
version of ZPR-6 Assembly 7 and in the rodded zone 
which was temporarily installed at the center of ZPR-6 
Assembly 7. The measurements include central small-
and large-sample sodium void, radial and axial small-
sample sodium void, radial subasscmbly-sizc sodium 
void, small-sample central worths for both cylindrical 
and plate type samples and radial small-sample worth 
traverses. 

ZPR-6 Assembly 7 is a large, uniform, mixed plu-
tonium-uranium oxide critical assembly, constructed as 
part of the Demonstration Reactor Benchmark Critical 
Assembly Program.1 Assembly 7 has been described in 
Ref. 2 and Paper 11-11. A description of the central 
rodded zone and the rodded zone measurements is 
included in Paper 11-25. 

Central zones with a 2i°Pu content roughly 2.5 higher 
than normal, both with sodium and sodium-voided 
(i.e., the H240 and VH240 zones), have also been 
installed in Assembly 7. Results of the reactivity worth 
measurements in the H240 and VH240 zones, which 
arc not included in the paper, arc reported in Papers 
11-12 and 11-13. Subcritical central control-rod reac
tivity measurements have also been made in Assembly 
7. These results arc also not included since they arc 
contained in Paper 11-18. 

The primary purposes of the Assembly 7 central 
worth measurements were (1) to obtain direct measure
ments of important worths in a typical LMFBR spec
trum, (2) for comparison with calculation as a test of 
cross section data and analytical techniques, (3) for 
purposes of normalization between various assemblies, 

pccially between Assembly 7 and ZPPR Assembly 
u and between Assembly 7 and ZPR-6 Assembly 6A 

(see Paper 11-11), and (4) for use in correcting slight 
composition mismatches between the rodded zone in 
Assembly 7 and the matching plate zone. The spatial 

2 L G LeSage, E M. Bohn, J. E. Marshall, R. A. Karam, 
C. E. Till, R. A Lewis and M. Salvatores, Initial Experi
mental Results fiom ZPR-6 Assembly 7, The Single Zone 
Demonstration Reactor Benchmaik Assembly, Trans. Am. 
Nucl. Soc. 14, 17 (1971) 

worth traverses also provided direct measurements of 
the important worths as a function of position in typical 
LMFBR spectra and provided tests of the spatial vari
ations of the cross sections and real and adjoint fluxes. 

II. DESCRIPTION OF EXPERIMENTS 

The reactivity measurements were made by two 
different techniques. The 3 x 3-drawer central sodium 
void and the subasscmbly-sizc sodium-void measure
ments were made by a technique involving the careful 
measurement of the total assembly excess reactivity 
both before and after the removal of the sodium. All 
of the other reactivity measurements were made using 
cither the axial or the radial sample changers and a 
calibrated autorod. A description of each of these ex
perimental techniques is given in this section. 

A. MEASUREMENT OF ASSEMBLY EXCESS REACTIVITY 

In the excess reactivity technique, the total excess 
reactivity of the assembly is measured both before and 
after a material change in the core. With regard to this 
experimental technique, the term "excess reactivity of 
the core" means the excess reactivity that would be 
present if all of the fuel and boron rods and the autorod 
were moved to their most reactive positions and the 
reactor temperature was adjusted to a reference level. 
The difference in the excess reactivity between the two 
configurations, corrected for 241Pu decay, is taken as 
the reactivity associated with the material change. This 
technique is used cither when the size of the perturbed 
region is larger than the maximum size sample that can 
be handled by one of the sample changers or the reac
tivity change is larger than the worth of the autorod. A 
detailed description of this type of reactivity measure
ment is also given in Paper 11-25 where the measure
ment of the reactivity difference between the matched 
plate and rodded zones is discussed. 

Both the central 3 x 3-drawcr by 12-in. sodium-void 
measurements and the subasscmbly-sizc sodium-void 
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measurements reported here w ere made by this method. 
The sequence of operations was as follows: 

1. The excess reactivity of the core was measured. 
2. The assembly w as shut dow n and the sodium-filled 

stainless steel cans were replaced with matched 
empty cans. 

3. The excess reactivity of the core with the sodium-
voided region installed was measured. 

4. The assembly was shut down and the matched 
empty cans were replaced with the original so
dium-filled cans. 

5. The excess reactivity of the reference core was 
again measured. 

I t was necessary to wait about V/i h after the assembly 
halves were driven together for the temperatures in the 
core to stabilize adequately for accurate measurements. 
The power was held constant with the autorod during 
the measurement, the core axial temperature profile 
was measured, the positions of all fuel rods were re
corded, and the average autorod position was obtained 
from an integration of the rod-position analog signal. 
The measured excess reactivity consisted of the follow
ing components: 

1. The available reactivity contained in the with
drawn fuel rods. These rods were calibrated using 
an inverse kinetics code. 

2. The available reactivity contained in the partially 
withdrawn autorod. The autorod was also cali
brated using an inverse kinetics code. The average 
autorod position during a specified time interval 
was obtained from integration of a voltage pro
portional to autorod position. 

3. Corrections w ere made for core temperature differ
ences and for decay of 241Pu among the different 
measurements. An attempt was made to hold the 
core temperature to within about 1°C for each of 
the measurements so that the temperature correc
tion was relatively small. The measured tempera
ture coefficient of reactivity was (—4.05 ± 
0.05)Ih/°C and the coefficient of 241Pu decay was 
-0.33Ih/day. 

The temperature coefficient of reactivity and rod 
calibrations using the inverse kinetics code are discussed 
in Ref. 3 and Paper 11-32. 

The imprecision of the excess reactivity measure
ments is determined by (1) the precisions of the fuel rod 
calibrations, the temperature coefficient, and the 241Pu 
decay coefficient and (2) the scatter in the results due 
to non-reproducibility in the assembly table closure and 
fuel rod positions between different start-ups. A la 
uncertainty of 0.5 Ih was estimated for the combined 
uncertainties of the fuel rod calibrations, the tempera
ture coefficient, and the 241Pu decay coefficient. A la-
uncertainty of 0.5 Ih was estimated for the combined 

uncertainties due to table closure and rod positions 
(which will be referred to as "table closure") based on 
repeated measurements of the core excess reactivity 
when no material change was made in the core. How
ever, recent measurements made with the H240 zone 
installed in Assembly 7 have indicated a 2 Ih Id im
precision associated with table closure. I t is not known 
whether there has been some fundamental change in 
the ZPR-6 facility to account for this change in the 
table closure value or whether the good agreement in 
the earlier results was simply fortuitous. Until this 
point is resolved, the total la imprecision in the excess 
reactivity measurement resulting from table closure 
will be taken as 2 Ih. 

B . AXIAL SAMPLE-CHANGER MEASUREMENTS 

The axial sample-changer (ASC) consists of a spe
cially fitted core drawer, more than twice as long as the 
core height, with remotely-actuated motor-driven 
devices to insert and withdraw samples from a multi-
sample magazine and to move the drawer along the 
axial centerlinc of the assembly. A description of the 
ASC, including a picture of the oscillator drawer, is 
given in Ref. 4. The oscillator drawer was loaded with 
regular plate-core materials except for a sample position 
which could handle samples 2 x 2 x z-in, where z, the 
axial dimension, could vary from % inch to 2-in. The 
sample-changer device was located behind the axial 
blanket, and the samples were oscillated from this 
location to the core center or to any other selected posi
tion on the axial centerlinc. 

Two types of samples were measured in the ASC. 
The simplest were 2 x 2 x 1 in. blocks of pure material 
(some canned in stainless steel and some bare) which 
were positioned in the sample cavity with the 1-in. 
dimension in the z direction. The other samples con
sisted of plates of the regular core materials contained 
in thin-walled 2 x 2 x 2 in. stainless steel boxes. The 
plates were arranged in the boxes similar to the arrange
ment in the nominal unit-cell drawer loading (see 
Figs. II-19-1 and II-19-2). 

The unit-cell plate samples were used to measure the 
worths of the individual core constituent materials in 
their normal plate environment. The procedure was to 
measure the worth of a plate loaded sample box, then 
remove part of one of the materials from the sample 
box and remeasure the box worth. The worths of each 
of the core constituent materials were measured in this 
manner. The procedure used to make a sample wort! 
measurement with the ASC is outlined below: 

1. The sample was inserted into the oscillator drawer 
and the drawer and sample were driven into the 

• core. 
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FIG II-19-1. Cross Section of Unit-Cell Showing Matrix 
and Plate Loaded Drawer, ZPR-6 Assembly 7 ANL Neg. No. 
116-1084-

2. A waiting time of 1 to 2 min was allowed for 
reactor stabilization. 

3. The average autorod position was obtained from 
an autorod integration measurement. The integra
tion times varied from 2 to 5 min. 

4. The oscillator draw er was driven out of the core, 
the sample was removed, and the oscillator drawer 
was driven back into the core. 

5. A waiting time of 1 to 2 min was allowed for 
reactor stabilization. 

6. The average autorod position was again obtained 
from a 2 to 5 min autorod integration measure
ment. 

7. The oscillator drawer was driven out of the core. 
The cycle was repeated starting at step 1. 

In order to improve accuracy and to eliminate the 
effects of first and second order reactor drifts, the cycle 
is generally repeated several times. The worth of the 
sample is inferred from the difference in the average 
position of the calibrated autorod between the sample-in 
and sample-out integrations. The operation of a some
what similar ASC is also described in detail in Ref. 5. 
The calculation of the measurement precision and the 
drift cancellation are discussed in Ref. 6. 

A la imprecision of 0.005 Ih was typical for a total 
ASC measurement time of about 30 min. This value 
does not include the uncertainty in the autorod calibra
tion which will be discussed in section IID. In general, 
however, the reactivity results obtained from sample 
changer and calibrated autorod measurements have a 
much better precision than the results obtained from 
corc-cxcess-rcactivity measurements. 

c. RADIAL SAMPLE CHANGER 

The radial sample changer (RSC) consists of a long 
ouble-walled thin stainless steel sample tube, installed 

in a slot located along the radial midplane of the 
assembly, with remotely actuatable devices to insert 
and withdraw samples from an eight-sample cylindrical 

0 . 0 4 0 

SECTION 
-SS MATRIX 

JL 

2.175 

ALL DIMENSIONS 
IN INCHES 

FIG. II-19-2. Cross Section of Central Matrix Tube Con
taining Axial Oscillator Drawer and Sample Box, ZPR-6 As
sembly 7. ANL Neg. No. 116-1035. 
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FIG II-19-3 Radial Cross Section of ZPR-6 Assembly 7 
Showing Position of Radial Sample Changer Tube. ANL Neg. 
No. 116-1032. 

magazine and to pneumatically oscillate the sample 
between the cylinder and the end of the sample tube. 
The RSC tube can be positioned remotely so that the 
samples arc driven into the center of the core or to any 
selected position along the core radius at the axial mid
plane. The radial hole for the RSC tube is made by 
pushing each drawer back 1-in. along a horizontal row 
in the stationary half (row 23) so that the cross section 
of the hole is 1-in. wide and 2 in. high. 

The location of the RSC tube and also that of the 
calibrated autorod in Assembly 7 are shown in Fig. 
II-19-3. Figure II-19-4 is a vertical cross section showing 
the RSC tube and sample and the surrounding matrix 
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FIG. II194. Vertical Section of ZPR6 Assembly 7, Show
ing Arrangement of the Sample and Radial Sample Changer 
Tube in the Assembly. ANL Neg. No 1161033. 
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FIG. II195. Axial Section Drawings of the ArgonneEast 
and ArgonneWest Type Samples for the Kadial Pneumatic 
Sample Changer. ANL Neg. No. 1161039. 

and drawers. A more complete description of the RSC 
construction and operation is given in Ref. 7. 

When the RSC is used, only the samples are oscillated 
and there is no oscillator drawer movement as with the 
ASC. Because the travel times arc much shorter, wait 
times of 0.51.0 min and integration times of 12 min 
are adequate. Otherwise, the operation of the RSC is 

the same as the operation of the ASC. The reactivity 
change associated with oscillating the sample into and 
out of the core is measured by the calibrated autorod. 
The precision of the RSC measurements arc about the 
same as the ASC measurements for similar measurement 
times. 

Two types of samples, referred to as ArgonneEast 
and ArgonneWest types, were used in the RSC; and 
drawings of each sample are shown in Fig. II195. 
The sample holder devices arc also shown. The Argonnc

Easttypc samples were cylinders 0.S7 in. in diameter 
and 2 in. long; someof the samples were canned in stain

less steel, some were bare, some were solid cylinders, 
and some were annulusshapcd (hollow cylinders). The 
ArgonneWest type samples were cither solid cylinders 
or annulusshapcd, 2.17 in. long and of various diam

eters. All the ArgonneWest samples were canned in 
stainless steel. Detailed descriptions of all the samples 
arc given later in this report. 

D. CALIBRATED AUTOROD 

The Autorod (AR) system consists of a tapered 
polyethylene blade extending axially through both 
assembly halves, a servodrive mechanism, and an 
analog rodpositionindication system attached to a 
rodposition integrator. The system is controlled to 
automatically hold the assembly power level at a con

stant preset value. The tapered polyethylene blade has 
the property that the value of Ap/Ax, where p is reac

tivity and x is the axial position of the blade, is nearly 
constant with re. The reactivity signal associated with 
a sample insertion is proportional to the change in 
autorod average position. The average autorod position 
is obtained by integrating, over a preset time interval, 
the output from a potentiometer whose voltage is pro

portional to rod position. 
The integral worth of the autorod was measured in 

these experiments by running the rod between the 
fullin and fullout positions and measuring the reac

tivity change with an inverse kinetics code. An integral 
worth value of (6.737 ± 0.034)Ih was obtained from 
repeated measurements where the imprecision is the 
standard deviation resulting from the scatter in the 
measured values. The reactivity results contained in 
this report do not include the uncertainty in the auto

rod calibration in their quoted precisions. This addi

tional uncertainty should be included when comparing 
measured and calculated reactivities, but it should not 
be considered when comparing two reactivities meas

ured with the same autorod. The inverse kineti 
method and the code used for calibrating the auton 
are discussed in Paper 1132. No additional code

related uncertainty has been assigned to the autorod 
calibration. 
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A check of the constancy of Ap/Ax with autorod posi
tion was made by measuring the worth of a small 
sample (worth about 10 % of the total autorod w orth) 
with the autorod insertion adjusted to various values 
along its entire length. The results, which arc given in 
Table II-19-I, indicate that Ap/Ax may vary by 2 or 
3 % over the length of the autorod. In the final data re
duction the autorod worth was not assumed hncar. A 
third order fit was made to the data points in Table 
II-19-I to obtain the autorod calibration curve. The 
error associated with the Ap/Ax calibration curve was 
negligible. 

E. R E F E R E N C E CORE CONFIGURATION 

With two exceptions, discussed below, the actual 
loading of Assembly 7 for the reactivity measurements 
was almost identical ( ± 3 kg fissile material) to the 
"as-built" Reference Core defined in Paper 11-11. The 
core radial cross sections shown in Figs. II-19-3, 11-19-
6 and II-19-7 arc the same as shown in Fig. 2A of 
Paper 11-11. 

The reactivity measurements made in the central 
rodded zone in Assembly 7 were one exception. The 
rodded zone, which is shown in Fig. II-19-6 of this paper 
is described in detail in Paper 11-25. 

The other exception was the measurements made in 
the central matched-plate zone. There were actually 
two changes in the core for these measurements, neither 
of which had any apparent affect on the central reac
tivity measurements, since, as will be discussed later in 

TABLE II-19-I. APPARENT W O R T H OF SMALL SAMPLE AT 
D I F F E R E N T AUTOROD POSITIONS ASSUMING THAT THE 

D I F F E R E N T I A L R O D W O R T H IS INDEPENDENT OF 
POSITION 

AR position," 
Percent Travel From Full Out 

10 
15 
21 
26 
32 
37 
45 
52 
60 
67 
74 
82 
89 

Apparent Worth of Ta and SS 
Sample,'1 

Ih 

0 694 
0.703 
0 692 
0 702 
0.693 
0.69S 
0 6S-4 
0 692 
0 67S 
0.677 
0 680 
0 685 
0 683 

3 The Ta and SS sample was worth about 10% of the autorod 
total wor th so t h a t a t 15%, for example, the autorod moved 
between 10% and 20% insertion when the sample was oscil
lated. 

b The standard deviation of thpsp values was about 0.005 Ih . 

this report, the central worth measurements in the 
matched-plate zone were in very good agreement with 
similar measurements in the original plate core. The 
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F I G II-19-6 Radial Cross Section of ZPR-6 Assembly 7 
Showing the Locations of the Exac t Core Region, the 5 x 5 
Rodded and Matched Pla te Zones, and the 3 x 3 Sodium-Voided 
Region. ANL Neg. No. 116-1042. 
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F I G . II-19-7. Radial Cross Section of ZPR-6 Assembly 7 
Showing Locations of Subassembly-Size Sodium-Voided Re
gions. ANL Neg. No. 116-1031. 
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was as shown in Fig. II-19-1 except that the }i-'m. 
Pu/U/Mo column was replaced with a K-in. column of 
Pu/Al fuel and a 3^-in. column of depleted uranium. 
A total of 168 of the regular Assembly 7 drawers (84 
per half) were removed, and, because the fissile weight 
per drawer was 20 % greater in the Pu/Al drawers, only 
145 Pu/Al drawers were added. Figure II-19-S is a 
radial cross section of the core with the Pu/Al drawers 
installed. Calculations indicated that there was no 
change in either the central spectra or the perturbation 
denominator as a result of the Pu/Al addition, and the 
central worth measurements tended to confirm this 
conclusion. 

III. REACTIVITY RESULTS 

The results of the reactivity worth measurements in 
Assembly 7 are included in Tables II-19-II through 
11-19-VIII and Figs. II-19-9 through 11-19-14. Each of 
the tables and figures are discussed below. 

A. TABLE I I - 1 9 - I I : CENTRAL IN-CELL SODIUM VOID 

The results of the central sodium-void measurements 
in the pin and plate environments arc included. The 
experimental techniques used for these measurements 
are discussed in Section IIA and IIB. The results are 
the same as those listed in Paper 11-25 and are listed 
here for the sake of completeness. The location of the 
5 x 5 drawer rodded zone and the 3 x 3 drawer sodium-
voided regions (both rodded and plate) arc shown in 
Fig. II-19-6. The 5 x 5-drawcr rodded zone extended 
12-in. from the midplane into each half (i.e. the total 
length ^\as 24 in.). The results listed in this table are 
for sodium in its normal plate or rodded environments. 

TABLE II-19-II. COMPARISON OF CENTRAL SODITJM-VOID COEFFICIENT MEASUREMENTS IN PLATE AND PIN ENVIRONMENTS, 
ZPR-6 ASSEMBLY 7 

Core 
Environment 

P la te core 

P in zone 

Pla te core 

Pin zone 

Pin zone 

Sample Type 

Pla te drawers 

Pin calandria 

Pla te sample box 

Pin calandria 

Pin calandria 

Dimension of Core Region 
Which Was Voided of Sodium 

9 uni t cells 6 in. in each half 
(6.52 x 6.52 x 12.0-in.) 

9 uni t cells 6 in. in each half 
(6.52 x 6.52 x 12.0-in.) 

1 uni t cell 1 in. in each half 
(2 17 x 2 17 x 2 0-in.) 

1 uni t cell 6 in. in each half 
(2.17 x 2.17 x 12.0-in.) 

1 uni t cell 3 in. in each half 
(2.17 x 2.17 x 6.0-in.) 

Mass of Sodium 
Voided, 

kg 

2 972 

2 968 

0 0429 

0.3305 

0.1659 

Void Worth,0 

Ih 

+ 2 0 64b 

+ 19.03b 

+0.297" 

+2.221° 

+ 1.132" 

Specific Worths of 
Void/ 
Ih/kg 
(±M 

+ 6 . 9 4 ± 0 6 

+ 6 . 4 1 ± 0 6 

+6 .69 ± 0.2 

+6 .72 ± 0.07 

+6 .82 ± 0.2 

" 1% Sk/k ~ 1030 Ih. Total /?,// = 0.00319. Prompt neutron lifetime, lp = 5.48 X 10"7 sec. 
b Reactivity worth determined from change in core excess reactivity before and after voiding 
0 ASC measurements. Reactivity worths measured by autorod. 
d Note that it is the sodium-void worth and not the sodium worth that is listed in this table. 

I 5 10 15 20 25 30 35 40 45 
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FIG. II-19-8. Radial Cross Section of ZPR-6 Assembly 7 
Showing the Locations of the Drawers Loaded with the Pu/Al 
Fuel Plates. ANL Neg. No. 116-925 Rev 1. 

first change—the inclusion of the matched-plate zone 
as defined in Paper 11-25—was effectively no change 
since the matched-plate zone was the same as the 
regular plate core except for very slight weight differ
ences in some of the plates. The other change involved 
the replacement of some of the regular Assembly 7 core 
drawers near the radial edge of the assembly with 
drawers containing Pu/Al fuel. The new drawer loading 
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TABLE I I 19II I . MEASUREMENTS OF SODIUMVOID C O E F F I C I E N T IN SUBASSEMBLY S I Z E R E G I O N IN ZPR6 ASSEMBLY 7 

Location of Voided Region" 

Assembly center 

Midway between center and 
radial reflector 

Adjacent to the radial re

flector 

Drawers Voided 
in Both Halves 

Row Column 

22 22 
22 23 
23 22 
23 23 

29 20 
29 21 
30 20 
30 21 

35 18 
35 19 
36 18 
36 19 

Dimensions of Voided Regionb 

Four drawers 
4.35 x 60.0in 

per half (4.35 x 
•) 

Average 
Radius 

of Voided 
Region, 

cm 

3.91 

43.70 

73.42 

Mass of 
Sodium 
Voided, 

kg 

6.602 

6.443 

6.529 

Void 
Worth," 

Ih 

+17.44 

+ 1.36 

 1 1 . 5 8 

Specific Worth of 
Void/ '" 

Ih/kg 
( ± l a ) 

+2 .64 ± 0.30 

+ 0 . 2 1 ± 0.30 

 1 . 7 7 ± 0.30 

» See Fig. II197 for locations of sodiumvoided drawers. 
b I n each case, a region 2 x 2 drawers and extending the full axial height of the core was voided. 
" The reactivity worths were determined from the change in core excess reactivi ty before and after voiding. 
d See footnote a, Table II19II . 
c Note t h a t it is the sodiumvoid worth and not the sodium worth tha t is listed in this table . 

TABLE II19IV. CENTRAL REACTIVITY W O R T H MEASUREMENTS IN ZPR6 ASSEMBLY 7 M E A S U R E D IN THE 
U N I T  C E L L P L A T E ENVIRONMENT 

Material 

239pua 

P u / U / M o b 

Depl. U 
Depl. U 
N a 
U 3 0 8 

Fe 2 0 3 
SS304 
SS304 
SS304 
Fe 
Fe 
Ni 

Weight, 
g 

1.919 
21.155 
14.46 

121.39 
42.90 
60.68 
32.74 
46.95 
46.77 
46.29 
58.05 
38.43 
38.66 

Location in UnitCell of the Perturbed Material 

Placed in }4 in diam hole in P u / U / M o plate 
Placed in \i in. diam hole in P u / U / M o plate 
Placed in % in. diam hole in P u / U / M o plate 
Adjacent to j£ in. U3Os plate 
Both sodium cans replaced by void cans 
y± in. U3Os plate replaced by 36 in. U3Os plate 
J$ in. Fe203 plate replaced by void 
3^6 in. SS adjacent to P u / U / M o plate 
3̂ 6 in SS adjacent to vertical matrix 
36 in. SS adjacent to horizontal matrix 
3§ in. Fe plate at position of Fe 2 0 3 plate 
0.075 in. Fe adjacent to vertical matrix 
0.075 in. Ni adjacent to vertical matrix 

Total Worth," 
Ih 

0.324 
0.694 
0.123 

 1 . 0 3 8 
 0 . 2 8 7 
 0 . 5 5 6 
 0 . 1 9 9 
 0 . 2 4 6 
 0 . 2 5 2 
 0 . 2 0 3 
 0 . 2 5 5 
 0 . 1 7 9 
 0 . 2 6 5 

Specific Worth,d 

Ih/kg 
(±l<r) 

168.7 ± 2.9 
 32.8 ± 0.4 
 8 . 5 4 ± 0.44 
 8 . 5 5 ± 0.09 
 6 . 6 8 ± 0.15 
 9 . 1 6 ± 0.13 
 6 . 0 7 ± 0.28 
 5 . 2 5 ± 0.20 
 5 . 3 8 ± 0.37 
 4 . 3 9 ± 0.24 
 4 . 4 0 ± 0.17 
 4 . 6 5 ± 0.21 
 6 . 8 5 ± 0.21 

■ The value for 239Pu was derived from the measurement of a plutonium sample containing 99% 239Pu. 
b The composition of the P u / U / M o material was 29.4 wt% Pu, 68.1 wt% depleted U, and 2.5 w t % Mo. The plutonium composi

tion was 85.0 wt% 239Pu, 12.8 wt% "»Pu, 2.0 wt% 241Pu, and 0.2 wt% 2«Pu. 
" ASC measurements. Worths measured by autorod. 
d See footnote a, Table II19II . 

Two conclusions are apparent from Table II19II: 
.) the sodium coefficient is essentially the same for the 

3 x 3 drawer region and the single unitcell region and 
(2) the sodium coefficient is essentially the same for the 
plate and rodded environments. 

B. TABLE I I  1 9  I I i : SUBASSEMBLYSIZE SODIUM VOID 

This table lists the results of the "subassemblysize" 
sodiumvoid measurements. The regions voided were 
2 drawers x 2 drawers in cross section (4 unit cells) and 
extended for the full 60in. axial dimension of the core. 
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T A B L E II-19-V CENTRAL REACTIVITY W O R T H M E V S U R E M E M S IN ZPR-6 ASSEMBLY 7 FOR SMALL CYLINDRICAL SAMPLES USING 
THE R A D I VL SAMPLE CHANGER 

No 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Sample" 

P u (1 w/o 2«Pu) 

Pu (11 5 w/o 240Pu) 

Pu (22 w/o 240Pu) 

Pu (45 w/o 240Pu) 

1 
E m U 
E m U 
E m U 
Depl U 
Depl U 
Depl U 
T a 
T a 
Boron 
N i 
Fe 
C i 
SS304 
SS304 
Mo 
Al 
Na 
C 
Li-6 

Sample 
W t , 

g 

3 524 
9 956 

21 409 
2 706 
8 853 

15 122 
3 031 
8 510 

13 939 
3 442 
8 508 
3 084 
5 231 

15 775 
19 074 
25 988 
38 163 
8 698 

18 647 
0 5553 

37 916 
33 277 
26 999 
34 506 
20 966 
43 398 
53 067 
17 044 
33 441 
0 9736 

Geom
etry6 

A 

C 

H 

1 
c 

Sample 

Length, 
cm 

3 18 

I 
5 52 

5 00 
4 45 
4 45 
4 45 
5 00 
4 45 
5 OS 
5 52 
5 00 
5 52 

1 

5 52 
5 08 

4 45 

Description 

Outside 
Diameter, 

cm 

2 13 

0 99 

1 
2 13 

2 21 
0 99 
0 125 
0 99 

1 

0 99 
2 21 
2 13 
2 21 
0 78 

Effective 
Wall 

Thick
ness," 

cm 

0 013 
0 038 
0 076 
0 013 
0 038 
0 063 
0 013 
0 038 
0 063 
0 013 
0 038 
0 005 
0 009 
0 028 
0 035 
0 041 
0 069 
0 015 

Specii 

Normal Plate 
Core 

158 7 ± 2 3 
157 9 ± 0 3 

136 5 ± 1 7 

123 6 ± 2 0 

- 9 51 ± 0 32 

- 5 8 0 ± 1 5 
- 4 3 1 ± 0 4 

- 5 7 0 ± 12 
- 6 47 ± 0 19 
- 4 27 ± 0 16 
- 4 54 ± 0 37 
- 5 03 ± 0 14 

- 1 5 39 ± 0 11 

- 4 73 ± 0 49 
- 1 2 19 ± 0 21 

IC Worth, Ih/kg'1 • ( 

Central Matched 
Plate Zone 

152 7 ± 2 8 
157 8 ± 0 3 
159 5 ± 0 5 
144 7 ± 2 7 
143 2 ± 0 6 
145 4 ± 0 7 
126 4 ± 2 3 
129 0 ± 1 0 
128 3 ± 0 5 
99 6 ± 2 2 
97 9 ± 0 9 

119 2 ± 1 0 
117 5 ± 1 8 
119 8 ± 0 6 

- 1 1 17 ± 0 62 
- 9 48 ± 0 10 
- 9 58 ± 0 34 
- 5 8 1 ± 1 1 

- 5 7 0 ± 7 

- 4 89 ± 0 06 

- 6 83 ± 0 17 
- 6 21 ± 0 32 

- 1 2 67 ± 0 27 
-1920 ± 11 

±1.7) 

Central Rodded 
Zone 

153 8 ± 0 6 

119 7 ± 2 3 

- 9 02 ± 0 19 

- 5 4 9 ± 0 9 

- 5 9 0 ± 12 
- 6 07 ± 0 24 
- 3 97 ± 0 27 
- 4 04 ± 0 42 
- 4 62 ± 0 09 

- 5 40 ± 0 26 
- 1 2 54 ± 0 27 

" Additional infoimation on the samples is given in Table II-19-7 
b A s annulus (hollow cylinder), C = solid cyhndei , H = empty sample holdei—generally annular geometiy with solid ends 

(see Fig II-19-5) 
c The effective wall thicknesses foi all the plutonium samples aie measuied values The values listed foi the uianium and tan ta 

lum samples were calculated using published density values. 
d All measuiements were made using the RSC and the cahbia ted autorod 
e See footnote a, Table II-19-II 

The four unit-cell region has the same cross sectional 
area as a hexagon \\ ith a flat-to-flat dimension of 4 67 
in so that the size of the region voided is fairly typical 
of an LMFBR subassembly The radial location of the 
voided regions arc shown in Fig II-19-7. 

The lcsults indicate a positive sodium-void coefficient 
at the center, a nearly zero coefficient near the half-
ladius position and a negative sodium-void coefficient 
near the edge of the coie These results have genei ally 
the same radial shape as the small-sample, ladial, 
sodium-w orth measurements discussed in Section IIIG 
In addition, the central subasscmbly-size sodium-void 
lesult is predicted fairly well by the small-sample axial 

sodium woith measurement also discussed in Section 
IIIG 

C TABLE II -19-IV CENTRAL UNIT-CELL PLATE WORTHS 

The woiths of the cell constituent materials measuied 
m their normal plate enviroments arc listed in this 
table The technique foi these mcasuics is described in 
Section ILB More than one mcasuiemcnt is listed fo>-

depleted uianium, iron, and stainless steel since thesi 
materials are included at more than one location in tin 
unit cell The normal-core unit-cell and the ASC ex
perimental unit-cell aie shown in Figs II-19-1 and 
II-19-2 Since the experimental unit cell was about }/% 



TABLE II-19-VI. MATERIAL AND COMPOSITION DATA FOR RADIAL SAMPLE-CHANGER SAMPLES 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

. 14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Sample 

Ident. 
No. 

MB06 
MB 10 
MB 11 
Pu-7 
Pu-9 
Pu-11 
Pu-13 
Pu-15 
Pu-17 
Pu-19 
Pu-21 
U-235(L) 
MB20 
MB21 
MB24 
U-238(L) 
MB25 
TA(L) 
TA-2 
B(L) 
Ni-1 
Fe-1 
Cr-3 

Mo-1 
AL(L3) 
NA(L2) 
C(L) 

Material 

Pu (1 w/o 240Pu) 

Pu (11.5 w/o 240Pu) 

Pu (22 w/o 24»Pu) 

Pu (45 w/o 24»Pu) 

Enr . U 

Depl. U 

T a 
T a 

Boron 
Ni 
Fe 
Cr 

SS304 

1 
Mo 
Al 
Na 
C 
Li-6 

Wt., 
g 

3.524 
9.956 

21.409 
2.706 
8.853 

15.122 
3.031 
8.510 

13.939 
3.442 
8.508 
3.084 
5.231 

15.775 
19.074 
25.98S 
3S.163 
8.698 

18.647 
0.5553 

37.916 
33.277 
26.960 
34.506 
20.966 
43.398 
53.067 
17.044 
33.441 

0.9936 

Sample Cladding 

Material 

SS304 

SS304 

SS304 

Al 

W t , 
g 

13.218 
13.485 
13.577 
10.703 
10.351 
10.725 
10.369 
10.529 
10.584 
10.672 
10.665 
S.924 

13.907 
13.729 
13.807 
8.953 

13.859 

8.489 

9.135 

4.806 

Iso. 

239Pu 

23 6U 

238TJ 

i o B 

Fe 

I 

Wt., 
g 

3.445 
9.732 

20.926 
2.306 
7.543 

12.885 
2.194 
6.159 

10.088 
1.377 
3.405 
2.876 
4.877 

14.709 
19.034 
25.933 
3S.083 

0.1104 

24.0 
14.5 

Iso. 

""Pu 

1 238TJ 

236TJ 

»B 

Cr 

1 

Weights of 

Wt., 
g 

0.035 
0.100 
0.214 
0.306 
1.002 
1.712 
0.658 
1.846 
3.024 
1.421 
3.512 
0.167 
0.283 
0.853 
0.040 
0.055 
0.080 

0.4449 

6.3 
3.8 

Iso. 

241Pu 

1 234TJ 

Ni 

1 

Isotopic 

Wt., 
g 

0.002 
0.005 
0.011 
0.056 
0.182 
0.311 
0.115 
0.322 
0.527 
0.407 
1.005 
0.028 
0.048 
0.143 

3.3 
2.0 

Constituents"'1' 

Iso. 

Al 

242Pu 

236TJ 

M i l 

1 

Wt., 
g 

0.042 
0.119 
0.257 
0.004 
0.014 
0.025 
0.017 
0.049 
0.080 
0.146 
0.360 
0.014 
0.023 
0.0G9 

0.5 
0.3 

Iso. 

241Am 

W t , 
g 

0.004 
0.013 
0.022 
0.009 
0.026 
0.043 
0.044 
0.109 

Iso. 

Al 

W t , 
g 

0.030 
0.097 
0.166 
0.038 
0.108 
0.177 
0.041 
0.102 

° The weights of the isotopic constituents are not given for samples containing only one isotope. 
b All 24a5u and 241Am weights corrected to 4/1/71. 
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TABLE II-19-VII COMPARISON OF M E A S U R E D 

Isotope" 

2 3 9 p u 

23STJ ( F ) d 
23STJ (TJ)d 

Fe 
N i 
Na 
239Pu 
23 5TJ 
23STJ 

T a 
Boion 
Fe 
N i 
Cr 
N a 
C 

Weight, 
g 

1 919 
14 46 

121 39 
6 

38 66 
42 90 

9 732 
2 876 

25 93 
8 698 
0 5553 

33 277 
37 916 
26 999 
17 044 
33 441 

Measurement 
Technique11 

ASC 

,. 
RSC 

IND C A L C U L A T E D C E N T R A L W O R 1 H S , Z P R - 6 A s S E M B L I 7 

Worth, Ih/kg 

Measurement 

169 
- 8 5 
- 8 5 
- 4 5 
- 6 8 
- 6 7 
159 
131 
- 9 8 

- 5 8 
- 5 7 0 

- 4 3 
- 6 5 
- 4 5 
- 6 2 

- 1 2 4 

Calculation" 

205 
- 1 2 5 
- 1 3 6 

- 5 4 
- 6 0 
- 6 0 
205 
175 

- 1 3 8 
- 7 8 

- 7 4 9 
- 5 4 
- 6 1 
- 7 6 
- 6 1 

- 1 5 8 

Calculation 
Experiment 

1 21 
1 47 
1 58 
1 20 
0 88 
0 90 
1 29 
1 34 
1 41 
1 34 
1 31 
1 26 
0 94 
1 69 
0 98 
1 27 

|~Calculation~| 
L 127 J 

Experiment 

0 95 
1 16 
1 24 
0 94 
0 69 
0 71 
1 02 
1 06 
1 11 
1 06 
1 03 
0 99 
0 74 
1 33 
0 77 
1 00 

" Values foi 239Pu, 236U and 23SU weie derived from plutonium, enriched uranium and depleted uranium measurements 
b ASC—measurements made using axial sample changer and plate type samples in a unit-cell environment, RSC—measurements 

made using radial sample changei and cylindrical samples 
" First order perturbation theory calculations using 1-D diffusion theoiy calculated fluxes For the ASC (unit-cell) calculation 

cross sections corrected for plate heterogeneity were used in the perturbation calculation For the RSC calculations cross sections 
obtained from a homogeneous MC2 calculation were used in the perturbation calculation Cross sections corrected for plate heter
ogeneity were used in the diffusion flux calculations 

d 23STJ (p) iS for the a*U in the Pu/U/Mo plate and "HI (U) is foi the 23SU in the U308 plates 
e Measuiement quoted is for the aveiage of two measurements See Table II-19-IV for individual weights 

TABLE II-19-VIII LARGE-SAMPLE WORTH MEASUREMENTS 
USING A X I A L SAMPLE C H VNGER 

Sample 

Pu" 
Na b 

SS304" 
C 
Be'> 
2 3 9 p u d 

Sample Wt, 
g 

10 857 
51 38 
49 17 

103 0 
114 31 

10 33 

Sample Dimensions, 
cm 

5 08 X 5 08 X 0 32 
5 08 X 5 08 X 2 54 

Worth," 
Ih/kg 

153 8 
- 6 17 
- 4 93 

- 1 2 2 
- 1 1 4 

160 2 

" The weights in the plutonium sample were 239Pu-10 33 g, 
24»Pu-0 497 g, 241Pu-0 0282 g 

b The sodium and beryllium samples were canned in SS 
" The SS304 sample was an empty sample can with the out

side dimensions listed in the third column 
d This value was denved fiom the plutonium worths using 

the calculated worths of 240Pu and 241Pu 
e The standard deviation foi these measurements is approxi

mately 2% Also see footnote a, Table II-19-II 

in. narrower than the normal 2 in coic unit cell, it was 
necessary to use slightly thinnei Fe203 and U3O8 pieces 
in the experiments These measurements w ere made for 
two purposes 

1 They were used to correct for small composition 
mismatches between the rodded and matched-
plate zones This correction w as necessary in order 

to determine the reactivity difference between the 
rodded and plate zones due entirely to the con-
ftgurational difference 

2 Since the configuiation of the unit-cell measure
ments is well defined and the heterogeneity calcu
lation reasonably straightforward, the lesults are 
valuable for comparison with calculation The 
normal plate-type unit-cell heterogcnity calcula
tions use equivalence theory in the resonance 
region and transport theory fluxes for spatial and 
energy weighting 

D TABLES II-19-V AJxD II-19-VI CENTRAL RADIAL SAMPLE 
CHANGER WORTHS 

Table II-19-V lists the results of the central woith 
measurements using the radial sample changer (RSC) 
and small cylindrical samples as described in Section 
IIC Figure II-19-3 shows the location of the RSC tube 
in the core, Fig II-19-5 includes drawings of the RSC 
samples, and Fig II-19-4 shows a cross section of the 
RSC tube and sample and the surrounding matrix ai ' 
drawers As can be seen from the figures, the RS 
samples are positioned in the core in a small cavity wuu 
their axis perpendicular to the plates The samples are 
essentially one unit-cell in length so that the samples 
span the unit cell when they are in the core and, in a 
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FIG. 11-19-13 Measured and Calculated Radial Worth 
Shapes for a Small Cylindrical Tantalum Sample. ANL Neg. 
No. 116-1036. 

very approximate sense, they should give a cell-aver
aged worth. 

Table II-19-V contains a geometrical description of 
each sample. Detailed information on the weights of 
all the isotopes in each sample are given in Table 
II-19-VI. 

The reactivity results are given in Table II-19-V for 
measurements in the normal-plate core and in the 
central matched-plate and rodded zones. Some of these 
results have been included in Paper 11-25. They are 
also listed here for completeness. 

Since there were no significant differences between 
the normal-plate core and the matched-plate zone, it 
was expected that there w ould be no differences in the 
reactivity worths measured in the two zones. The 
matched-plate zone measurements provide a good test 
of the reproducibility of the RSC worth measurements, 
and, in general, the agreement between the worths 
measured in the two environments is very goo'd. There 
are two discrepancies: measurement 4, the 2.706 g 
plutonium sample (11.5 w/o Pu-240) and measurement 
28, the sodium sample. The plutonium discrepancy, 

which is smal^ is' less than 6 % for measurements with 
imprecisions of about 2 % so that it is not inconceivable 
that this discrepancy is due simply to unfavorable 
statistics. In the case of sodium, the second measure
ment in the matched-plate zone ( — 6.21 ± 0.32)Ih/kg 
is considered the better value, since it has the smaller 
standard deviation and since the result agrees better 
with the sodium results in Tables II-19-II and 11-19-
VIII. The agreement with the result in Table II-19-VIII 
is especially significant, since the sample configurations 
for the two measurements were nearly the same. The 
reason for the one lower sodium result in the normal-
plate core is not understood. 

There are several results in Table II-19-V which give 
information on the variation of sample worth with 
sample size. The results seem to indicate that the 
plutonium and enriched uranium worths were not strong 
functions of size while the tantalum worth was a strong 
function of size. The results for depleted uranium were 
inconclusive. Self-shielding factors, some calculated and 
some inferred from measurements, for a few of these 
samples arc included in Paper 11-11. 
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E. TABLE I I -19 -VI I : COMPARISON OF MEASURED AND 

CALCULATED WORTHS 

Some of the measured values from Tables II-19-IV 
and II-19-V arc compared in this table with calculated 
worths. The worths listed for 239Pu, 235U and 23SU were 
derived from the plutonium and the enriched and de
pleted uranium measurements. Calculated worths for 
240Pu and 241Pu were needed to deduce the 239Pu worth, 
but the derived 239Pu value was very insensitive to 
variations in the calculated 240Pu and 241Pu values. 

The calculations were made using first order per
turbation theory and fluxes from a 27-broad-group 
one-dimensional (cylindrical) diffusion theory calcu
lation. The cross sections8 used in both the flux calcula
tion and the perturbation calculations were generated 
by the MC2 code using ENDF/B VERSION I data. 
The cross sections used in the diffusion calculation and 
for the unit-cell plate-sample perturbation calculations 
w ere corrected for spatial self-shielding using slab geom
etry equivalence theory and the individual plate cross 
sections were re-weighfed with fluxes from a 27-group 
transport unit-cell calculation, giving flux and volume-
weighted homogenized unit-cell cross sections. The 
perturbation calculations appropriate to the radial 
sample changer measurements (cylindrical samples) 
used cross sections directly from a homogeneous MC2 

calculation. These cross sections, therefore, contain no 
self-shielding corrections or spatial flux weighting. 

The best comparisons between measurement and 
calculation should be for the unit-cell worths measured 
with the axial sample changer, since a heterogeneity 
correction was included. However, the differences 
between the worths measured in the unit cell using the 
ASC and the RSC measurements arc not great (10% 
or less). 

The ratio of the calculated to experimental worths 
are also given in Table II-19-VII. Most of the C/E 
values lie between 1.20 and 1.40, suggesting a syste
matic bias between the measurements and calculations. 
A perturbation denominator measurement9 was made 
for Assembly 7 which predicted C/E values of 1.27 
based on the discrepancy between measured and cal
culated perturbation denominators. This discrepancy 
may be due to errors in the fie/f values, the spatial cal
culation of the core, the autorod calibration or possibly 
other experimental errors. If the calculated values are 
divided by 1.27, then the comparison between the 
calculations and the measurements is independent of 

3 fieff values, the spatial calculation, and any uncer-
nty in the autorod calibration;* this comparison is 

* A more complete discussion of this point is included in 
Paper 11-12. 

given in the final column in Table II-19-VII. I t can be 
seen in Table II-19-VII that the agreement is fairly 
good between calculation and measurement if the ratio 
of the calculated and measured perturbation denomina
tors is used to correct the calculated data. This indicates 
that a large part of the disagreement betw ccn the meas
ured and calculated values in Assembly 7 is due to 
normalization problems. In particular the normalized 
C/E values for 239Pu are 1.02 and 0.95. 

F . TABLE I l - 1 9 - V I l I : CENTRAL AXIAL SAMPLE-CHANGER 

AVORTHS 

The values listed in this table arc for samples with 
nominal outside dimension of 2 x 2 x 1-in. measured in 
the ASC as described in Section IIB. The %-m. thick 
plutonium sample was installed in a 2 x 2 x 1-in. stain
less steel box for the measurement. The samples were 
positioned in the drawer perpendicular to the plates so 
that the samples spanned the unit-cell in a manner 
similar to the RSC samples. 

The results for 239Pu, SS304, sodium and carbon are 
in very good agreement with the RSC values. Beryllium 
was not measured in the RSC. The close agreement be
tw ccn the specific worth values listed in this table and 
those measured by the RSC, for both sodium and 
carbon, is an indication that these worths arc not strong 
functions of sample size, since the samples measured in 
the ASC were approximately a factor of three larger 
than those measured in the RSC. 

G. FIGS II-19-S THROUGH 11-19-13: RADIAL AND AXIAL 

AVORTH TRAVERSES 

The measured small-sample radial and axial sodium 
A\orths and the radial plutonium (99% 239Pu), depleted 
uranium, stainless steel, and tantalum worths are 
included in these figures. The radial worth traverses 
(including sodium) were all measured with the RSC; 
the axial sodium traverse was measured using the ASC 
and the plate-loaded sample boxes. The environment 
for the off-center radial worth measurements included 
partial voids at each end of the sample. The possible 
effect of these voids on the off-center worths Avas in
vestigated in Ref. S and found to be relatively small. 
The environment of the off-center axial measurements 
Avas the same as for the central axial measurements 
except for the point at 30-in. At 30 in. the ASC drawer 
Avas loaded with blanket material on one side of the 
sample and core material on the other side to match the 
surrounding core loading. For both the radial and axial 
measurements the sample lengths were 2-in. (5.08 cm). 
The data points in Figs. II-19-9 through 11-19-14 are 
plotted at the sample midpoints. The error flags plotted 
on the figures arc for one standard deviation. 
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Calculated radial plutonium, sodium, depicted 
uranium, tantalum, and stainless steel curves arc also 
included. The calculated curves have been adjusted 
with the calculated-to-mcasured perturbation denomi
nator ratio (i.e. the calculated Avorths Avere divided by 
1.27 as described in Section IIIF) so that the shapes 
can be better compared. The calculations Avere the 
same as those described in Section HIE. 

The calculated radial shape is in fairly good agree
ment Avith the measurements for the plutonium, tanta
lum, and depleted uranium curves. The discrepancy is 
somcAvhat greater for the stainless steel calculation 
and it is greatest for the sodium radial shape. 

The measurements indicate that the sodium coeffi
cient for complete core voiding was significantly more 
negative than predicted by these calculations. The 
leakage component of the sodium worth is apparently 
being underpredictcd near the edge of the core. It 
should be emphasized, however, that these Avere rather 
simple calculations and that the primary purpose of 
this paper is to present the experimental data. 

H. NORMALIZATION TO ZPPR ASSEMBLY 2 

The reactivity normalization betA\ecn Assembly 7 
and ZPPR Assembly 2 can be inferred from the reac
tivity measurements of the same or nearly identical 
samples made in the two assemblies. Since the core 
composition in Assembly 7 is identical with the inner 
zone composition in Assembly 2, the central spectra in 
the tAvo assemblies should be nearly the same, and there 
is no significant spectral correction to the normaliza
tion. The results Avere compared for some of the small 
Argonne-West-typc cylindrical samples used in the 
radial sample changer. The measurements in Assembly 
7 were made on the axial ccnterline of the core and 0.5 
in. from the midplane. The Assembly 2 measurements 
Avere made on the axial centcrlinc and 3 in. from the 
midplane, so the normalization quoted is actually 
betAveen these two locations and not between the exact 
center of the two assemblies, although the difference is 
very small. 

METHOD AND EXPERIMENTAL RESULTS 
Within the approximations of first order perturba

tion theory, the denominator of the expression for the 
reactivity of a small sample inserted into a reactor is 
just the importance-weighted neutron production rate 

For thirteen samples (8 plutonium samples and Ta-2, 
Fe-1, Mo-l, Ni-1 and Cr-3) the average ratio of the 
Avorths in inhours was 1.377 ± 0.023 where the im
precision is one standard deviation. The ZPPR As
sembly 2 results are from Paper 11-37, and the Assembly 
7 results used were from Table II-19-V. The ratio of 
the Avorths in 8k units, A\hich should also be the inverse 
of the ratio of the perturbation denominators for the 
cores (normalized at the core centers) was 1.358 ± 
0.023, based on 1030 Ih/ % 8k/k for Assembly 7 and 
1016 Ih / % 8k/k for ZPPR Assembly 2. 

The reactivity normalization between ZPR-6 As
semblies 6A and 7 is included in Paper 11-11. 
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in the entire reactor. It has been shoAvn1 that sevei 
independent experimental determinations of this "per
turbation denominator" can be obtained from the data 
needed in capture-to-fission ratio measurements by the 
reactivity-reaction rate method.2 

11-20. P e r t u r b a t i o n D e n o m i n a t o r M e a s u r e m e n t s i n Z P R - 6 A s s e m b l y 7 
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TABLE II20I. QUANTITIES FOR E X P E R I M E N T A L 

Measured 

Quantity 

S(Cf), n/sec 
p'(Cf), Ih 
P(«Li), I h / g 
P n J ) , Ih/g 
ffia(°Li), abs/gsec 
tf/(23SU), fiss/gsec 
a(2 3 SU) 

Value 

(5.663 ± 0 016)10° 
(1 495 ± 0 012)102 

1 .9377 ± 0 0110 
 ( 1 . 1 5 0 ± 0.062)102 

(8.194 ± 0 055) 10s 

(7 846 ± 0 210)105 

6.709 ± 0 181 

DETERMINATION OF PERTURBATION DENOMINATOR 

Calculated 

Quantity 

«/*(Cf) 
«a(6Ll) 
0;psu) 
^'(^n;) 
K238U) 

[1  ( P , / P ) ] ( « L I ) 

[1  (P . /P) ] ( 2 3 S U) 

Value 

3 8124 
3 2422 
3 7710 
3.2587 

2 8195 ± 0.02S2 
0.9824 
0.7569 

As shown,3 the perturbation denominator, D, can be 
measured Avith a spontaneous fission source (252Cf), a 
nonfissionable absorber (6Li in this case), and a fission

able material (238U) for A\ hich an independent measure

ment of the capturetofission ratio is available. The 
appropriate expressions arc 

DsC
2Cf) = S#(Cf) /p ' (Cf) 

Ra(A)tiU) 

TABLE II20II . EXPERIMENTAL VALUES OF THE 
PCRTURBATION DENOMINATOR, 109 

DF(mV) = 

P(A){1  [Ps(A)/P(A)]} 

Rf[i*vti(l + a)] 
p[l " (Ps/P)] 

See Paper 1117 for a definition of the symbols used in 
these equations and the numerical values of the meas

ured (Table II17II) and calculated (Table II17V) 
parameters in ZPR6 Assembly 7. For easy reference, 
these numerical values are repeated in Table II20I 
below. Importance terms have been evaluated using a 
normalized adjoint distribution such that ^ <t>t = 

100.0 at the center of the reactor. Using the above 
equations and the data presented in Table II20I, ex

perimental values of the perturbation denominator 
have been calculated. The results are given in Table 
II20II. Note that for 238U radiochemistry techniques 
Avhere used to measure both the capture and fission 
rates, the ratio of which gives a(238U). 

The Aveighted mean, D, of the three values for the 
perturbation denominator is given at the bottom of 
Table II20II. In evaluating the standard error of the 
Aveighted mean, [J2W'0 ~ D%)2/{(n  l)X/itf,}]l/2, 
the Aveights w1 Avere chosen to be inversely proportional 
to the square of the errors given in Table II20II. 
Thus, systematic uncertainties in the calculated neu

tron importance and scattering corrections have not 
K~en included in the Aveights. 

COMPARISON AVITH CALCULATIONS 

The numerical values of the perturbation denomina

tor given in Table II20II are normalized to the reac

tor power level at Avhich the reaction rates and p (CF) 
Avere measured. To compare the experimental values 

Method 

£»s(252Cf) 
I>A(«LI ) 
iM238U) 
£(Mean) 

Result 

1.444 ± 0 012 
1.396 ± 0 012 
1 294 ± 0.095 
1 419 ± 0 019 

with conventional calculations, a rcnormalization is 
required. The usual normalization is obtained by divid

ing the perturbation denominator by the product of the 
real (S) and adjoint (S*) sources at the center of the 
core. In this normalization a term is included to convert 
the experimental reactivities expressed in inhours to 
units of (Ak/k). Thus, normalization of the measured 
perturbation denominator requires division by a nor

malization factor given by 

NF = S(r = 0)S*(r = 0) 
Ih/(Afc//c) 

In terms of the central fission rates, 

S{r = 0) = £ ( ^ . ♦ . ( O ) = ±r Z (vRfNA),, 
i JV o j 

Avhere the last sum is over the fissionable isotopes in the 
core and where 

Rf = central fission rate in fissions/gsec 
Ar = atom density 
A = atomic weight 
V = average number of neutrons per fission 

No = Avogadro's number. 
Also, 

S*(r = 0) = Ex.*?(0) = 0/*(core). 

The appropriate fission rates and atom densities needed 
in the evaluation of S(r = 0) arc given in Tables II

171 and II17III of Paper 1117. ™R, Avas obtained 
from the measured 240Pu/239Pu fission ratio, (0.1861 ± 
0.0018), and the radiochemistry value of mR;. How

ever, calculated fission ratios were used for 241Pu and 
242Pu. 
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TABLE II-20-II I . COMPARISON OF M E V S U R E D AND CALCU
LATED VALUES OF THE PERTURBATION DENOMINATOR 

Quality 

D 
S{Q) 
S*(0) = ^ ( c o r e ) 
lM&k/k) 
NF 
D/NF, normalized mean 
Calculated (C) 
Rat io , C/M 

(M) 

Value 

(1.419 ± 0 019)109 

(4 367 ± 0 074)107 

3 781 
1 032 X 105 

(1.600 ± 0 027)10^ 
(8.870 ± 0 190)105 

7 572 X 105 

0 8536 ± 0 0183 

The calculated and measured values of the normal
ized perturbation denominator arc compared in Table 
II-20-III. Multigroup cross sections generated from 
ENDF/B VERSION-I and corrected for plate hetero
geneity Avere used in a one-dimensional cylindrical 
diffusion calculation4 to obtain the calculated value of 
the perturbation denominator. This calculation also 
gave a value of 0.981 for keff for the "as-built" Assem
bly 7. 

The measured perturbation denominator is about 
17 % larger than the calculated value. This result is con
sistent Avith the observation5 that for a w idc variety of 
fast reactors calculated central reactivity A\orths for 
strongly reactive materials arc overestimated by an 
average of 17 %. 

An earlier measurement6 of the Assembly 7 perturba
tion denominator (based on 252Cf) reported a value of 
(9.48 ± 0.35) 105. The normalization factor used to 
obtain this result Avas based on absolute fission rates 

INTRODUCTION 

The results of the central Doppler effect measure
ments in the uniform version of ZPR-6 Assembly 7 are 
contained in this report. Results arc reported for the 
following samples: Natural UO2 (in two environments), 
239Pu02 , 235U02, 233U02 and three mixtures of natural 
TJO2 and 239Pu02 of varying compositions. These meas
urements include the first experimental studies of the 
effect of 23sTJ/239Pu resonance interaction on the Dopp
ler effect and the first 233U Doppler effect measure
ments. 

ZPR-6 Assembly 7, Avhich is a large singlc-corc-zonc 
plutonium-uranium oxide critical assembly constructed 

measured with fission flow counters. In connection with 
capture-to-fission ratio measurements made in Assem
bly 7 (sec Paper 11-17) it Avas pointed out that fission 
rates obtained Avith the flow counters were consistently 
lower, by about 7%, than those measured by radio
chemistry techniques. Within experimental errors, the 
two methods gave the same values for the fission ratios. 
The normalization factor listed in Table II-20-III was 
evaluated on the basis of the radiochemistry fission 
rates since these led to the most consistent set of alpha 
values. If the fission counter data are used, however, 
the experimental value for the perturbation denomina
tor becomes (9.47 ± 0.19)105 which is in good agree
ment with the earlier measurement. The origin of the 
systematic discrepancy in fission rates is under current 
investigation. 
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as part of the LMFBR Demonstration Reactor Bench
mark Critical Assembly Program, is described in Rcf. 
1 and Paper 11-11. The configuration of the core for 
the Doppler effect measurements is described in the 
next section. Other rcactiA'ity measurements in As
sembly 7 arc described in Papers 11-19 and 11-25, and 
additional Doppler measurements in central zones con
taining plutonium with a higher concentration of 240Pu 
(both AAith sodium and sodium voided) arc reported ; " 
Papers 11-12 and 11-13. 

REFERENCE CORE 

The atomic concentrations in each core region are 
given in Table II-21-I and the approximate radial and 

11 -21 . D o p p l e r E f f ec t M e a s u r e m e n t s i n Z P R - 6 A s s e m b l y 7 

L. G. LESAGE, E. M. BOHN, R. B. POND, J. E. MARSHALL and E. F. GROH 



TABLE II-21-I. ATOM D E N S I T I E S FOR ZPR-6 ASSEMBLY 7, LOADING 79,° 1021 atoms/cc 

Region 

Exact Core 
P u / U / M o Core 
Pu/Al Core0 

Axial Blanke t ' 
Radial Blanke t ' 

m p u 

0.00033 
0.00049 

<0.0001 

239pu 

0.8867 
0.8879 
1.063 

2 » p u 

0.1177 
0.1178 
0 0499 

24 i p u b 

0.0128 
0 0146 
0.0049 

2 « P u 

0.0014 
0.00177 
0.0005 

214TJ 

0.00006 
0.00006 
0.00006 
0.00040 
0.00040 

235TJ 

0.0126 
0.0126 
0.0126 
0.0834 
0.0866 

23GJJ 

0.00030 
0.00030 
0.00030 
0 0020 
0.0020 

-u 
5.777 
5.802 
5.717 

38.59 
40.06 

2 4 1 A m b 

0 0036 
0 0034 

<0.001 

Mo 

0 2357 
0.2382 
0.242 
0 00468 
0.00348 

Na 

9.290 
9.132 
9.132 

O 

13.98 
14.82 
14.82 
0.0308 
0.0218 

Fe'1 

12.97 
13 53 
13.15 
5.652 
4.197 

Ni 

1.240 
1.212 
1 481 
0.0910 
0.5082 

Cr 

2.709 
2.697 
2.675 
1.579 
1 172 

Mn 

0.212 
0.213 
0.21 
0.123 
0.0897 

Al 

0.101 

0 The exact core and P u / U / M o core have the same unit-cell loading pa t te rn and are essentially equivalent. The so-called "exact core" region is one in which the 
weights of all drawer materials have been carefully recorded in order to minimize the uncertainties associated with average plate weights and to aid in the comparison 
of experimental results between this core and an earlier core containing fuel pins in calandria cans in the exact-core region (see Paper 11-25). 

b 2«rpu -*L* Mi A m decay corrected to May 1, 1971. 
" Includes ~0.001 X 1021 a toms/cc due to SS304 and P u / U / M o fuel impurities. 
d Includes ~0.001 X 1021 atoms/cc due to heavy (atomic weight > Si) SS304 impurities and P u / U / M o fuel impurities. 
c The compositional da ta available for the Pu/Al plates is not as complete as t h a t for the P u / U / M o fuel. 
' The axial blanket material was loaded into special stainless steel backdrawers. The radial blanket material was loaded directly into the matrix tubes. In addition, 

the axial blanket atom concentrations include the spring gap materials and volume (see Fig. II-21-2). 
8 Arising from SS304 impurities. 

to 
o r 
o 
a, 

5 f 

I 
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FIG. II-21-1. Radial Cross Section of ZPR-6 Assembly 7, Loading 79. ANL Neg. No. 116-925. 
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FIG. II-21-2. Axial Cross Section of ZPR-6 Assembly 7, 
Loading 79. ANL Neg. No. 116-924. 

axial cross sections of the reactor at the time of the 
Doppler effect measurements are shown in Figs. II-
21-1 and II-21-2. This configuration is slightly different 
from the reference clean configuration shown in Ref. 1 
as a result of the substitution of drawers containing 
Pu/Al fuel for the normal Pu/U/JVIo-fucled drawers 

near the core-blanket interface. Because the fissile plu
tonium weight in the Pu/Al drawers was about 20% 
greater than in the Pu/U/Mo drawers, there are 12 
fewer drawers per half shown in Fig. II-21-1 than in 
the figure in Ref. 1. The total fissile loading of the core 
remained nearly constant, and, for purposes of central 
measurements, the core with the Pu/Al drawers was 
identical with the uniform version of Assembly 7 be
cause both the central spectra and the perturbation 
denominators were the same for the two cores. Central 
worth measurements were made for a number of ma
terials in both cores and the measured worth values were 
the same. These measurements are discussed in Paper 
11-19. Calculations also indicated the equivalence of 
the two cores. 

The core shown in Figs. II-21-1 and II-21-2 is the 
clean configuration without the central Doppler drawer 
installed. The fissile loading of this core was 1136 '"~ 
The fissile loading of the assembly with the Dopr 
drawer installed varied from 1119 to 1145 kg among „..„ 
various Doppler measurements as a result of the differ
ent reactivity worths of the Doppler samples and 
Doppler oscillator drawer. The largest critical fissile 
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loading corresponded to the natural U02 Doppler sam- DOPPLER MEASUREMENTS 

pies and the smallest corresponded to the fissile Doppler T h e Doppler-effect experimental equipment, the 
samples. The fissile inventory and associated outer core Doppler samples, and the experimental techniques 
radii for each Doppler measurement are given in USed at ANL have been described in Rcfs. 2 through 4, 
Table II-21-II. and therefore they will not be discussed in this paper. 

TABLE II-21-II . C E N T R A L D O P P L E R REACTIVITY W O R T H MEASUREMENTS IN ZPR-6 ASSEMBLY 7 

Sample 
No 

N I 

N I 

INC-5 

HE-8 

INC-20 

INC-12 

INC-14 

INC-26 

Sample Material"'b 

Natura l TJ02 

Natura l U 0 2 

PuOs 

Enriched U 0 2 

(233U)02 

0.67 PuO2 /0.33 U ( N a t . ) 0 2 

0 . 5 0 P u O 2 / 0 . 5 0 U (Na t . )0 2 

0.33 PuO2/0.67 U (Na t . )0 2 

Core Cor 

Total 
Fissile 

Loading0, 
kg 

1145 

1145 

1129 

1127 

1119 

1132 

1137 

1137 

lfiguration 

Outer 
Radius, 

cm 

80.19 

80.19 

79.71 

79.65 

79.40 

79.80 

79.95 

79.95 

Sample Environment 

Normal plate core 

Y± in. thick 
region ar 
pie. 

SS filter 
ound sam-

Average 
Sample 

Temperature,"1 

°K 

293 
494 
771 

1075 

293 
491 
751 

1038 

345 
588 
798 

1069 

294 
515 
797 

1051 

322 
514 
786 

344 
588 
798 
887 

313 
526 
723 
836 
919 

313 
524 
798 
856 
902 

Reactivity 
Change,0 •' 

Ih/kg of Heavy Metal 

0 
- 0 . 3 0 0 ± 0.011 
- 0 . 6 0 8 ± 0.010 
- 0 . 8 7 1 ± 0 010 

0 
- 0 . 2 9 9 ± 0.004 
- 0 . 5 9 7 ± 0.006 

' - 0 849 ± 0.005 

0 
- 0 . 1 1 0 ± 0.011 
- 0 . 2 0 0 ± 0.011 
- 0 . 3 4 1 ± 0.011 

0 
0.197 ± 0.008 
0.332 ± 0.013 
0 397 ± 0.008 

0 
0.182 ± 0.017 
0.309 ± 0.019 

0 
- 0 . 1 5 7 ± 0.008 
- 0 268 ± 0.007 
- 0 . 3 1 2 ± 0.008 

0 
- 0 . 1 7 2 ± 0.008 
- 0 . 2 9 9 ± 0.008 
- 0 . 3 5 8 ± 0.010 
- 0 . 4 1 1 ± 0.014 

0 
- 0 . 2 2 8 ± 0.009 
- 0 . 4 6 3 ± 0.009 
- 0 . 5 0 3 ± 0.008 
- 0 . 5 3 3 ± 0.008 

" All samples were the freely-expandable type. 
All samples were 1 in. diam and 12 in. long. 
This value includes the loading corresponding to the critical mass plus a small excess reactivity (generally equivalent to 3 to 7 

kg of fissile material) . 
d Sample temperatures were measured a t five axial positions. The precision in average sample temperatures was ± 1 % . 
' 1% Ak/k = 1030 Ih . Total 0e// = 0.00319. Prompt neutron lifetime, lp = 5.48 X 10"7 sec. 
' The reactivi ty change values are the result of both the Doppler effect and sample thermal expansion. 
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TABLE II-21-III . D O P P L E R SAMPLE COMPOSITION D A T A , ZPR-6 ASSEMBLY 7 

Sample No. 

NI 
INC-2 
He-8 
INC-20 
INC-12 
INC-14 
INC-26 

Sample Material 

Natural U02 
P11O2 
Enriched U02 
(233TJ)02 
0 67 PuO2/0 33 U (Nat )02 
0 50 PuO2/0 50 U (Nat )02 
0.33 PuO2/0.67 U (Nat.)Os 

Sample Composition,0 gm 

23STJ 1108 88, 
239Pu 793.48 
23 5U 891.87, 
233U 785.85, 
239Pu 511 46 
239Pu 387 71 
239Pu 268 87 

235U 7.99, O 149.42 
2"Pu 105.83, 2"Pu 17.88, O 117.71 

^ U 10 12, 23<U 9 37, 236U 1.88, O 124.30 
23<U 9 67, ^ U 3.44, O 138 15 
«°Pu 68.22, 2«Pu 11.53, 23STJ 296.34, 23'U 0.62, O 114 00 
2<°Pu 51.71, 2"Pu 8 74, ^su 433.04, 236U 0.91, O 117.40 
24»Pu 35 86: m P u 606, ^ 625 78, 235U 1.31, O 124.79 ' 

' Composition da ta are from Ref 10. Compositions corrected for 241Pu decay to date of Doppler measurements (March 1971). 

All the Doppler samples measured in Assembly 7 
were the 1 in. diam freely-expandable type. With the 
exception of the first natural U02 measurement, a y^ 
in. thick stainless steel (304) filter region was installed 
around the Doppler samples in order to decouple the 
resonances in the sample from the corresponding reso
nances in the surrounding core material. Figure II-6-3 
of Ref. 4 is a cross-section drawing showing the Doppler 
sample, the stainless steel filter, and surrounding core 
drawers. Figure II-6-2 of Ref. 4 is a detailed cross sec
tion of the Doppler drawer and sample. For the first 
natural UO2 Doppler measurement, the stainless steel 
filter was not installed, and the surrounding core 
drawers were all loaded in the normal manner. 

The results of the Doppler measurements are tabu
lated in Table II-21-II, and the composition data for 
the samples, obtained from Ref. 5, arc included in 
Table II-21-III. Since the samples were the frecly-
cxpandablc type, the reactivity results listed in Table 
II-21-II are due to both the Doppler effect and sample 
thermal expansion. The quoted lo- imprecisions of the 
measurements include only those due to the dispersion 
in the experimental data. An additional experimental 
lo- uncertainty of 0.5 to 1.0% due to the autorod cali
bration should be included when making comparisons 
between these measurements and calculations. The 
autorod calibration is discussed in Paper 11-19. 

DISCUSSION OF RESULTS 

Since the Doppler results listed in this report have 
not been corrected for the thermal expansion, the dis
cussion will be brief. The expansion calculations, a com
parison of the measurements with calculation, and a 
more complete discussion of the results is included in 
Paper 11-22. 

Previous measurements have shown that the expan
sion effect in the natural UO2 samples is negligible so 
that the results for these samples arc due entirely to the 
Doppler effect. Since the 238U Doppler effect is in gen
eral larger in magnitude than the 236U Doppler effect, 
the results for the natural UO2 samples are due almost 
completely to the 238U Doppler effect. The strongly 
negative 238U Doppler coefficient in a typical dilute 
PuOo LMFBR spectrum is, of course, indicated by 
these results. It should also be noted that the measured 
238U Doppler effect was the same with and without the 
inclusion of the stainless steel filter as expected.6 
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11-22. A n a l y s i s o f S m a l l - S a m p l e D o p p l e r M e a s u r e m e n t s 
i n Z P R - 6 A s s e m b l i e s 6 a n d 7 

P. H. KIER, M. SALVATORES,* W. R. ROBINSON and K. D. DANCE 

INTRODUCTION 

The small-sample Doppler measurements in ZPR-6 
Assembly 6(,) and Assembly 7 (sec Paper 11-21) have 
been analyzed. In Assembly 6, the Doppler effect was 
measured for natural U02 and 235U-cnrichcd U02 sam
ples. In Assembly 7, the Doppler effect was measured 
for natural U02,23sU-cnrichcd U02,233U-cnrichcd U 0 2 , 
P u 0 2 , and three mixed UO2-PUO2 samples. The de
tailed compositions of these samples, which were 1 in. 
in diam and 12 in. long, arc given in Table II-22-I. 

CALCULATIONAL METHODS 

First-order perturbation theory was used to compute 
the reactivity effect of the Doppler change in the cap
ture and fission cross sections associated with a tem
perature change from 293 to 1070°K. The real and ad
joint fluxes used in these calculations were obtained 
from one-dimensional, spherical diffusion calculations 
in which the stainless steel buffer and oscillator drawer 
Avere not present. Thus, in the basic model, the per
turbation in the real and adjoint fluxes introduced by 
the experimental apparatus is not included, although 
auxiliary transport computations were made to assess 
the magnitude of this effect. 

For all isotopes except 233U, the MC2 code2 was used 
to generate cross sections. Fine group (K lethargy 
unit) resonance cross sections at the two temperatures 
-were generated for a two-region cell in which the Dop
pler sample was surrounded by an annular region con
taining the steel in the buffer and the oscillator drawer. 
The resulting fine group, Doppler cross section changes 
were weighed by the fundamental-mode fine group 
fluxes for the core of the appropriate assembly to ob
tain the cross section changes used in the perturbation 
computations. MC2 problems were run for the natural 
U 0 2 , 235U-cnriched U 0 2 , and Pu02 samples. The MC2 

libraries contain ENDF/B data; however, the 
ENDF/B data for 233U docs not have resonance in
formation, so MC2 could not be used to compute Dop
pler cross section changes. For 233U, the data compiled 
by Boroughs et al.,3 was used in Hwang's4 modification 
of the ERIC code,5 which treats resonance overlapping 
"ffccts somewhat more accurately than MC2. 

For all samples except the natural TJ02 sample, N-l , 
„.c measured reactivity has a significant component 

* Comitate Nazionale per L'Energia Nucleare, Casaccia, 
I t a ly . 

from thermal expansion of the sample. Till's perturba
tion formulation6 was used to compute the reactivity 
effect of change in the radius and density of the sample. 
The expansion properties of the vibratory compacted 
samples arc not well known. I t was assumed, therefore, 
that the samples expand as Ihcir inconcl jackets, which 
was taken as S mil/in. 

The computations w ere made with 27 broad groups. 
Groups 1-21 were one-half lethargy units wide, Groups 
22-25 were one lethargy unit wide, Group 26 was two 
lethargy units wide, and Group 27 was the thermal 
group. 

RESULTS 

The results of the analysis arc given in Table II-22-I 
with ENDF/B VERSION-II Revised data for 235TJ, 
23SU and «'Pu and VERSION-II data for 24»Pu and 
24lPu. The calculated expansion effects were subtracted 
from the gross measurement to yield the measured 
Doppler effect. Period/reactivity conversion factors of 
458 and 1035 Ih/ %A/c//c were used for Assemblies 6 
and 7, respectively. 

The calculated Doppler effect in the mixed Pu02-U02 
samples were obtained from proration of the values for 
the pure samples. This proration could possibly intro
duce errors because the scattering cross section per 
absorber atom is larger in the mixed samples than in the 
pure samples. Equivalence theory computations for 
238TJ w j j . n scattering cross sections per 238TJ atom appro
priate for samples N-l, INC-12, INC-14 and INC-26 
were made. I t was found that as the scattering cross 
section per absorber atom increased, that is, greater 

TABLE II-22-I COMPOSITION OF SAMPLES USED IN D O P P L E R 

MEASUREMENTS, g 

Isotope 

i«0 
230pu 

240 P u 
2»Pll 
23 5TJ 
238TJ 
233TJ 
234TJ 
23 0TJ 

Sample 

He-8 

124.30 

891.87 
10.12 

9.37 
1.88 

INC-5 

117.71 
793 48 
105.83 
22.44 

INC-12 

114.00 
511.46 

68.22 
14.47 
0.62 

296.34 

INC-14 

117.40 
387.71 

51.71 
10.97 
0.91 

433.04 

INC-26 

124.79 
268.87 

35.86 
7.60 
1.31 

625.78 

N-l 

149.42 

7.99 
1108.88 

INC-20 

13S.15 

3.44 
785.85 

9.67 
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TABLE II-22-II . COMPARISON OF M E A S U R E D AND COMPUTED SMALL-SAMPLE D O P P L E R E F F E C T S IN ZPR-6 ASSEMBLIES 6 AND 7 F„ 
T = 293 TO 1069°K, I h / k g (U + P u ) 

Sample 

He-8 

INC-5 
INC-12 
INC-14 
INC-26 
N - l 

INC-20 

Composition 

236U02 

Pu02 
Pu02/uc-2 = 2 
Pu02/UC-2 = 1 
TKVP11O2 = 2 
U02 

233U02 

Assembly 

6 
7 
7 
7 
7 
7 
6 
7 
7 

Calculation 

Expansion 

- 0 0206 
- 0 0092 
- 0 . 2 6 3 
- 0 . 0 9 7 
- 0 049 
- 0 031 

— 
— 

- 0 . 1 6 4 

Doppler 

0.1688 
1.024 
0.4138 

- 0 . 0 2 1 1 
- 0 2312 
- 0 . 5 2 7 0 
- 0 . 2 5 3 
- 0 902 

3.192 

Measurement 

Gross 

0.058 
0.400 

- 0 . 3 4 6 
- 0 . 3 8 5 
- 0 . 4 4 2 
- 0 617 
- 0 . 3 5 3 
- 0 . 8 8 4 

0.359 

Doppler 

0 079 
0.409 

- 0 . 0 8 3 
- 0 287 
- 0 393 
- 0 586 
- 0 . 3 5 3 
- 0 871 

0 523 

TABLE II-22-III COMPARISON OF THE D O P P L E R E F F E C T IN 
ZPR-6 ASSEMBLY 7 FOR 2 3 9 P U AND 236U AS CALCULATED 

WITH D I F F E R E N T SETS OF E N D F / B D A T A 

Isotope 

2 3 » p u 

236TJ 

Reactivity, Ih/kg 

VERSION 1 

1.736 

VERSION 2 

0.919 
0.788 

VERSION 2 
Revised 

0.591 
1.211 

dilution, the Doppler change in cross section decreased 
at high energy and increased at low energy such that 
the net change in the Doppler effect in 238U was less 
than 4% in the spectrum of Assembly 7. Also it was 
impossible to attain temperatures above 950°K in the 
mixed PUO2-UO2 samples. Therefore, the gross meas
ured reactivities given in Table II-22-II for these sam
ples are extrapolations. However, as the plots of the 
measured reactivity versus temperature are nearly 
linear above 700°K, the extrapolations may be expected 
to be quite accurate. 

In agreement with recent measurements7 in ZPR-9 
Assembly 26, the measured Doppler effect in plutonium 
(11.5 w/o 2'°Tu, 2.4 w/o 24lPu) was small and apparently 
negative. As the thermal expansion of the samples are 
not known accurately, there are significant uncertain
ties in the computed expansion effect and, therefore, 
in the measured Doppler effect. However, since the 
measured Doppler effect for the mixed samples is 
nearly a proration of the pure sample values, we have 
an indication that the expansion effects are computed 
fairly accurately. 

The results for 238U, sample N-l, are also consistent 
with experience with close agreement between theory 
and experiment for the plutonium-fueled Assembly 7 
(sec Paper II-S) and larger discrepancies Jor the uran
ium-fueled Assembly 6.(8> There is generally poor agree
ment between the measured and calculated Doppler 

effect in fissile samples with calculations yielding sig
nificantly more highly positive effects. Even so, for 
sample INC-26, which has a composition which ap
proaches that of a fast reactor fuel, there is only a 10 % 
discrepancy between theory and experiment. The basic 
resonance data have a great effect on the calculated 
Doppler effect. The Doppler effect for 239Pu was com
puted with three sets of ENDF/B data: VERSION-I, 
VERSION-II and VERSION-II Revised. The Doppler 
effect for 235U was computed with two sets: VERSION-
II and VERSION-II Revised. MC2 was used to derive 
group cross sections from the basic data except for the 
239Pu VERSION-I case for which Hwang's modification 
of ERIC was used. The results of these comparisons 
are given in Table II-22-III, from which the great in
fluence of the basic data is apparent. 

These calculations neglected both the hot-sample 
cold-core resonance interaction effect and the effect of 
the stainless steel buffer and oscillator drawer on the 
central real and adjoint fluxes. Calculations of the 
hot-sample cold-core resonance interaction effect indi
cate that it is a small effect for buffered samples and 
augments the Doppler effect by about 4% (9) (also see 
Paper II-S). 

The perturbations in fluxes introduced by the test 
region has a relatively small effect on the measured 
Doppler effect for 238U samples (less than 10%), but 
whether it increases or decreases, the measured value 
depends upon the core. For small, concentrated cores, 
theflux perturbation effect increases the measured Dopp
ler effect because the test region acts as a flux trap at 
low energies; for large, dilute cores, the flux perturba
tion effect tends to reduce the measured Doppler effect. 
To assess the flux perturbation effect for the natural 
TJ02 sample, two one-dimensional S8 transport calci 
tions were made. The configuration was identical w 
that used in similar calculations for ZPR-9 Assembly 26 
(see Paper II-8). The calculations yielded <£/,/<£», the 
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ratio of the real flux in the hot sample to the unper
turbed real flux and <£*/<£», the ratio of the adjoint flux 
in the cold sample to the unperturbed adjoint flux The 
Doppler effect with the flux perturbation effect in
cluded was obtained by multiplying the previous group-
wise contributions by 4>h/<t>«, X <t>t/<t>* For 238U, the 
effect was calculated to reduced the Doppler effect by 
6 5 % in Assembly 6 and 5 5 % in Assembly 7 Thus, 
the two effects that were neglected tended to cancel 
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INTRODUCTION 

Anisotropic effects in relatively small fast reactors 
where the spectium is haid weie investigated by Bell 
et a l1 In this papci, anisotropic effects on the flux fine 
structure m the unit cell, on the critical size, and on the 
spatial activation distribution were calculated foi 
ZPR-6 Assembly 6A, the demonstration plant bench
mark critical This assembly is a 4000-htei U0 2 fast 
critical m which the neution spectium is iclativcly soft 

DESCRIPTION OF ASSEMBLI 6A 

A complete description of Assembli' 6A is given in 
Paper 11-11 Only those paiameteis used in the calcula
tions are reported in this paper 

The single diawer, plate unit-cell of Assembly 6A is 
shown in Fig II-23-1 The as-built dimensions of the 
assembly arc shown m Fig II-23-2 where it may be 
noted that the core compnscd thiee regions The cential 
region was designated as the "exact core legion" simply 
because the w eights of all the plates, carefully selected 
to match the pin-calandna compositions, were accu-

tely known The surrounding legion had the same 
}ding pattern and composition as the "exact core 

region", except in this region average weights of plates, 
rather than the actual weights of individual plates, w ere 
used to determine the atom density The core outer 

Kaiam 163 

level Formalism lo Dopplei Effect Analysis—/, Nucl Sci 
Eng 36, 67 (1969) 

5 H M Sumner, ERIC-2, A FORTRAN Program to Calculate 
Resonance Integrals and From Them Effective Capture and 
Fission Cross Sections, AEEW-R323 (1964) 

6 C E Till, Fissile Doppler Effect Measurement of the Effects 
of Thermal Expansion, Reactor Phjsics Division Annual 
Report, July 1, 1966 to June 30, 1967, ANL-7310, pp 143-
151 

7 R B Pond, J W Daughtry, C E Till, E F Groh, C D 
Swanson and P H Kier, Plutonium and 23SU Dopplei 
Measurements in ZPR-9 Assembly 26, FTR-S, Applied 
Physics Division Annual Report, July 1, 1969, to June 30, 
1970, ANL-7710, pp 73-77 

8 C E Till, W G Davey, R A Lewis and R G Palmer, The 
ANL Critical Experiment Program, Pioc BNES Confei-
ence on the Physics of Fast Reactor Operation and De
sign, London, June 23-26, 1969, pp 40-49 

9 R A Lewis and T W Johnson, Sensitivity of Small-Sample 
Dopplei-Effect Measurements lo Environment, Reactoi 
Physics Division Annual Report, July 1, 1967 to June 30, 
1968, ANL-7410, pp 96-103 

region was fueled with }4, m thick enriched plates 
lathci than with the 3/i6 m thick plates used in the 
rest of the core The % in thick plates, 2 or 3 in long, 
were staggered with % in thick SS plates of equal 
length (I e the numbei of 3^ in thick plates in a drawer 
was equal to half the number of 3^6 m thick plates) 
in order to maintain the same fissile atom density 
throughout the core The reactivity difference bctw ecn 

U- 235 0/16) 

ALL DIMENSIONS IN INCHES 

FIG II-23-1 ZPR-6 Assembly 6A Unit Cell ANL Neg No 
116-488 Rev 1 

I I - 2 3 . Analys i s of Z P R - 6 Assembly 6A 

R A KARAM 
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the two types of draw crs was measured by substituting 
the drawers with K e in- thick plates for the drawers 
with % in. thick plates in consecutive steps each of 
which comprised a 15-dcg sector. The sector substitu
tion continued until a full quadrant was converted to 
the composition and configuration of the uniform core. 
The results were then extrapolated to obtain the critical 
mass of a clean fully-uniform core. The derived cylin
drical radius of the just-critical uniform core was 91.34 
cm. The corresponding critical mass was 1793.5 kg of 
235U with an uncertainty of 10 kg. The atom densities 
of the uniform core arc given in Table II-23-I. 

CALCULATION 

Cross section sets for Assembly 6A were generated, 
using ENDF/B-I, in the manner described in Ref. 2. 
(Comparison of the effects of ENDF/B-I, -II, and -II 
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77 86* 
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F I G . II-23-2. Block Diagram of the As-Built Assembly 6A. 
ANL Neg. No. II6-W44. 

TABLE II-23-I. ATOMIC D E N S I T I E S IN THE UNIFORM 
ASSEMBLY 6A, (a) 1024 a toms/cc 

Isotope 

Na 
0 
Fe 
Ni 
Cr 
238JJ 
235TJ 

M n 

Exact Core 
Region 

0 009294 
0.01380 
0.013535 
0.001229 
0.002S42 
0.005796 
0.001154 
0.0002174 

Outer Core 
Region 

0.009142 
0.01465 
0.01410 
0.001365 
0.002796 
0.005796 
0.001151 
0 0002174 

Blanket 

— 
— 

0 004224 
0.0005086 
0.001176 
0.04008 
0.0008270 
0.00008997 

" A more complete isotopic analysis of Assembly 6A is re
ported in Paper 11-11. In some cases the atom densities differed 
slightly from those reported in Paper 11-11. For benchmark 
testing i t is recommended tha t the atom densities in Paper 
11-11 be used. 

2 3 
UNIT CELL, cm 

F I G . II-23-3. Comparison of the Unit-Cell Flux Distr ibu
tion (Group 1: 10-3.69 MeV) as Obtained with the Pi (Aniso
tropic) and the Transpor t Approximations. ANL Neg. No. 
116-1045 

MODIFIED on the physics parameters of Assembly 
6A is reported in Paper 11-53. Briefly, two MC2 calcu
lations were performed to generate two 25-group cross 
section sets: one for the homogeneous compositions of 
Assembly 6A and one for the homogeneous compositions 
of the blanket (JS2 = 0). In both cases the anisotropic 
option {Pi. only) was used. I t should be noted, however, 
that only isotropic scattering is provided for 235U and 
238U in the MC2 code. The set for the blanket was used 
in the final calculations without any further adjust
ments. The set for the core was corrected for resonance 
spatial self-shielding in 235U and 238U and weighted with 
the flux fine structure of the unit-cell. 

RESULTS 

UNIT-CELL 

The keff of the unit-cell calculated with 1-D, Sn 
{n = 16) and the anisotropic option was 1 % greater 
than that calculated in the same manner with the trans
port approximation. This difference in ke}f disappeared, 
however, when the transverse dimension in each 
method was made infinite; this indicated that the de
crease in leakage associated with the use of 2t„lai in
stead of ^transport was responsible for the difference in 
keff. 

The unit-cell neutron spectra and the reaction rati 
o-f/o-f, o-f/of, calculated with the two methods w< 
essentially the same. Yet there was a small difference 
in the spatial distribution of the flux in some energy 
groups (see Fig II-23-3 for a typical example). 
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TABLE II-23-II k„ii COMP PRISONS OF THE As-Buii/r 
ASSEMBLY 6A U S I N G THE ANISOTROPIC PI AND THC 

TRANSPORT APPROXIMATIONS 

1 = 1 
1 = 0 

Aw/» (ENDF/B-VERSION I) 

Homogeneous 
Set 

0 9915 
0 9858 

Resonance 
Self-Shielded 

Set 

0 9993 

Space and 
Resonance 

Self-Shielded 
Set 

1.0026 
0 9970 

0 Calculated with 1-D, S„ (n = 4) code and the measuied 
extrapolated height. 

ke/f OF THE AS-BUILT SYSTEM 

The kCff of the as-built system (see Fig. II-23-2) w as 
computed with the MC2-gencratcd homogeneous set, 
with the resonance self-shielded set, and with the reso
nance self-shielded and broad group, spatially-averaged 
set. The measured extrapolated half-height (95.12 cm) 
was used in a 1-D, Sn in = 4) code to calculate the keff 
of the system with the various sets. The results are 
given in Table II-23-II where it may be seen that the 
difference in ke{{ between the anisotropic Pi and the 
transport approximations is about 0.5%. Again it 
should be emphasized that this difference is primarily 
due to thc inherent difference in thc transverse leakage 
a s s o c i a t e d w i t h Xlotai a n d 2transport-

SPATIAL ACTIVATION DISTRIBUTION 

Discrepancies between the measured and calculated 
activation distributions in fast reactors have been ob
served for some time.3-5 The sources of these discrep
ancies contribute to errors in the perturbation denomi
nator and hence to reactivity coefficients,6 to errors in 
thc critical size, and to errors in thc pow er distribution. 
The contribution to thc discrepancies due to anisotropic 
effects were investigated, for thc first time, on a system 
as large as Assembly 6A. Thc calculations were per
formed along thc axial height of thc cylindrical assem
bly. Thc axial height was chosen because along this di
mension the boundary between the core region and the 
blanket region is well defined. Thc same is not true for 
the radial dimension which is approximated with square 
unit-cells. Additionally, the fuel column position in a 
unit-cell at or near the radial core-blanket interface 
affects thc flux distribution. 

Thc activation distributions were calculated for the 
i-built core using 1-D codes and the measured ex-
apolated radius. The extrapolated radius was deter

mined by fitting to a Jo function thc measured foil 
activity from thc core center to 20 cm from thc core-
blanket interface. The neutron flux used to obtain thc 

activation distributions correspond to the keff of the 
as-built system. Thc measured points were obtained 
with foils placed next to thc 235U column in the unit-cell. 
In thc blanket region the foils were placed on top of the 
depleted uranium blocks. The accuracy of thc relative 
activities of the foils was 0.5-1.0%. 

The calculated and measured 235U fission-rate dis
tributions as a function of core height are shown in Fig. 
II-23-4. The solid line was obtained with the hetero
geneous core fluxes using Si and the anisotropic option; 
foil fission cross sections were those of 235U and 238U in 
thc core for thc core region and those of 235U and 238U 
in thc blanket for the blanket region. Essentially the 
same distribution was obtained with the transport 
approximation calculation and nearly the same dis
tribution was obtained with diffusion theory calcula
tions. 

Thc measured and calculated 238U fission rates are 
shown in Fig. II-23-5. Foil fission cross sections were 

40 60 80 
AXIAL HALF HEIGHT, cm 

F I G II-23-4. Measured and Calculated 235U Fission Ba te 
Distr ibution, ZPR-6 Assembly 6A ANL Neg No 116-716 

40 60 
AXIAL HEIGHT, cm 

F I G II-23-5 Measured and Calculated 238U Fission Rate 
Distr ibution, ZPR-6 Assembly 6A. ANL Neg. No 116-717. 
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FIG II-23-6 Measured and Calculated 238U Capture Rate 
Distnbution, ZPR-6 Assembly 6A. ANL Neg No. 116-715. 

those characteristic of the core and blanket regions 
respectively. Again, very little difference between the 
Pi and the transport approximations was found. In fact, 
a diffusion calculation gave essentially the same dis
tribution. 

Thc measured and calculated 238U capture distribu
tions are shown in Fig. II-23-6. Foil cioss-sections were 
also those characteristic of the core and blanket regions 
respectively. Again very little difference in the calcu
lated distributions was found among the three methods. 
Yet the difference between calculation and measure
ment persisted. 

DISCUSSION AND CONCLUSIONS 

The discrepancies between the measured and calcu
lated distributions indicate that the calculated buckling 
is greater than measurements indicate it should be. This 
is true for both the 235U and 238U fission distributions. 
If it is postulated that thc ENDF/B-I inelastic cross 
section of 238U is high, then it would be expected that the 
238U fission rate would be low near a depleted uranium 
blanket. Concurrently, however, it would be expected 
that the 235U fission rate would be high since the 235U 
broad group cross sections increase as the neutron 
energy decreases. Figure II-23-4 shows that the calcu
lated 235U fission rate decreases as a function of z faster 

than the measured points, and consequently the postu
lated increase does not materialize. Figure II-23-6 shows 
that the calculated 238U capture rate in the blanket, 
when normalized to unity at the core center, is signifi
cantly lower than the measured rate. These results in
dicate that either thc actual neutron spectrum is harder 
at the high-energy end and, at the same time, softer at 
thc low energy end, than thc calculated spectrum or, if 
the calculated spectrum is adequate, then the codes 
inadequately predict thc buckling of the neutron flux. 
There is a possibility that both the spectrum and the 
buckling prediction are in error. An obvious refinement 
in the analysis is, of course, the generation of space-
dependent cross sections. I t would indeed be valuable 
to repeat these calculations with space-dependent cross 
sections. 

A rough estimate of thc effect of the error in the cal
culated shape of the power distribution on the critical 
size may be made by using the measured extrapolated 
radial and axial dimensions to calculate keff of the 
equivalent bare core, i.e. a one region reactor. The k„ss 
calculated in this manner was 1 % greater than that ob
tained using the as-built core and blanket system with 
the measured extrapolated height. 
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11-24. Uran ium Doppler-Effect Measurements in ZPR-6 Assembly 6A 

R. B. POND and J. W. DAUGHTRY 

INTRODUCTION 
Assembly 6A(1) was a reconstructed version of As

sembly 6,(2) a 4000-liter uranium oxide fast critical. 

Assembly 6 preceded and Assembly 6A followed th 
year long shutdown of the ZPR-6 facility (1968-1969) 
while modifications were being made to permit plu-
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tonium fuel usage in both thc ZPR-6 and -9 facilities. 
Assemblies 6 and 6A were nearly identical in physical 
characteristics but had slightly different radial isotopic 
compositions due t<i> material inventory restrictions and 
specific design requirements of Assembly 6A. The pro
gram of measurements in Assembly 6A was primarily 
intended to provide various reference and normaliza
tion measurements for thc Variable Temperature 
Rodded Zone3 (VTRZ) Program and for rod-versus-
plate heterogeneity study configurations. The uranium 
Doppler-cffect measurements are reported here. Other 
measurements such as spectrum, critical size, reaction 
rates and central reactivity worths have been reported 
in Rcfs. 1 and 4. 

Central 238U Doppler-effcct measurements were made 
in two configurations of Assembly 6A. The first was a 
repeat of a similar measurement made in Assembly 6 
and the second was an identical measurement but in a 
sodium-voided environment. In the latter case, the 
central region of radius 39.4 cm was completely voided 
of sodium. (Approximately 39 v/o of the Assembly 6 
and 6A core was sodium and the outer core radius of the 
assemblies was approximately 90.7 cm.) Empty stain
less steel cans were used to replace the stainless steel 
canned sodium removed in order to preserve the overall 
stainless steel composition. Calculations indicated that 
this size zone was sufficient to produce the asymptotic 
full-core sodium-voided-spectrum at thc Doppler meas
urement position. 

The Doppler equipment used in thc Assembly 6A 
experiments was somewhat different from that used in 
the Assembly 6 experiments. The equipment was de
signed specifically for high-tempcrature Doppler-effect 
measurements6 and for making measurements in the 
VTRZ. The high-temperature Doppler measurements 
require large cooling-air capacity to remove heat loss 
from the high-temperature Doppler samples. The VTRZ 
measurements will require special equipment because 
of the split-construction design of thc VTRZ. 

The basic Doppler-effect measurement technique was 
the same in Assemblies 6 and 6A; i.e., the sample 
oscillation-reactivity difference technique. In order to 
compare similar Doppler-effect measurements made in 
Assemblies 6 and 6A, a description of the Doppler 
apparatus used in each measurement is discussed below. 

DOPPLER MEASUREMENT TECHNIQUE 
Thc Doppler measurement method used at ANL is 

the sample oscillation-reactivity difference technique. 
"n this technique, the reactivity difference between a 
)oppler sample and a reference is periodically measured 

at the point in the reactor where thc Doppler effect is to 
bemcasurcd. A calibrated, servo-controlled, fine autorod 
(FAR) is used to maintain the reactor critical with 

AUTO ROD 
DRIVE MOTOR 

FIG. II-24-1. Double-Ended Doppler-Oscillator Drawer. 
ANL Neg. No. 116-416 

either the Doppler sample or the reference in place in 
the reactor. The average FAR position is electronically 
determined and the difference of these autorod positions 
gives thc reactivity worth of the Doppler sample rela
tive to the reference. The reactivity change as a func
tion of Doppler sample temperature is obtained by re
peating the sample-reference oscillation procedure for 
various Doppler sample temperatures. 

DOPPLER EQUIPMENT 

DOUBLE-ENDED DESIGN: ASSEMBLY 6 

Thc Assembly 6 experiments utilized thc Doppler 
equipment pictorially represented in Fig. 11-24-1. 
The Doppler-oscillator drawer, running through both 
reactor halves, was substituted for the normal central 
matrix drawers of thc reactor. This drawer was at
tached to a train arrangement which periodically oscil
lated the Doppler and reference samples to a position 
at thc reactor midplane. The drawer construction was 
such that when either sample was at thc midplane, the 
other sample was entirely outside the critical reactor. 
The remainder of the drawer in line with the sample 
positions was loaded to be as nearly identical to the 
normal core drawer loading as was consistent with the 
requirement of maintaining a maximum of a few m-
hours reactivity swing as thc Doppler and reference 
samples were oscillated. The oscillator platform also 
held the associated equipment for heating the sample 
and monitoring its temperature, and the vacuum system 
used to inhibit heat losses from the heated sample. In 
addition, a forced-air system was used to cool thc Dop
pler capsule and to prevent heat transfer from the cap
sule to thc reactor. Temperature-controlled air was 
passed completely through the drawer, passing over the 
Doppler and reference samples, and discharging from 
the end of the oscillator drawer. 

SINGLE-ENDED DESIGN: ASSEMBLY 6A 

The Assembly 6A experiments utilized the Doppler 
equipment pictorially represented in Fig. II-24-2. 
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TABLE II-24-I. N VTUHAL U 0 2 D O P P L B R - E F F C C T 
M E VSUREMENTS IN ZPR-6 ASSEMBLIES 6 AND 6A 

ZPR-6 
Assembly 

6 with sodium 
6A with sodium 
6A without sodium 

Reactivity Change," 
Ih/kg-U/Sample Temperature,11 

°K 

-0 132/505 
-0 137/514 
-0 075/488 

-0 266/811 

-0 131/722 

-0 353/1081 

-0.196/1050 

» <r = 0 002 Ih/kg-U. 
b D a t a normalized to 0 000 Ih /kg-U at 293°K. 

Thc Dopplcr-oscillator drawer completely penetrated 
one reactor-half and extended approximately one-half 
of the sample length into thc other reactor-half. Thc 
Doppler sample was placed at thc front of the drawer 
while thc remainder of the drawer was empty except 
for electrical and air-cooling connections to the sample. 
When thc drawer was fully inserted, the Doppler sample 
was at the reactor center; when fully withdrawn, the 
drawer position in the reactor was left voided. A shim 
autorod (SAR), as shown in Fig. II-24-2, was used to 
balance thc reactivity swings between the sample-in 
and sample-out positions. The SAR had two operating 
modes: autorod and fixed-shim. As the oscillator was 
traversed, thc SAR was switched to autorod mode and 
maintained thc reactor critical. When the oscillator 
drawer arrived at the fully-inserted or fully-withdrawn 
positions, the SAR was switched to the fixed shim mode 
and sought pre-dctermined shim positions that main
tained a nominally zero sample-reference reactivity 
difference as measured with thc FAR with the sample 
at room temperature. These shim positions were main

tained constant throughout the Doppler measurement 
procedure. The sample vacuum, heating, and tempera
ture monitoring systems were self-contained on the 
oscillator drive mechanism. Thc FAR was used to meas
ure thc reactivity changes as in the double-ended de
sign. A counter-flow, forced-air system was utilized to 
cool thc Doppler capsule and to prevent heat transfer 
to thc reactor. The temperature-controlled air was 
passed through the drawer, over the Doppler sample, 
and then discharged back through thc drawer using a 
concentric piping system. 

EXPERIMENTAL DETAILS 

The Doppler sample used in these experiments was 
natural TJO2 (NI) nominally 1 in. in diam by 12 in. 
long, and weighing 1.26629 kg. The weight of uranium 
was 1.11687 kg of which 99.28 w/o was 238U. 

Thc Doppler measurement performed in Assembly 6 
was done with a % in. stainless steel filter inserted 
between the sample and the surrounding reactor core. 
This filter, combined with the effective yi in. built-in 
stainless steel filter associated with thc double-ended 
Dopplcr-oscillator drawer, provided an equivalent ~y% 
in. stainless steel filter region around the Doppler 
sample. The purpose of such a filter region, as described 
in Ref. 6, was to reduce the hot-cold resonance interac
tion effect. The measurements performed in Assembly 
6A however did not use thc additional y^ in. filter be
cause this measurement was for reference to pin-type 
configurations and it would not be practical in genera 
to insert such a filter in pin-type configurations. Thc 
single-ended design also had an effective y± in. built-in 
stainless steel filter. 
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E X P E R I M E N T A L R E S U L T S 

A tabulation of the uranium Dopplereffect data is 
given in Table II24I. Thc Assembly 6 results7 for the 
238U Dopplereffect are also given for purposes of com

parison with thc Assembly 6A results. Thc data arc also 
plotted in Fig. II243. Thc expansion reactivity effect 
for natural UO2 has been shown not to be significant, 
so no corrections to thc experimental data arc necessary. 

CONCLUSIONS 

Thc hardening of thc reactor spectrum associated 
with sodium voiding in Assembly 6A substantially re

duces the uranium Doppler effect in comparison with 
corresponding measurements made in Assembly 6 with 
no sodium voiding. Over the range 600 to 1100°K 
there is an approximately constant 43 % reduction, and 
below 600°K there is a proportionally smaller reduction. 

Thc data taken in Assembly 6A, with sodium, is in 
good agreement with corresponding Assembly 6 data 
taken approximately two years before. This agreement 
indicates thc reproducibility of Dopplereffect meas

urements using quite different experimental apparatus 
and also after having disassembled and then having 
reassembled thc same reactor core. 
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I I  2 5 . I n i t i a l P l a t e  R o d H e t e r o g e n e i t y M e a s u r e m e n t s — L M F B R 
D e m o n s t r a t i o n R e a c t o r C r i t i c a l E x p e r i m e n t a l P r o g r a m 

R. A. LEWIS, L. G. LESAGE, C. E. TILL, J. E. MARSHALL, E. M. BOHN, M. SALVATORES* and G. S. STANFORD 

A. INTRODUCTION 

This report describes a set of measurements carried 
out in ZPR6 Assembly 7 (see Paper 1111) to evaluate 
thc effect on measured core physics parameters of the 
onfigurational heterogeneity differences between thc 
lormal plateform ZPR fast critical assemblies and 

Comitato Nazionale per L'Energia Nucleare, Casaccia, 
I ta ly . 

rodded assemblies typical of a UO2PUO2 fueled 
LMFBR. These measurements were thc first of a scries 
of platerod heterogeneity measurements planned for 
thc ANL LMFBR Demonstration Reactor Critical 
Experiments Program1 currently underway on ZPR6 
Assembly 7 and ZPPR Assemblies 2 and 3. In these 
initial measurements, selected physics parameters were 
measured at the center of a special 10.9 x 10.9 x 24 in. 
rodded zone built into thc center of Assembly 7 and 
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compared with central measurements in the regular 
uniform plate structure of Assembly 7. Four types of 
plate-rod comparison measurements were made in 
Assembly 7: 

1. Central in-ccll sodium-voiding reactivity worth 
measurements, 

2. Central reactivity worths of small samples of 
various materials, 

3. Intra-cell 238U/239Pu capture-to-fission ratios and 
238U/239Pu and 236U/239Pu fission ratios, 

4. Direct measurement of the reactivity differences 
between compositionally matched 10.9 in. sq. x 
24 in. central plate and rodded zones. 

B. SPECIAL ZONES 

The plate-rod comparison measurements reported 
here were made at the center of three special zones built 
into the center of Assembly 7: 

1. Reference Rodded Zone {10.9 x 10.9 x 24- m.) 
This zone consisted of 50 calandria cans (2 x 2 x 
12 in. each) loaded into the 25 central matrix 
tubes of each half of the reactor; that is, the zone 
encompassed a region 5 matrix tubes square ex
tending 12 in. deep on each side of the midplane. 

2. SmoZZ Rodded Zone (6.5 x 6.5 x 24 in.) 
This zone consisted of 18 calandria cans loaded 
into the central 9 matrix tubes of each reactor half. 

The small rodded zone was used to test the spec
tral equilibration in the reference rodded zone by 
comparing central material reactivity worths in 
the two zone sizes as described in Section C. 

3. Matched Plate Zone (10.9 x 10.9 x 24 in.) 
This zone was identical to the regular Assembly 7 
drawer pattern except that the plate materials 
within the volume of the reference rodded zone 
were carefully chosen to closely match the com
position of the reference rodded zone. 

Figure II-25-1 shows thc dimensions of a calandria 
can typical of those used in these experiments. The cans 
(Type F) were constructed of 304 L stainless steel and 
were nominally full of sodium. The sodium loading of 
the cans was chosen to match Assembly 7. 

Each calandria can was loaded with 32, nominally 15 
w/o Pu, UO2-PUO2 fuel rods. Figure II-25-2 shows the 
dimensions of a typical fuel rod. These were also de
signed to match the Assembly 7 composition. 

Figure II-25-3 shows the calandria cans and rods 
compared with a plate fuel drawer. 

C. SPECTRAL EQUILIBRATION CHECK FOR 
THE RODDED ZONE 

Although the rodded zone was very closely matched 
in homogenized composition to the Assembly 7 plate 
core, the differences between the rodded and plate 

-HOLE IN RETAINER 

TO VIEW FUEL R00 

IDENTIFICATION HARK 

0.018 

TRI ANGULAR CAN 

FIG. II-25-1. Square Calandria Cans (All Dimensions in Inches). ANL Neg. No. 116-430. 
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PELLET STACK 

-T IG EDGE WELD PLUG-TO-JACKET 

NOTES: 

1. THE FINISHED RODS MUST BE STRAIGHT WITHIN 2 m i l s OVER THEIR LENGTH. 

2 . THE FINISHED RODS MUST PASS THROUGH A 0 . 3 8 1 0 - m . DIA x 6.5 i n . LONG 
CYLINDRICAL GAGE BY GRAVITY FORCE ONLY. 

- 0 .183 DIA. 

FIG. II-25-2. Fuel Rod (All Dimensions in Inches). ANL Neg. No. 116-431. 

configurations give rise to effective cross section differ
ences; the rodded configuration has much less nuclear 
heterogeneity and thus less fast fission and more low-
energy absorption than in the plate case. As a re
sult, there is a question as to whether the 10.9 x 
10.9 x 24 in. reference rodded zone was large enough to 
make the neutron and adjoint spectra at the core center 
asymptotic to those in a large similarly-rodded core. 
In an attempt to answer this question empirically, 
central reactivity worths of selected materials were 
compared between the reference rodded zone and the 
smaller 6.5 x 6.5 x 24 in. rodded zone; the same ma
terial samples were used in the two cases. The materials 
chosen for the comparison were selected for their rela
tive sensitivity to real and adjoint flux spectrum 
changes. 

Table II-25-I summarizes the material worth com
parison. All measurements were made with nominally 
% in. diam x 2 in. long samples in the ZPR-6 radial 
sample changer. The sample changer was positioned 
so that the sample spans the central drawer. A detailed 
description of the actual samples used is given in Section 
E of this report. Reactivity measurements utilized the 
ZPR-6 autorod. 

Table II-25-I also shows the corresponding calculated 
central worths and calculated (normalized) perturba
tion denominators. These calculations were based on 
ENDF/B-1 cross sections processed through MC2 and 
spatially-weighted using the CALHET escape proba
bility routine. The ARC ID diffusion theory perturba
tion (STP006) package was used to generate the num
bers. 

If the spectra were asymptotic in all cases and if the 
calculated cross sections were reasonably correct, the 
measured and calculated ratios in Table II-25-I should 
in all cases be exactly equal to the inverse perturbation 
denominator ratios given in Table II-25-I. With the 
exception of the apparently anomalous depleted uran
ium measurement in the small rodded zone, there is no 
measurable difference between the reference rodded 
zone results and the results for the small rodded zone; 
this is consistent with the calculated values. Experi
mentally, the relatively constant value for the ratio of 
the worths in the 5 x 5 zone to those in the 3 x 3 zone 
implies that the spectra in these zones are nearly the 
same. This is evidence that the spectra in either of the 
zones is close to its asymptotic value for the rodded 
composition. The good agreement between the meas
ured weighted-average reactivity worth ratios among 
the three cases (5 x 5, 3 x 3, and plate) and the calcu
lated perturbation denominator ratios for these cases 
is evidence that the calculations are correctly predicting 
the rodded zones. The calculations also predict a nearly 
asymptotic spectrum at the center of the rodded zones. 

D. CENTRAL IN-CELL SODIUM-VOIDING 
MEASUREMENTS 

Two types of in-cell sodium removal reactivity meas
urements—central-oscillator measurements and gross 
zone-voiding measurements—were carried out in the 
reference rodded zone and in the regular Assembly 7 
plate cell. These measurements were specifically aimed 
at the in-cell sodium worth in contrast to the approxi
mately cell-average-spectrum sodium worth obtained 
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F I G . II-25-3. Typical Plate-Type Fuel Drawer, Calandria Cans and Oxide Fuel Rods. ANL Neg. No. 116-3. 

from the central small-sample sodium worth measure
ments discussed in Sections C and E of this report. 

The central-oscillator in-cell sodium-removal meas
urement in the reference rodded zone was carried out 
using three 2 x 2 x 12 in. calandria cans—one nominally 
full of sodium (Type F), one half-empty of sodium 
axially (that is, 6 in. voided and 6 in. sodium—Type 
SF), and the other completely empty of sodium (Type 
V). Each can was mounted in a special secondary con
tainer that could be mounted in the sample position of 

the axial oscillator drawer. The oscillator drawer was 
installed so that it could be extended through both 
reactor halves in the central matrix tube. The measure
ment was carried out in steps as follows: 

a. A set of 32 U02-Pu02 fuel rods was selected. 
b. The specially-mounted sodium-filled calandrk 

can, loaded with the selected set of 32 rods, was 
mounted in the axial oscillator. 

e. The reactor was taken critical and, using the 
ZPR-6 autorod, the reactivity difference was 



TABLE II-25-I. RODDED ZONE SIZE EFFECTS 

, Material 

Sodium 
Carbon 
304 SS 
Depleted Uranium0 

Plutonium' 
Per turbat ion Denomi

nator1! 

Measured Central Worths 

Ih/kg« 

Plate'1 

4.7 ± 0.5 
12.2 ± 0.2 
5.0 ± 0.1 
9.5 ± 0 3 

- 1 5 7 . 9 ± 0.9 

3 x 3 ° 

5.9 ± 0.3 
13 2 ± 0.3 
4.5 ± 0.1 

10.3 ± 0.3 
- 1 5 4 . 8 ± 0.0 

5 x 5 " 

5.4 ± 0.3 
12.5 ± 0.3 
4.6 ± 0 1 
9.0 ± 0.2 

- 1 5 3 . 8 ± 0.6 

Ratios 

5 x 5 
Plate 

1.2 ± 0.1 
1.02 ± 0.2 
0.90 ± 0.03 
0 95 ± 0.04 

0 975 ± 0.007 

5 x 5 
3 x 3 

0.92 ± 0.07 
0.95 ± 0 02 
1.02 ± 0 03 
0 87 ± 0.04 

0.992 ± 0.007 

Calculated Central Worths 

Ih/kg" 

Plate 

5.01 
13.16 
5.62 

13 89 
- 1 9 3 . 6 

1.562 X 103 

3 x 3 

4.99 
13.12 
5.48 

13.17 
- 1 9 0 . 6 

1.590 X 103 

5 x 5 

4.95 
13.22 
5.39 

12.93 
- 1 8 8 2 

1 G12 X 103 

Ratios 

5 x 5 
Plate 

0.988 
1.005 
0.959 
0.931 
0.972 

0.96S1' 

5 x 5 
3 x 3 

0.992 
1.008 
0.984 
0.982 
0.987 

0.9861' 

" Worth of removing material. 
b Regular Assembly 7. 
0 Small rodded zone (6.5 in. square x 24 in.) 
d Reference rodded zone (10.9 in. square x 24 in.). 
0 Sample is by weight: 235U 0.22, 238U 99.78. 
' Sample is by weight- 239Pu 97.75, 210Pu 1.00, 2"Pu 0.05, Al 1.20. 
B Normalized to 23 Xi*i* = 1 and X) *>0»2/j = 1 at center 
h Inverse ratio. 
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e. 

f. 

measured between (1) the reactor with the calan
dria can centered axially in the core and (2) the 
reactivity of the reactor with a reference portion 
of the oscillator at the core center (calandria can 
out of core). An oscillation technique, of the type 
used for the ZPR Doppler measurements, was 
used. 

d. The reactor was shut down, the sodium-filled 
calandria can was removed, the selected set of fuel 
rods was transferred to the empty calandria can, 
and the empty can was mounted in the axial 
oscillator. 
Step c was repeated for the sodium-voided calan
dria can. The voided can was centered axially in 
the core for the measurement. 
The final result consists of the difference of the 
reactivity differences (sample-to-void) measured 
in steps c and e. 

g. Steps b through f were repeated using the half-
voided calandria can. In this case, however, the 6 
in. voided section was centered axially in the core 
and the reference sodium-filled case was taken 
with this same axial sample positioning. 

The gross-voiding in-cell sodium-removal measure
ment in the reference rodded zone was carried out by 
comparing the reactivity of the reactor with the refer
ence rodded zone to the reactivity of the reactor with 
the central IS calandria cans (that is, 3 tubes x 3 tubes, 
12 in. into each half) replaced by calandria cans half-
empty of sodium (that is, 6 in. with no sodium and 6 in. 
with sodium, Type SF) in the axial direction. The voided 
ends of the replacement calandria cans were placed 
next to the reactor midplane. The fuel rods were the 
same in the sodium-in and sodium-out cases. The meas
urement was carried out in steps as follows: 

a. The reference rodded zone was loaded into As
sembly 7. 

b. The reactor was taken critical, the boron rods 

c. 

d. 

fully removed, the fueled rods fully inserted except 
for one rod, and criticality maintained with the 
autorod. 
Using the fueled rod and autorod calibrations, the 
total excess reactivity of the core, with all control 
elements in their most reactive state, was calcu
lated. 
The reactor was shutdown and the central 18 
calandria cans were replaced with 18 calandria 
cans half-voided of sodium axially. The voided 
ends of the replacement cans were placed toward 
the center of the reactor. The U02-Pu02 fuel rods 
from the sodium-filled cans were placed in the 
half-voided cans in the identical positions they 
had in the sodium filled cans. 

c. Steps b and c were repeated. 
f. The final result consists of the difference in the 

total excess reactivity calculations in steps c and 
e corrected for 241Pu decay and for small differences 
in core average temperature between the so
dium-in and sodium-out case. 

Small corrections, of the order of the reactivity 
measurement uncertainties, were also made to both 
types of voiding measurements for the reactivity worth 
of the stainless steel mass differences between the 
sodium-filled and empty calandria cans used in the 
measurements. 

Table II-25-II summarizes the results of the two 
types of in-rod-cell sodium-voiding measurements. For 
reference, Table II-25-II also contains the in-plate-cell 
sodium-voiding measurements2 (see Paper 11-11) using 
the same two techniques as were used in the rodded 
zone, and the best currently available calculations of the 
rod and plate cell voiding reactivities. The central 
oscillator measurement in the regular plate environ
ment of Assembly 7 was carried out as described above 
for the rodded zone, except that the measurement w as 
performed on a 2 x 2 x 2 in. box, containing core plates 

TABLE II-25-II . C D N T R \ L I N - C B M , SODIUM-VOIDING M E A S U R E M E N T S 

Experiment Type 

Oscillator measurement: one 
unit-cell voided 

Gross voiding measurement: 
nine unit-cells voided 

Reference Rodded Zone 

Void Size and 
Position 

2.2 x 2.2 x 12 
± 6 in from mid
plane 

2.2 x 2.2 x 6 in. 

6 5 x 6 5 x 12 
± 6 in. from mid
plane 

(A) 
Worth of 

Removing Na, 
Ih/kg 
(1<0 

6.72 ± 0.07 

6 8 ± 0 . 2 

6.4 ± 0.6 

Plate Core 

Void Size and 
Position 

2 2x2 .2x2 
± 1 in. from mid
plane 

6.5 x6 .5 x l 2 
± 6 in. from mid
plane 

(B) 
Worth of Re
moving Na, 

Ih/kg 
(lcr) 

6.7 ± 0.2 

6 9 ± 0 3 

Measured 
Ratio 

Rod/Plate 
(A/B) 

1 00 ± 0.03 

0 93 ± 0 06 

Calculated 
Ratio 

Rod/Plate 

0 976 
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mounted in the axial oscillator; full and empty sodium 
cans were replaced in the box. The gross (3 tube x 3 
tube x 6 in. into each half) sodium voiding measure
ment was performed as for the rodded case with empty 
sodium cans replacing full sodium cans in the front 6 in. 
of the central nine drawers of each reactor half. The 
calculations are based on ARC ID diffusion perturba
tion calculations employing ENDF/B-1 MC2-gcn-
eratcd cross sections, space-weighted using the 
CALHET escape probability technique. 

The results in Table II-25-II show no measurable 
difference in the in-cell sodium voiding reactivity worth 
in the plate and rod cells to the 3-5 % precision of these 
measurements. This is in agreement with the 2J^ % 
plate-rod difference predicted by calculation. Although 
there arc undoubtedly cancelling effects, the net plate-
rod heterogeneity effect on the in-cell sodium worth for 
this plate arrangement is small, surely less than 5%, 
and very close to the calculation. 

E. CENTRAL SMALL-SAMPLE REACTIVITY WORTHS 

Small-sample reactivity worths of various materials 
(scattcrers, absorbers, fissioners, etc.) and reaction rate 
measurements (c/f ratios, / / / ratios, etc.) are routinely 
used in ZPR physics studies to provide spectral (real 
and adjoint) indices. Small-sample reactivity worths 
measured in the reference rodded zone are discussed in 
this section together with a comparison with calcula
tions and measured worths of the same samples in the 
regular Assembly 7 plate core. Reaction rate measure
ments in the rodded zone arc discussed in the next 
section. 

The small-sample central reactivity worth measure
ments in the reference rodded zone were carried out 
using the ZPR-6 radial sample changer. The individual 
samples are 2 in. long and Yi or J/£ in. in diam. In 
general, the mass of material in a particular sample is 
chosen as a compromise between minimizing the mass, 
so as to minimize the perturbation of the reactor spectra 
caused by the sample, and providing sufficient mass to 
give enough of a reactivity signal to permit ~ 5 % 
measurement precision in a few minutes of operating 
time; that is, the samples are "small" but, in general, 
not infinitely-dilute. The radial sample changer oper
ates by pneumatically oscillating the samples in and out 
of the core inside of a 1 in. diam tube that is inserted 
radially by pushing the calandria cans (or drawers) in 
the middle horizontal row of the core stationary half 
back 1 in. as shown in Fig. II-25-4. For central meas
urements, the end of the sample changer tube is posi-
jioned so as to place the 2 in. length of the inserted 
sample across the 2 in. width of the central tube. 

Table II-25-III summarizes the central small-sample 
reactivity measurements made in the reference rodded 

CORE - STATIONARY HALF CORE - MOVEABLE HALF 

DOUBLE WALL SS SAMPLE 
/ ,TUBE ( 0 0 = 1 0" , EACH WALL 

0 010") / / / 
PLATES 

AXIAL MIDPLANE 

FIG. II-25-4. Vertical Section of ZPR-6 Assembly 7, Show
ing Arrangement of the Sample and Radial Sample-Changer 
Tube in the Assembly. ANL Neg. No. 116-1033. 

zone. Measurements made in the center of the regular 
Assembly 7 plate zone3 arc shown for reference. The 
calculated values in Table II-25-III are ARC ID 
diffusion perturbation calculations using cross sections 
generated from ENDF/B-1 and MC2, and spatially-
weighted for the rod and plate cells using the CALHET 
escape probability technique. That is, core average 
cross sections were used for the sample cross sections 
and no attempt was made to derive accurate effective 
cross sections for the individual samples. Thus, the 
calculated ratios may be expected to be more accurate 
than the absolute calculated values. 

The measured results for sodium in Table II-25-III 
are questionable and are currently under study. The 
data from which the rodded zone value of 5.4 ± 0.3 
Ih/kg and the plate core value of 4.7 ± 0.5 Ih/kg were 
derived have been carefully examined and there is 
nothing obviously wrong with the data; the quoted la-
statistical uncertainties are based on directly observed 
fluctuations in the oscillation-autorod data taken for 
each sample. However, a subsequent remeasurement of 
the sodium sample in the plate core gave a result of 
6.2 ± 0.3 Ih/kg. Although no specific problem can be 
identified with the measurements, the discrepancy be
tween the two plate core measurements cannot be ex
plained analytically at this point, so the sodium meas
urement must be considered suspect. Several other 
central material reactivity worths were remeasured in 
the plate core and these all showed very close agreement 
with the original measurements. 

The results of Table II-25-III support the intuitive 
feeling that a measurement like the small-sample 
reactivity worth measurement, which essentially sees 
the cell-average (the 2 in. sample spans the plate or rod 
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TABLE II25III COMPARISON OF C E N T R A L S M Y L L  S U I P L E M A T E R I A L REACTIVITY WORTH MEASUREMENTS IN THE 
R E F E R E N C E RODDED ZONE AND THE REGULAR ASSEMBLY' 7 P L A T E CORE 

Sample 

Pu" 
Enriched Ub 

Depleted U° 
T a 
Borond 

N a 
C 
Fe 
Ni 
Cr 
304 SS . 

Sample Weight, 
g 

9 956 
3 084 

25 988  ' 
8 698 ■ 
0 555 

17 044 
33 441 
33.277 
37 916 
26 999 
34 506 

Measured Worth of Removing Sample (1<T) 

(A) 
Reference Rodded 

Zone, 
Ih/kg 

 1 5 3 8 ± 0 6 
 1 2 0 ± 2 

9 0 ± 0 2 
55 ± 1 

" " 590 ± 10 
5 4 ± 0 3° 

12 5 ± 0 3 
4 0 ± 0.3 
6 1 ± 0 2 
4 0 ± 0 4 
4 6 ± 0 1 

(B) 
Regular 

Plate Core, 
Ih/kg 

 1 5 7 9 ± 0 9 
 1 2 4 ± 4 

9 5 ± 0 3 
58 ± 2 

570 ± 10 
4 7 ± 0 5° 

12 2 ± 0 2 
4 3 ± 0 2 
6 5 ± 0.2 
4 5 ± 0 4 
5 0 ± 0 1 

(A/B) 
Rod/Plate 

Ratio 

0 975 ± 0 007 
0 97 ± 0.02 
0 95 ± 0 04 
0 95 ± 0 04 
1 04 ± 0 03 

1 2 ± 0 1° 
1 02 ± 0 02 
0 9 ± ' 0 1 

0 94 ± 0 04 
0 9 ± 0.01 

0 90 ± 0 03 

Calculated Worth Removing Sample 

(C) 
Reference 
Rodded 

Zone, 
Ih/kg 

 1 8 8 . 2 
 1 6 2 4 

12 9 
71 5 

721. 
4 95 

13.2 
5 01 
5 40 
6 98 
5 39 

(D) 
Regular 

Plate Core, 
Ih/kg 

 1 9 3 6 
 1 6 8 4 

13 9 
79.7 

774. 
5 01 

13 2 
5.25 
5 39 
7 33 
5 62 

(C/D) 
Rod/Plate 

Ratio 

0 972 
0.964 
0 931 
0.897 
0.932 
0.988 
1.00 
0 954 
1.00 
0.952 
0 959 

Weighted Average = 0.98 ± 0 02 Average = 0 959! 

» Composition of sample by w / o : 239Pu 97.75, 240Pu 1.00, 24 lPu 0 05, Al 1.20. 
* Composition of sample by w / o : 236U 93.24, 238U 5.41, 23lU 0 91, 230U 0.44. 
0 Composition of sample by w / o : 236U 0 22, 238U 99.78. 
d Composition of sample by w / o : 10B 19 88, U B 80 12. 
0 These data are in question (see t ex t ) . 
( Calculated inverse per turbat ion denominator measuiement gives 0.968. 

cell) real and adjoint spectra, will be much less sensi

tive to the localized effects of platerod incell hetero

geneity differences than an incell measurement like 
those of Sections D and G of this report. If the calcu

lated perturbation denominator differences arc ac

counted for, the results of Table II25III indicate that 
within 24% precision there arc no measurable differ

ences, at least for this rather typical plate cell, between 
central smallsample reactivity worth measurements in 
the plate or rodded environments. 

F . INTEACELL 238TJ/239pu j ^ ^ 238TJ/235TJ C A P T T J R E  T O 

FISSION RATIOS AND 2 3 8 U/ 2 3 9 PU, 235TJ/239PU, AND 
238TJ/235TJ J?ISS10N RATIOS 

Intracell absolute capture and fission reaction rate 
measurements in the center of the reference rodded zone 
were made using small 239Pu, 235U, and 238U foils in order 
to look for spatial effects within the rodded cell and to 
provide a basis for deriving measured cellaverage reac

tion rate ratios for comparison with corresponding 
platecore cellaverage measurements. 

A single foilirradiation run was carried out in the 
reference rodded zone. Two of the 50 calandria cans in 
the reference rodded zone contained foils. Figure II255 
shows the foil locations. 

The overall objective was to measure the average 
reaction rates within the TJO2PUO2 fuel rods. Thus, the 

most obvious and desirable thing is to place unclad 
uranium and plutonium foils between pellets within the 
UO2PUO2 fuel rods. Although special equipment to 
permit close approximations to such direct measure

ments in the rodded configuration is currently being 
fabricated, the equipment was not available at the time 
of these measurements. I t was not possible to work 
inside a UO2PUO2 rod and it was necessary to use 
available aluminumclad plutonium foils. As the best 
available approximation to the desired inrod measure

ments, 23STj239Pu238U and 238TJ235U238U foil packets 
("P" and "U" foil packets in Fig. II255) were placed 
between the ends of the 6 in. TJ02Pu02 fuel rods in 
selected tubes of the central calandria can as shown in 
Fig. II255. Thus the foils were separated from the 
adjacent UO2PUO2 pellets by the 100 mil thick stainless 
steel fuel rod end caps. 

In order to provide a basis for an empirical correction 
to the measured reaction rates between rods ("P" 
and "TJ" locations) to give the desired reaction rates 
within the rods, a special subsidiary set of measurements 
was performed using 16 % enriched TJ02 fuel rods. The 
enriched U02 rods used were selected from an inventory 
of rods that were designed to match the reactivit; 
worth of the U02Pu02 fuel rods. Using the UO2 rods 
it is possible to place bare 238U and 235U foils inside the 
rods; the axialratio setup is shown in Fig. II255 as 
Calandria B, " T " foil packet. The general technique 
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CALANDRIA A CALANDRIA B 

RADIAL FOIL PACKET POSITIONS 
0 

RADIAL FOIL PACKET POSITIONS-

MIDPLANE-

P FOIL PACKET AXIAL POSITION 

12 in CALANDRIA CAN-

f 6 in U02-Pu02 ROD J f 6 in 

" T " FOIL PACKET AXIAL POSITION 

UO-PuO, ROD 

346 in dia 
5 mil

 3 U FOIL 
7*7^ 

12 in CALANDRIA CAN ■ 

346 in dm 
5 mil U FOIL 

120 in dio 3mil 
Al CLAD "

9
P u FOIL 

U FOIL PACKET AXIAL POSITION 

12 in CALANDRIA CAN 

6 in UO-PuO, ROD 6 in UO-PuO ROD 

346 in dia 
5 mil "

8
U FOIL 

7T\ 
5 mil " ° U FOIL 

0
4 | ° . 

6 in ENRICHED UO, ROD 

6in ENRICHED 
UO, ROD* 

D= 346 in dia x 5mil 

INDIVIDUAL U02 PELLETS 
WITHIN ROD 

U FOIL E = 346 in dia x 5mil 

» ENRICHED U02 RODS ARE MATCHED TO 

UO,-PuO, RODS IN REACTIVITY 

LOCATION OF CALANDRIA CANS CONTAINING FOILS 

TOP SURFACE OF CAN 

0 FOIL PACKET AXIAL POSITION 

6 FOILS ON 
TOP OF CAN 

J. 

22 23 24 24 23 22 

0/ 
oo 
oo 

0 

CALANDRIA A-

22 

23 

24 M 

22 

23 

— CALANDRIA B 
24 

FOILS LOCATED 
—-6 In BACK FROM-

MIDPLANE 
(2) 346 In dia x 5 mil 
(2) 120 in dia x 3 mil 

U FOILS 
9
Pu-AI FOILS 

STATIONARY HALF MOVABLE HALF 

ALL FUEL RODS WERE UO -PuO EXCEPT AS NOTED 

"
!
U FOILS ARE 9 3 % ENRICHED U 

" * U FOILS ARE DEPLETED ( 2 2 % "
5

U ) U 
(2) 400 in dia x 1/2 mil Pu-AI FOILS 

F I G II255 Foil Positions for Measurement in Rodded Zone ANL Neg. No. 1161065. 

used to derive the 238U and 235U axial ratios was as 
follows: 

1. All the counting results for the calandria foils were 
extrapolated to the center of the reactor by making 
axial cosine corrections and radial Jo corrections. 

2. It was observed that, the extrapolated results for 
the "T," "TJ," and " P " foil packets were in good 
agreement with each other for captures in 23SU, 
and that the 23SU fission rates were the same for 
the " T " and "TJ" packets, but the 238U fission rate 
was ~ 1 . 6 % lower in the " P " packet. This differ

ence is ascribed to the fact, t hat the 127 mg 235U 
foils in the " T " and "TJ" packets had approxi

mately ten times as much fissile material as the 
plutonium foils in the " P " packets, leading to 
increased highenergy flux. (A recent transport 
theory calculation gives qualitative support to this 
postulate—predicting, in fact, a greater effect 
than was observed.) Consequently, in analyzing 

238TJ fission rates 
packets were rc

thc experimental results, the 
observed in the " T " and "U" 
ducedby 1.6%. 
From the extrapolated Ti, T2) and T3 data, the 
ratio of inrod to betwecnrod reaction rates was 
obtained for 235U fission, 238U fission, and 238U 
capture, for each of the three rods. The three ratios 
for each material were then averaged to obtain one 
ratio for 23,U fission, one for 238U fission, and one 
for 238TJ capture for use in calculating the reaction 
rates occurring inside the pins from the between

thcpin foils in the TJO2PUO2 and TJ02 rods (Fig. 
II255). The assumption was made that the ratio 
for 235U fission was applicable to 239Pu fission. The 
ratios arc presented in Table II25IV. 
Three inrod to betwecnrod ratios for 238TJ capture, 
three for 238U fissions, and three for 235TJ fission 
were obtained at the core center position based 
on the extrapolation of the Ti, T2, and T3 data. 
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The sets of three ratios were individually averaged 
to obtain one 238U capture ratio, one 238TJ fission 
ratio, and one 235U fission ratio. The 238U capture 
and fission ratios were then used to correct 238U 
capture and fission data for the TJO2-PUO2 rod 
case, and the 235U fission ratio was used to correct 
239Pu fission data in the UO2-PUO2 rod case. The 
ratios are summarized in Table II-25-IV. 

The details of the techniques used for counting the 
activated foils and reducing the data to absolute reac
tion rates have been discussed elsewhere4 (also, see 
Paper 11-16). For the absolute calibration of the fission 
foils, 235U, 238U, and 239Pu fission chambers, with foils 
on their faces, were located near (but not in) the rodded 
zone and the fission rates in the chambers were de-

TABLE II-25-IV. I N - R O D TO B E T W B E N - R O D REACTION R A T E 
R A T I O S AT THE C O R E C E N T E R 

Foil Packet 
(Fig. II-25-5) 

T i 
T2 
T3 
Average 

Uncerta inty (lo-) in 
average 

235U/,Mlm<'" 

0.9818 
0.9842 
0 9832 
0.9831 

±0 2% 

238U/,M,on<1" 

1.0271 
1.0312 
1 0295 
1.0292 

±0.2% 

Ucapture 

0.8066 
0.9088 
0.9050 
0.9068 

±0 .2% 

B This is actually the overall fission ra te rat io for 93% 
enriched uranium. 

b This is actually the overall fission ra te ratio for depleted 
uranium (0.22% 236U). 

tcrmincd during the foil irradiation run. In order to 
calibrate the 238TJ/239Pu c/f measurement and to further 
calibrate the 235TJ/239Pu measurement, an irradiation of 
a set of appropriate foils was made on a rotating wheel 
in the Argonne Thermal Source Reactor thermal column 
simultaneously with the foil irradiation in ZPR-6. 

As a third calibration method, some of the 238U and 
plutonium foils which were at the fission-chamber 
faces were radiochemically analyzed after they had 
been counted, yielding absolute values for 238TJ fission, 
238TJ capture, and 239Pu fission. 

The data from the " P " and "TJ" foil packet (extrap
olated to the core center and multiplied by the ap
propriate in-pin to between-pin ratio) were used to 
obtain the in-rod reaction rate ratios. The individual 
" P " and "U" foil packet results are shown in Table 
II-25-V. Table II-25-V shows evidence of a slightly 
softer neutron spectrum between calandria cans than 
within calandria cans. This is expected as a result of the 
relatively greater amount of sodium and stainless steel 
between nearest-neighbor fuel rods in adjacent calandria 
cans as compared with between nearest-neighbor fuel 
rods within calandria cans. This small amount of 
rodded cell non-uniformity is a consequence of calandria 
can fabrication compromises and the ZPR matrix 
structure. 

In order to derive cell-averaged reaction rate ratios, 
the reaction rate data from the " P " and "TJ" packets, 
corrected as described above, were handled as follows: 

1. The reaction rate data from packets P7, P9, Pn, 
and TJ6 (Fig. II-25-5) were averaged to obtain 

TABLE II-25-V. RODDED-ZONE R E A C T I O N - R A T E R A T I O S FOR TYPICAL P I N LOCATIONS" 

Pin Position in 
Calandria Can 

Corner 

Middle-Outer 

Central 

Pinb 

Ti 
TJ, 
P12 
Average0 

T2 

u5 P7 
P9 
P.2 

Average" 

T, 
U6 
Ps 
P10 

Average0 

/25//S9 

— 
— 
— 

1.052 

— 
— 
— 
— 
— 

1.055 

— 
— 
— 
— 

1.053 

m/jis 

— 
— 

0.02448 
0.02449 

— 
0.02455 
0.02495 
0.02468 
0.02472 

— 
— 

0.02475 
0.02495 
0.02485 

c28//*9 

— 
0.1445 
0.1446 

— 
0.1442 
0.1440 
0.1419 
0.1433 

— 
0.1421 
0.1414 
0.1419 

pS/ph 

0.02325 
0 02332 

— 
0.02331 

0.02368 
0.02343 

— 
— 
— 

0 02346 

0 02360 
0.02365 

— 
— 

0.02364 

c 2yp 

0 1366 
0.1376 

— 
0 1375 

0.1353 
0.1356 

— 
— 
— 

0.1358 

0.1340 
0.1352 

— 
— 

0.1348 

c28//28 

5.882 
5.907 
5.903 
5.905 

5.720 
5.793 
5.872 
5.769 
5.749 
5.795 

5.683 
5.723 
5.740 
5.667 
5.710 

* All ratios are on a per-atom basis. 
b For pin locations, see Fig. 11-25-5. 
0 For each pin position, the values labeled "Average" are ratios of the average reaction rates for tha t position (not the average 

of the ra t ios) . 
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values that can be considered typical of the rods 
in the middle group of outer calandria can tubes 
(8 such tubes in a can). 

2. Reaction rate data from packets Pg, Pio, and U6 
were averaged to obtain values that can be con
sidered typical of the inside group of calandria can 
tubes (4 such tubes in a can). 

3. Reaction rate data from packets P12 and TJ4 were 
averaged to obtain values that can be considered 
typical of tubes in the corners of the calandria 
cans (4 such tubes in a can). 

4. The reaction rate data were cell-averaged by 
weighting the data by the number of fuel rods in 
the cell of each type. Finally, the cell-averaged 
reaction-rate ratios were obtained by taking the 
appropriate ratios of the reaction-rate data. 

Table II-25-VI summarizes the cell-averaged ratios for 
the center of the rodded zone and compares these 
values with cell-averaged central ratios measured in the 
Assembly 7 plate zone (see Paper 11-16). Table II-25-VI 
also contains calculated rod and plate central cell-
average ratios. The calculations are based on ARC ID 
diffusion calculations using cross sections generated 
from ENDF/B-1 via MC2 with CALHET space-
weighting within the cell. 

Two general conclusions may be drawn from the 
measured reaction rate ratio data of Table II-25-VI: 

1. Within statistics, there are no measurable differ
ences in the cell-average 235TJ and 239Pu fission rates 
and cell-average 238U capture rate between the 
plate cell and the rodded cell. 

2. The cell-average 238U fission rate in the rodded 
cell is significantly greater, about 6%, than the 
cell-average 238TJ fission rate in the plate cell. 

The first of these two experimental conclusions is pre
dicted by the calculations summarized in Table 11-25-
VI; the second conclusion is not predicted by calcula
tion. A comparison of the measured and calculated 
values in Table II-25-VI for the rodded cell show s that, 
compared with 236U fission, 239Pu fission is calculated 
about 9% low, and 238U capture is calculated about 
right. These observations are in essentially exact agree
ment with the results of the null-zone measurements 
in ZPR-3 Assembly 55 and ZPR-9 Assembly 24<« 
and are consistent with recent hypotheses concerning 
errors in ENDF/B 238TJ inelastic cross sections. 

G. DIRECT PLATE-ROD ZONE REACTIVITY COMPARISON 

fTRODUCTION 

In this experiment the reactivity difference between 
Assembly 7 with the central 10.9 x 10.9 x 24 in. rodded 
zone and with the compositionally-matched plate zone 
was measured. The objective was to measure the reac-

TABLE II-25-VI. COMPARISON OF C O R E - C E N T E R C E L L -
AVERAGE 0 REACTION R A T E R A T I O S IN THE R E F E R E N C E 

RODDED Z O N E AND THE ASSEMBLY 7 P L A T E C O R E 

Ratio 

/26//49 

Z28//19 

c28//49 

J2 8 / /2 5 

c28//25 

Measured Values 
(per atom basis) 

Reference 
Rodded 

Zone 

1.054 
0 02470 
0 1433 
0 02347 
0 1360 

Assembly 
7 Plate 

Core (ltT 
= ±2%) 

1 065 
0 02338 
0.1430 
0 02202 
0.1343 

Rodded 
Plate 

0 990 
1 056 
1 002 
1 066 
1 013 

Calculated 

Rodded 
Zone 

1 146 
0 02342 
0 1642 
0 02044 
0 1433 

Plate 
Core 

1 1505 
0 02305 
0 1641 
0 02004 
0 1426 

Rodded 
Plate 

0 996 
1 016 
1 001 
1 020 
1 005 

0 Cell refers to region defined by a single 2 17 in. square 
matr ix tube , in the rodded case this is a complete calandria 
can and in the plate case this is a complete fuel drawer 

tivity effect of the configurational differences between 
the plate and rodded cell-structures without the compli
cating effects of simultaneous compositional differences. 
Ideally, the two zones would be exactly matched in 
smeared composition so that the measurement would 
unambiguously measure only the configurational effect. 
As a practical matter, however, some compositional 
mismatches were permitted; the reasons for this were: 

1. The nominal weights and compositions of the 
individual pieces used in the plate and rod zones 
are fixed so that, while it is possible to come very 
close to a compositional match by carefully select
ing plates, rods, and calandria cans, it is not possi
ble to exactly match smeared (average) cell 
compositions. 

2. The precision in the knowledge of the composition 
of the plate and rod pieces is limited by the finite 
amount of analytical work (chemical and isotopic 
data) done in characterizing the pieces. It is 
useless to try to match compositions to better 
than the inherent compositional uncertainties. 

3. Because the various materials present have vastly 
differing reactivity worths per unit mass, a small 
fraction of the total number of materials present 
effectively determine the possible precision of 
composition matching in the reactivity sense. I t 
is useless to work out accurate compositional 
matching for any individual material beyond the 
point where the increased accuracy will reduce the 
overall reactivity uncertainty between the zones 
when all materials are considered. 

TECHNIQUE USED FOR MATERIAL MATCHING BETWEEN 
THE PLATE AND RODDED ZONES 

Both the rodded zone and the matched plate zone 
were built into the center of Assembly 7 as described in 
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Section B of this memo. The only difference between 
the "matched plate zone" and the regular Assembly 7 
plate arrangement and cell composition was .that the 
plates in the "matched" zone were more carefully 
selected to match the material masses of the rodded 
zone than were the plates in the regular Assembly 7 
drawers; the differences between the material weights 
in the "matched" plate zone and in the regular Assem

bly 7 drawers was small. 
The rodded zone and the matched plate zone were 

10.9 x 10.9 x 24 in.; that is, they were five regular ZPR 
matrix tubes w ide by five tubes high and extended the 
length of one 12 in. calandria can into each reactor half. 
The rodded zone was formed from the matched plate 
zone by the following steps (the actual sequence used 
differed from the one given but was equivalent to it): 

1. Start with the matched plate zone loaded into 
regular ZPR 33 in. stainless steel front drawers 
without positioning tabs (30 in. of core and 3 in. of 
depleted uranium axial blanket) and 12 in. stain

less steel boat type back drawers. The boats are 
small drawers 12 x 2 x Y in. high and 20 mil thick 
containing 10 in. of depleted uranium axial 
blanket. 

2. Remove the front 12 in. of plate material from 
each of the 25 affected drawers. Move the remain

ing IS in. of core plate and 3 in. of depleted uran

ium materials to the front of the drawer. Load 
the boat materials into the rear 12 in. of the front 
drawers. Then remove the boats. 

3. Push each 33 in. front drawer back 12 in. into the 
matrix tube. 

4. Insert loaded calandria cans into the front 12 in. 
of each matrix tube. 

5. Insert the molybdenum strips (to match the mo

lybdenum in the PuTJMo fuel plates) between 
the calandria cans and the matrix tubes. 

Note that because of the change in position of the front 
draw ers and the removal of the axial blanket boats the 
amount of stainless steel as a function of axial position 
changes between the matched plate and rodded zone 
configurations not only m the 24 m. zone itself, but also 
in the 31 in. axial sections adjacent to the zone. These 
changes must be accounted for in the calculation of the 
platetorod mass defect reactivity effect. 

The actual matching of the compositions of the plate 
and rod zones, the calculation of mass defects, and the 
calculation of the reactivity effect of these defects was 
based on a scheme by which the affected volume of 
Assembly 7 w as conceptually divided into 350 matching 
units; each unit was one matrix tube square and 6 in. 
long. Thus, there were 7 matching units per matrix tube 
per reactor half, 100 matching units in the actual plate

rod zone and 125 matching units in each of the two ad

jacent axial regions. Compositional matching was at

tempted within these units but not on any smaller 
volume. It was felt that these units were sufficiently 
small because the significant changes in material posi

tion, within the matrix tube, between the plate and rod 
zones occur almost entirely near the core center where 
the worth gradients are small. 

The mass of each constituent material and its un

certainty was evaluated for each of the 350 matching 
units separately for the rodded and matchedplate 
zones. Within the 100 matching units comprising the 
actual platerod zone, all materials differed to some 
extent between the plate and rodded cases. Within the 
250 axial matching units only the stainless steel mass 
changed between the plate and rodded cases. If was 
found that the distributions of platctorod mass de

fects for all materials among the 100 central zone match

ing units were essentially uniform; similarly, the distri

bution of stainless steel mass defects were essentially 
uniform over the 250 axial units. 

METHOD OF CALCULATING T H E PLATETOROD ZONE MASS 

D E F E C T REACTIVITY CORRECTION AND ITS PRECISION 

Basic Method of Calculation 
Let 

ffni.j Pit 

J«m,),Rd 

gm,i,pit = the best available estimate of the mass of 
material m in composition matching unit 
j of the plate zone, 

dm.i.Kd = the best available estimate of the mass of 
material m in composition matching unit 
j of the rodded zone, 

= the best available estimate of the stand

ard deviation of gm,3,Pu (based on Y the 
67.5% confidence interval), 

= the best available estimate of the stand

ard deviation of gm,,,Rd (based on Y the 
67.5% confidence interval). 

The composition matching units were described in 
Part 2 of this section. There w as a total of 350 composi

tion matching units, 100 in the actual platerod zone 
and 125 in each of the two adjacent axial zones; that is, 
j = 1 to 350. The materials involved in the composi

tion matching w ere the following: sodium, molybdenum, 
■ , , v ■ 235rr 2 3 4 + 2 3 6 + 2 3 S T T 

uon, nickel, chromium, manganese, U, U, 
oxygen, 238Pu, 2MPu, 240Pu, 241Pu, 242Pu, and the total 
plutonium, uranium, and SS304 impurities. 

The rodded zone is taken as the reference for the 
mass defect calculation and the mass defect for material 
ra in composition matching unity is defined b}r 

AQm,] = Qm,],Rd — 9m,),Plt 

and 

°~bom + O'O: 
l l / 2 

(1 

(2) 
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Since the rodded zone is taken as the reference, all 
mass defects' are attributable to an incorrect loading of 
the matched plate zone; a positive mass defect indicates 
that the loading of the matched plate zone is low cr than 
that of the rodded zone. Thus, irl evaluating the re
activity effect of the mass defects, what is required is 
the reactivity correction to the matched plate zone 
corresponding to conceptual mass adjustments to the 
matched plate zone that would bring it into equality 
with the rodded zone. Therefore, the appropriate ma
terial reactivity worths with which to weight the exist
ing mass defects are the measured Assembly 7 plate 
in-cell central worths (see Paper 11-19) of the addition 
of the equalizing materials corrected to the position of 
the mass defect. 

The reactivity to be added (algebraically) to the re
activity of the matched plate zone in order to correct 
for A</„ is 

and 

Pm,j,Pll&gm,i 

°~APm,, = KPm.},Plt CAo»..,) + (AgU.j <rpm,,,pu) ] 

(3) 

(4) 

where 
Pm.j.pit = best available estimate of the reactivity 

worth of adding unit mass of material ra 
in composition matching unit j within 
the plate cell of the plate zone, 

°~pm, ,PU — best estimate of the standard deviation of 
pm,],Plt , 

Apm,} = reactivity correction to the matched 
plate zone to correct for the mass defect 
in material m in composition matching 
unity, 

oApm,, , = standard deviation in Apm,,. 
The overall reactivity correction for mass defects in 

all materials in all composition matching units is 
air' 

materials 350 

Ap = 2J zJ Apm,, 

and 

0Ap = 

r all 
materials 350 

2 
Cap 

1/2 

(5) 

(6) 

Modifications to the Basic Method of Calculation 
The method of calculating the plate zone reactivity 

correction and its uncertainty described in the preceding 
iction represents the basic method used in the analysis 
" this experiment. However, in the actual application 

of the method, certain characteristics of the situation 
in the experiment were used to simplify the calculation 
and to reduce the large amount of data handling in

volved. These modifications in the calculational method 
are described here. I t is not believed that these simplifi
cations significantly affect the accuracy or precision of 
the experiment. 

First of all, A</m,; is zero for all materials except iron, 
nickel, chromium, and manganese for all composition 
matching units outside of the actual plate-rod zone; 
that is, 

Agm.j = o 

for in = iron, nickel, chromium, or manganese and for 
j not in the central 100 composition matching units. 
This last is true because everything except the stainless 
steel in the draw cr (and boat) is identical between the 
plate and rod zone cases in the two (125 composition 
matching units each) axial zones adjacent to the plate-
rod zone. 

Secondly, the spatial distributions of mass defects for 
all materials in the actual plate-rod zone (central 100 
compsotion matching units) and for iron, nickel, 
chromiun, and manganese in the adjacent axial regions 
are very nearly uniform. Because of this nearly uniform 
mass defect distribution, very little accuracy is losj; in 
the calculation of the reactivity correction if, instead of 
multiplying the mass defect for each material and com
position matching unit by the appropriate reactivity 
worth, and summing, as in Eqs. (3) and (4), the mass 
defects for each material are first summed over selected 
subrcgions of the problem, then multiplied by the 
average reactivity worth of the material over the sub-
region, and, finally, summed over all materials and sub
rcgions. Thus, instead of Eqs. (3) through (6), we take 
two subregions in the problem: namely, the central 
zone (composed of the central 100 composition-match
ing units) (CZ) and the combined adjacent axial re
gions (composed of the 250 axial composition-matching 
units) (AR). 

SUMMARY OF THE CALCULATION OF THE MATCHED" PLATE 
ZONE REACTIVITY CORRECTION FOR ALL MATERIALS 
AND ALL REGIONS 

Table II-25-VII summarizes the mass data for all 
materials in the experiment. Table II-25-VII is based 
on the measured material weights and the estimated 
mean compositions of the constituent materials. The 
molybdenum was added to the rodded zone in the form 
of thin strips slipped into the vertical spaces between 
the calandria cans and the matrix tubes. 

The central plate-core reactivity worths used for the 
various materials in the experiment arc summarized in 
Table II-25-VIII. The table also summarizes the aver
age-to-center material reactivity worth ratios that were 
used. 

Table II-25-LX summarizes the results of the matched 
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TABLE II-25-VII. ROD ZONE AND MATCHED PLATE ZONE MASS DEFECTS 

Material 

To ta l P u 
238 P u 

239 P u 

240Pu 
24ip u 

242pu 

239+2«pu 

Tota l U 
235JJ 
238U (includes 234 and 236) 

Oxygen 
Mo 
N a 

Tota l SS 304 + F e 
Fe (includes all other than Ni , Cr, 

and Mn) 
Ni 
Cr 
Mn 

Total Pu and TJ Impuri t ies (" 'Am, 
T h , etc.) 

Total SS 304 + Fe 
Fe (includes all other than Ni , Cr, 

and Mn) 
Ni 
Cr 
Mn 

Region 

Centra l Zone 

Axial '. 

• 

legions 

Total Region Weights 

(A) 
Rodded Zone,8 

kg 

18.8944 
0.00954 

16.3233 
2.193 
0.3308 
0.0378 

16.6541 

107.50 
0.243 

107.27 

16.917 
1.684 

16.494 

50.034 
35.174 

4.908 
9.306 
0.645 

0.175 

10.549 

1.364 
2.773 
0.239 

(B) 
Matched Plate Zone, 

kg 

18.9032 
0.0108 

16.3312 
2.189 
0.3324 
0.0398 

16.6636 

107.13 
0.230 

106.90 

16.647 
1.676 

16.511 

46.684 
36.722 

3.360 
6.196 
0.406 

0.126 

3.152 

0.426 
.817 
0.0067 

( A - B ) 
Mass Defect, 

kg 

-0 .0088 
-0 .00126 
-0 .0079 

0.004 
-0 .0016 
-0 .0020 
- 0 . 0 0 9 5 

0.37 
0.013 
0.37 

0.270 
0.008 

- 0 . 0 1 7 

3.350 
- 1 . 5 4 8 

1.548 
3.110 
0.239 

0.049 

7.397 

0.938 
1.956 
0.172 

0 Total P11O2-UO2 rod core weight for the actual 1600 rods used 

96 pins from Lot-4 = 8.6139 kg Pu02-U02 
1504 pins from Lot-6 = 134.8701 kg PuOj-UOi 

EXPERIMENTAL RESULTS OF THE PLATE-TO-ROD REAC
TIVITY DIFFERENCE MEASUREMENT AND COMPARISON 
AVITH CALCULATIONS 

The measured reactivity difference between the 
matched plate zone and the rodded zone was 68.7 ± 
1.0 Ih (lcr) (reactivity measurement uncertainty only); 
that is, the plate zone is more reactive than the rddd 
zone. The measurement was carried out in steps 
follows: 

a. The rodded zone was loaded into Assembly 7 as 
described previously in this report. I t should be 

plate zone reactivity correction calculation for the 
overall experiment. 

SUMMARY OF THE CALCULATION OF THE CONTRIBUTIONS 
TO THE UNCERTAINTY IN THE MATCHED-PLATE ZONE 
REACTIVITY CORRECTION FROM ALL MATERIALS AND RE
GIONS OF THE EXPERIMENT 

The calculated contributions from each material and 
region of the experiment to the uncertainty in the over
all matched-plate zone reactivity correction are sum
marized in Table II-25-X. 
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TABLE II-25-VIII CENTRAL M A T E R I A L REACTIVITY W O R T H S AND A V E R I G E - T O - C E N T E R M A T E R I A L W O R T H R A T I O S 

Region 

Central zone 

Combined axial 
regions 

Material 

239Pu 
2<°Pu 
24ip u 

2 « p u 
236TJ 
23STJ 

0 

Mo 
Na 

Fe 
Ni 
Cr 
M n 

Fe 
N i 
Cr 
Mn 

(C) 
Central Worth, 

Ih/kg 
(l<r) 

171 5 ± 3 9 
17 5 ± 1 S 

275 3 ± 28 
10 6 ± 1 1 

133 3 ± 3 1 
-9827 ± 0 317 
- 1 1 4 ± 1 3 

- 1 5 4 ± 0 1 
- 6 04 ± 0 16 

- 4 73 ± 0 20 
- 6 85 ± 0 25 
- 5 03 ± 0 25 
- 1 0 0 ± 1 0 

- 4 73 ± 0 20 
- 6 85 ± 0 25 
- 5 03 ± 0 25 
- 1 0 0 ± 1 0 

Source" 

In-cell measurement 
Calculation 
Calculation 
Calculation 
P la te core measurement 
Pla te core measurement 
Inferred from Fe203 and 

TJ3O8 measurements 
P la te core measuiement 
Average of in-cell and m-

ca landna measurement 
In-cell measurement 
In-cell measurement 
In-cell measurement 
Calculation 

In-cell measurement 
In-cell measurement 
In-cell measurement 
Calculation 

(D) 
Average-to-Center 

Worth Ratio 

0 813 
0 813 
0 813 
0 813 
0 759 
0 759 
0 685 

0 685 
0 641 

0 685 
0 685 
0 685 
0 685 

- 0 063>> 
- 0 063 
- 0 063 
- 0 063 

Source 

Least squares fit of ladial 
and axial t i averse da ta 
in plate coie 

Least squares fit as above 
plus cosine2 distr ibution 
into blankets 

8 For all purely calculated central worths a \a imprecision of 10% was assumed Note t h a t expeiimental woi th da t a weie available 
for all of the significant mass defects 

b Stainless steel 304 worth changes from (—) to ( + ) -nith the addition of stainless steel as traveise passes from core into blanket . 

noted that Assembly 7 had been modified slightly 
just prior to this plate-rod zone Ap measurement 
by replacing 150 kg-fissile Pu-U-Mo fuel plates at 
the extreme periphery of the core with 150 kg-
fissilc Pu-Al fuel plates. Subsequent central ma
terial worth measurements were made to measure 
any change in the perturbation denominator of 
the core resulting from this fuel change, as ex
pected, no change m the perturbation denominator 
was found. 

b. The assembly was made critical with normal cool
ing-air flow. After w aiting for the equilibrium core 
temperature profile, the parameters of the critical 
configuration w ere recorded; that is, reactor power, 
all boron rods out, all fueled rods full-in except 
one partially out, movable-stationary reactor-half 
corner separations, fine autorod (FAR) critical 
position, and the temperature profiles. 

c. Basedvon the measured reactivity calibrations of 
the single fueled rod that was partially out and of 
the FAR, the total excess reactivity of the as
sembly with the rodded zone and all control ele
ments in their most reactive positions, Ap rod, was 
calculated. 

d. The assembly was shutdown and the rodded zone 
replaced by the matched plate zone using a load
ing sequence backwards from the plate-to-rod 

TABLE II-25-IX. P L V T E - R O D ZONE E X P E R I M E N T -
MATCHED P L A T E ZONE REACTIVITY CORRECTION 

Region 

Central zone 

Combined axial 
regions 

Material 

P u 
U 
0 
Mo 
N a 
Fe ( + all impmit ies) 
N i 
Cr 
Mn 

Fe ( + all impmit ies) 
Ni 
Cr 
Mn 

Reactivity 
Correction,8 

Ih 

- 1 42 
- 1 44 
- 2 11 
, -0 085 
+ 0 066 
+ 4 85 
- 7 28 

- 1 0 73 
- 1 64 

+ 2 20 
+ 0 40 
+ 0 63 
+ 0 11 

Total - 1 6 4 

8 (A - B)CD from Tables II-25-VII and II-25-VIII 

loading sequence described previously in this re
port. 

e. The assembly was brought to critical again with 
the movable-stationary reactor-half corner sepa
rations matched as closely as possible to the rodded 
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TABLE II-25-X. SUMMARY OF THE R E S U L T S OF THE 
CALCULATION OF THE CONTRIBUTIONS TO THE 
U N C E R T U N T Y IN THE M A T C H E D - P L YTE ZONE 

REACTIVITY CORRECTION 

Material, 
m 

238Pu 
239Pu 
S40pu 

! « p u 
242pu 

P u to ta l (rms) 

235IJ 
238+TJb 

TJ total (rms) 

Mo 
0 
Na 
Fe + all impurit ies 
Ni 
Cr 
Mn 

k 

"Up 

Central 
Zone 
(CZ) 

rms Total 

Ih 

( < 0 14)8 

2 23 
0 05 
0 31 
0 01 
2.25 

0 26 
1 64 
1 66 

0 01 
0 77 
0 01 
0 36 
0 45 
0 85 
0 25 

3 08 

— 

Axial 
Regions 

(AR1 

rms Total 

Ih 

— 
— 
— 
— 
— 
— 

0 00 
0 00 
0 00 

— 
— 

1 10 
0 21 
0 31 
0 06 

1 16 

— 

All 
Regions 

'I'm, 
(rms Sum) Ih 

« 0 14)8 

2 23 
0 05 
0 31 
0 01 
2 25 

0 26 
1 65 
1 66 

0 01 
0 77 
0 01 
1 16 
0 50 
0 90 
0 26 

3 29 

3 29 

8 No t included in rms totals . 
b 23S+TJ = 238TJ _|_ 234TJ _|_ 23GTJ 

TABLE II-25-XI M E A S U R E D AND CALCULATED REACTIVITY 
D I F F E R E N C E BETWEEN THE COMPOSITIONALLY-MYTCHED 

P L A T E AND RODDED ZONES (10 9 x 10 9 x 24 in ) 
IN ASSEMBLY 7 

Measured 
Calculated 

Reactivity Difference (Plate-Rod) 

Ap 
As-Built,8 

Ih (lo-) 

68 7 ± 1 0 

Ap Composition 
Mismatch 

Correction,b 

Ih (l<r) 

- 1 6 4 ± 3.3 

Ap Com
positional 

Match, 
Ih (lo-) 

52 3 ± 3 4 
50.9 

8 Uncer ta in ty is reactivi ty measuiement uncei ta in ty only. 
b Uncer ta in ty in the correction includes the effects of un

cer ta in ty in the reactivity worth of materials and of uncer
taint ies as to hon much material was present . 

case. Using the same cooling-air flow and reactor 
power as for the rodded case, the same data as 
described in (b) above were recorded; in this case, 
two fueled rods were full-out and one partially out. 

f. As for the rodded case, the total excess reactivity 
of the assembly with the matched-plate zone and 
all control elements in their most reactive posi
tions, Ap plate was calculated using rod calibra
tions, assuming all control elements were in their 
most reactive positions. 

g. The platc-to-rod reactivity difference was calcu
lated as App(ate — Apro<; with corrections for the 
measured difference between average core tem
peratures in the rod and plate cases (using a previ
ously measured temperature coefficient) and for 
the 241Pu decay in the two days between the rod 
and plate mesaurcment. The temperature correc
tion was 1.2 ± 0.1 Ih (lo-) and the 241Pu correc
tion was 0.8 ± 0.2 Ih (la). 

h. The estimated uncertainty in the measurement 
(lo- = 1 Ih) is the combination of estimates of the 
uncertainties in the reactor-half closure reproduci
bility, rod calibrations, temperature corrcctoins, 
and 241Pu correction. The half closure uncertainty 
dominates. 

In order to dciivc a number for the "measured" re
activity difference - between compositionally-matched 
plate and rod zones it is necessary to adjust the di
rectly measured value by the reactivity correction 
from Tabic II-25-IX with its uncertainty from Table 
II-25-X, that is, -16 .4 ± 3.3 Ih (la). Thus the best 
available "measured" platc-to-rod reactivity difference 
for comparison with calculation is (52.3 ± 3.4) Ih (la). 

The best currently available calculated value for the 
expected platc-to-rod reactivity difference for the con
figuration of this experiment is 50.9 Ih. The plate zone 
is calculated to be more reactive because the fuel lump
ing gives relatively more fast fission and relatively less 
low-energy absorption than the rods. The homogeneous 
cross-sections were generated from ENDF/B-1 using 
MC2. Corrections were then made in the resonance 
range, using equivalence theory, to get effective in-
platc and in-rod 238U capture, 238TJ fission, and 239Pu 
fission cross sections, these cross sections were then cell-
averaged using CALHET. The calculation used ARC 
ID diffusion perturbation theory and individual runs 
were made to get the perturbed calculation. 

Table II-25-XI compares the mesaurcd and calcu
lated platc-to-rod zone reactivity difference. 
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11-26. T h e V a r i a b l e T e m p e r a t u r e R o d d e d Z o n e ( V T R Z ) P r o j e c t 

K. D. DANCE, J. F. MEYER, E. F. GROH and D. M. SMITH 

The VTRZ is an approximately 360 liter heatable permit integral physics measurements to be made in 
zone (6 ft long and 20 in. in diam split axially into two environments typical of the temperature condition and 
3 ft zones), capable of operation at temperatures up to fuel configuraion of Liquid Metal Fast Breeder Reac-
550°C. It is to be installed in the ZPR-6 critical facility. tors (LMFBRs). 
The VTRZ project was initiated in 1967 for the purpose A description of the conceptual design of the VTRZ 
of designing, developing, and fabricating the necessary and of the basic VTRZ experimental program is con-
equipment for the VTRZ. The VTRZ equipment will tained in Ref. 1. References 2 and 3 contain descriptions 

F I G . II-26-1. VTBZ Installed in Out-of-Pile Instal lat ion. ANL Neg. No. 116-853. 
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of the progress of the project during the 1968-1969 and 
the 1969-1970 periods, respectively. This paper is a 
progress report for the VTRZ Project during the period 
July 1970 to June 1971. 

PROGRESS OF THE VTRZ PROJECT FROM JULY 1, 1970 
TO JUNE 30, 1971 

The principal accomplishments of the VTRZ Project 
during this period may be summarized as follows: 

1. Completion of the AEC review of the VTRZ 
Final Safety Analysis Report. 

2. Preparation of the VTRZ Quality Assurance In
stallation Phase Program. 

3. Completion of the procurement of the VTRZ 
Heatable Zone Facility and the VTRZ fuel rods. 

4. Completion of the out-of-pile installation of the 
VTRZ Heatable Zone Facility. 

5. Initiation of the out-of-pile installation phase test
ing program. 

AEC SAFETY REVIEW 

The VTRZ Final Safety Analysis Report4 (FSAR) 
and the accompanying VTRZ-ZPR-6 Operating Limits 
document were submitted for AEC review and approval 
on April 1, 1970. Several design changes, required as a 
result of the AEC review, were incorporated into the 
VTRZ system and formal approval of the VTRZ safety 
documents was obtained in October 1970. 

VTRZ QAULITY ASSURANCE PROGRAM 

The overall VTRZ Quality Assurance Program was 
approved by the AEC in October of 1969. This docu
ment contained the detailed Quality Assurance plans 
for the design and development phase and the procure
ment phase. Only brief outlines of the Quality Assur
ance (QA) plans for the installation phase and the 
operations and maintenance phase were given in the 
original VTRZ QA. Program. A detailed VTRZ In
stallation Phase Quality Assurance Plan was prepared 

F I G . II-26-2. Reactor Table Mockup. ANL Neg. No. 116-854. 
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and submitted to the AEC in November 1970. A de
tailed Quality Assurance Plan for the Operation and 
Maintenance Phase will be prepared prior to initiation 
of VTRZ operation in ZPR-6. 

The VTRZ Project was audited by ANL Quality 
Assurance Management (QAM) in November 1970. 
The final report on the QAM audit findings was issued 
in January 1971. VTRZ responses to QAM recommenda
tions were submitted to QAM in March 1971. 

VTRZ PROCUREMENT 

Procurement of all VTRZ equipment has been the 
primary task during the past fiscal year. Procurement 
has included preparation of detailed manufacturing and 
QA plans, monitoring of all fabrication in ANL Central 
Shops and Electronics and purchasing of commercial 
items. Procurement during the past fiscal year has been 
concerned primarily with the VTRZ Heatable Zone 
Facility equipment. All VTRZ calandria can procure

ment was started in 1969 and as of June 30, 1970, all 
TJ02 fuel rods were procured. All fuel rod procurement 
was completed June 30, 1971, with final delivery of all 
PuOs-UOa fuel rods. Procurement of all Heatable Zone 
Facility equipment was started in June 1970 and com
pleted in March 1971. 

Fabrication of Heatable Zone Facility components 
included: construction of the heatable inner barrel 
assemblies, the welded outer matrix structures and the 
air cooling system; welding, brazing and leak checking 
of all argon loop components; purchasing of all elec
trical power equipment; and fabrication of all monitor
ing and control instrumentation. The mechanical con
struction of the barrels and matrix structures was 
accomplished in ANL Central Shops under very strict 
QA procedures. All phases of the mechanical construc
tion in Central Shops was monitored by VTRZ project 
personnel. The fabrication of the argon loop equipment 
was accomplished using certified Central Shops welders 

F I G . II-26-3. VTRZ Argon Loop Equipment . ANL Neg. No. 116-855. 
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working under the direct supervision of VTRZ project 
personnel. All instrumentation fabrication was pre
pared by the ANL Electronics Division following the 
manufacturing and QA. plans prepared by VTRZ per
sonnel. 

OUT-OF-PILE INSTALLATION 

The VTRZ Heatable Zone Facility has been assem
bled in an out-of-pile installation to permit testing of 
all components prior to their use in the ZPR-6 critical 
assembly. The out-of-pile installation includes a mockup 
of the basic ZPR-6 assembly and will permit testing of 
all functions of the VTRZ exclusive of the actual neu-
tronics. For example, full scale heatups of the inner 
barrel with actual sodium-filled calandria cans contain
ing depleted U02 pins will be conducted in the out-of-
pile assembly. 

Work on the out-of-pile installation wras started in 
November 1970 with the start of construction of the 
reactor table mockup. The reactor table mockup was 

completed in March 1971. The reactor table mockup 
(see Figs. II-26-1 and II-26-2) does not duplicate all 
reactor components, but it does duplicate all items es
sential to determining any possible problems in the 
final in-pile VTRZ installation. The air cooling system, 
the mounting plates to be used in the final reactor in
stallation, and control rod mockups are included in the 
out-of-pile facility. The movable half reactor table 
mockup is also mounted on wheels to allow the duplica
tion of table movement, including scrams. 

Installation of all electrical power equipment was 
completed in the period from February to April 1971. 
Most wires for the electrical power equipment were cut 
to a length appropriate for use in the final in-pile in
stallation in order to facilitate moving from the out-of-
pile setup to the final in-pile installation. 

Installation of the argon loop equipment, shown in 
Fig. II-26-3, and the instrumentation equipment, shown 
in Fig. II-26-4, wras completed in the period from 
February to June 1971. The installation included com-

F I G . II-26-4. VTRZ Inst rumentat ion Equipment . ANL Neg. No. 116-856. 

1 
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ponent checkout of all parts. The inner barrel and outer 
matrix assemblies were assembled and installed, after 
extensive load testing, on the reactor table mockup in 
May and June of 1971 (see Fig. II265). 

INSTALLATION PHASE TESTING 

An extensive outofpile testing program was started 
in April 1971. The testing program is designed to check 
the system performance of all components prior to in

stallation of the VTRZ into ZPR6. The testing will 
include both unheated VTRZ operation and heated (to 
550°C) operation. Actual heatable calandria cans loaded 
with depleted U02 pins will be used in the heatup tests. 

The outofpile testing began with load tests of the 
welded outer matrix structures and the ball mounts 
holding the heatable inner barrel in place in the room 
temperature outer matrix structure. The tests proved 
the ability of all components to safely support their 
full design load. The load testing was conducted during 
the months of April and May 1971. 

The electrical power supply system was completely 
performancetested in the months of May and June 
1971. The initial electrical power system tests uncovered 
certain performance failures in the basic supply units 
and certain inadequacies in the power monitoring equip

ment. System design changes were made to correct 
these deficiencies and the system was successfully per

formancetested. 
The argon loop flow system and associated instru

mentation testing was begun in June 1971 and will be 
completed in the months of July and August prior to 
the first heatup scheduled for September 1971. 

OUTLOOK FOR JULY 1, 1971 THROUGH JUNE 30, 1972 

Current schedules call for completion of unheated 
VTRZ outofpile tests by September 1971. Heated out

ofpile tests are scheduled for completion by January 
1972. 

Operation and maintenance manuals for the VTRZ 
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2 F I G . II265 VTRZ Outer Matrix and Inner Barrel Assemblies. ANL Neg. No. 116857. 
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Heatable Zone Facility are to be prepared by February 
1972. 

Installation of VTRZ into ZPR-6 is scheduled to be
gin in January 1972 and be completed by April 1972. 
The first heated measurements using 235TJ are to com
mence in April 1972, and continue through the re
mainder of the fiscal year. 

R E F E R E N C E S 
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INTRODUCTION 

The time-profile of reactor flux in response to a sud
den change in multiplication contains sufficient infor
mation to permit the determination of both initial and 
final subcriticality. This fact is the basis of several par
ticular methods for determining subcriticality from the 
profiles. Figure 11-27-1 is a typical flux profile in re
sponse to a sudden rod drop. The oldest and most 
widely used of these methods is implemented by re
cording three numbers—the pre-drop flux (from a 
steady state), the flux just after the drop (measured at 
a time long compared with the prompt neutron life
time but short compared with the most rapidly decay
ing delayed neutron precursor half life), and the flux 
asymptotically after the drop. If these fluxes are called 
fa , fa, and fa, respectively, point-kinetics analysis 
leads to the result 

fa ~ fa P2 — PI 13 , s 

fa P2 + |8(1 — P2) P2 

where p = 1 — k. Equations 1 and 2 may be solved 
simultaneously for p i , which will then be a function of 
the quantities (fa — fa)/fa and fa/fa only. The defi
nition of fa and of fa is clear—they are simply average 
values over intervals of time over which the profile is 
unchanging and consequently they are not dependent 
on the interval chosen. The definition of fa- cannot be 
made specific without defining the time, n , when av
eraging commences and the time, T-I , when it termin
ates. Only when the interval T2 — T\ is short enough and 
the values of n and T% fall within the prompt-jump re

vision Annual Report , July 1, 1967 to June 30, 1968, ANL-
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2. R. A. Lewis, K. D . Dance, J. F . Meyer and T . W. Johnson, 
The Variable Temperature Rodded Zone {VTRZ) Program, 
Reactor Physics Division Annual Report, July 1, 1968 to 
June 30, 1969, ANL-7610, pp. 137-143. 

3. R. A. Lewis, K. D . Dance, J . F . Meyer and E . F . Groh, The 
Variable Temperature Rodded Zone (VTRZ) Project, 
Applied Physics Division Annual Report , July 1, 1969 to 
June 30, 1970, ANL-7710, pp . 189-196. 
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striction mentioned can we use Eqs. 1 and 2 and solve 
for p algebraically. For arbitrary values of TX and r2 
we may, however, write 

pr = REACT [ * ( " . " > - * <h] . (3) 
L fa faj 

REACT is a unique function of arguments but must be 
evaluated by a computer in the conventional manner; 
by changing pi (and p2 through Eq. 2) until the observed 
value of (fa — fa)/fa and fa/fa are reached. This can 
always be done to the limits of computing accuracy 
and, in consequence, there is no practical objection to 
the definition of REACT as given in Eq. 3. 

If one is in possession of a computer algorithm corre
sponding to Eq. 3, there is no longer need to restrict 
the values of n and T2 as must be done if Eqs. 1 and 2 
are to apply. In fact, where one must deal with a prac
tical experimental situation and is faced with a con
siderable noise scatter in the profile, noise acts as a 
constraint to the definition of the interval. As it turns 
out, if one defines n safely after the drop (about 0.5 
sec) and T2 to be about 25 sec, one has achieved about 
the best obtainable measurement precision; the exact 
value of T2 is somewhat sensitive to subcriticality. 
Choice of T2 less than or greater than its optimum value 
will worsen the precision obtainable. 

EFFECTS OF NOISE 

We have raised the question of noise in the profile in 
regard to the choice of time intervals for the dei 
mination of the average fa . It is very desirable to h. 
a model for random flux noise which can be applied to 
the method of analysis and can be made the basis for 
precision estimates in each subcriticality measurement. 

11-27. N o i s e E f f e c t s i n R o d D r o p A n a l y s i s 

E. F. BENNETT and I. K. OLSON 
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i'his program can, in fact, be carried out and one re
quires only two parameters—the detector efficiency de
fined as the ratio of neutron detection rate to pile fis
sion rate and the pow cr calibration defined as the fission 
rate at 1 % subcritical. These parameters can both be 
measured without too much difficulty and are sufficient 
to determine the precision of any measurement of sub
criticality by rod-drop profile analysis. 

The measurement method based on Eq. 3 is only one 
of several methods which have been proposed,1 al
though it is the oldest. Since three flux points arc suffi
cient to determine subcriticality, more will also suffice, 
and in Ref 1 a different approach is used in w hich finely 
sampled profiles are analyzed by fitting procedures over 
long intervals of time before and after the drop. These 
methods have certain advantages and disadvantages 
relative to the three-point method (it seems reasonable 
to call the method based on Eq. 3 or Eqs. 1 and 2 with 
restriction on T, a three point method). They arc, at 
least in some versions, very flexible and will present 
reactivity versus time from a flux profile versus time. 
Any change whatsoever in reactivity can be accommo
dated by this scheme and the restriction to rapid multi
plication change, necessary for the three point rod-
drop method, docs not appear. 

If random-noise effects were not a consideration, 
there would be no reason to use other than inverse 
kinetics. However, noise does constitute a large effect 
upon the profile as seen, for example, in Fig. II-27-1. 
One can find a basis for certain misgivings concerning 
the numerical details of an inverse kinetics approach, 
or any approach involving a fitting procedure. These 
misgivings are present even for random-detection noise 
and are exacerbated by the true noise existing in reac
tors which tends to fluctuate in a way in which correla
tions appear over adjacent time intervals. This ten-

KWi»riV^*-fc^ftSi*,>sa»rts^ft^"iVv-V-Si-^J» 
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FIG. II-27-1. Experimental Rod Drop Flux Profile for an 
FTR-EMC Coie on ZPR-9. ANL Neg. No. 116-860 
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FIG II-27-2. Distribution of the Values of Initial Sub
criticality for a Simulated Rod Drop with Noise Added. ANL 
Neg. No. 116-929. 

dency for fluctuations to persist in time will influence an 
analysis of profiles based upon fitting a function to a 
measured profile of flux versus time. The correct way 
of assigning an error to a fit, for example, must take 
into account the correlations associated with the noise. 
The three-point method, because of its simplicity, can 
accommodate noise rather easily. Noise, even includ
ing a general pile-noise component reflecting the non-
stationary nature of the rod-drop problem, can be de
rived in terms of detector efficiency and power calibra
tion for a single integral over the flux. By use of single 
integrals only, the problem of interpreting errors re
sulting from a fitting procedure is avoided. 

A study of subcriticality measurements using the 
extended three point method of Eq. 3 was made using 
unpublished results based upon the Fast Test Reactor-
Engineering Mock-up Core (FTR-EMC) scries. The 
results were compared with an inverse kinetics analysis, 
both as to the value of subcriticality measured and the 
scatter in results. No statistically significant discrep
ancy was observed for initial subcriticalities less than 
about 2.5%. Results for subcriticality derived using 
either method agreed well. 

The scatter observed for the three-point method was 
predicted well by the known efficiency and power cali
bration. These conclusions arc illustrated by the re
sults of a computer simulation of noise-perturbed rod 
drops shown in Figs. II-27-2 and II-27-3 and indicate 
that care should be exercised in treating the results of 
rod drop experiments made under practical, experi
mental conditions. These conditions are especially 
severe for the FTR-EMC cores at high subcriticality. 
Figure II-27-2 is the frequency of occurrence of a par
ticular value of initial subcriticality (as determined by 
the three-point method) from an ensemble of about 
1700 randomly-perturbed profiles simulating a rod drop 
from p = 0.04 to p = 0.05. Parameters corresponding to 
an FTR-EMC core were used. At these far subcritical 
values of multiplication, there is no need to include a 
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ARITHMETIC AVERAGE = 0 00281 
TRUE VALUE = 0 00283 
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FIG. II-27-3 Distribution of the Values of SIG for the 
Simulated Bod Drop ANL Neg No 116-928 

pile component in the noise, and rod drop profiles were 
simulated on the basis of random scatter in detection 
only. Notice that the distribution in initial subcriticality 
is skewed, and in fact the mean value of the ensemble is 
about 5 % higher than the 1 rue value of 0.04. The true 
value is not exactly predicted; an uncertainty in the 
rod drop time relative to the basic sampling interval 
results in an error of about one part, in four hundred, 
which is typical. It would not be proper to use the mean 
of a scries of runs to define the subcriticality for this 
core. 

Figure II-27-3 is a distribution of the fluctuations in 
the quantity (fa — fa)/fa (referred to as SIG) which is 
of direct interest in the three point method and is used 
in the analysis via Eq. 3. I t is clear that the dominant 
source of errors in SIG is the error in the value of 
(fa — fa) which is the difference of two nearly equal 
quantities. One would expect the distribution of fluctua
tions of (fa — fa) to be Gaussian since both fa and fa^ 
are simple integrals over the profile. The expected error 
for this drop as derived from the known power calibra
tion and detector efficiency was used to predict the 
width of a Gaussian which is also plotted on Fig. II-27-3. 
The computed Gaussian is seen to represent, to the 

limits of statistics in the ensemble, the observed scatter 
in SIG. Since the distribution in SIG is Gaussian, its 
average is an unbiased estimator and docs, in fact, lead 
to the true value (within finite-ensemble error limits) 
for initial subcriticality when used in Eq. 3. 

CONCLTJSION 

Thc precision obtainable in rod drop measurements of 
initial subcriticality varies inversely as the square roof 
of the total spontaneous fission neutron source (mostly 
240Pu) for plutonium-fucled assemblies, and also depends 
on detector efficiency. The spontaneous fission source 
existing in fuel used m the FTR-EMC core series allows 
a certain level of precision. This level is marginal rela
tive to requirements and the random-scatter effects 
that accompany measurements arc frequently large. 

Different analyses of profiles agree well with each 
other, at least for subcriticalitics less than about 2.5%, 
and there is no evidence within this range for systematic 
errors which can be attributed to the presence of noise 
in the profile. The statistical precision that is assigna
ble to a particular drop analysis depends on many fac
tors including initial and final subcriticality and detector 
efficiency and power calibration. This precision can be 
ascertained directly without restrictions on the noise 
source using a version of three-point analysis. The 
ability to determine precision in any measurement un
der general assumptions of the noise source and to com
bine the results of repeated identical drops without 
bias arc advantages of the three-point analysis which 
may, depending upon the circumstances and require
ments of the experiments, favor its use over the more 
general inverse kinct ics. 
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D. H. SHAFTMAN 

I. INTRODUCTION 

One general procedure of estimating the reactivity of 
a given subcritical configuration is to perturb the sys
tem to a subcritical state with a different reactivity, 
measure the resulting time-dependent neutron count 
rate from a neutron detector at a fixed location, and 

analyze the data to infer the time-dependent reactivity. 
This measurement is referred to commonly as a "rod-
drop measurement" although the perturbation mig 
involve a withdrawal of fuel, or an insertion of conti__ 
rods, or perhaps even an increase in reactivity. A neu
tron source is required, although this "external" source 
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might be inherent to the system, e.g., spontaneous 
fission neutrons from 240Pu present in plutonium-fuelcd 
systems. 

In typical statics-multiplication measurements of 
subcritical reactivity, neutron count rates arc mcas-
iired in the quasi-equilibrium initial state and in some 
other reference state. A third datum is the reactivity 
of the reference state or the change in reactivity from 
the initial state to the reference state. From these three 
independent datum points an estimate of the reactivity 
of the initial state is obtained. Features of the rod-drop 
measurement are that no reference value of reactivity is 
needed as input, and also that the inferred driving re
activity is quite insensitive to the value assumed for 
the mean prompt neutron lifetime in the basic kinetics 
equations. 

The method of analysis of the rod-drop data generally 
is referred to as an "inverse-kinetics" analysis; indeed, 
normally the composite of measurement and analysis 
is identified as an "inverse-kinetics method". 

In the development of the typical statics-multiplica
tion methods and inverse-kinetics methods, a simplified 
point-kinetics model is used wherein all kinetics parame
ters other than reactivity are assumed to be unaffected 
by the perturbation. Further, the count rate is assumed 
to be inversely proportional to the reactivity, or to 
AkP/f , depending upon the particular kinetics model. 
For the point-kinetics model where reactivity is the 
essential parameter, however, it is sufficient for ac
curacy of the statics-multiplication method that the 
ratio QA/count-ratc be proportional to the reactivity; 
indeed this is the defining model of that statics-multi
plication model. Here, Q is the effective external neu
tron source, and A is the mean prompt-neutron gener
ation time. Equivalently, when Akefr is the essential 
parameter, the defining model is that Q^/count-ratc is 
proportional to Akef; , where t is the mean prompt-neu
tron lifetime. In the sections following, implications of 
the deviation of this ratio from proportionality to AkeS! 
are discussed. Error formulas arc developed. 

The focus of the present paper is a theoretical formu
lation of analysis of error in the estimates of reactivity 
due to the approximations of simplified point-kinetics. 
The error analysis is not extended here to the effects of 
statistical fluctuations in neutron detection and of re
actor noise. The work is one aspect of a multi-faceted 
program of analysis and experiment concerning inverse-
kinetics measurements in the various programs of 
"critical" experiments on zero-power fast-reactor sys-

ms at Argonne National Laboratory. This particular 
idy has been meshed with studies by other theoreti

cians and experimenters. 
The space-time neutron kinetics computer program 

QXlU ) has been used to simulate rod-drop measure

ments in systems resembling certain ZPR-9 fast-reactor 
loadings. In these systems, as in the ZPR-9, neutron 
detectors were positioned far out in the reflector. As dis
cussed in Sections IV and V of this paper, there arc 
several approximations of simplified point-kinetics for 
which corrections should be made. In some rod-drop 
measurements, the most important corrections to sim
plified point-kinetics have opposite signs, thereby tend
ing to reduce the net error in use of point-kinetics. This 
type of error cancellation has been observed in the 
QNl simulations pertaining to rod-drop measurements 
in the ZPR-9 program. It should be noted, however, 
that QXl is limited to problems where the systems have 
one space dimension, and so the actual 3-space-dimen-
sion asymmetries of loading, rod drops, and detector 
location and local material environment could not be 
modeled. 

In other systems, and with other choices for the re
activity perturbation and of neutron detection, it is 
conceivable that the principal errors of simplified point-
kinetics might act in the same direction, and larger 
errors in reactivity estimates then would result. 

II. ADDITIONAL REMARKS ON INVERSE-KINETICS 
(IK) METHODS 

Inverse-kinetics methods may be viewed as deter
minants of time-dependent sub-prompt-critical multi
plication where the total effective neutron source is the 
sum of the effective external source and the time-de
pendent effective source of delayed neutrons. The time 
scale of the multiplication is A or C, depending upon 
whether reactivity or Aks// is the parameter sought. 
To a good approximation, in these measurements the 
time derivative of the neutron count rate may be set 
equal to zero, and formulas analogous to statics-multi
plication may be developed to describe this dynamic 
multiplication. II the neutron count rate and the ratio 
of the total effective source to the prc-drop external 
source arc known at three non-trivially different time 
points, simplified point-kinetics yields three equations 
which may be solved for estimates of the reactivities of 
the initial and final states. An example is a 3-point 
method, discussed in Sections III and IV, in which two 
points arc the time-asymptotic mean count rates in the 
initial and final states and the third point is the prompt-
drop count rate immediately after a very rapid reactiv
ity perturbation. More generally, a third datum point 
could be the time-integrated (or timc-avcraged) count 
rate over a longer time interval starting shortly after 
the rod drop (see Papers 11-27 and 11-29). Indeed, 
in principle only after-drop data need be used, as dis
cussed in Paper 11-29. However, the reactivity esti
mates obtained from this analysis of after-drop data 
appear to be quite sensitive to effects of statistical 
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fluctuations, and the method is yet to be proved to be 
useful for practical systems as now formulated (see 
Paper 1129). 

To attempt to minimize errors due to statistical 
fluctuations, some IK methods process data of count 
rate to obtain aggregates of values of certain kinetics 
parameters from which leastsquares analysis derives 
best values. In the IK method developed by Carpenter 
and Goin2 a set of values is obtained of subprompt

critical multiplication of the afterdrop source, and a 
leastsquares analysis yields a best value of the parame

ter 

&// 
Akeff — fief/kef/ 

in the afterdrop system. The method of Cohn3 (also see 
Paper 1131) evaluates Akc!t as a function of time and 
performs a weightedleastsquarcs analysis to find best 
constant values of the effective source and Aka!! in the 
afterdrop system. In the IK method of Carpenter and 
Goin, and also that of Cohn, the data emphasized arc 
the timeasymptotic predrop and postdrop mean count 
rates plus the count rate in the time period starting 
soon after the completion of the drop, since in this por

tion of the afterdrop time record there is the largest 
deviation from the two asymptotic states. Also, the 
IK method of Bennett emphasizes that portion of the 
afterdrop time record (sec Paper 1127). If the rod 
drop is well approximated as a stepfunction in time, 
these IK methods then have as an essentially common 
basis a particular 3point method where the inter

mediate point is the count rate immediately after the 
rod drop. This method is discussed next. 

III. REFERENCE 3POINT METHOD OF 
SIMPLIFIED POINTKINETICS 

Sections I and II provide the background and motiva

tion for an inversekinetics method where the reactivity 
perturbation is well represented as a stepfunction in 
time and the neutron count rate is measured at the 
three "points": (timemean) asymptotic count rate in 
each of the predrop and postdrop states; and the 
count rate immediately after completion of the rod 
drop. Let these count rates be denoted by R0, R?, and 
Ri, respectively, at the fixed detector position r 0 . In 
the model in which the asymptotic count rates arc in

versely proportional to Ake//, using the promptdrop 
approximation, ignoring terms involving time deriva

tives, and assuming constancy of the /?,,//, , the equa

tions 

Afc2 = g>AF0 (2) 

provide estimates of Akeff for the initial state (Afc0) and 
final state (Afc2), where A/c = kc!s — 1. 

The promptdrop relationship used is 

Rt = Al^  /70 &// 
^o Ak2k2 fas' 

IV. A MODIFIED 3POINT METHOD 

The reference 3point IK method summarized in Sec

tion III is based on a model of simplified pointkinetics 
where the count rate is proportional to the multiplied 
source, with a timeinvariant factor of proportionality. 
However, typically this factor is different in the initial 
and final states because of changes in the energy spec

trum and the space variation of the neutron flux. If it 
proved to be a good approximation to assume that the 
factor was timeinvariant after the rod drop, straight

forward modifications of the simplified pointkinetics 
and hence of the various IK methods would be feasible. 
The spacetime kinetics program QXl has been applied 
to computer simulations of roddrop experiments in 
fastreactor systems approximating systems studied in 
the ZPR9 facility, in the limitation to one space di

mension. Neither statistical fluctuations nor reactor 
noise was included. Analysis of the computer outputs 
for a variety of cases indicated that the QXl parameters 
p ("reactivity"), fiess , and A were essentially constant 
once the (rapid) roddrop was completed. This supplies 
motivation for a modified 3point IK method detailed 
below. Additional study is needed for other configura

tions and for two or more space dimensions to estab

lish the ranges of validity and usefulness of this near

constancy of the parameters after the drop. 
Using the terminology of the QXl program, and 

assuming G neutron energy groups, let the neutron flux 
4>(r,t) = [fa(i,t), ■ ■ ■ , <t>a(i,t)] be written as the 
product of an "amplitude function," N(t), and a 
"shape function" ^(r,t) = bPi(i,l), ■■■ , ^G(t,t)]. The 
QXl timedependent normalization of ^(r,i) is that 

£ f 0̂*„(r) i MV) dx=l, 
0=1 J all space V/f 

where 

**( r ,0  ) = [*?i(r), ••• , i M r ) ] 

is the normalized dominant Xmodc adjoint flux eigen

function in the predrop configuration. 
Let 2„ be the groups effective cross section of i 

neutron detector for neutron counting at the space 
position r0 . Assume that the rod drop is very rapid and 
that after the rod drop is completed the QXl values of 
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p, ft//, A, the effective external source density Q, and 
also ^2g=i ̂ »(r0)t)2g are all timeinvariant. The symbol 
/3 will be used to represent /?„// ; the subindex 0 or 2 
refers to the predrop or afterdrop state. Then, w ithin 
the model of the promptdrop approximation, and 

V. ERRORS IN REACTIVITY ESTIMATIONS IN EQUATIONS 
(1) AND (2) 

Relative to the QXl reactivity, the errors inherent 
in the use of simplified pointkinetics may be deter

mined by comparing A/c0 with Afc0c, and A/c2 with Ak2c : 

A/fp 

A/ioc 

Q*l ft* 
1 

Ri 
Ro 

1 Ri [ 1  j3a "I 
#2 Ll - ft* J 

Qol 
1 Ro 1 

Rx 
R2 

ignoring time derivatives, the QXl values of Ake// are 
given by 

Afcoc = 
i f t* Rxri  ft 1 

«2 |_i - ft*J 

Akic = — ^ Afac ■ 
Xl02 th% 

(3) 

(4) 

In Eqs. (3) and (4), ft* = [Qo/Qdft , where Q0 and Q2 
are the effective external neutron sources in the pre

drop and afterdrop systems. The factor I/.R02 adjusts 
the predrop count rate so as to make it properly 
comparable with the timeasymptotic postdrop count 
rate. Note that Eq. (3) includes additional corrections 
to relate the effective external sources and jt?o when the 
promptdrop count rate is used as the third point. The 
parameter R0i is defined by 

o 

n , 2 > , (ro.O) 20 
(qiO lO 0 = 1 

(j/2 V2 
£lA» (ro,°°) SB 

The initial reactivity is defined in QXl to be the 
Xmodc reactivity. The final reactivity is not. A com

parison of the Xmode reactivity and the QXl reactivity 
has been made for one case involving a change in ke/f 
from 0.98 to 0.96. The QXl reactivity agreed with the 
Xmode value to within one percentage point. 

I t is interesting that the ratio, Q0/Q2, of the effective 
external sources enters directly only to higher order in 
the determination of A/c2c, provided 

1 
Ri 
R2 

1  * 
R2 

The ratio appears as a firstorder factor in the de

termination of A/coc. Thus, for example, in the artificial 
se where at time zero the only change is to halve the 
tensity of the external source, interpretation of the 

icsulting count rate by Eqs. (1) and (2) would give 
the grossly erroneous result that A/c0 ~ }i Ak0c ; but 
Afc~2 £rf A/c2(: = Ak0c ■ 

A/c2 p 

Ak2c 

Afcp 

Afcoc 

(5) 

(6) 

If the perturbation involves httle or no change in Q, 
then, unless Ri/R2 is very close to unity, Eq. (5) may 
be simplified to 

A/lQ 

Afcoc 

Q2 

Qo 

1 Ri 
Ro 

1 
Ry 

Ro IH (5') 

Consider now the implications of Eqs. (5) and (6) 
for perturbations where the change in Q is negligible. 
The factor R02 is a composite of corrections for changes 
in various parameters from the initial state to the final 
state. Study of FTR3like configurations with the QXl 
program has indicated that when the detector was 
located far from the reactor core some corrections 
tended to counteract others, so that Roi was closer to 
unity. It is conceivable that for other configurations or 
details of the experiment the principal corrections 
might be in the same direction. For such cases R02 
might be significantly different from unity, and so 
might be (ft/ft )Ro2 When R02 ~ 1, it might happen 
that Ro? < 1 and (ft/ft*)/202 > 1; in that event 
(Afco/Afcoc) > 1 and yet possibly (A/c2/A/c2c) < 1. Typi

cally, however, ft/ft is much closer to unity than is 
R02, and R02 — 1 and (ft/ft )Ro2 — 1 have the same 
algebraic sign. In these cases, if Akac is overestimated in 
magnitude then so is A/c2c, and the fractional overesti

mate of A/c2c is larger. Similarly, if the magnitude of 
Afc0c is underestimated, then the fractional underesti

mate in the magnitude of Ak2c is larger. 
In some experiments, the principal interest might be 

in the value of the change in reactivity rather than in 
the reactivity of the initial configuration or of the final 
configuration. From Eqs. (5) and (6) 

A/r2 A/ro 
At,, Afcn, 

R02 A/C2, Afcoc 

Afc2, A/C0l 

Afcp 

Afroc ' 
(7) 

If R02 > 1 and also (ft/ft*)i?02 > 1, then 

A/c2 — A/r0 ^ Afro Afc2 I Afc2 
—; r— > max < —r— , 7— > = —— 
A/c2c — Afroc I Afroc Afc2J A/c2c 

> 1. 
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If R02 < 1 and also (ft/ft)#02 < 1, then 

Afc2 

Afc2( 

Afco , • J A/r0 Afc2 . . , 
—  < m m \ — — , —> < 1 
Afc0c lAfcoc Afc»,J 

VI. E R R O R AMPLIFICATIONS IN THE 

3  P O I N T M E T H O D 

By waiting long enough to establish quasicquilib

rium conditions, and by averaging over long enough 
time periods, values of Ro and Ri may be found with 
negligible error. However, the promptdrop count rate 
is subject to a number of influences. Taking the partial 
differences of Afc0c and Afc2c 'with respect to Ri in Eqs. 
(3) and (5), to first order: 

(8) 

1  fo Ri |"j32 „ 

6(Afcoc) 1  J 8 0 * B , U* J 
Afcoc n i  ft Riir, (& 

5(Afc2c) _ 5(Afc0c) 

Ri 
Ro 
Rvi_ 

5Ri 
B . 

Afc2c Afcoc 

Analogously, to first order: 

Ri 
5(Afc0) R2 

Ri 
Ro 5Ri 

Afco 
1  7T 

_ fli"l Bi 
Ro] 

5(Afc2) = S (Afcp) 

Afc2 Afco 

(9) 

(10) 

(11) 

When (Ri/Ro) ~ 1 or (Ri/R2) ~ 1, a small frac

tional error in Ri is amplified to much larger fractional 
errors in Afc. The degree of amplification depends on 
how bRi/Ri varies with the value of R\. 

A second type of error amplification appears in 
Eqs. (5) and (6), namely, in the failure to account for 
the errors of simplified pointkinetics. When (Ri/R0) ~ 
1, deviation of (ft/ft )Ro2 from unity leads to greatly 
amplified fractional errors in A/c. As observed by 
Carpenter, however, the ratio Afc0/Afc0c might be rela

tively insensitive to changes in Ri/R0 ■ This may be 
seen in the situation where Qi = Qo and 

ft 

If also 

Roi rd 1 f C ['-
Rx 
Ro. 

with | C \]« 1. 

Ri 
Ri 

1  ft 
.1  ft* J 

1 
Ri 
R2 

1, 

Eq. (5) implies that 

Afcp 

Afco, 

1 — ^ l 

Ro 

Ro 
ft w " 
7^* ■K02 1  c Ri 

Ro 

l + C Ri. 
Ro 

and so Afc0/Afc0c ^ould vary much less than Ri/Ro. 
Nevertheless, error amplification is obvious, for then 

1 Afcp 
Afc0c 

Ri 
Ro 

1 — ~x* R02 
R, 
Ro 

VII. SUMMARY 

Tw 0 types of errors in single roddrop measurements 
of subcriticality have been discussed and formulas of 
deterministic error analysis have been presented to 
elucidate 

1. errors arising from use of a model of simplified 
pointkinetics, and error amplification; 

2. amplification of error in the promptdrop count 
rate, Ri. 

There is an essential unifying structure of various IK 
methods. This structure is shown clearly in the 3point 
IK method that utilizes the values of count rates, Ro and 
Ro, in the quasiequilibrium initial and final states, plus 
the promptdrop count rate, Ri. Unpublished work by 
the author has demonstrated specifically that the error 
analysis exemplified by Eqs. (5) and (6) for the de

scribed 3point method applies well to the Carpenter

Goin IK method.2 The method of Bennett (see Paper 
1127) is a 3point method also. It is a reasonable con

jecture that the method of Cohn3 (see also Paper H31) 
may be subjected to a similar error analysis. 

The reference 3point method is more sensitive to 
error in R\ than are IK methods that utilize countrate 
data at many different time points. Even for this sec

ond type of error, the error analysis for the reference 
3point method may be usefully applied to some other 
IK methods. Unpublished work by the author has 
shown that the method of Bennett is basically similar 
except that the corresponding value of Ri is obtained as 
a weighted means of extrapolated values. 
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1129. I n v e r s e  K i n e t i c s A n a l y s i s w i t h I m p l i c i t C o m p e n s a t i o n 
f o r A p p r o x i m a t i o n s of P o i n t  K i n e t i c s 

D. H. SHAFTMAN 

INTRODUCTION 

Paper 1128 discusses certain deterministic errors in 
inversekinetics measurements of reactivity in subcnti

cal systems. One category of error is the use of a sim

plified pointkinetics model without corrections for the 
effects of changes in the space and energy distribution 
of the neutron flux in the perturbed system. It is empha

sized in Paper 1128 that a small deviation from unity 
in a composite correction factor (02/Po*)Ro2 typically 
results in amplified errors in the Afc estimates obtained 
from simplified pointkinetics equations. Therefore, 
there is an incentive to develop an inversekinetics (IK) 
method that implicitly makes corrections for these 
errors of simplified pointkinetics. Alternatively, from 
other measurements and from reactor physics calcula

tions, correction factors could be inferred. 
The IK method described in this paper analyzes the 

afterdrop count rate in a roddrop experiment to ob

tain the reactivity of the final state. No independent 
knowledge is needed of the values of /32/ft, A)/£2 (or 
A0/A2), and changes in the QX1 shape function of the 
neutron flux. Indeed, this IK method supplies a value 
for the composite factor needed to adjust the predrop 
count rate, Ro, so as to make it properly comparable 
with the afterdrop data (sec Paper 1128). However, to 
obtain the reactivity of the initial state, the ratio of 
effective external sources, Q0/Q2, is needed. 

A computer program has been prepared to test the 
method in the presence of statistical fluctuations in 
countrate data.1 A limited computer simulation of sets 
of "noisy runs" has indicated that, in the present (least

squares) formulation, reactivity estimates inferred 
might be quite sensitive to the fluctuations, and es

pecially fluctuations in the countrate data at times 
close to t = 0. I t should be considered, therefore, that 
the purpose of this paper is to describe the principles of 
the method. Its usefulness for practical application to 
a broad range of roddrop measurements in systems of 
interest is yet to be established. 

DETERMINISTIC NEUTRONKINETICS EQUATIONS FOR 
THE AFTERDROP COUNT RATE IN SUBCRITICAL 

MULTIPLYING SYSTEMS 

Consider a quasiequilibrium, subcritical multiplying 
stem with a constant external neutron source. Assume 

that at time zero stepfunction changes are made and 
that the final state is subcritical with different reac

tivity. Assume multigroup diffusion theory with G 
neutrononergy groups and m groups of delayedneu

tron precursors. Let the spacetime neutron flux be 
written as the product <t> = N(t)\j/(i,t), where N{1) is 
an "amplitude function" and \p(r,t) = [\j/i(r,t), ■ ■ • , 
<Po(r,t)] is a "shape function". In this model, the ampli

tude function is defined as the real solution of QXl

typc pointkinetics equations in the afterdrop system 
(sec Ref. 2): 

dN(t) 
dt 

chh(t) 
dt 

a m. 

 W ) + E W 0 + C (1) A 

= %N(t)  X,„„ 
A 

1 ^ i ^ m. (2) 

Let72(£) = N(t) 5Z£=nAff(ri,02e be a neutron count

ing rate with detection at space position r i , for times 
t > 0. In Eqs. (1) and (2), p* is the reactivity (QX1), 
Q is the effective neutron source, and the /3,'s are the 
effective values of the precursorgroup j6's of the after

drop system. Assume that at all times t > 0 all of these 
parameters and also 23°i^ e(ri ,f)2 e are time invari

ant. Approximate dN(t)/dt by zero. 
With the indexing 0 (zero) and 2 (two) to represent 

the quasiequilibrium predrop state and postdrop 
state, respectively, the solution of Eq. (2) is 

y,(t) = cxp ( — \tt) 

"«o + r1 / du CXP (\iu)N(u) , 
A2 Jo+ J 

(3) 

where 

X. A0 
»?t0 = — "H No, iVo = N(O). 

Substituting Eq. (3) into Eq. (1) and multiplying 
by Z ° = i ^ ( r i , 0 + ) 2 B , 

0 = ft 
R(D+^ 

A2 
% $02 J i=l ft 

exp (— Xti) 

+ T £ x> ir CXP (  * . 0 I du exp (X,u)i2(«) (4) 
A 2 »=i 02 ■'0+ ft Jo+ 

o 
+ Q 2 Z ^ ( n , 0 + ) 2 „ . 

0=1 

In Eq. (4), R0 = No Z »  i ^ ( r i , 0  ) is the (as

sumedconstant) count rate at n for times t < 0, and 

E * . ( r i , 0  ) 2 B 
c _ •

Ilu 
002 = — 

A, ° 
" Z ^ ( r i , 0 + ) 2 „ 

0=1 
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Note that (ft/ft) £02 = (fa/h) (ft/ft*)Rm. (See Paper 
11-28.) 

Equation (4) may be abbreviated: 

0 = Zif l(0 + X2F(t) + X3G(t) + Xt, (5) 

where 

l i s _ P2 — ft 

A2 

A2 \02 O02 / 

Z 3 S ft 

X 4 = Q i E ^ ( r i , 0 + ) 2 e 
17=1 

m „ 

*"(0 = E?exp(-X l0 
and 

0 ( 0 = Z A. ^ exp ( - X . 0 / cZw exp (\tu)R(u). 
1=1 p 2 •'0+ 

Given data of Ro and of R(t) for £ > 0, and input 
values of the A,, /3,o/ft , and /8,2/ft , evaluate Eq. (5) 
at four different values of t to get a set of four linear 
algebraic equations in the four unknowns Xi, X2, X3, 
and Xi. Equation (5) is homogeneous and so the X, 
are determined only to within a scalar multiple. Howr-
evcr, ratios of parameters are unambiguous: 

P2 — ft Xl , 80 1 n X2 , , 
— = y a n d oc-f lo = f ( 6 ) 

P2 A 3 p 2 O02 A 3 

With appropriate definitions of the parameters, Eqs. 
(1) and (2) apply also to the pre-drop system, yielding 

a 
* Q0A0 zL^g(Ti,0—)Xg n v ,_, 

po_ £ g=l _ _ vo -A4 \i) 
ft ft Ro Q2X2' 
Even if Q0/Q2 is unlcnown, p*/ft = (Xi/Xz) + 1 is 

known. If also Q0/Q2 is known, then p*/ft = 
-(Qo/Q 2)(AyX 3) is obtained. 

CALCULATION OF REACTIVITIES IN 
NON-DETERMINISTIC SYSTEMS 

The parameters Xi to Z 4 could be evaluated also 
from the four linear algebraic equations obtained by 
integrating Eq. (5) over four time intervals [h M> 
[h A], [k Mi a n ( i ['7 »fe]» following the rod drop: 

0 = Xi f '+l duR(u) 

m I a 

+ I 2 E r ? texP ( " x ^ ) ~ exP (-Mi+01 
i = l At ft ( 8 ) 

') + .X"3 J^ X, -^ / cht exp (— X,u) / cfo exp (\,v)R (v. 
i = i ft •*(, •'0+ 

+ -X\i(£,+i — i j ) . 

Using integration by parts, the third term on the 
right hand side of Eq. (8) can be reduced to a function 
of simple convolution integrals of the form of G(t), 
defined above. Further, applying integration by parts 
to the convolution integrals one obtains an equation 
involving integrals of the form 

/ duR(u) and / du exp (Xt[tt — (]) / civ R(v). 

In the presence of statistical fluctuations in the time 
record of count rate, the smoothing characteristics of 
time integration exemplified by Eq. (8) offer an alterna
tive solution. More generally, least-squares techniques 
could be applied to evaluate the X}, using either Eq. 
(5) or Eq. (8) as the basis. 
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INTRODUCTION 

It is important to be able to measure the subcriticality 
of fast reactors when the system is $20 to §30 subcriti
cal. This is so because at the beginnmg of life of a core 

it is necessary to have about $25 excess reactivity bui 
into the system, and this must be held down by shim 
rods at startup. When refueling becomes necessary, it 
must be done with the shim rods inserted and the sys-
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tern subcritical by $20 to $30. In order to accomplish 
refueling in a safe manner it is important to know the 
subcriticality of the system accurately at the end of 
life of the core. 

The subcriticality of both thermal and fast reactors 
has been determined by such techniques as rod drop, 
inverse kinetics, and source multiplication which 
basically depend on observing delayed neutron effects, 
and those techniques w hich observe the decay of prompt 
fission chains.1"3 The latter experiments fall broadly into 
two categories: the Rossi-alpha type where one ob
serves the decay of fission chains which arise from neu
trons of spontaneous fission, external source, or cosmic-
ray origin, and the pulsed-neutron type where one ob
serves the decay of prompt neutrons which have been 
produced by a neutron burst or pulse from an external 
source. Noise measurements, such as the cross power 
spectral density2 measurements which observe the 
break frequency of the transfer function, fall in the 
former category. Both categories depend on the exist
ence of a fundamental mode (attainment of equilibrium 
spectrum) during the decay process when measure
ments are attempted when the reactor is far subcritical. 
Both categories also assume the linearity of alpha [a = 
(p — ft/A where p is the reactivity, B the total effective 
delayed neutron fraction, and A the neutron generation 
time] with reactivity. 

DESCRIPTION OF ANALYSIS 

In the case of fast reactors, questions have been 
raised regarding the existence of a fundamental mode 
far subcritical.4 In order to obtain a better understand
ing of subcritical reactivity measurements of fast sys
tems we have used the principles outlined by Preskitt 
et al.3 and carried out a series of numerical calculations 
simulating a pulsed-neutron experiment similar to the 
wrork of Brickstock ct al.5 The calculations were done 
using the recently developed one-dimensional, multi-
group diffusion, space-dependent kinetics code, QX1.(6) 

The code determines the prompt-decay mode as de
fined by Preskitt ct al.3 and is capable of identifying the 
domain in which no single decay mode exists. 

Two fast reactor configurations which had substan
tially different neutron lifetimes were investigated. One 
configuration simulated the FTR-3C7> reactor core in 
one dimension with a ring of boron safety rods between 
the outer core and the nickel reflector as shown in Pig. 
II-30-1. The second core simulated a reactor (FFTF-
^ M C core) having the boron safety rods in a region 

:twecn the inner and outer cores instead of in the 
__flcctor as shown in Fig. II-30-2. The atom densities 
used in the calculations for the core and reflector regions 
for typical cases for the two configurations are given in 
Table II-30-I. The same volume fractions were main-

ALL DIMENSIONS IN cm. 

FIG. II-30-1. Reactor Configuration with Boron Ring be
tween Outer Core and Reflector. ANL Neg. No. 116-1060. 

ALL DIMENSIONS IN cm. 

FIG. II-30-2. Reactor Configuration with Boron Ring be
tween Inner and Outer Core. ANL Neg. No. 116-1061. 

tained for the fuel, coolant and structural materials for 
the various regions for the two cases. Only the boron 
ring was moved from between the outer core and re
flector in the first case to between the inner and outer 
cores in the second case. The subcriticality of the two 
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TABLE II-30-I. ATOM D E N S I T I E S , 1022 a toms/cc 

Inner core 
B4C safety rod 
Outer core 
Nickel reflector 
Steel shield 

239pu 

0.1134 

0.1731 

240pu 

0 00825 

0 0175 

241pu 

0 00111 

0.00245 

Reactor with Boron Ring between Inner and Outer Core 

238TJ 

0.4234 

0.5635 

235TJ 

0 000943 

0 00125 

O 

1.1306 

1.2717 

C 

0 003026 
5 7527 
0 1069 

Fe 

1 3066 
1 1320 
1 5907 
0 8720 
3 9849 

Ni 

0 1551 
0 1553 
0 1507 
4 8072 
0 5372 

Cr 

0.3250 
0.3254 
0 3159 
0 2432 
1 1258 

Mn 

0 02386 
0 0239 
0 0232 

Mo 

0.01172 
0.00105 
0 04412 

Na 

1.0432 
0 4126 
0 8701 
0.6754 
0.6754 

>°B 

1.0601 

Reactor with Boron Ring between Outer Core and Reflector 

Inner core 
Outer core 
B4C safety rod 
Nickel reflector 
Steel shield 

0 09832 
0.1500 

0 00825 
0 0175 

0 00111 
0 00245 

0 4385 
0 5865 

0.000943 
0.00125 

1.1306 
1.2717 

0 003026 
0 1069 
5 7527 

1 3066 
1 5907 
1 1320 
0 8720 
3.9849 

0 1551 
0 1507 
0 1553 
4 8072 
0 5372 

0 3250 
0 3159 
0 3254 
0 2432 
1 1258 

0 02386 
0 0232 
0 02389 

0 01172 
0 04412 
0 00105 

1.0432 
0 8701 
0 4126 
0 6754 
0.6754 

1.0601 

systems was varied by modifying the 239Pu and 238U 
atom densities. 

Three types of numerical calculations with a ten-
energy group structure were made using the QX1 code 
for each of the two reactor configurations to determine 
alpha as a function of subcriticality: (1) a solution of 
the homogeneous (source free) diffusion equation; (2) 
a solution of the inhomogencous equation with a source 
term representing the spontaneous fission neutrons 
from 240Pu; and (3) a solution of the inhomogencous 
equation in a dynamic mode, an alpha/velocity type 
solution at many time intervals w ith an external 1-yusec 
width pulsed neutron source. Ten-group cross sections 
which had been obtained using the MC2 code and the 
ENDF/B microscopic cross section library were used in 
the calculations. 

Alpha for the two static cases was calculated using 
the relationship a = (p — j8)/A. These alphas are desig
nated as the static alphas without source and with 
source. The dynamic alpha was obtained by calculating 
the time derivative of a 23SU fission reaction rate 2/(i?)-
4>{t,E) within the range of an almost constant logarith
mic slope. The 235U fission rate was chosen to simulate 
the use of a fission detector in an actual measurement. 
Provided an asymptotic prompt-decay mode exists, the 
result of the latter type of calculation is equivalent to 
that obtained by Murley8 in calculating the neutron 
lifetime for a critical system. 

RESULTS 

A typical reaction rate decay curve for the reactor 
system which has the boron carbide safety rods in the 
outer core region and is about $20 subcritical is shown 
in Fig. 11750-3. The reaction rates and alpha as a func
tion of time arc plotted for two different positions in the 
reactor. I t can be seen that it takes about eighty micro

seconds after the neutron pulse before a quasi-cquihb-
rium condition is reached. This quasi-equilibrium was 
obtained with a 1 MSCC wide neutron pulse of appioxi-
matcly 6 X 10u neutron/sec intensity introduced at 
the center of the core. This can be compared with the 
1010 and 10u neutrons/sec source intensities which 
can be obtained from conventional Cockroft-Walton 
type D-T reaction sources. In this calculation there was 
a background source due to the spontaneous fission of 
240Pu and the background reaction rate due to this 
source is also shown in Fig. II-30-3. The initial pulsed 
source intensity must be sufficiently greater than the 
background source in order to attain a quasi-cquihb-
rium condition. In Fig. II-30-4 is shown the reaction 
rate decay curve for the case when the system was only 
about $2 subcritical. Because of the smaller value of 
alpha the fundamental mode persists for a greater 
length of time. The values of alpha as a function of time 
arc also plotted in the tw o curves. 

The results of the alpha calculations as a function of 
subcriticality for the two reactor configurations are 
shown in Fig. II-30-5. The upper three curves represent 
the alphas calculated from the reactor configuration 
where the safety rods arc in the outer core. The static 
alphas obtained from the source free (homogeneous 
solution) calculation represents the usual assumption of 
linearity made for pulsed neutron experiments to meas
ure the subcriticality of a system. This calculation in 
effect assumes that the spectrum is invariant for various 
degrees of subcriticality. The solid circles represent 
static alphas obtained by including the spontaneous 
fission source from 240Pu as a source term in the calci 
lation. The triangles represent the dynamic alpl 
values, alpha being the parameter that is measured in a 
pulsed neutron type or Rossi alpha type experiment. 

Fig. II-30-6 shows the alpha calculations plotted in 
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F I G . II-30-3. Reaction Rate and Alpha Versus Time. The Reactor Is $20 Subcritical. ANL Neg. No. 116-1046. 
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F I G . II-30-4. Reaction Rate and Alpha Versus Time. The Reactor Is $2.3 Subcritical. ANL Neg. No. 116-1047. 
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FIG. II-30-6. Alpha Ratios Versus Reactivity. ANL Neg. 
No. 116-1062. 

a different manner. The ratios of the dynamic alpha to 
the static alpha without source have been plotted for 
four different reactor configurations. In addition to the 
two reactor configurations previously mentioned, re

sults of calculations for the case with no B4 safety rods 
and a case for an assembly with a uranium reflector 
(ZPR-6 Assembly 7)9 arc also plotted. 

CONCLUSIONS 

The conclusions which can be drawn from the re
sults are: 

(1) With this model a spectrum which is in quasi-
equilibrium is found in the reactor as far as $25 sub-
critical. 

(2) With increasing degrees of subcriticality the 
quasi-equilibrium spectrum of the prompt-neutron de
cay undergoes spectral distortion, becomes progres
sively softer in the core, and is substantially different 
from that calculated at critical or from an inhomogene-
ous statics calculation. The neutron lifetime, therefore, 
increases substantially for- the softer spectrum of the 
dynamic case because of the 1/v weighting. 

(3) There is less spectral distortion of the quasi-
equilibrium spectrum for cores having a uranium or 
other heavy element reflector which does not degrade 
the spectrum appreciably. 

(4) In the nickel reflected systems the dynamic 
alpha departs increasingly from linearity for greater 
degrees of subcriticality. In order to measure the sub
criticality of fast systems using the pulsed neutron or 
other techniques which observe the decay of prompt-
fission chains, it is necessary to know the functional 
relationship between alpha and reactivity as noted by 
Preskitt ct al.3 for thermal systems. Some of the other 
techniques w hich also observe the decay of prompt fis
sions and Avhich have the same difficulty are: Rossi 
alpha, noise analysis methods which measure the roll-
off or break frequency, and the cross power spectral 
density method which measures the quantity B/l. 
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INTRODUCTION 

The rod drop method has been used to perform a 
large number of subcriticality measurements on vari
ous core configurations for the Fast Test Reactor 
(FTR)-3 critical experiment program. In the process, 
advances have been made in the theory and practice 
of these measurements. 

Such a measurement starts with the reactor at equi
librium in its most reactive subcritical configuration. 
Reactivity is rapidly removed by scramming one or 
more rods. The neutron flux is monitored by an on-line 
digital computer1 until equilibrium is approximately 
reestablished. 

The resulting flux record is processed by an inverse 
kinetics algorithm to yield a reactivity record. In doing 
this a value must be assumed for the neutron source in 
the assembly that is being multiplied to yield the ob
served flux level. The validity of that source guess is 
checked by observing the reactivity record after rod 
motion stops. The actual reactivity is constant at that 
time so the reactivity record should also be constant. 
Therefore, the inverse kinetics calculation is repeated 
to search for a source value yielding a reactivity record 
that is most nearly constant. The final result is obtained 
from an average over the reactivity record preceding 
the drop. 

In effect, the ratio of count rates before and at long 
times after the drop gives the ratio of multiplications 
before and after the drop. The source value then allows 
the correct scale factors to be put on the multiplica
tions, thus yielding the reactivities. 

The source search is complicated by the statistical 
fluctuations in flux. As a result of these the source value 
finally selected contains an error. This difficulty is ag
gravated at greater subcrificalities where the effect of 
he delayed neutrons is relatively smaller. Figure II-31-1 
jives an insight into this problem. Here are calculated 

dux traces from three instantaneous rod drops that have 
the multiplication but that start from widely different 

9. L. E LeSage, E. M. Bohn, J. E. Marshall, R. A Karam, 
C. E. Till, R. A. Lewis and M. Salvatores, Initial Experi
mental Results fiom ZPR-6 Assembly 7, The Single Zone 
Demonstration Reactor Benchmark Assembly, Trans. Am. 
Nucl. Soc. 14, 17 (1971). 

subcrificalities. The three traces arc distinguishable 
only by slight differences in the delayed neutron decay 
right after the drop. That decay is all the information 
available for determination of the source value. 

As compared with some other methods of subcriti
cality measurement, such as noise, multiplication, or 
pulsed neutrons, the rod drop method does work with 
somewhat thin information. On the other hand, it does 
not depend on a reference measurement at or near 
critical and requires fewer assumptions about the ki
netics of the assembly or the invariance of certain 
quantities. 

SOURCE-SEARCH SCHEME 

The algorithm used for the source search must have 
adequate discrimination in the presence of statistical 

3d" 
<^ 
f 
=5-

d-j r 1 1 1 1 
-20 0 20 40 60 80 100 

TIME AFTER DROP. SEC 
FIG. II-31-1. Calculated Flux Traces from Three Instanta

neous Rod Drops. The Upper Curve Is a Drop from —0.5% k 
to - 1 % , the Middle Curve Is a Drop from - 1 % to - 2 % and 
the Lower Curve Is a Drop from - 2 % to - 4 % . ANL Neg. No. 
116-749. 
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FIG. II-31-2 Source-Search Scheme. ANL Neg No. 116-753. 

fluctuations and must be free from bias. In the scheme 
chosen the function Ak(t) = A + BF{t) is fitted to the 
calculated reactivity after the drop. A source value is 
sought such that the amplitude B of the time dependent 
part F(t) is zero. Two different forms have been used 
for F(i). Our earlier work used a simple straight line 
F{t) = t while we arc currently using a sum of decaying 
exponentials F(t) = <r° 0,3< + S.05e-°03u + 7.14e~0136( 

+ 13.31e_0344i. The sum of exponentials is a better 
approximation to the actual shape of the reactivity 
curves and does give about 25 % better precision in the 
result. 

Figure II-31-2 shows how the search actually pro
ceeds. A straight line in source-amplitude space is 
drawn between the results of the last two iterations. 
The source value at which that line crosses the source 
axis is used for the next iteration. 

An error in the amplitude is estimated by 1hc usual 
least squares method. The search is terminated when the 
amplitudes of the last two iterations differ by less than 
one percent of this error. The procedure requires two 
starting source values. One of these is taken as zero, 
while the other is derived from a subcriticality guess 
supplied by the operator. 

Some source search schemes used by other workers 
have been tried and discarded because of various diffi
culties. One of these searched for the source value that 
gave a minimum in the sum of squares of deviations of 
the reactivity after the drop about an average. This 
lacked sensitivity. The other scheme fit a straight line 
to reactivity after the drop versus inverse flux and 
derived a correction to the source value from the slope 
of that line. This introduced a bias resulting from the 
correlations between the fluctuations in flux and the 
resulting fluctuations in reactivity. 

SIMULATION STUDIES 

Some computer simulations have been done to stud3r 

the properties of the technique. For these, noisefree 
flux profiles were developed by a point reactor direct 
kinetics algorithm.2 These flux profiles were perturbed 
by noise simulated by pseudorandom Gaussian variates. 
The rms amplitude of these variates was made to cor

respond to the counting statistics obtained in actual 
measurements, that is, of the order of 100,000 counts/ 
sec at one percent subcritical. However, the lack of cor
relation betwccn variates corresponded to the somewhat 
unrealistic situation of detection noise rather than reac
tor noise predominating. 

In these simulations 2200 flux points were taken as 
in the actual measurements with 100 flux points occur
ring before the start of the rod drop. The rods were 
assumed to drop linearly in 0.2 sec. For each configura
tion the process was replicated 100 times. 

The conclusions resulting from these simulations 
were as follows: 

Application of the rod drop code to noise free flux 
profiles returned the correct subcriticality to four 
significant figures. For the noisy cases, magnitudes of 
drop greater than one-half percent made little differ
ence in precision for cither one percent or two percent 
subcriticality, while smaller drop magnitudes gave 
poorer precision. Furthermore, the flux must be fol
lowed for at least 100 sec after the drop to obtain 
optimum precision. On the other hand, the time be
tween the end of the rod drop and the start of the 
reactivity fit did not seem too critical. Delays of as 
much as one second had little effect. Finally, the sum 
of exponentials fit gave about 25% better precision 
than the straight-line fit. 

INSTRUMENTATION 

The actual measurements had been done at first 
using existing reactor instrumentation to obtain flux 
data. This consisted of a boron-loaded ion chamber 
mounted on the matrix structure and connected to a 
current amplifier in the control room. The output of the 
current amplifier went to a voltagc-to-frequency con
verter, and the output of the converter was counted 
in a data scaler attached to a digital computer. The 
scaler w as read and reset at time intervals determined 
by a crystal-controlled time mark generator. In the 
process, a number of deficiencies of that instrumenta
tion became evident. The ion chamber, being mounted 
on the matrix structure, was unduly subject to micro
phonic disturbances from the rod scrams. To alleviate 
that, it was replaced by a bank of four chambers 
mounted just over the matrix but isolated from it. 

With the current amplifier remote from the chamber, 
significant amounts of 60-Hz hum were induced by 
ground loops at its input. To alleviate that, a new cur
rent amplifier was constructed with remote range 
switching capabilities. I t was placed directly adjacen 
to the chambers. This greatly reduced hum pickup b} 
eliminating ground loops and transmitting the signal 
to the control room at a low impedance level. However, 
some hum still remained. This was handled by making 
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the data scaler readout coherent with the ac line. That 
is, the time mark generator was removed. The readout 
control pulses were obtained by scaling the output of a 
Schmitt trigger w ith ac input. Each scaler reading then 
represented an integral over one or more complete 
cycles of the hum, cancelling out the hum contribution. 
Most of the later measurements have used a sampling 
interval of J-f 5 sec. By comparison of measurements 
with different sampling times, it was established that 
no error is introduced by a sampling time as long as this. 

The performance of this bank of ionization chambers 
was compared with the performance of an in-core glass 
scintillator of the type used for noise measurements 
(sec Paper 11-32). There was a high degree of correla
tion, from 30 to 70 %, between the flux readings in the 
two detectors. This indicated that the fluctuations in 
the output of the two defectors arose primarily from 
reactor noise rather than from detection statistics. This 
implied that further increases in detection efficiency 
would not be profitable hi improving the precision of 
the rod drop measurements. Furthermore, the in-core 
scintillation detector was quite severely perturbed by 
microphonics. 

RESULTS 

A large number of rod drop measurements w ere made 
in the course of the FTR-3 program. For each sub-
critical configuration, flux readings were taken from 
seven different detectors distributed throughout the 

1000 1500 2000 
SUBCRITICALITY 

1000 1500 2000 
SUBCRITICALITY 

2500 3000 

F I G . II-31-3. Comparison between Rod-Drop and Multipl i
cation Measurements Showing Good Agreement. ANL Neg. 
No. 116-751. 

F I G II-31-4. Comparison between Rod-Drop and Mult ipl i 
cation Measurements Showing Poor Agreement. ANL Neg. No. 
116-748. 

assembly. These flux readings can be considered as 
indicators of multiplication and can be compared with 
subcriticality as indicated by the rod drops. Figure 
II-31-3 shows such a comparison for one detector which 
was located in the axial reflector about half way be
tween the center and the edge of the core. Here the 
abscissa is the subcriticality in inhours measured by 
rod drop. The ordinate is the inverse of the detector 
reading in arbitrary units. The straight line is a weighted 
least squares fit constrained to go through the origin. 
If the rod drop measurements were perfect indicators of 
subcriticality, and if the detector readings were perfect 
indicators of multiplication all points would lie on the 
line. The degree of agreement seen here was apparently 
limited to just this one detector. Figure II-31-4 shows 
considerably poorer agreement for a detector located 
in the radial reflector at the mid-plane. The agreements 
for the other detectors lay in between these extremes. 
If may be noted that the deviations are not systematic. 
They are believed to arise from changes in defector 
efficiency resulting from configuration changes. 

Figure II-31-5 shows the same plot for the detector 
that was used for the rod drops. Note that the rod 
drops, unlike multiplication, do not require detector 
efficiency to be constant with respect to a reference 
measurement. They only require constant detector 
efficiency through the rod drop itself. 

For each point of these graphs, the error bar indicates 
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FIG. II-31-6. Error in Inhours in a Rod-Drop Measurement 
as a Function of Initial Subcriticality. ANL Neg. No. 116-754-

an estimate of the error on the rod-drop subcriticality. 
The straight-line fit was weighted in accordance with 
these errors. Figure II-31-6 shows how the errors were 
obtained. For various configurations six or more drops 
were made. From these the standard deviation of a 

single measurement was estimated by Student's- T. 
The error bars shown are the uncertainties of the esti
mates. The curve is an eyeball fit and was used to esti
mate the error for runs where a number of drops were 
not taken. These errors are of the same order of magni
tude as those reported by others.3 

As a further check on the validity of the inverse 
kinetics technique, some positive reactivity insertions 
were done and the inverse kinetics results were com
pared with period measurements reduced by the Hurli-
mann-Schmid technique.4 These insertions started at 
equilibrium at about 14 inhours subcritical and ended 
from 6 to 16 inhours supercritical. Very good agreement 
was obtained between the twro methods. Good agree
ment between period and inverse kinetics results has 
also been our experience in uranium assemblies. 

There is a fundamental difficulty in the interpreta
tion of period measurements in plutonium assemblies. 
This difficulty is not present when the inherent source 
is negligible. Where a source is present, a reactor on an 
asymptotic period has'flux behavior given by n{t) = 
AeBt — C, i.e., a rising exponential minus a constant. 
The constant arises from the source. There are three 
parameters to be determined, namely A, B and C. This 
expression may be expanded in Taylor's series to give 
n(t) = 4 - C + ABt + ©(/). Where the period is slow 
and the total measuring time short, the higher order 
terms will be small and the flux will be almost a straight 
line. That situation will be indeterminate because three 
parameters arc to be fit while a straight line gives in
formation about only two. Without a source, obviously, 
the third parameter is not present so there is no in
determinacy. In measurements with a source, the only 
information available is in the higher order terms, that 
is, in the curvature of the flux trace. To maximize this 
information, a period measurement should be run for a 
long enough time to cover as wide a range of flux mag
nitudes as possible. 
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Noise methods have been applied to the measurement 
of subcriticality in the Fast Test Reactor (FTR) 
Engineering Mockup criticalexperiment program (see 
Paper II1) as a crosscheck on subcriticality measure

ments by rod drop.1 Initial efforts used the twodetector 
crosspower spectral density (CPSD) method.2 

Equipment for these measurements included, as 
highefficiency neutron detectors, two Nuclear Enter

prises NE905 glass scintillators, each \y% in. diam and 
1 in. thick containing about 4.7 g of 6Li. Each photo

multiplier output enters a General Radio 19259707 
multifiltcr, which allows selection of one of thirty J^

octave bands with center frequencies from 100 to 80,000 
Hz. Both filters arc set to the same frequency. Their 
outputs enter the two inputs of an analog multiplier. 
The multiplier output is integrated by a voltageto

frequency converter having two pulse outputs, one 
active on positive excursions of the multiplier output 
and the other active on negative excursions. These out

puts arc counted in tw o separate scalers, and the differ

ence between the scaler readings indicates the CPSD. 
The system is calibrated by exposure of one scintilla

tor to white noise in the form of a 60Co source. Both 
multifiltcr inputs arc connected to one detector output, 
and measurements arc taken as described above. For 
each band, the reading taken on a reactor run is divided 
by the whitenoise reading, calibrating out equipment 
frequency response. 

With this equipment it was found possible to measure 
rolloff frequencies to 1 or 2 % in one hour, from near 
critical down to 2% subcritical. However, the CPSD 
method gave unsatisfactory results apparently be

cause of departures from point kinetics in the reactor 
behavior. Near critical, observed rolloff frequency was 
up to 10 % greater with the detectors in the center of 
the core than with the detectors in the reflector. Fur

thermore, measured subcriticalitics disagreed sharply 
with roddrop results, being low by as much as 30% of 
the latter. 

Another method was developed and has given results 
agreeing with roddrop measurements within 0.1 % Afc. 
Like the methods of Seifritz3 and Albrccht,4 it measures 
coherence betw cen signals from tw o neutron detectors, 
out unlike their methods it uses the same equipment as 
'or the CPSD measurements. While the CPSD at a 
given frequency is indicated by the difference between 
the two above mentioned scaler readings, the coherence 

is indicated by their ratio. This ratio is given by 

R = 
/ / xyP(x,y)dxdy + / xyP(x,y)dxdy 
/•°° To To 7 » 
/ / xyP{x,y)dxdy + / xyP(x,y)dxdy 

JO Joo «/oo Jo 

where P(x,y) is the bivariate Gaussian probability 
density function 

P(x,y) = 
2TTV1 

•exp 
" 1_ 
. 2 ( 1  7 ) 

(x2  2yxy + y2) ■] 
(in standard measure). Here y is the coherence or cor

relation which ranges from zero with no correlation to 
unity with complete correlation. Integrating, we obtain5 

R = 
(7(sin 1 y) + 

(7(sin 1 y) + V l — 72) — 7 

The value of y corresponding to a measured R is de
termined from this formula. 

With coherence determined, subcriticality in dollars 
is given by 

where y2 is the coherence observed in the subcritical 
state, 71 is the coherence observed at the nearcritical 
reference and Si is the subcriticality of the reference. 
(This is a variant of a previous formula3 that was re

stricted to a critical reference.) Results are not sensi

tive to detector location; good results have been ob

tained with the detectors either in the center of the 
core or in the axial reflector. The coherence measure

ments are made at the lowest multifiltcr frequency; 
that is, 100 Hz. 
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INTRODUCTION 

Inverse kinetics techniques are involved either di

rectly or indirectly in many of the experiments and 
operational measurements at ZPPR.' Some of these are 
small reactivity perturbation measurements, Doppler 
effect measurements, importance measurements, con

trol rod calibrations, autorod calibrations, temperature 
coefficient determinations, subcriticality determina

tions, safety rod scramtime determinations and safety 
rod worths. The introduction of the ZPPR online 
computer and data acquisition system1 has made possi

ble the accumulation of necessary data, and provides 
the computing power for the application of these 
techniques. 

BASIC INVERSE KINETICS ALGORITHMS 

The inverse solution of the pointkinetic equation 
with an external neutron source in use at ZPPR is 
based upon the algorithm developed by Kaganovc2 for 
the case of no external source and extended by Gasidlo3 

to include an external source. This algorithm has been 
programmed for the ZPPR SEL 840 MP online com

puter and serves as the basis for the evaluation of 
several types of experimental data as discussed below. 

The point kinetics equation, with an external source 
is 

M t ) = [k(t)(l  B)  l]7^ 
dt 

where 

(1) 
+ E \c,(t) + s, 

k{t) = system multiplication 
B = total effective delayed neutron fraction 
/ = prompt neutron lifetime 

\, = decay constant for the jth dela3red neutron 
precursor (1 < j < m) 

Cj{t) = concentration of the jth delayed neutron 
precursor (1 < j < in) 

S = the effective external neutron source. 

The delayed neutron precursor concentration for the 
jth delayed neutron group is described by 

dCjit) _ h(t)n(t)B, 
 \,C,(t), (1 < j < m), (2) 

dt t 
wrhere 

B, = the delayed neutron fraction of the jth group 

and 
M 

J8 = Z 8, ■ 
i=i 

By defining a new variable 

A,C,(Q 
n ( 0 ' (3) 

Eqs. (1) and (2) can be rewritten to solve for k(t) in 
terms of the power history: 

Ht) = a(t)C+ 1 
(1 8) 

_ l Y" A (A S( 

(lB)U A> (lB)n(t) 

(4) 

and 

dAjjt) 
dt 

where 

= fc(i)XA  [\, + a(t)]A,(t), (1 < j < m), (5) 

a(t) = —r.: —7— = the instantaneous inverse period. 
n(t) dt 

The solution to the inhomogencous differential equa

tions (5) is 

A,(t) = A,(0)e [X '+a( , )1 ' 

_l_ /"V'*>+«(«"'ft(8)/j,x,ds. 
Jo 

(6) 

The integral hi Eq. (6) can be solved by parts fo* 
discrete time steps and the result substituted into Eq. 
(4) to solve for k(t), time step by time step. The result 
is 
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cu - «_o + se(-L - i ) - 1 rx;ffcrlEv - ^ - ^ 1 
\ 0 . - l <*>»/ )=i L (Xy + ai) J ,_» 

1 _ R + E Xjft Tl ^ 1 
P^ U {\, + o.) L A«(X; + a,) J 

where the subscript i denotes the ith time step, 

Etl, = 1 - e-(X'+a'-)Ai 

5, = change in k during time step i 

so 

fci = /<;<_! + 5 t . 

The precursor concentrations at time step i arc given 
by 

In this derivation, the assumption is made that the 
reactivity is a linear function over a time interval, and 
that the power (countrate) behaves exponentially over 
the time interval. 

Equations (7) and (8) form the basis for the algo
rithms used at ZPPR. 

The initial conditions are that the system is in a 
steady state; that is, the reactor has been at a constant 
power for a sufficiently long time that all delayed neu
tron precursor concentrations have reached equilib
rium. 

The value of the source term, S, (or the product St) 
in Eq. (4) is required for each reactor configuration. The 
effective source is obtained by doing effectively a sub
criticality determination using the method described 
later. A source term measurement is made at each 
operational power scale by stabilizing the reactor at the 
top of the pow cr scale and then scramming rods w hich 
arc worth ~0.50 or 0.75$. The subcriticality determina
tion technique is then used to obtain the effective 
source term for use in any other inverse kinetics appli
cations on that configuration. 

PERTURBATION SAMPLES AND ROD CALIBRATION 

The data required for the evaluation of small reac
tivity samples arc the power history and the position 
of the sample, starting w ith the reactor in a steady state 
and recording the power while driving the sample in 
and out of the reactor several times. Reactivity as a 
unction of position (and time) is then obtained from 
lvcrsc kinetics. The resulting reactivity history is then 

fitted to a polynomial in time and position, from zero 
to third order in time and from first to eighth order in 
position.4 The polynomial fit in time provides the reac

tivity drift correction which is subtracted from the 
reactivity history. 

The sample is usually stopped at least at its "in" 
position and its "out" position for several seconds. The 
drift-corrected reactivities are averaged over all points 
where the sample was not moving and the uncertainty 
is obtained from the deviation of the individual values 
about the average. If the sample is stopped at positions 
between the "in" and "out" positions a reactivity 
traverse is obtained. 

If the sample is moved continuously between the 
"in" and "out" position, an "on-the-fly" reactivity 
traverse is obtained by averaging the drift-corrected 
reactivity over some interval of travel, e.g., one cell 
width. The uncertainties of these on-the-fly reactivities 
arc computed as the product of the statistical uncertain-
tics of the stationary values and the ratio of the square 
root of the integrated time at each position. After the 
average drift-corrected reactivities are obtained, along 
with the associated statistical uncertainties, the empty 
capsule and sample holder reactivities (which are meas
ured separately) are subtracted and the result nor
malized to zero at some point out of the reactor and 
tabulated and plotted. 

A Dopplcr effect measurement is handled in essen
tially the same manner. In this case, instead of an 
empty capsule and sample holder being measured 
separately, the Doppler capsule at a reference tempera
ture is driven in and out of the reactor. The reference-
temperature drift-corrected reactivity traverse is sub
tracted from that obtained with the sample heated to 
various temperatures to obtain the Dopplcr effect. 

Autorod and control rod calibrations are done by 
oscillating the rod through its full length of travel 
several times and obtaining the drift-corrected reac
tivity as a function of position. In this case, the poly
nomial in position is used to provide a continuous cali
bration curve. 

The accuracy of this technique for determining the 
reactivity worth of a sample in ZPPR is typically 
~0.003 Ih for measurements at a reactor power of 40 W 
and a total integrated time at each position of 30 min. 
This is just the statistical uncertainty in an individual 
ccntral-worth-type measurement and does reflect 
systematic uncertainties, such as those occurring in 
sample mass or composition. A typical plot of drift-
corrected reactivity as a function of sample position is 
shown in Fig. II-33-1. 

The technique described above has been programmed 
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FIG. II-33-1. Pu-30 IK Output. ANL 10S-A11954-

on the SEL 840 MP on-line computer at ZPPR as 
IVCAL, which provides as output the drift-corrected 
reactivity for each sample position desired, with the 
associated uncertainty. An auxiliary program called 
SMOOTH performs a linear interpolation to obtain the 
reactivity values at the exact positions desired. A second 
auxiliary program, BORE, computes the wrorth per 
unit mass of the empty capsule and subtracts the empty 
sample holder and empty capsule from each sample 
measurement. A third auxiliary program provides the 
reactivity per unit sample mass in a printed form suita
ble for reporting, provides card images for subsequent 
use, and plots the reactivity traverse. The final output, 

sample worth as a function of position, is shown in 
Fig. II-33-2. 

SUBCRITICALITY DETERMINATION 

The subcriticality of a reactor system which has a 
relatively large source of uniformly distributed neutrons 
can be determined to a fair degree of accuracy to below 
$20 subcritical using inverse kinetics techniques.6 

The method in use at ZPPR basically involves slightly 
rearranging the kinetics equation in a form giving powe 
(as a function of time) as a linear function of the d« 
layed neutron precursor concentration integral (also a 
function of time). 
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n(t) = tn(t)  fS t E X,C,(0 
fc(0(l/S)l fc(0(l  /9)  1 

(9) 

Immediately after a step change, fc(£) is constant, 
k(t) = fc/ , so Eq. 9 assumes the form 

where 

n(t) = A + BZ(t), 

Z{t) = t E X,C,(0 

ra(0^  S^ 

(10) 

A = 
fc/(l — iff) — 1 

and 

5 
kf {I 8)  I 

In a system where S »?i(<)» (which is the case in a 
plutomum system such as ZPPR), the constant A 
reduces to 

A = se 
kf (1  j8)  1 (11) 

Thus, b}r first evaluatmg the power history of a step 
change using inverse kinetics with an initial guess for 
S (such as S = 0), a first prediction of the delayed 
neutron precursor history is determined. Using a least 
squares fit to a' straight line, the coefficients A and B 
are determined, which provide a prediction of S, be

cause 

St = A/B. (12) 

This prediction (which is usually within one percent 
of the asymptotic value) is then used in a second evalua

tion of the power history which provides an improved 
delayed neutron precursor history, and so on. A third 
iteration does not provide any further improvement 
(i.e., change) in the predicted value of S. 

The values A and B provide the k of the system be

fore the step change—from the steadystate condition 
on the inverse kinetics equation 7c(0) = —S/[(l — 
B)n(0)] and the k after the step change (fc/) 

B 
kf = 

1_ 
B (13) 

Statistical uncertainties of the predicted values of fc 
are obtained from the uncertainties on A and B estab

lished from the least squares fitting technique. Tests 
of this technique on actual reactor data have only gone 
down to ~ $ 5 subcritical. Tests of data produced from 
a direct kinetics code, where a rod movement was realis
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tically simulated and random noise superimposed, 
showed that reactivities down to $27 subcritical were 
predicted to within 6%. Further tests are being con

ducted at this writing. 
The accuracy of this technique depends upon several 

assumptions5 and the experiment must be planned with 
them in mind. For example, the source effectiveness (or 
the detector efficiency) should not change during the 
run. That is, the fraction of neutrons impinging upon 
the detector should not change, and the spectrum of the 
impinging neutrons should not change. In addition, the 
reactor should not be perturbed in such a way that the 
effective delayed neutron parameters or the prompt 
neutron lifetime are affected by the step change. The 
experimental restrictions are discussed in detail in 
Ref. 5. 

IMPORTANCE MEASUREMENTS 

The variation of source importance with position is 
based upon the determination of fc(i) from the power 
history as a 252Cf neutron source is moved through the 
reactor.6 Equation (4) can be written for this measure
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ment as and 

«'>"?yrrbg*«> 
se S,(r)t 

(14) 

(1  B)n(t) (1  B)n(t) + fc.(r) , 

where 

kB{r) = the effect of the 252Cf sample and holder as a 
function of position 

S,(r) = the effective source as a function of source 
position 

(15) „ , s Stfjr) 
Ss(r) = „, , 

<Pt 

where 

<j>t(r) = source importance 

$* = average fission importance. 

By doing essentially a central worth measurement 
(as described previously) of a 252Cf sample at two differ

ent power levels, S,(r) can be solved for. For each 
measurement, the inverse Idnetics solution can be 
written 

kA(t,r) = k(t)  „ Ss(r
a]t^ + Ur) , (16) 

(1  B)nit) 

where 

ksir) = the worth of the moving sample and holder 

kit) = the k of the system which is constant except 
for drift, and can be described by a poly

nomial. 

The measurements at the two different power levels 
are done identically, that is, the source travels at the 
same speed and is left in the same stationary position 
for the same length of time. Then the inverse Idnetics 
solutions for the two runs may be subtracted, resulting 
in 

kA(p,t)  k\ip,t) = " 

Ssjp) + S 
n\t) 

(17) 
+ g(t), 

where git) is a composite drift function and the super

script h indicates the low power run. 
Let 

Xip,t) = kAip,t)  k\ip,t) 

n(t) n\t) 

whence 

Xip,t) = [S,ip) + S]*Rit) + git). (IS) 

If there are discrete positions points, a least squares 
technique can be applied. If the sample is driven con

tinuously, the k as a function of position can be averaged 
over some position interval as in the case of the onthe

fly traverse to provide discrete position points. 
Let the number of position points be N. At any speci

fic position point j 

Xjit) = (S.i+S)R(t) +g(t), (19) 

where Xj(t) is defined only for the times t when the 
sample is at position p. This results in AT equations to 
define the entire time span: these may be combined 
to give 

X(Pl ,P2, ■■ ■ ,PN ,t) = S'slRitpl) + S's2Ritp2) 

+ ■■■ + SSNRitp„) + a + bt + ct2 + dt\ 
(20) 

where the drift function git) has been represented by a 
thirdorder polynomial in time and *S8l = <S8t + S. 

Dividing this relation by R(t) results in 

WJT = s'el + s'°2 + "" + S'BN + aW) 
2 3 ( 2D 

, 1 t J_ t , , t 
+ °Rit) + °Rit) + W)' 

The values of Ssi and the coefficients of the drift 
polynomial can be obtained from a leastsquares fit to 
the above relation. 

An additional assumption is that SpN (the value of 
S with the source sample at its outermost position) is 
zero. This implies that S'PK = S. The importance 
traverse is then obtained by subtracting Spx from each 
of the SPi. Very good results have been obtained with 
this technique. Preliminary evaluation of radial im

portance measurements at various axial positions agree 
in absolute magnitude with a central axial traverse 
measurement. 

OPERATIONAL MEASUREMENTS 

Some of the parameters necessary for normal reactor 
operations are control rod calibrations, safety rod 
worths, safety rod scram time, reactor temperature 
coefficient and the halfclosure gap worth. 

The safety rod worth (or shutdown margin) is ob

tained by scramming the rods, either individually or 
one at a time, and following the power histoiy from be

fore the first rod drop until after the last rod drop with 
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inverse Idnetics. The calculated reactivity 'before and 
after each rod drop provides the individual rod worth. 
The total safety rod worth is obtained by scramming 
all of the safety rods simultaneously, or by summing 
the worths of individual rods. An example of the reac

tivity trace obtained by scramming all of the safety 
rods nearly simultaneously is shown in Fig. II333. 

The safety rod scram times (that is, the time required 
c— a rod to complete its insertion from the time the 

•am was initiated) are measured on a periodic basis 
cvo part of the weekly checkout procedure. The most 
convenient method of checking scram times has proven 
to be that which uses the inverse kinetics technique. 
The integrated power is sampled every 0.01 sec, and 

the rods are scrammed approximately at 1 sec intervals. 
The inverse Idnetics evaluation of the resulting power 
liistory provides a reactivity trace from which the time 
from initiation of the scram to the seating of the rod 
can be determined to within ~ 1 0 ms. If a safety rod 
does not move freely, it will show clearly on this reac

tivity trace. Figure II334 shows the characteristic 
reactivity behavior of the safety rods when scrammed, 
clearly indicating the rod "bounce" after the drop. An 
expanded reactivity trace for one rod, as shown in Fig. 
II335, is used for ascertaining scram time and freedom 
of movement. 

The reactor temperature coefficient is obtained by 
stabilizing the reactor at some power (e.g., 30 to 40 W) 
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and then recording the power history and turning off 
the cooling air to the reactor. The power history is 
recorded for 30 to 45 min and the reactor temperature is 
recorded at 5 min intervals. The temperature range 
covered is typically ~2°C. The reactivity history as a 
function of time is correlated with the temperature 
history as a function of time to provide a temperature 
coefficient of reactivity over the temperature range 
observed. 

The halfclosure gap worth is required for estimating 
uncertainties in any halfclosure experiment. This is 
determined by following the power history while the 
halves are scrammed apart. Figure II336 shows the 
reactivity trace for ~ 5 sec after the scram. After ap

proximately 4 sec, the countrate is down to ~ 1 % of full 
scale, but the halves travel at 0.5 in./sec. A typical gap 

worth is 0.73 Ih/mil for the first half inch of reactor

half travel. 

CONCLUSION 

Inverse kinetics techniques have proven to be ex

tremely valuable in a variety of experimental and 
operational measurements at ZPPR. The availablility 
of the SEL 840 MP online computer and data acquisi

tion system has provided the capability of acquiring 
and storing power history and sample position data 
necessary for the application of these techniques, a 
the computing power required for the evaluation 
these data. The application of these techniques has 
provided more information from a given experiment 
than was possible before, as well as extending the range 
of accuracy of a given experiment. 
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11-34. M e a s u r e m e n t a n d A n a l y s i s o f S p a c e D e p e n d e n t P a r a m e t e r s i n a 
D e m o n s t r a t i o n P l a n t B e n c h m a r k C r i t i c a l 

R. E. KAISER, W. G. DAVEY, P. I. AMUNDSON, A. L. HESS, R. J. FORRESTER, B. NEWMARK* and C L. BECK 

INTRODUCTION 

ZPPR Assembly 2 is a demonstration plant bench
mark critical, designed in cognizance of the general 
design features envisioned by the major LMFBR 

* Westinghouse Electric Corp., Pittsburgh, Pennsylvania. 

contractors.1 The experimental program has been de
veloped by Argonne with appropriate consideration of 
contractor requirements in order to most effectively 
answer the problems encountered by those contractors 
in their early design phase. 

Assembly 2 is a large two-zone core, with an enrich-
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ment ratio (outer zone/inner zone) of 1.5. Spatial 
dependence of reaction rates and reactivity worths of 
fuel, coolant, and structural materials—and their 
comparison with calculation—are thus of considerable 
interest. 

REACTION RATE TRAVERSES 

A scries of radial countrate traverses was performed 
at each of three axial positions, 3.036, 14.036 and 22.036 
in. from the reactor midplane. In addition, axial trav

erses were run along the radial ccntcrline in order to 
normalize the different sets of radial data. The counters 
included 235TJ, 238U, 239Pu and 240Pu fission chambers and 
a 10B in,a) counter. The cylindrical fission chambers 
have an active length of 2.173 in., one matrix tube 
width, and an o.d. of about 0.4 in. The 10B counter is a 
dual counter with the isotopes deposited on flat plates 
along the center of the cylinder. 

The radial traverse tube was installed using "tunnel 
elements" of each of the reactor materials, which had 
holes for that specific purpose, thereby avoiding the 
introduction of extra void space near the traverse tube. 
The axial traverse tube was installed in the center of a 
drawer as shown in Fig. 11341. Although some addi

tional void space was unavoidable in the axial measure

ment, an effort was made to keep the tube environ

ment characteristic of the unperturbed core. 
A determination of the effect of roomreturn on radial 

traverse data in the reflector and in the outer portion 
of the radial blanket was conducted using the 239I 
fission counter in the 14in. position. A oneinchthic 
layer of B4C was loaded around the outside of the 
reflector in the vicinity of the traverse tube, extending 
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at least 7 in. in all directions. This caused a significant 
decrease in the count-rates at the end of the traverse 
as shown in Fig. II-34-2. The results of this test indi
cate that significant room return is seen in the outer 4 
to 6 in. of the traverse, and that the fissile reaction rate 
distribution data in the reflector must be considered 
in light of these results for analytical comparison pur
poses. 

Analysis of the reaction rate experiment was per

formed using 2-D diffusion calculations2 with 
CALHET(3) weighted cross sections for each reactor 
zone. Spacings were arranged so that the mesh points 
in the calculation fell exactly along the traverse posi
tions. The comparisons at z = 3 in. arc presented in 
Figs. II-34-3 through II-34-7, for the different isotopes. 
Comparisons with calculation arc seen to be quite good, 
and tend to remain so for the z = 14 and 22 in. posi
tions. The axial results are shown in Figs. II-34-S 
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through 11-34-10, and indicate a slightly greater dis
crepancy between calculated and measured values in 
the axial blanket, although the comparison in the core 
and the first few inches of blanket is quite good. All 
radial and axial traverse data are presented in Tables 
II-34-I through II-34-VI. 

FISSION RATIOS 

Fission ratios were measured at the center of the 
inner core using spherical, back-to-back chambers con
taining deposition foils of the respective isotopes. The 
results of these measurements are shown in Table 
II-34-VII relative to 235U. The traverse counter data 
described previously were then normalized to the cen
tral fission ratios and the fission ratio as a function of 
position obtained. This process was facilitated by the 
fact that the traverse counters arc of extremely high 
isotopic purity, sufficient to preclude the need for cor
rections to the count-rates due to impurity isotopes. 

The ratios 238TJ/235U and 239Pu/235U w ere determined 
as a function of core radius, at the 3 in. axial position, 
and the results arc listed in Table 11-34-VIII. The in-

reased hardening of the spectrum in the outer core is 
iadily apparent, especially in the MsTJ/235U ratio, 

which increases by about 40 % in the outer core over 
the central value. 

SMALL-SAMPLE REACTIVITY MEASUREMENTS 

A large number of small-sample reactivity measure
ments were made in the z = 3 in. radial traverse posi
tion, and select samples of key materials have been run 
as radial traverses or central (i.e., r = 0) measurements 
in the radial traverse positions at z = 11.036, 14.036 
and 22.036 in. in the same traverse tube and core 
configuration as the counter traverses. The inverse 
kinetics technique was used in all of these measure
ments, including the traverses. Central measurements 
were made by oscillating the sample between two 
positions, in and out, with continuous motion between 
positions. The traverses were obtained by inserting 10 
sec pauses every 2.173 in. (one matrix tube width) 
during the motion between the in and out positions. The 
reactivity as a function of tune was then obtained from 
the power history, and corrections for reactor drift 
were applied as described in Paper 11-33. 

The samples used were 2.173 in. long and up to 0.40 
in. diam, with masses and compositions as given in 
Paper 11-37. The positioning of the samples at the 
beginning of a run is accurate to about ±;HL6 in>> a n d 
the repeatability during oscillation is about ±0.01 in. 
Measurements of the empty sample carrier, dummy 
capsules, and samples were made, and the empty carrier 
and dummy capsule data were combined to give a cap-
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TABLE II-34-I. NORMALIZED RADIAL 2 3 9 P U COUNTER 
T R A V E R S E S IN Z P P R ASSEMBLY 2 

Radius, 
in. 

0.000 
2.173 
4.346 
6.519 
8.692 

10.865 
13.038 
15.211 
17.384 
19.557 

21.730 
23.903 
26.076 
28.249 
30.422 

32.595 
34.768 
36.941 
39.114 
41.287 

43.460 
45.633 
47.806 
49.979 
52.152 

54.325 
56.498 

z = 3 in. 

Nor
malized 
Count-

rate 

1.000 
1.002 
0.994 
0.984 
0.969 

0.950 
0.933 
0.912 
0.888 
0.855 

0.818 
0.769 
0.713 
0.651 
0.588 

0.515 
0.448 
0.371 
0.309 
0.249 

0.198 
0.157 
0.125 
0.108 
0.106 

0.0858 
0.0814. 

Error, 
% 

< 0 . 8 

z = 14 in. 

Nor
malized 
Count-

rate 

1.000 
1.000 
0.990 
0.984 
0.974 

0.961 
0.947 
0.930 
0.905 
0.868 

0.832 
0.781 
0.726 
0.661 
0.604 

0.534 
0.463 
0.396 
0.335 
0.271 

0.215 
0.173 
0.141 
0.121 
0.122 

0.103 
0.0838 

Error, 
% 

< 0 . 8 

z = 22 in. 

Nor
malized 
Count-

rate 

1.000 
0.999 
0.994 
0.986 
0.975 

0.955 
0.934 
0.910 
0.873 
0.838 

0.795 
0.742 
0.685 
0.627 
0.567 

0.502 
0.442 
0.370 
0.300 
0.242 

0.193 
0.155 
0.130 
0.115 
0.118 

0.107 
0.0964 

Error, 
% 

< 1 . 0 

* 

TABLE II-34-II . NORMALIZED RADIAL » ° P U C O U N T E R 
TRAVERSES IN Z P P R ASSEMBLY 2 

Radius, 
in. 

0.000 
2.173 
4.346 
6.519 
8.692 

10.865 
13.038 
15.211 
17.384 
19.557 

21.730 
22.816 
23.903 
24.979 
26.076 
28.249 
30.422 

32.595 
34.768 
36.941 
38.027 
39.114 
41.287 

43.460 
45.633 
47.806 
49.979 
52.152 

54.325 
56.498 

z = 

Nor
malized 
Count-

rate 

1.000 
1.000 
0.989 
0.984 
0.962 

0.958 
0.942 
0.926 
0.909 
0.900 

0.877 
0.871 
0.883 
0.879 
0.868 
0.821 
0.741 

0.638 
0.498 
0.322 
0.255 
0.200 
0.144 

0.0833 
0.0547 
0.0372 
0.0246 
0.0158 

0.00985 
0.00718 

3 in. 

Error, 
% 

< 0 . 7 

1.0 
1.4 
1.7 

2.2 
,.6 

z = 14 in. 

Nor
malized 
Count-

rate 

1.000 
0.995 
0.985 
0.975 
0.967 

0.956 
0.934 
0.918 
0.889 
0.871 

0.851 
— 

0.816 
— 

0.775 
0.715 
0.644 

0.557 
0.461 
0.347 

— 
0.250 
0.178 

0.124 
0.0868 
0.0606 
0.0435 
0.0303 

0.0212 
0.0168 

Error, 
% 

< 1 . 0 

1.1 

1.3 
1 .5 

z = 

Nor
malized 
Count-

rate 

1.000 
0.995 
0.987 
0.983 
0.977 

0.958 
0.943 
0.924 
0.909 
0.890 

0.875 
— 

0.876 
— 

0.852 
0.811 
0.733 

0.629 
0.497 
0.317 

— 
0.197 
0.126 

0.0820 
0.0553 
0.0361 
0.0246 
0.0170 

0.0106 
0.00790 

22 in. 

Error, 
% 

< 0 . 9 

1.2 

1.6 
1.8 



34- Kaisei, Davey, Amundson, Hess, Foi i estei, Newmark and Beck 223 

TABLE II-34-III NORMALIZED RADIAL 238U C O U N T E R 
TRAVERSES IN Z P P R ASSEMBLE 2 

Radius, 
in 

0 000 
2 173 
4 346 
6 519 
8 692 

10 865 
13 038 
15 211 
17 3S4 
19 557 

21 730 
23 903 
26 076 
28 249 
30 422 

32 595 
34 768 
36 941 
39 114 
41 287 

43 460 
45 633 
47 806 
49 979 
52 152 

54 325 
56 498 

z = 3 in 

Nor
malized 
Count-
rate 

1 000 
0 992 
0 993 
0 974 
0 972 

0 947 
0 944 
0 920 
0 898 
0 879 

0 876 
0 896 
0 906 
0 862 
0 777 

0 651 
0 502 
0 279 
0 148 
0 0821 

0 0480 
0 0281 
0 0174 
0 0102 
0 00581 

0 00284 
0 00170 

Error, 
% 

<0 9 

1 1 

1 5 
] L 7 

z = 14 in 

Nor
malized 
Count-
rate 

1 000 
0 990 
0 992 
0 975 
0 966 

0 955 
0 938 
0 924 
0 906 
0 886 

0 879 
0 905 
0 914 
0 859 
0 790 

0 675 
0 528 
0 292 
0 154 
0 0874 

0 0511 
0 0304 
0 0184 
0 0113 
0 00635 

0 00327 
0 00197 

Error, 
% 

<0 9 

1 1 

1 5 
L 7 

z = 22 m 

Normalized 
Countrate 

1 000 
0 984, 1 001 
0 965, 0 982 
0 945, 0 960 
0 938, 0 930 

0 945, 0 938 
0 925,0 942 
0 934, 0 885 
0 901, 0 873 
0 896, 0 898 

0 865, 0 883 
0 840, 0 848 

0 815 
0 782 
0 704 

0 599 
0 498 
0 344 

_ 0 238 
0 148 

0 0974 
0 0634 
0 0414 
0 0255 
0 0156 

0 00858 
0 00531 

Error, 
% 

<3 5 

<4 5 

6 0 
! 7 

TABLE II-34-IV NORMALIZED RADIAL 235U C O U N T E R 
T R A V E R S E S IN Z P P R ASSEMBLY 2 

Radius, 
in 

0 000 
2 173 
4 346 
6 519 
8 692 

10 865 
13 038 
15 211 
17 384 
19 557 

21 730 
23 903 
26 076 
28 249 
30 422 

32 595 
34 768 
36 941 
39 114 
41 287 
43 460 
45 633 
47 806 
49 979 
52 152 
54 325 
56 498 

z = 3 in 

Nor
malized 
Count-
rate 

1 000 
0 988 
0 997 
0 980 
0 959 

0 952 
0 936 
0 896 
0 871 
0 833 

0 787 
0 740 
0 670 
— 

0 556 

— 
0 431 
— 

0 318 
— 

0 208 
— 

0 129 
— 

0 098 
— 

0.057 

Error, 
% 

<0 8 

z = 14 m 

Nor
malized 
Count-
rate 

1 000 
1 002 
1 002 
0 987 
0 985 

0 962 
0 944 
0 926 
0 894 
0 858 

0 818 
0 749 
0 691 
0 641 
0 575 

0 511 
0 454 
0 402 
0 340 
0 282 
0 225 
0 178 
0 140 
0 115 
0 108 
0 0881 
0 0681 

Error, 
% 

<0 8 

z = 22 in 

Nor
malized 
Count-
rate 

1 000 
0 996 
0 991 
0 982 
0 974 

0 962 
0 941 
0 909 
0 875 
0 843 

0 796 
0 744 
0 682 
0 627 
0 563 

0 506 
0 446 
0 375 
0 305 
0 245 
0 193 
0 153 
0 123 
0 104 
0 101 
0 0941 
0 0711 

Error, 
% 

<1 0 

i 



224 77 Fast Reactoi Physics 

TABLE II34V NOHMVLIZBD R A D I \L 10B C O U M D J J 
TRAVERSES IN Z P P R ASSCMBL\ 2 

TABLE II34VII B L S U L T S or I N N E R CORE F I S S I O N R A T I O 
MEASURCMLNTS R E L A T I V E TO 235TJ IN ZPPR ASSEMBLY 2 

Radius, 
in 

0 000 
2 173 
4 346 
6 519 
8 692 

10 865 
13 038 
15 211 
17 384 
19 557 

21 730 
23 903 
26 076 
28 249 
30 422 

32 595 
34 768 
36 941 
39 114 
41 287 

43 460 
45 633 
47 806 
49 979 
52 152 

54 325 
56 498 

z = 3 in. 

Nor
malized 
Count

rate 

1 000 
0 995 
0 989 
0 973 
0 965 

0 947 
0 923 
0 902 
0 861 
0 813 

0 787 
0 706 
0 629 
0 582 
0 509 

0 461 
0 412 
0 397 
0 356 
0 305 

0 257 
0 209 
0 171 
0 155 
0 159 

0 140 
0 114 

Error, 
% 

< 0 8 

z = 14 in 

Nor
malized 
Count

rate 

1 000 
1 002 
1 000 
0 995 
0 972 

0 947 
0 931 
0 909 
0 894 
0 854 

0 801 
0 741 
0 664 
0 598 
0 536 

0 485 
0 442 
0 404 
0 364 
0 312 

0 259 
0 212 
0 177 
0 157 
0 166 

0 152 
0 128 

Error, 
% 

< 0 6 
1 
1 1 
l 

z = 22 m 

Nor
malized 
Count

rate 

1 000 
0 999 
0 997 
0 9S6 
0 982 

0 961 
0 932 
0 905 
0 881 
0 832 

0 788 
0 727 
0 672 
0 612 
0 552 

0 494 
0 437 
0 369 
0 305 
0 254 

0 205 
0 167 
0 140 
0 127 
0 136 

0 132 
0 120 

Error, 
% 

< 1 0 

Isotope Ratio 

233TJ/235TJ 
234TJ/23 5TJ 
236TJ/235TJ 
238TJ/23oTJ 
239Pu/23SU 
240p u /235TJ 

Fission Ratio 

Measured 

1 446 ± 0 022 
0 1492 ± 0 0023 
0 0443 ± 0 0007 
0 0201 ± 0 0004 
0 9372 ± 0 0142 
0 1704 ± 0 0026 

Calculated 

1 384 
0 1309 
0 4043 
0 0187 
0 8616 
0 1584 

C/E 

0 957 
0 878 
0 912 
0 929 
0 919 
0 929 

TABLE I I 34VIII FISSION R A T I O S AS \. FUNCTION o r 
RADIAL P O S I T I O N , 3 IN BACK FROM TIIL I N T E R I VCC IN 

Z P P R ASSIMBL* 2 

Region 

Inner coie 

Outoi coic 

Radial blanket 

Radial leflcctoi 

Radius, 
cm 

5 519 
11 039 
16 558 
22 078 
27 597 
33 116 
38 636 
44 155 
49 675 
55 194 
60 714 

66 233 
77 323 
88 311 

99 350 
110 388 
121 427 

132 466 
143 505 

Pu239 
U235 

0 9372 ± 2 1% 
0 9502 
0 9340 
0 9401 
0 9465 
0 9350 
0 9338 
0 9542 
0 9559 
0 9616 
0 9743 
0 9690 

0 9980 
0 9913 
0 9759 

0 9088 
0 8969 
0 9107 

1 0131 
1 3467 

U238 
U235 

0 0201 ± 2 1% 
0 0201 
0 0200 
0 0199 
0 0203 
0 0200 
0 0202 
0 0206 
0 0207 
0 0212 
0 0224 
0 0242 

0 0272 
0 0281 
0 0234 

0 0093 
0 0047 
0 0027 ± 2 2% 

0 0012 ± 2 8% 
0 0006 ± 4 4% 

Dist from 
Interface, 

in 

3 036 
7 036 

11 036 
14 036 
16 036 
18 036 
20 036 
22 036 
26 036 
30 036 

TABLE I I 34VI 

235TJ 

Norm 
Count 

1 000 
0 938 
0 823 
0 732 

— 
0 621 

— 
0 528 
0 406 

— 

Error," 
±% 

< 0 5 
< 0 5 
< 0 5 
— 

< 0 6 
— 

< 0 5 
< 0 6 
— 

A VIVE C o U N T b R T l t A V E H S I D 

2IOpu 

Norm 
Count 

1 000 
0 913 
0 787 
0 651 

— 
0 403 

— 
0 205 
0 114 

— 

Error," 
±% 

— 
< 0 4 
< 0 5 
< 0 4 
— 

< 0 5 
— 

< 0 6 
< 0 6 
— 

VTV EltOM 

23»p u 

Norm 
Count 

1 000 
0 937 
0 816 
0 711 
0 637 
0 595 
0 553 
0 495 
0 386 
0 294 

Error," 
±% 

— 
< 0 5 
< 0 5 
< 0 4 
< 0 5 
< 0 5 
< 0 5 
< 0 5 
< 0 5 
< 0 6 

Z P P R Assi: 

238 

Norm 
Count 

1 000 
0 912 
0 788 
0 656 
0 538 
0 369 
0 215 
0 137 
0 0617 
0 0286 

M B L \ 2 

a 
Error," 

±% 

< 0 4 
< 0 4 
< 0 4 
< 0 5 
< 0 5 
< 0 5 
< 0 5 
< 0 8 
< 1 0 

■°B 

Norm 
Count 

1 000 
0 939 
0 835 
0 750 
0 705 
0 687 
0 676 
0 631 
0 526 
0 412 

Error," 
±% 

< 0 4 
< 0 4 
< 0 4 
< 0 4 
< 0 4 
< 0 4 
< 0 4 
< 0 5 
< 0 5 

" Only stat is t ical counting errois aie consideicd (one s tanda id deviation) 
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sule worth in Ak/k per gram. This information was then 
used to account for slight fluctuations in capsule weight 
for the various samples. The sodium sample and its 
dummy were treated separately, since this particular 
sample is larger than the standard size. The Na-4 
sample was 6 in. long and 0.4 in. diam so as to provide 

a sufficient reactivity signal while not requiring a larger 
traverse tube. 

The results of the central measurements at the three 
inch axial position arc presented in Paper 11-37, and 
the worth as a function of position for 239Pu, 23SU, 10B, 
sodium, and tantalum are given in Figs. II-34-U 

10 20 50 60 30 40 

Radial Posit ion, Inches 

F I G . 11-34-11. Radial Worth Distr ibut ions for 239Pu in ZPPR Assembly 2. ANL-ID-10S-A11988. 
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F I G . 11-34-12. Radial Worth Distr ibut ions for 238U in ZPPR Assembly 2. ANL-ID-103-A11986. 
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through 113415. The calculated curves are included 
for the data at the 3 in. position, and indicate good 
comparison insofar as the shape of the curve is con

cerned, but the substantial central worth discrepancy is 

still present. The calculations were based on 2D diffu

sion calculations of the fluxes and adjoints, as in the 
case of the reaction rate traverses, and the worths were 
determined from 2D diffusion perturbation calcula

 6 . 0 

 5 . 0 

 4 . 0 

 3 . 0 

 2 . 0 

M  1 . 0 

+1.0 

+2.0 

+3.0 

+4.0 
20 30 40 

Radial P o s i t i o n , inches 

FIG. 113413. Radial Worth Distributions for Sodium in ZPPR Assembly 2. ANLID10SA11982. 
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FIG. 113414. Radial Worth Distributions for "B in ZPPR Assembly 2. ANLW10SA11987. 
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20 30 40 

Radial Position, Inches 

FIG. 11-34-15. Radial Worth Distributions for Ta in ZPPR 
Assembly 2. ANL-ID-10S-A1198S. 
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FIG. 11-34-16. Radial Worth Distiibutions for a 262Cf Neu
tron Source in ZPPR Assembly 2. ANL-ID-108-B11001. 
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FIG. 11-34-17. Axial Worth Distributions for a 262Cf Neu
tron Souice in ZPPR Assembly 2. ANL-ID-103-B11000. 

tions, using inhour conversion factors described in 
Paper 11-45. 

Reactivity traverses were also run with a 252Cf 
source in a standard perturbation-sample capsule, in 
each of the axial positions where other reactivity sam
ples were run. The measurements were done at low 
power (10-20 W) and again at ten times that power, 
where the source worth was small, to provide a dummy 
measurement. An axial traverse was also run to provide 
normalization of the radial traverses, since they are 
power-dependent. The radial and axial results are 
illustrated in Figs. 11-34-16 and 11-34-17, respectively. 
The calculations shown on these two figures represent 
the product, summed over energy groups, of the ad
joint flux and the pointwise fission source as obtained 
from two-dimensional diffusion theory. The calculated 
curves arc all normalized to 1.0 at the core center \r = 
0, z = 0). The axial measurements are normalized to 
the calculations at z = 3 in., and each of the measured 
radial traverses is normalized to its calculated curve at 
r = 0 in. The normalization of the radial data is, how
ever, identical to that for the axial data with the 
exception of the 14-in. traverse position. This can be 
seen from the comparison between experiment and 
calculation for the axial traverse. 
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TABLE II-34-IX. SOURCE-CONSTANT COMPARISONS BETWEEN 
RADIAL AND AXIAL 262Cf TRAVERSES 

in. 

3 
11 
14 
22 

Source-Constant 

Radial Center 
Point" 

1.59 
1 32 
0.63 

— 
± 0.005 
± 0.005 
± 0.005 

Axial 

1.97 
1.59 
1 37 
0.64 

± 
± 
± 
± 

0 006 
0 009 
0.009 
0.009 

a 3-in. measurement performed with different detector effi
ciency; therefore Q is not available. 

The worth of a neutron source in a reactor is given by 

n n 

where S is in neutrons/sec, C is the neutron lifetime, e 
represents detector efficiency, and n is the neutron 
density. The quantity Q then represents an effective 
source term which is pow er independent. A comparison 
of Q as obtained from the axial 252Cf traverse and from 
the center points of the radial traverses is given in 
Table II-34-IX, and indicates good consistency be
tween the measurements. All of the radial measure
ments appear slightly high near the inner core/outer 

INTRODUCTION 

Assembly 2 in the Zero Power Plutonium Reactor 
(ZPPR) is a simplified representation of the current 
designs considered for the 300-500 MWe demonstration 
liquid metal fast breeder reactor (LMFBR). The pro
gram of experiments on ZPPR-2, keyed to obtain in
formation necessary in the design of the demonstration 
reactor, has been underway since early 1970. In the 
course of the experiments, four different reference con
figurations have been established to determine the 
clean critical mass for a basic benchmark design of a 
cylindrical core with inner and outer zones of equal 
volume. The initial approach to critical yielded a 
reference configuration (Loading No. 21) with a 52% 
inner/48 % outer zone volume split. The second refer
ence configuration, Loading No. 47, was the original 
50/50 representation based on the initial drawer-mate-

core boundary and in the outer core, but otherwise the 
comparison of shapes is quite accurate. 

CONCLUSIONS 

All of the experiments performed in ZPPR Assembly 
2 involving reaction rate and/or reactivity distributions 
appear to be consistent with 2D diffusion theory analy
sis insofar as the shapes of the distributions are con
cerned. It would appear that within core regions this is 
especially true, both in axial and radial directions. Some 
small discrepancies were noted in the calculations 
through the axial blanket, and in the outer core for the 
252Cf traverse data. None of the discrepancies are large 
enough to suggest any serious problem in reaction rate 
or reactivity distributions, although the central worth 
discrepancies are still present as seen in the normaliza
tions of the reactivity curves. 
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rial loading patterns. Subsequently, the drawer loading 
patterns were modified and the third configuration 
(Loadmg No. 77) was a 50/50 core-zone loading with a 
slightly higher inner core sodium density. These first 
three configurations all had control rods in the inner 
core which were spiked with extra columns of plu-
tonium. The final reference configuration for the plate 
version of Assembly 2 was Loading No. 90, a 50/50 
core-zone split based on the modified composition but 
with no spiked control rods. 

Descriptions of the first two configurations (Loadings 
No. 21 and 47) and the evaluation of their just-critical 
fuel masses, are given in Ref. 1. In this paper we wi" 
describe the Loadings 77 and 90 configurations, di, 
cuss the corrections to establish the critical masses, 
and intercomparc the results from the three 50/50 con
figurations. The design and results from Loading 90 

11-35. C i ' i t i c a l M a s s E v a l u a t i o n f o r t h e F i n a l P l a t e V e r s i o n o f Z P P R A s s e m b l y 
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have been adopted to generate a benchmark model for 
testing of cross sections; this model is given in Paper 
11-50. 

ASSEMBLY DESIGN 

The basic core-zone composition in Assembly 2 
(with 32 %-cquivalcnt Pu02-U02 , 40 % sodium, 19 % 
stainless steel and 9% void) simulates that of typical 
power LMFBR designs and matches in composition 
both the standard rodded-zone experiments and the 
Variable Temperature Roddcd Zone (VTRZ)<2) experi
ments designed for the fast critical facilities. A core 
length of 36-in. was selected and a volume of around 
1250 liters per zone was expected, with the plutonium 
enrichment in the outer zone relative to the inner zone 
set at 1.5:1. 

Surrounding the core arc 16-in.-thick radial and 18-
in.-thick axial blankets of compositions simulating 
sodium-cooled U02 blankets. The radial blanket m 
turn is enclosed by a 4-in.-thick steel reflector. Behind 

CORE ZONE I 

CORE ZONE 2 
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TYPE 8 

o 
3 

<D 
o 
to 

3 
Z 
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O 
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F I G . II-35-1. Z P P R Assembly 2 Drawer Loadings. ANL 
Neg. No. 116-90. 
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F I G II-35-2 ZPPR Mat i ix Configuration with Assembly 2 
Inner Core Diawer Loading ANL Neg. No 116-946. 

the axial blanket in Half 1 of the reactor is an S-in. 
axial reflector of equal volume fractions of sodium and 
stainless steel. Because of material limitations, the 
Half 2 axial reflector was made of 5-in.-thick solid steel. 

REGIONAL DRAAVER LOADINGS 

Figure 11-35-1 shows the basic material drawer load
ing patterns used in the core and blanket regions of 
Assembly 2. The overall cells for each region include 
the drawer and matrix tube as illustrated for the inner 
core in Fig. II-35-2. The unit-matrix dimensions in 
Fig. II-35-2 (2.175 x 2.277 m.) arc based on the over
all loaded assembly dimensions and are revisions from 
the nominal tube dimensions (2.173 x 2.273 in.) upon 
which previous specifications1 were based. Conse
quently, dimensions and compositions given in Ref. 1 
require complementary adjustments. 

The core zones also included movable fuel-loaded 
drawers (for reactor control) with different steel and 
sodium contents and in some cases spiking with extra 
fuel plates. In addition, the reactor safety rods (poison 
rods normally withdrawn) were provided with }^-\xv.-
widc steel guide tubes which were adjacent to narrow 
(lj^-in. wide) core drawers, thus giving some core 
matrix units with altered sodium and steel contents. 
Table II-35-I lists the material densities for the various 
core drawers. 

The radial blanket drawer loadings were based on the 
single cell pattern shown in Fig. II-35-1; however, to 
enable the higher core sodium density, J^-in. columns 
of sodium in the outer blanket regions were replaced 



230 II. Fast Reactor Physics 

TABLE II-35-I COMPOSITIONS OF CORE SECTIONS, RADIAL B L A N K E T S , AND R A D I A L REFLECTOR IN F R O N T D R A W E R S 
OF F I N A L P L A T E VERSION OF Z P P R ASSEMBLY 2 (LOADING 75-On) 

Region Drawer Type. 

Section length, cm. (per 
reactor half) 

Inner 
Core 

Standard 

45 811 45 811 

Inner 
Core with 

Rod 
Guide 

Inner 
Core 

Control 

45 847 

Inner 
Core 

Spiked 
Control 

45 847 45 811 

Outer 
Core A 
(2 cols 

Pu-U-Mo) 

Outer 
CoreB 
( lcol 

Pu-U-Mo) 

45 811 45 811 

Outer 
Core B 

with Rod 
Guide 

Inner 
Radial 

Blanket 
in Front 
Drawers 

58 511 

Outer 
Radial 
Blanket 
in Front 
Drawers 

58 511 

Radial 
Reflector 

(in matrix) 

96.52 

Average Composition,0 1022 atoms cm3 

239Pu 
240p„ 
24ipub 
242pu 

23Spu 
241 Amb 
235TJ 
23STJ 
Na 
0 
Fe 
Cr 
Ni 
Mn 
Si 
Mo 
Cu 
C 
Al 
P 
S 
H 

0 08437 
0 01117 
0 00154 
0 00018 
0 00006 
0 00029 
0 00123 
0 55515 
0 88611 
1 31252 
1 25739 
0 26994 
0 12200 
0 02092 
0 01308 
0 02306 
0 00189 
0 00294 
0 00034 
0 00050 
0 00017 

0 08250 
0 01092 
0 00147 
0 00018 
0 00005 
0 00028 
0 00122 
0 54938 
0 44306 
1 31251 
1 22230 
0 25870 
0 11639 
0 02052 
0 01140 
0 02273 
0 00204 
0 00307 
0 00025 
0 00053 
0 00019 

0 08244 
0 01091 
0 00147 
0 00017 
0 00005 
0 00028 
0 00122 
0 54896 
0 88543 
1 12057 
1 41129 
0 35173 
0 15989 
0 02719 
0 01563 
0 02304 
0 00254 
0 00400 
0 00035 
0 00065 
0 00028 

0 16686 
0 02209 
0 00300 
0 00036 
0 00011 
0 00057 
0 00140 
0 63047 
0 63960 
1 17038 
1 80972 
0 37449 
0 17134 
0 02882 
0 01674 
0 04465 
0 00268 
0 00400 
0 00044 
0 00065 
0 00028 

0 16893 
0 02237 
0 00307 
0 00037 
0 00011 
0 00058 
0 00142 
0 63687 
0 63954 
1 45095 
1 56711 
0 25193 
0 11589 
0 02016 
0 01128 
0 04471 
0 00203 
0 00233 
0 00043 
0 00041 
0 00014 

0 08446 
0 01118 
0 00153 
0 00018 
0 00006 
0 00029 
0 00088 
0 39741 
1 08521 
0 89178 
1 19601 
0 25238 
0 11602 
0 02020 
0 01132 
0 02313 
0 00203 
0 00233 
0 00044 
0 00041 
0 00014 

0 08250 
0 01092 
0 00147 
0 00018 
0 00005 
0 00028 
0 00087 
0 39143 
0 64269 
0 89178 
1 30168 
0 28194 
0 12797 
0 02221 
0 01251 
0 02278 
0 00218 
0 00307 
0 00034 
0 00053 
0 00019 

0 00244 
1 10457 
0 63912 
2 00424 
0 69594 
0 20005 
0 09003 
0 01541 
0 00894 
0 00143 
0 00169 
0 10111 
0 00021 
0 00041 
0 00014 
0 00083 

0 00244 
1 10456 
0 60021 
2 00438 
0.75534 
0 21738 
0 09864 
0 01725 
0 00966 
0 00147 
0 00181 
0 10117 
0 00027 
0 00041 
0 00014 
0 00083 

7 15610 
0 12052 
0 05133 
0 05981 
0 00503 
0 00118 
0 00126 
0 05575 

0 00016 
0 00249 

" Excludes impurities (mostly l ight elements) in fuel plates, equal to about 0 4 w/o of 239Pu content 
b As of Loading 90 refeience date , 10-9-70. 

A\ith double M _ i n columns, thus creating mnei and 
outei radial blanket zones of different compositions and 
also a difference m the blanket loadings in the front 23 
in and back 11 in Table II-35-I includes the ladial 
blanket compositions in the front draA\ers, and Table 
II-35-II lists the back drawer radial blanket composi
tions 

The axial blankets behind the core zones AA ere based 
on a t\\o-draA\cr cell as indicated in Fig. II-35-1. HOAA-
evcr, the blanket loadings behind the inner core in
cluded steel shuns on the draAver bottoms, and in both 
zones there AVCIC composition perturbations due to 
contiol rods and safety lod channels. The average 
axial blanket compositions m Table II-35-H include 
the effects of all the draw cr variations The spring gap 
cited m Table II-35-II represents the spring, the back 
piece of the fiont draAver, and the front piece of the 
back draAver. 

The loadings of axial reflector behind the radial and 
axial blanket regions in Half No. 1 (cell pattern not 
shown) basically simulated a half-steel, half-sodium 

region. With the loadings of different types of steel, 
shims, and the other core perturbations, there arose 
three axial leflcctor subregions m Half 1 AAith the com
positions indicated m Table II-35-II. Similarly, three 
subiegions A\ere obtained in the all-steel Half 2 axial 
reflcctoi. Table II-35-I contains the radial reflector 
composition 

REFERENCE CRITICAL CONFIGURATIONS 

INITIAL CRITICAL CONFIGURATION 

ZPPR Assembly 2 first Avent critical on March 4, 1970 
and the clean reference configuration, Loading No. 21, 
Avas run on March 12 Kaiser and Norris1 have shoAATi 
the interface diagram for Loading 21 which had a total 
coie volume of 2506 liters split 52/48 into the inner 
and outer zones The loaded fuel mass w as 1067 3 k" 
(239Pu + 241Pu). 

ORIGINAL EQUAL-ZONE CONFIGURATION 

The first reference equal-zone configuration, Loading 
No. 47 run on April 16, 1970, had a total core volume 
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T A B L E II-35-II COMPOSITIONS OF A X I A L BLANKET AND R E F L E C T O R REGIONS IN R E F E R D N C E LOADING 90 
OF F I N A L P L V T E VERSION OF ZPPR ASSEMBLY 2 

Axial Region 

Section Length, 
cm 

Inner 
Radial 

Blanket 
in Back 
Drawers 

27 940 

Outer 
Radial 

Blanket 
in Back 
Drawers 

27 940 

Average 
Axial 

Blanket 
of Inner 
Core ° b 

40 640b 

Average 
Axial 

Blanket 
of Outer 
Core" b 

40 640b 

Spring Gap 
between 

Front and 
Back 

Drawers 

0 735 

Half No 1 Axial 
Reflector 

Average 
behind 
Inner 
Core" 

20 320 

Average 
behind 
Outer 
Core" 

20 320 

Behind 
Radial 
Blanket 
Regions 

20 320 

Half No 2 Axial 
Reflector 

Average 
behind 
Inner 
Core" 

12 700 

Average 
behind 
Outer 
Core" 

12 700 

Composition, 1022 atoms/cm3 

Behind 
Radial 
Blanket 
Regions 

12 700 

235TJ 
23STJ 

N a 
O 
Fe 
Cr 
Ni 
Mn 
Si 
Mo 
Cu 
C 
Al 
P 
S 
H 

0 00246 
1 11688 
0 64126 
2 03209 
0 68479 
0 19725 
0 08925 
0 01643 
0 00877 
0 00142 
0 00169 
0 10163 
0 00018 
0 00041 
0 00014 
0 00084 

0 00246 
1 11688 
0 58818 
2 03209 
0 75154 
0 21668 
0 09897 
0 01782 
0 00968 
0 00147 
0 00181 
0 10163 
0 00027 
0 00041 
0 00014 
0 00084 

0 00156 
0 70356 
0 87386 
1 38946 
1 07508 
0 28351 
0 12753 
0 02297 
0 01410 
0 00143 
0 00174 
0 00359 
0 00024 
0 00065 
0 00022 

0 00156 
0 70570 
0 88084 
1 40083 
0 93550 
0 24180 
0 10954 
0 02054 
0 01116 
0 00142 
0 00173 
0 00296 
0 00024 
0 00056 
0 00018 

2 11333 
0 43927 
0 15030 
0 02792 
0 01689 
0 00230 
0 00300 
0 02840 
0 00010 
0 00097 
0 00038 

— 

0 88891 

3 17508 
0 89182 
0 40205 
0 08272 
0 04795 
0 00142 
0 00171 
0 01399 
0 00020 
0 00288 
0 00063 
— 

— 

0 89766 

3 03278 
0 85066 
0 38434 
0 08039 
0 04505 
0 00142 
0 00171 
0 01336 
0 00021 
0 00279 
0 00060 
— 

— 

0 89985 

4 03694 
0 19944 
0 08976 
0 04078 
0 00872 
0 00142 
0 00171 
0 02901 
0 00021 
0 00102 
0 00132 
— 

— 

— 

7 31947 
0 20448 
0 08832 
0 06461 
0 01000 
0 00129 
0 00142 
0 05595 
— 

0 00174 
0 00252 

—• 

— 

— 

7 24109 
0 15377 
0 06618 
0 06203 
0 00655 
0 00129 
0 00142 
0 05595 
— 

0 00164 
0 00251 
— 

7 25594 
0 14877 
0 06392 
0 06179 
0 00627 
0 00128 
0 00141 
0 05613 

0 00162 
0 00252 

a Aveiage for whole region includes pe i tmba t ions fiom control diaweis and safety-iod channels 
b Foi total 5-in section in fiont diaweis plus 11-in section in back diaweis , excluding spi ing gap 

of 2382 liters Reference 1 also describes this configuia-
tion A review of the records for loading 47, however, 
have given a loaded-mass value of 1017 87 kg (239Pu + 
241Pu) and a corrected cntical mass of 1016 8 ± 1 0 kg, 
both revisions of the Ref 1 quotations 

MODIFIED EQUAL-ZONE CONFIGURATION W I T H SPIKED 

CONTROL RODS 

The sodium density in the inner core of the fiist 
50/50 configuration A\as less than desired In order to 
obtain a better match AAith pm-calandria compositions, 
diawei loadings A\eie modified to use only 3^ in sodium 
cans in the core legions, the axial blanket, and the 
inner poitions of the ladial blanket Thus m the modi
fied equal-zone version, the radial blanket is divided 
into two sub-regions AAith different sodium and steel 
contents The reduction of sodium cladding in the 
mnei core entailed a platc/calandna mismatch in steel 
content, this Avas counteied by adding J i6 m steel 

inns at the bottom of the mnei core diaA\ers 
The modified composition equal-zone lcfeience, 

Loading 77, was established June 22, 1970 and had 
coie-zone outlines identical with those of the pievious 
refeience (Loading 47) Figure II-35-3 shows the niter-

face pattern foi Loading 77, A\hich had a loaded fuel 
mass of 1017 7 kg of (239Pu + 241Pu) With the unit 
matrix dimensions in Fig II-35-2 and the Table II-35-I 
compositions, the interface diagram defines an xy 
model for the as-built, modified 50/50 refeience con
figuration (uncorrected) Figures II-35-4 and II-35-5 
give the rz geometry for an equivalent volume, smooth 
cylindrical lepicsentation of the uncorrected as-built 
system With all control lods m and at an average core 
tempciature of 24 9°C, the excess leactivity of the 
as-built system w as about 0 064 % Ak/k Table 11-35-
III gives the aveiage compositions (including the 
perturbations of control draAvers and safety-rod chan
nels) for the as-built coie zones of Loading 77, also in 
the table is a composition for an mnei core A\ere it 
Avithout fuel spikes in the control rods The blanket 
and Ieffector legion compositions in Table II-35-II aie 
specifically for the later refeience (Loading 90), but 
ai c reasonably close for use AAith a Loading 77 model 

TINAL EQUAL-ZONE CONFIGURATION, NO SPIKED CON

TROL RODS 

The thud lcfcrence coie foi the equal-zone configura
tion, Loading 90, AAas established on October 9, 1970. 
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FIG. II353. Interface Diagram for Loading 77 of ZPPR Assembly 2, the Modified EqualZone Inference Configuration ANL

ID103Al 1603. 

The changes involved in this instance Avcre the installa

tion of shim control rods (in x/i in. safety channels) and 
the resulting removal of the spiked control drawers. 
The result was an expansion for criticality to 1194.4 
liters per zone and a total loaded mass of 1030.52 =fc 

1.0 kg (239Pu + 241Pu). Figure II356 is the interfac 
diagram of this reference final plateversion of ZPPL

Assembly 2. It should be noted that the control rod 
positions and some safety rod locations are no longer 
mirror images in Half No. 2. 
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The Fig. II356 pattern Avith the Fig. II352 cell 
dimensions and the Table II35I data define an xy 
model for the asbuilt Loading 90 Avith an excess reac

tivity of about 0.062 % Ak/k for the core at an average 
aperature of 25.3°C. Figures II357 and II358 give 
; rz geometry for the asbuilt Loading 90 represented 

as a smooth cylinder Avith region volumes equivalent 
to actual volumes (no corrections). Table II35III in

cludes the average core zone compositions and Tables 

II35I and II35II contain the compositions for the 
blanket and reflector regions. 

CRITICAL MASS CORRECTIONS 

To derive the critical mass, or the justcritical 
smooth cylindrical model A\ith uniform region composi

tions (averages of materials in heterogeneous cells) 
from the asbuilt configuration requires corrections for 
certain model/asbuilt differences. The corrections 
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TABLE II-35-III AVEKAGB CORE-ZONE COMPOSITIONS FOR 
REFERr-Ncc CONFIGURATIONS OF FINAL PLVTE VERSION 

OF ZPPR ASSEMBLY 2 

Material 

239 P u 

240pu 

24ipub 
242pu 

238pu 

241 A m b 
235TJ 
238TJ 
Na 
0 
Fe 
Cr 
Ni 
Mn 
Si 
Mo 
Cu 
C 
Al 
P 
S 

Average Composition," 1022 atoms/cm3 

Loading No 77 

As-built 
Inner 
Core 

0 08453 
0 01120 
0 00157 
0 00018 
0 00006 
0 00026 
0 00123 
0 55522 
0 87897 
1 31122 
1 25899 
0 27043 
0 12223 
0 02097 
0 01308 
0 02311 
0 00190 
0 00295 
0 00034 
0 00050 
0 00017 

Inner 
Core 

without 
Control-
Rod 

Spiking 

0 08433 
0 01117 
0 00156 
0 00018 
0 00006 
0 00026 
0 00123 
0 55502 
0 87957 
1 31109 
1 25801 
0 27037 
0 12220 
0 02096 
0 01307 
0 02306 
0 00190 
0 00295 
0 00034 
0 00050 
0 00017 

Outer 
Core 

0 12680 
0 01679 
0 00234 
0 00027 
0 00009 
0 00040 
0 00115 
0 51546 
0 85966 
1 16688 
1 38251 
0 25230 
0 11601 
0 02019 
0 01130 
0 03394 
0 00203 
0 00233 
0 00043 
0 00041 
0 00014 

Loading No 90 

Inner 
Core 

0 08433 
0 01117 
0 00154 
0 00018 
0 00006 
0 00029 
0 00123 
0 55503 
0 87964 
1 31158 
1 25763 
0 27018 
0 12210 
0 02095 
0 01307 
0 02306 
0 00190 
0 00295 
0 00034 
0 00050 
0 00017 

Outer 
Core 

0 12741 
0 01687 
0 00232 
0 00028 
0 00009 
0 00044 
0 00115 
0 51915 
0 85643 
1 17613 
1 38521 
0 25229 
0 11601 
0 02020 
0 01130 
0 03410 
0 00203 
0 00233 
0 00043 
0 00041 
0 00014 

° Excludes impuiities (mostly light elements) in fuel plates 
equal to about 0 4% of the 239Pu weight 

b As of refeience dates 6/22/70 foi Loading 77 and 10/9/70 
for Loading 90 

account foi the interface gap, the stepped core outline, 
spiking of contiol lods, t he excess leact ivi ty in the 
contiol lods, the source subcriticahty, and lefenal to a 
s tandard coie tempeia ture Foi comparison of cutical 
masses of different configurations, an accounting of the 
241Pu decay is also lequucd 

INTERFACE GAP CORRECTION 
Measuiements 1 AAith feelci gauges have indicated an 

average scpaiation of 2 5 mils between the leactor 
halves upon closure In the equal-zone coie, a sepaia-
tion Avorth of 0 73 Ih /mi l A\as denved fiom a table 
scram, giving a gap coircction of 1 82 Ih No addi
tional collection A\as deteimined for the effect of 
homogemzmg the stainless steel diaA\ei fionts, as this 
may be considered pa r t of the overall heteiogeneity 
correction. 

CORE-EDGE SMOOTHING CORRECTION 
Calculated curves of 239Pu Avoith versus radius, 

normalized to the diaA\er A\oiths a t the ladial bound

aries of the inner and outei coie zones, piovided ap
proximate cuives of dia\A'ci Avoith versus ladius in the 
vicinity of the boundancs The as-built configuiation 
xy details a ie input to a computer code A\hich does a 
geometric accounting of the fuel " t ransfcr icd" from 
outside to inside the coic-zone equivalent-aiea circle 
and dcteimincs the A\oith of the "transfers" using the 
A\'orth versus radius cuive In each case the smoothing 
effect was quite small because of the coie size and the 
fact tha t the loading pa t te rn A\as devised to give the 
best possible lepiescntat ion of a enele 

EXCESS REACTIVITY AND SPIKED RODS 

Aftei a reasonable tcmpcia tu ie stabilization period, 
positions of all contiol lods aie determined a t a steady 
poAvcr duimg the leactoi lun for each lcfercnce con
figuiation Later rod cahbiations then detei mine the 
extra leactivity available A\ere the lods to be com
pletely inscited The additional A\oith of a spiked lod 
as opposed to a s tandard rod A\as detcimincd as the 
difference in calibrated lod A\oith before and after 
spiking, Avhich A\as 38 7 I h / i o d for the lods m m a t n x 
units 132-31 and 232-31 of Loadmg 77. 

SOURCE SUBCRITICALITY 

The spontaneous fission of 240Pu provides a built-in 
source in a plutomum-tuelcd assembly, so t ha t a t 
steady-state 1OA\ poA\eis the reactor AAIII be subcutical 
by an amount 

Avheie S is t he volumctnc souice strength, C is t he nou-
t ion lifetime, and n t he neutron density, and A\here 
Q = Ste, e being the detector efficiency, and CR is 
the detector count ia te T h e constant Q is evaluated 
experimentally, A\hich then piOAndes foi the evaluation 
of t he dcgiee of subcut icahty duimg the refeience run. 
T h e collection is obviously poAAer dependent, and may 
thus vary in significance bctAAcen different references 

TEMPERATURE CORRECTIONS 

Tempeiatuie-drif t expenments1 A\ith the leactoi air 
coolmg absent provided an average core temperature 
coefficient of reactivity of —2 9 ± 0.2 I h / ° C Average 
tcmpcia tu ies were derived from a selection of core 
thermocouples in each leference configuration, and the 
AAOith difference from a standardized tempeia ture of 
22°C Avas found using t h e coefficient 

241Pu DECAY EFFECTS 

T h e ladioactive decay of 241Pu, AAith a half life of 
13 2 years, is sufficient to cause a noticeable change in 
the excess reactivity of a given reference configuiation 
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Comparison of runs with identical loadings indicates 
that the loss of reactivity due to this effect is about 
0.35 Ih/day, which requires that any comparison be
tween reference cores dated several days (or weeks) 

apart must consider this effect. It must be noted that 
the atom densities for 241Pu and 2"Am in Table II-35-I 
are for the date of the Loading 90 reference run, and the 
values for Loading 77 need a 109-day adjustment 

http://lJJ.Ti._S
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CRITICAL MASS EVALUATION 

The corrected critical masses for the Loadings 77 and 
90 reference cores in Assembly 2 Avere obtained from 
the corrections described above by expressing the 
reactivity effect of each correction in terms of edge 
fuel Avorths. The relationship between reactivity change 
and a compensating change in mass is complicated due 
to the two-zone nature of the core. A relationship Avas 
derived with a stipulation that equal zone volumes be 

maintained, which means that an expansion of r0 (the 
radius of the outer core) be accompanied by an expan
sion of ?\ (the radius of the inner core). With this re
quirement, the addition of reactivity caused by expan 
sion of r0 is balanced to a large extent by the expansioi 
of rt-. Thus the increment of mass needed to compensate 
for a given amount of reactivity Avill be much larger 
when the equal-zone requirement is maintained. The 
effect of boundary interaction is also evident in the 
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large (~50 leg) mass change in going from a 52/48 
volume ratio to a 50/50 volume ratio in the first two 
reference critical loadings. 

Experiments in the original equal-zone configuration 

TABLE II-35-IV. CORRECTIONS TO AS-BVJILT CONFIGURA
TIONS TO D E R I V E CRITICAL M A S S E S FOR THE N O S . 77 

AND 90 E Q U A L - Z O N E C O R E LOADINGS OF Z P P R 
ASSEMBLY 2 

TABLE IT-35-V. CORRECTED F I S S I L E M A T E R I A L INVENTORY 
IN THE C O R E AND B L A N K E T R E G I O N S OF THE E Q U A L ZONE 

CONFIGURATIONS OF ZPPR ASSEMBLY 2, LOADING 77 

Effect to be corrected 
Excess reactivity in con

trol rods 
Control rod spiking 

Spike fuel removal 
'Removal worth 

Core-edge smoothing 
IC/OC boundary 
OC/BB boundary 

Interface gap worth 
Source subcrit icality 
Temperature correction 

(to 22°C) 

Critical mass evaluation 
As-loaded mass, kg 

(23»pu _|_ 24ip u ) 

Total mass correction, 
kg 

Corrected critical mass, 
kg (239Pu + 241Pu) 
(heterogeneous cy
lindrical reactor a t 
22°C as of reference 
date) 

Corrected core radii, cm 
(heterogeneous, 
smooth-cylinder, k 
= uni ty model) 

Inner core 
Outer core 

Loading No. 77 
(Reference Date 

6/22/70) 

Effect 
Worth," 

Ih 

69.43 

— 
- 7 7 . 4 2 

- 0 . 0 3 
+ 0 . 0 4 

1.82 
- 5 . 3 4 

8.47 

1017.68 

- 0 . 6 5 

1017.03 

64 
90 

Equiv
alent 
Mass 

Correc
tion,1' 

kg 

- 7 . 8 8 

- 1 . 0 0 
+8 .79 

< 0 . 0 1 
< 0 . 0 1 
- 0 . 2 1 
+ 0 . 6 1 
- 0 . 9 6 

± 1.0 

± 0.10 

± 1.0 

34 
99 

Loading No. 90 
(Reference Date 

10/9/70) 

Effect 
Worth," 

Ih 

65.93 

— 
— 

- 0 . 0 3 
+ 0 . 0 4 

1.82 
- 4 . 0 8 

9.51 

1030.52 

- S . 3 1 

1022.21 

64 
91 

Equiv
alent 
Mass 

Correc
tion1', 

kg 

- 7 . 4 8 

— 
— 

< 0 . 0 1 
< 0 . 0 1 
- 0 . 2 1 
+ 0 . 4 6 
- 1 . 0 8 

± 1.0 

± 0.85 

± 1.31 

42 
10 

0 Worth defined as reactivi ty advantage of equivalent-
volume smooth cylindrical representation with no source over 
as-built configuration with steady-power rod s i tuat ions. Thus , 
a positive worth requires a removal of fuel to obtain a jus t -
fi-itical representation. 

b Ap/Am = S.S1 Ih /kg for net equal-volume increments to 
th core zones. 
0 Uncertainties on the corrections arc rms averages of the 

approximate uncertainties of the components. Tota l uncer
ta in ty on the critical mass is based on the manufacturer 's 
specifications for compositions ( 1 % in M 1Pu, 0 .1% in 2 3 9Pu). 

Isotope 

239Pu 
24ip u 

235U (fuel) 
23 5U (U,06) 

Totals 

Mass," kg 

Inner 
Core 

398.78 
7.46 
2.48 
3.22 

411.94 

Outer 
Core 

599.62 
11.16 
3.72 
1.61 

616.11 

Radial 
Blanket 

43.93 

43.93 

Axial 
Blanket 

12.85 

12.85 

Total 

998.40 
18.62 
6.20 

61.61 

1084 83 

" Based on the reactor configurations after the critical mass 
corrections have been applied. 

TABLE II-35-VI. CORRECTED F I S S I L E M A T E R I A L INVENTORY 
IN THE C O R E AND B L A N K E T R E G I O N S OF THE E Q U A L ZONE 

CONFIGURATION OF Z P P R ASSEMBLY 2, LOADING 90 

Isotope 

239Pu 
24 ip u 

235U (fuel) 
235U (U3Os) 

Totals 

Mass," kg 

Inner 
Core 

399.77 
7.36 
2.49 
3.23 

412.85 

Outer 
Core 

604.00 
11.07 

. 3.75 
1.62 

620.44 

Radial 
Blanket 

43.38 

43.38 

Axial 
Blanket 

12.89 

12.89 

Total 

1003.77 
18.43 
6.24 

61.12 

1089.50 

a Based on the reactor configurations after the critical mass 
corrections have been applied. 

(Loading 47 or similar) provided Avorths of 16 4 d= 0.5 
and 9.03 ± 0.5 Ih for types A (2-columns Pu-U-Mo) 
and B (1 column Pu-U-Mo) outer core draAvcrs, respec
tively, replacing radial blanket draAvers at the core 
blanket boundary. Similarly, at the inner/outer core 
boundary, inner core draAvers replacing outer core 
draAvers Avcrc found to be Avorth —25.78 ± 0.5 and 
— 3.06 ± 0.5 Ih for outer core types A and B draAvers,, 
respectively. 

For a replacement of an A and a B type outer core 
drawer (total of 1.50 kg 239Pu) Avith tAvo inner core 
draAvers (1.00 kg) coupled Avith replacing four radial 
blanket draAvers Avith tAvo each of types A and B outer 
core draAvers (3.00 kg), the net Avorth AA'ould be 22.0 ± 
1.0 Ih. The combination is an equal increase in both 
core zones (2 draAvers/zone) AAdth a net fuel change of 
+2.50 kg 239Pu. Thus the desired fucl-mass/rcactivity 
correlation (for small equal-volume increments in core-
zone size) is +8.8 ± 0.4 Ih/kg of contained 239Pu. 

Table II-35-IV lists the reactivity corrections re
quired to the as-built Loadings 77 and 90 configura
tions and the equivalent mass adjustments. The total 
mass adjustments added to the as-built mass loadings, 
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TABLE II-35-VII CORRECTED CRITICAL M A S S E S FOR THE E Q U A L - Z O N E R I rERrNCE C O R L S o r Z P P R ASSEMBLE 
2 INCLUDING 2 4 1 P U D E C ^ Y ADJUSTMENT 

Reference 
Loading No 

47 
77 
90 

Day of Year 

106/70 
173/70 
282/70 

A/, 
Days 

0 
67 

176 

ApW 
Ih 

0 
- 2 3 4 ± 2 3 
- 6 1 6 ± 6 2 

kg <239+240pu 

0 
- 2 6 ± 0 3 
- 7 0 ± 0 7 

Corrected Mass, kg <239+2«>Pu 

at Ref Date 

1016 8 ± 1 0 
1017 0 ± 1 0 
1022 2 ± 1 3 

at Day 106/70 

1016 8 ± 1 0 
1014 4 ± 1 0 
1015 2 ± 1 5 

<"> Assumes 0 35 ± 0 04 I h / d a y lost due to 241Pu decay 
<b» Ap/Am = 8 81 Ih /kg 

deteimincd from exact inventory records, then gives 
the just-uitical masses listed in the table The adjusted 
coie-zone radii m Table II-35-IV, to give smooth 
cylindncal models A\'hich AÂere just critical, Aveie de-
nved fiom the corrected cutical mass values and the 
fuel atom densities listed in Table II 35-111 foi the 
coie zones (with no rod spiking) 

The inventories of total fissile mass (kg of 235U plus 
239Pu and 241Pu) for Loadings 77 and 90 Avith the cuti
cal mass adjustments aie recorded m Tables II-35-V 
and II-35-VI The mass of fissile material is given by 
isotope, plate type, and reactor zone, m addition, the 
totals foi the entire leactor are given 

COMPARISON OF REFERENCE LOADINGS AVITH EQUAL-
VOLUME CORE ZONES 

A companson of the corrected cutical masses foi the 
thice equal-zone refeiences is presented in Table 
II-35-VII Each of the coies has been adjusted to the 
same date (the date of Loading 47) by correctmg for 
the reactivity loss due to 241Pu decay The value used 
for the late of loss of reactivity was 0 35 Ih/day, Avhich 
is based on observed reactivity losses during the five-
AAeek shutdoAvn for annual cell integrity tests This 
value compares Avith a calculated value of 0 25 Ih/day, 
A\hich is someAA'hat suspect because of the uncertainties 
in the cross section data for 241Pu and M Am The lathei 
laige collections in mass due to 241Pu decay aie the 

result of the lequncment that equal zone volumes be 
maintained, as discussed previously, and do not indi
cate the actual loss of 7 kg of fissile matenal m 176 
days 

CONCLUSIONS 

The lesults in Table II-35-VII show a high degiee of 
consistency, indicating that the sodium loading change 
did not have a majoi leactivity effect, and that the 
technique for collection foi spiked lods Avas quite 
accuiate The mass unceitamty ansmg fiom the piob-
able ciroi in the combined leactivity conections, due 
to vanous physical adjustments to obtain a smooth 
model, are seen to be of the same order as the uncer
tainty due to the isotopic analysis of the fuel I t is ob
served that the lequircmcnt in a two-zone coie system 
foi equal zone volume inciomciits to compensate for 
reactivity changes entails a moic than double total-
coie volume incicmcnt ovci a simple increment to the 
outer zone alone 

REFERENCES 

I R E Kaisei and R J N o m s , Cutical Mass Evaluations in 
ZPPR Assembly 2, a Demonstration Reactor Benchmark 
Assembly, Applied Phjs ics Division Annual Report , July 
1, 1969, to June 30, 1970, ANL-7710, pp 140-146 

2 R A Lewis, K D Dance, J F Meyei and E F Gioh, 
The Variable Tempeiature Rodded Zone (VTRZ) Piojecl, 
Applied Physics Division Annual Repoi t , Jul} ' 1, 1969, 
to June 30, 1970, ANL 7710, pp 189-196 

11-36. Effects of Sodium Voiding on Reactor Parameters in the Demonstration 
Plant Benchmark Critical 

A P OLSON, W. G DAVEY, R E KAISER, J C YOUNG, R J. NORRIS and A L H E S S 

Benchmaik critical experiments are being perfoimed 
on ZPPR Assembly 2 m support of the initial design 
phases of the LMFBR demonstration plants 1 ZPPR 
Assembly 2 is a 2400-htcr simulated plutomum oxide-

fueled system containing a tAAO-zoned coie chaiac 
tenzcd by equal-volume zones and an outei to-inner 
core enrichment latio of 1 5 (2> As pait of this piogiam, 
a scues of sodium-voiding measurements haA'e been 
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made and compared A\ith corresponding analytical 
determinations. 

The sodium-voiding experiment ranged from the re
moval of less than 0.2 kg of sodium from the central 
core drawer of the split-type assembly to the voiding of 
61.4 kg of sodium from a central 93-draAver zone. The 
reactivity effects caused by the progressive removal of 
sodium from the central core region arc given in Table 
II-36-I. The effect caused by the voiding in the single 
draAver Avas determined by oscillating the draAver in and 
out of the assembly and analyzing the resulting power 
history by the inverse kinetics technique. For the multi-
draAver zones, the Avorfhs Averc determined from the 
associated critical rod positions relative to that of the 
reference unvoided configuration. The control rod cali
bration remained constant for voided zones up to 93 
matrices. 

Analysis of the sodium-voiding experiments Avas 
carried out Avithin the ARC system via the 2D diffu
sion-perturbation modules. Neutron cross sections in 27 
groups were obtained from ENDF/B VERSION I 
(1968) data as described in Rcf. 2. These cross sections 
were generated by the MC2 fundamental-mode code, in 
AA'hich it Avas assumed that the reactor zone of interest 
Avas sufficiently large to attain an equilibrium spec
trum. HoAvover, reaction rate and Avorth data taken 
Avithin the largest voided zone indicated that only a 
&mall portion of that zone had attained an equilibrium 

spectrum. Hence, neither of the two cross section types 
available (100 % sodium in or 100 % sodium out) Avere 
strictly applicable. Nevertheless, first order perturba
tion theory (FOP) calculations using both cross section 
types generally agreed to within 2 % as shown in Table 
II-36-I. Consequently the lack of spectral equilibration 
did not introduce an appreciable error in the calcula
tions. Table II-36-I also shoAvs reactivity worths from 
direct fc-calculations and from exact first-order per
turbation theory (EFOP) calculations. 

The central sodium void coefficient is the difference 
between tAvo opposing effects of similar magnitude: the 
removal term is only 1.4% larger than the scattering 
source term. Consequently, the central coefficient is 
very sensitive to small errors in the adjoint spectrum 
and the sodium cross sections. In the largest voided 
zone, the leakage term accounts for 35 % of the sodium 
void coefficient, but the calculated/experimental (C/E) 
ratio is about the same as at the center. This constancy 
implies that the leakage term A\as calculated AAith 
accuracy similar to that for the combined spectral 
terms. 

An "inverse" voiding experiment Avas conducted at 
the center of the 93-draA\cr voided zone. The experi
ment consisted of inserting tAvo H x 2 x 6 in. sodium-
filled cans in the front of a drawer in matrix position 
137-37 (r = 0). The measured reactivity due to sodium 
was -6 .40 dh 0.49 Ih/kg for 0.163 kg of sodium added. 

TABLE II-36-I. SODIUM V O I D W O R T H S IN ZPPR-2 

Number 
of Voided 
Drawers 

21 

45 

69 

93 

Axial Depth 
Voided 

per Half, 
cm 

15.33 
(Half 1 only) 

30.57 

15.33 
30.57 

15 33 
30.57 

30.57 

30 57 

15.33 
30.57 
45.81 

Sodium Mass 
Removed, 

kg 

0.169 
0.660 

2 969 
5.942 

6.908 
13 866 

29.714 

45.562 

30.59 
61.410 
91.42 

Reactivity Worth, Ih (998.49 Ih = 1% Ak/k) 

Experiment 

0.822 ± 0.06 
2.5 ± 0.8 

14.6 ± 0.8 
17.0 ± 0.8 

45.4 ± 0.8 

95.2 ± .0 .8 

147.0 ± 0.8 

198.1 ± 0.8 

Best 
Calcu
lation 

0.624 
1.733 

11. IS 
14.20 

33.56 

— 

— 

152.8 

C/E 

0.76 
0.71 

0.77 
0.84 

0.74 

— 

— 

0.77 

Exact 
First-
Order 

Pertur
bation 

14.20 

33.56 

152.8 

Calculated 
Reactivity 
Difference 

13.5 ± 2.0 

32.7 2.0 

147.8 ± 2.0 

FOP from Unvoided 
Configuration 

Sodium 
Only 

0.623 
1.733 

11.18 
14.72 

26.09 
30.93 

110.8 
137.9 
82.8 

All" 

0.625 
1.754 

11.22 
14. S9 

26. IS 
31.37 

111.4 
138.4 
84.8 

a Cross sections from separate , fully-voided MC2 calculation. I t includes the effect of sodium voiding on other isotopic cross sec
tions, calculated assuming tha t the voided region is large enough to have an equilibrium spectrum. 
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TABLE II36II. COMPARISON OP F T R  V O I D I N G E X P E R I M E N T S IN PLVTD CORE AVITH VOIDING W O R T H S D E R I V E D 
PROM SMALLSAMPLE T R W E R S E S 

Experimental 
Step 

1 
2 

(includes Step 1) 
3 
4 
5 
6 

Drawers 
Voided 
in Step 

per Half 

1 
9 

(includes center) 
12 
24 
24 
24 

Sodium 
Removed 
in Step, 

kg 

0 660 
5 942 

7.924 
15.848 
15.848 
15 848 

Measured 
Step 

Worth in 
FTR Exps, 

Ih 

2 5 ± 0 5 
17.0 ± 0.S 

28.4 ± 0.8 
49.8 ± 0.8 
51 8 =fc 0.8 
51.1 ± 0.8 

Step Worth 
on basis of 
Radial and 

Axial Sodium 
Traverses" 

2.09 ± 0 13 
IS 76 =fc 1 IS 

24.81 ± 1.56 
48 70 ± 3 07 
47.21 ± 2 98 
45 57 ± 2 88 

Zone 
Drawers 
per Half 

1 
9 

21 
45 
69 
93 

Cumulative Results 

Summation of Step Worth, 
Ih 

FTR 

2.5 ± 0 5 
17.0 ± 0 8 

45.4 ± 0.8 
95 2 ± 0 S 

147 0 ± 0 S 
198 1 ± 0 8 

Traverses" 

2 09 ± 0.13 
IS.76 ± 1.18 

43.57 ± 2.75 
92 27 ± 5.82 

139 48 ± 8.SO 
185 0 ± 11.7 

" Uncer ta in ty in derived worths is based on probable error in cential worth of 6 in. x ■}£ in. diam. sodium sample 

TABLE II36III . F I S S I O N R A T I O COMPARISON IN THE VOIDED \ N D UNVOIDIJD C O R E S OP ZPPR ASSLMHLY 2 

Experiment 
Calculation 

C/E 

238TJ/235TJ 

Unvoided 

0 0201 ± 0 0004 
0.01883 

0 9368 ± 0.02 

Voided 

0 0242 ± 0.0004 
0 02232 

0 9216 ± 0.02 

% Change 

+ 2 0 . 5 
+ 18 5 

239pu/235TJ 

Unvoided 

0.9372 ± 0 0142 
0 8631 

0 9209 ± 0 015 

Voided 

0 9676 ± 0 0141 
0.9052 

0 9355 ± 0 015 

% Change 

+ 3 . 2 
+ 4 9 

The ratio of sodium Avorth in the 93draAver voided 
zone to that in the unvoided zone for a similar experi

ment A\as measured to be 1.32, and calculated as 1.23, 
for a C/E of 0.93. 

Radial and axial sodium worth profiles Avere meas

ured using a small sample of %in. diam by 6 in. length. 
Calculated Avorth profiles Avere used to smoothly fit the 
experimental data points. Numerical integration of the 
smooth fits to the experimental data points gave ex

cellent agreement AAdth the experimentally determined 
AAorths for voided zones, as shoAvn in Table II36II. 

I t is a curious fact that the experimental Avorth in 
Ih/kg of sodium is constant to Avithin experimental 
error from 21 to 93 voided draAvers per half. The exact 
FOP calculations for the Avorth per kg of sodium ac

tually increase by 3 % from 21 to 93 voided draAvers. 
From the pointAvise perturbation Avorth calculations 
(per unit volume), one Avould expect about a 6% drop 
in the Avorth of sodium at the outer edge of the 93

drawer voided zone compared A\dth the outer edge of 
the 21draA\cr voided zone. The effect Avhich compen

sates for this is the enhancement of the Avorth of the 
sodium near the center of the voided zone, due to 
hardening of the spectrum A\dthin the voided zone as 
the zone increases in size. As previously discussed Avhen 
dealing with the "inverse" voiding experiment, this 
Avorth enhancement ratio of 1.23 is not negligible, and 
it appears to be calculated quite Avell. We note that 

only a fraction of the Avorth enhancement ratio of 1.23 
need be invoked in order to correlate A\ith the calcu

lated increase in sodium Avorth from 21 to 93 voided 
draAvers. 

Table II36III contains a comparison of calculated 
and measured fission ratios in the 93draAvcr voided 
zone and in the unvoided core. The measurements Avere 
performed using backtoback fission chambers mounted 
at core center, 7.62 cm from the axial midplane. The 
ratios Avere determined from analyzerintegrated coun

trates AA'ith a correction applied Avhich accounts for 
extrapolation of the counts/channel from the loAvcr 
discriminator to zero pulse height. The emoted errors 
include contributions from counting statistics, statisti

cal errors in foil compositions, and in foil Aveights. 
From Table II36III, it can be seen that the neutron 

spectrum becomes significantly harder in the voided 
zone than in the unvoided core, from the increase in 
the 238"Tjy235Tj fission ratio. The spectral hardening effect 
as indicated by the change in fission ratios is calculated 
very Avell. 

In summary, one concludes that: 
1. The reactivity Avorth of sodium near the center 

of ZPPR2 is not calculated accurately, the ra 
of calculation and experiment (C/E) being i 
proximately O.S. 

2. By contrast, the fractional changes hi some param

eters can be predicted Avith accuracy; these include 
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changes in the perturbation Avorth of sodium in 
voided and unvoided zones, and changes in fission 
ratios at the center of zones. 

3. Up to the maximum size of central zone voided, 
the specific worth of sodium shows a remarkable 
constancy. This appears to be due to compensa
tion of leakage effects by the increased worth of 
centrally-located sodium as the zone size increases; 
the magnitude is consistent Avith measured (and 
calculated) changes in sodium w orth in the voided 
and unvoided conditions. 
This constancy is not expected for even larger 
zone sizes Avhcre leakage becomes even greater, 

INTRODUCTION 

An extensive scries of measurements A\ ere performed 
in ZPPR Assembly 2(1) to determine the Avorth of small 
cylindrical and annular samples at the center of the 
reactor. Table II-37-I contains a description of the 
reactivity samples used for this scries of measurements. 
A selection of isotopic abundances was provided for the 
plufonium, uranium, and boron samples to alloAv for 
isotopic Avorth separation. The isotopic analysis in
formation is presented in Tables II-37-II through 
II-37-IV. Sample diameters and annular thicknesses 
Avere varied to alloAv sample size corrections to be cal
culated. 

All sample A\orths Avere determined as the change in 
reactivity between an "in" and "out" position. The 
samples Avere oscillated betAveen the tAvo positions 
through a traverse tube located 3.04 in. from the inter
face. An autorod kept the reactor at steady power AAIIIIC 
the sample Avas traversed, and the autorod position 
Avas converted to a relative reactivity for the determina
tion of the sample Avorth. 

REACTOR CONFIGURATION 

The reactor configuration A\as the same as outlined 
in the description of Assembly 2 in Rcf. 1, except that a 
IOAV Avorth autorod Avas installed in the movable half 

nd the sample changer and traverse assembly Avere 
istallcd in the fixed half of the reactor. Slight adjust

ments in the total number of fuel draAvers in the reactor 
were required to maintain criticality; hoAvcvcr, the 
core composition remained unchanged. 

but experimental tests of this, Avhilc planned, have 
not yet been performed. 

4. Over the range of zone sizes investigated, the in
tegrated experimental small-sample Avorths arc in 
excellent agreement AAith the zone voiding Avorths. 
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' EXPERIMENTAL EQUIPMENT 

The experimental setup requires a traverse tube to be 
inserted through the reactor along a diameter 3.036 in. 
from the midplane. A sample carrier, push rod and 
folloAver rod (Fig. II-37-1) are placed in the traverse 
tube. A remotely operated sample changer is used to 
remove and insert samples Avhcn the sample carrier is 
positioned at the full out position. The sample carrier 
is oscillated betAveen an in and out position by a step-
ping-motor-driven screAv drive coupled to the push rod. 
The center of the sample carrier is positioned at the 
axial center line of the reactor by aligning a mark on 
the folloAver rod Avith the outer surface of the reactor 
matrix assembly. 

The ZPPR autorod system is an automatic device 
for monitoring the neutron flux level and maintaining 
this level constant through insertion and removal of a 
tantalum blade. As presently designed, it consists of an 
AC motor driving a rotating ball nut Avhich in turn 
drives a ball screAv into and out of the reactor. Attached 
to the end of the ball screAv is the tapered tantalum 
blade. This system is used to maintain a constant poAver 
level in the reactor after a near stable level has already 
been achieved by manual manipulation of the control 
rods. 

EXPERIMENTAL METHOD 

The autorod is calibrated using inverse kinetics to 
convert the poAver history to a reactivity Avorth calibra
tion curve. To avoid problems of non-linearity in the 
autorod calibration curve, autorod positions Avere con-

11-37. D e m o n s t r a t i o n P l a n t B e n c h m a r k C e n t r a l R e a c t i v i t y M e a s u r e m e n t s 
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TABLE II-37-I. DESCRIPTIONS OP ZPR REACTIVITY SAMPLES 

Sample 
LD. 

Pu-8 
Pu-10 
Pu-12 
Pu-14 
Pu-16 
Pu-18 
Pu-20 
Pu-22 
Pu-24 
Pu-26 
Pu-28 
Pu-30 
Pu-32 
Pu-34 
Pu-36 
Pu-38 
Pu-40 
Pu-42 
Pu-44 
Pu-46 
Pu-48 
U-2 
U-4 
U-6 
U-8 
U-10 
U-12 
Du-2 
Du-4 
Du-6 
Du-S 
ZPR-3-1 
ZPR-3-2 
U-235 
Na-4 

B- l 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 
B-8 
B-9 
B-10 
SS-1 
Fe-1 
Fe203-2 

Ta-1 
Ta-2 
Ta-3 
Ta-4 
Ta-5 

Geometry 

Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Annular 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Annular 
Annular 
Annular 
Cylinder 
Cylinder 
Cylinder 
Annular 
Cylinder 
Cylinder 
Cylinder 
Cylinder 

Cylinder 
Cylinder 
Cylinder 
Cylinder 
Annular 
Annular 
Annular 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 

Cylinder 
Cylinder 
Cylinder 
Annular 
Annular 

Dimensions, 

Length 

2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173' 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.002 
2.004 
2.002 
6.000 

2.174 
2.172 
2.173 
2.713 
2.173 
2.173 
2.173 
2.167 
2.172 
2.172 
2.173 
2.172 
2.169 

2.174 
2.173 
2.173 
2.174 
2.175 

O.D. 

0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.390 
0.100 
0.200 
0.300 
0.100 
0.200 
0.300 
0.100 
0.200 
0.300 
0.100 
0.200 
0.300. 
0.100 
0.200 
0.300 
0.390 
0.390 
0.390 
0.100 
0.200 
0.300 
0.390 
0.420 
0.200 
0.020 
0.424 

0.401 
0.181 
0.097 
0.052 
0.400 
0.401 
0.400 
0.400 
0.181 
0.097 
0.390 
0.389 
0.401 

0.389 
0.200 
0.100 
0.378 
0.378 

m. 

Wall 
Thickness 

0.005 
0.015 
0.025 
0.005 
0.015 
0.025 
0.005 
0.015 
0.025 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

0.005 
0.015 
0.025 

— 
— 
— 

0.020 
— 
— 
— 
_ 

— 
— 
— 

0.040 
0.020 
0.0094 

— 
— 
— 
— 
— 
— 

— 
— 

0.021 
0.011 

Sample" 
Mass, 

g 

3.0347 
8.8478 

14.2288 
3.0217 
8.2391 

13.7749 
3.5115 
8.3384 

13.2560 
4.4518 

16.8639 
38.0907 

3.9173 
17.0474 
38.6469 
4.2427 

16.9529 
38.1472 
4.4337 

17.0297 
38.4081 
4.7931 

21.0999 
46.8887 

3.9375 
11.1751 
18.4611 
5.1962 

21.0243 
47.4269 
14.9410 
85.76 
19.63 
19.63 
12.724 

4.1928 
0.7529 
0.2619 
0.0738 
1.8370 
0.9562 
0.4968 
2 3447 
0.4834 
0.1785 

33.635 
33.277 
5.2648 

70.504 
18.647 
4.681 

13.859 
5.893 

Capsule 
Mass, 

g 

10.3397 
10.7480 
10.5230 
10.7499 
10.6543 
10 6661 
10.7129 
10.2920 
10.7758 
11.0206 
10.9648 
11.6003 
11.1206 
10.9585 
11.6688 
10.6110 
11.1659 
11.5960 
10.7633 
11.2653 
11.5649 
11.0646 
11.2499 
11.4626 
10.6693 
10.1261 
10.5669 
11.089 
11.213 
11.417 
10.2976 

— 
— 
— 

26.928 

10.521 
12.386 
11.965 
11.250 
17 233 
17.947 
20.776 
10.631 
12.710 
12.047 
10.347 
10.611 
10.624 

10.678 
11.124 
10.614 
10 597 
10.320 

Melt No. or 
Composition 

R-524 
R-524 
R-524 
R-528 
R-528 
R-528 
R-529 
R-529 
R-529 
R-530 
R-530 
R-530 
R-524 
R-524 
R-524 
R-528 
R-528 
R-528 
R-529 
R-529 
R-529 
212E-2 
212E-2 
212E-2 
212E-2 
212E-2 
212E-2 
D-1R 
D-1R 
D-1R 
D-1R 

0.21 w/o U-235 
99.79 w/o U-238 
93.16 w/o U-235 
From E B R - I I 

coolant lines 

Enriched 
Enriched 
Enriched 
Enriched 
Enriched 
Enriched 
Enriched 
Natura l Group I 
Natura l Group I 
Natura l Group I 
SS-304 
99.99% pure 
99.999% pure 

99.9% pure 

Dummy 
No. 

D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D-5-D-S 
D-9-D-12 
D-13-D-16 
D-5-D-8 
D-9-D-12 
D-13-D-16 
D-5-D-8 
D-9-D-12 
D-13-D-16 
D-5-D-8 
D-9-D-12 
D-13-D-16 
D-5-D-8 
D-9-D-12 
D-13-D-16 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D-5-D-8 
D-9-D-12 
D-13-D-16 
D- l -D-4 

— 
— 
— 

D-45 

D- l -D-4 
D-17-D-20 
D-21-D-24 
D-25-D-28 
D-37-D-40 
D-33-D-36 
D-29-D-32 
D- l -D-4 
D-17-D-20 
D-21-D-24 
D- l -D-4 
D- l -D-4 
D- l -D-4 

D- l -D-4 
D-9-D-12 
D-5-D-S 
D- l -D-4 
D- l -D-4 
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TABLE II-37-I. Continued 

Sample 
LD. 

Mo-1 
Mo-2 
Mo-3 
Mo-4 
Nb-1 
Nb-2 
Nb-3 
Nb-4 
W-1 
W-2 
W-3 
W-4 
Ni-1 
Mn-1 
Cr-3 
V-1 
C-1 

Ti-1 
Poly-1 
Poly-2 
Poly-3 
Al-1 
AUO3-I 

AUO3-3 

Zr-1 

Geometry 

Cylinder 
Cylinder 
Annular 
Annular 
Cylinder 
Cylinder 
Annular 
Annular 
Cylinder 
Cylinder 
Annular 
Annular 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 

Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 
Cylinder 

Cylinder 

Cylinder 

Dimensions. 

Length 

2.173 
2.173 
2.173 
2.169 
2.174 
2.174 
2.174 
2.172 
2.174 
2.173 
2.173 
2.173 
2.173 
2.173 
2.173 
2.174 
2 174 

2.174 
2.173 
2.172 
2.172 
2.173 
2.169 

2.174 

2.174 

O.D. 

0.390 
0.200 
0.376 
0.376 
0.390 
0.200 
0 377 
0.377 
0.376 
0 249 
0.400 
0.392 
0.390 
0.3986 
0.375 
0.390 
0.391 

0.390 
0.390 
0.2005 
0.102 
0.390 
0.4005 

0.376 

0.390 

in. 

Wall 
Thickness 

— 
— 

0.0195 
0.010 

— 
— 

0.020 
0.010 

— 
— 

0.0091 
0.018 

— 
— 
— 
— 

— 
— 
— 
— 
— 
— 

— 

— 

Sample" 
Mass, 

g 

43.398 
11.392 
7.564 
3.701 

36.370 
9.581 
6.938 
3.272 

75.555 
33.430 
6.933 

14.796 
37.916 
18.010 
26.999 
25.980 
8.027 

19.232 
4.024 
1.062 
0.269 

11.437 
3.171 

15.061 

27.635 

Capsule 
Mass, 

g 

10.688 
10.740 
10.545 
10.647 
10.585 
11.107 
10 525 
10.709 
10.684 
11.569 
10.698 
10.631 
10.691 
10.343 
10.644 
10.712 
10.672 

10.660 
10.567 
11.303 
10.959 
10.559 
10.602 

10.359 

10.648 

Melt No. or 
Composition 

99.95% pure 

99 82% pure 

99.5% pure 

99 995% pure 
99 99% pure 
99.996% pure f | 
99.987% pure W 
reactor grade 10 

ppm ash 
99.6% pure 

99.995% pure 
99.999% pure 

99.989% pure 

Dummy 
No. 

D- l -D-4 
D-9-D-12 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D-9-D-12 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D-13-D-16 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 
D- l -D-4 

D- l -D-4 
D- l -D-4 
D-9-D-12 
D-5-D-8 
D- l -D-4 
D- l -D-4 

D - l - D - 4 

D- l -D-4 

" Uncertainty in qouted masses is ±2.0 mg. Sample masses must be adjusted by given purity fractions to give isotopic masses-
All 10 boron samples, plus Fe203-2, Mn-1, and AI2O3-I are powder samples. 

243 
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TABLE 11-37 I I PLUTONIUM SAMPLE AN VLYSIS 

Majoi Elements , w/o 
pu<a> 
Al'1" 

Isotopic Composition of 
Pu, d w/o 

P u-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 

Gas Analysis,1 ' ppm 
H 
0 
N 

Minor Elements,0 ppm 
Fe 
Ni 
Ci 
Y 
C 

R-524 

98 96 
1 10 

0 005 
86 273 
11 461 
2 084 
0 178 
0 134 

1 
72 
84 

150 
50 
10 

400 
380 

Melt Number 

R-528 

98 39 
1 27 

0 002 
73 502 
22 033 

3 841 
0 625 
0 264 

4 
224 
54 

100 
10 
10 

200 
230 

R-529 

97 67 
1 20 

0 191 
40 964 
42 258 
12 090 
4 688 
0 946 

2 
340 

35 

100 
50 

5 
1000 
230 

R-530 

98 26 
0 95 

98 926 
1 023 
0 049 
0 002 

4 
167 

17 

1700 
10000 

1100 
200 

" ± 0 30% 
b ± 5 00% 
c Factoi of 2 
<> ± 0 0 1 % 

TABLE II-37-IV BORON S U I P L B ANALYSIS 

Isotopic Composition of 
Boron, w/o 

B'° 
B " 

Majoi Element , w/o 
Boion 

Enriched 

92 19 
7 81 

94 50 

Natural 
Group I 

18 42 
81 58 

82 24 

Natural 
Group II<"> 

18 72 
81 28 

91 00 

0 No t used a t the 3 04 in position 

r Physics 

TABLE II-37-III UHVNIUM S W I P L I ANALYSIS 

Isotopic 
Composition 

Mass No 
234 
235 
236 
238 

Gas Analysis, ppm 
H 
O 
N 

Minoi Elements , 
ppm 

Ag 
Al 
As 
B 
Be 
Bi 
C 
Ca 
Cd 
Co 
Ci 
Cu 
Fe 
K 
Li 
Mg 
Mn 
Mo 
Na 
Ni 
P 
Pb 
Sb 
Sn 
Ti 
Zi 

Melt Number 

212 E-2 

w/o 

0 945160 
93 192047 
0 258504 
5 604275 
( ± 5 % ) 

(Est 

Std 
Error 

0 001574 
0 010260 
0 000865 
0 010872 

7 
324 

30 
Accuiacy— 

(0 5) 
10 

L 100 
0 1 

L 0 2 
L 2 

151 
L 50 

110 
L 10 

60 
2 

100 
L 100 
L 5 

10 
6 
S 
2 

200 
60 

2 
L 10 
L 2 
L 100 
L 100 

D-1R 

w/o 

0 000708 
0 213179 
0 004528 

99 781570 

18 
363 
43 

Std 
Error 

0 000029 
0 000788 
0 000188 
0 000808 

-factoi of two) 

1 
60 

L 100 
0 1 

L 0 2 
L 2 

L 50 
L 10 
L 10 

3 
50 

100 
L 100 
L 5 

20 
150 

L 5 
3 

10 
40 

2 
L 10 

2 
L 100 
L 100 

Note Symbol meaning L less t han , ( ) accuiacy uncei-
tain 
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F I G . II-37-1. Push Rod, E m p t y Carrier and Follower Rod of the Automatic Sample Changer and Traverse Mechanism. ANL-
103-A11891. 

verted to relative reactivity prior to evaluating the 
sample worth. 

A reactivity A\-orth is determined for the sample and 
the traverse mechanism using the standard reactivity 
evaluation techniques2 in use at ZPPR Avhich account 
for reactor drift during the measurement. To account 
for the encapsulating material and traverse mechanism, 
a series of reactivity measurements Avere run for empty 
capsules and for the empty carrier. A linear least 
squares fit Avas done on the reactivity AAorth of the 
capsules and empty carrier versus the capsule weight. 
The standard deviation of the values about the fitted 
line provides an error estimate for this series of experi
ments, and all error values listed in Tables II-37-V and 
II-37-VI are based on this standard deviation Aveighted 
by the ratios of the square roots of the integrated 
poAver. The capsule Aveight for each sample as obtained 
from Table II-37-I Avas substituted into the fitted equa

tion to obtain the reactivity correction due to the cap" 
sule and traverse mechanism. The samples Avere oscil
lated a minimum of three times in and out of the 
reactor for each sample, with the sample being held 
stationary at each turn-around-point for 120-130 sec. 
The "in" position is at the axial centerline and the "out" 
position is at 4 in. outside the radial reflector. Initial 
positioning of the traverse mechanism is accurate to 
0.06 in. and repositioning during the experiment is 
accurate to 0.01 in. 

RESULTS 

The reactivity Avorths determined from this series of 
experiments is presented in Table II-37-VI for scatter
ing and absorption samples, and in Table II-37-V for 
the fissile and fertile materials. These Avorths are as 
measured, Avith no corrections for sample size effects, 
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TABLE II-37-V. SMALL-SAMPLE REACTIVITY W O B T H S FOR 
F I S S I L E AND F E R T I L E MATERIALS M E A S U R E D ON THE 

A X I A L C E N T E R L I N E , 3 in. FROM THE INTERFACE IN 
Z P P R ASSEMBLY 2 

Sample I.D. 

Pu-8 
Pu-10 
Pu-12 
Pu-14 
Pu-16 
Pu-18 
Pu-20 
Pu-22 
Pu-24 
Pu-26 
Pu-28 
Pu-30 
Pu-32 
Pu-34 
Pu-36 
Pu-38 
Pu-40 
Pu-42 
Pu-44 
Pu-46 
Pu-48 

Du-2 
Du-4 
Du-6 
ZPR-3-2b 

ZPR-3- l b 

U-235b 

Composition 
Type 

11% 24°Pu 

22% 24°Pu 

42% 24°Pu 

1% 240Pu 

11% 24°Pu 

22% 24°Pu 

42% 24°Pu 

Depleted U 

Enriched U 

Sample 
Mass, 

g 

3.0347 
8.8478 

14.2288 
3.0217 
8.2391 

13.7749 
3.5115 
8.3384 

13.2560 
4.4518 

16.8639 
38.0907 
3.9173 

17.0474 
38.6469 
4.2427 

16.9529 
38.1472 
4.4337 

17.0297 
38.4081 

5.1962 
21.0243 
47.4269 
19.63 
85.76 
19.63 

Specific Worth,0 

Ih/kg 

106.26 ± 1.06 
106.61 ± 0.42 
106.46 ± 0.43 
92.17 ± 1.22 
93.72 ± 0.54 
94.55 ± 0.45 
72.66 ± 1.05 
72.30 ± 0.44 
72.97 ± 0.46 

117.06 ± 0.83 
116.72 ± 0.37 
119.04 ± 0.10 
107.65 ± 1.58 
108.80 ± 0.36 
109.40 ± 0.16 
95.40 ± 1.04 
97.08 ± 0.36 
98.37 ± 0.12 
73.76 ± 0.83 
75.30 ± 0.36 
76.48 ± 0.16 

- 6 . 3 3 ± 1.19 
- 6 . 3 3 ± 0.29 
- 6 . 1 2 ± 0.13 
- 5 . 5 3 ± 0.33 
- 5 . 5 9 ± 0.07 
87.38 ± 0.30 

a Worth per kg of sample mass. 
b Special samples with no capsules; refer to Table II-37-I 

for description. 

no separation of isotopic information, and no correction 
for impurities. The values are for Ih per kilogram of 
sample weight. The conversion factor of 1015.67 Ih/ % 
Ak/k was used to obtain the final results. 

REFEBENCES 

1. R. E . Kaiser and R. J . Norris , Critical Mass Evaluation in 
ZPPR Assembly 2, a Demonstration Reactor Benchmark 
Assembly, Applied Physics Division Annual Report , 
July 1, 1969, to June 30, 1970, ANL-7710, pp . 140-146. 

2. R. W. Goin and C. L. Beck, Critical Reactivity Measurement 
Techniques at the Zero Power Plutonium Reactor (ZPPR), 
Applied Physics Division Annual Report , July 1, 1969, 
to June 30, 1970, ANL-7710, pp. 274-276. 

TABLE II-37-VI. SMALL-SAMPLE REACTIVITY WORTHS 
M E A S U R E D ON THE A X I A L C E N T E R L I N E , 3 in. FROM THE 

INTERFACE IN ZPPR ASSEMBLY 2 
(A = annular sample) 

Sample I.D. 

B- l (enriched) 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 
B-8 (natural) 
B-9 
B-10 
Ta-1 
Ta-2 
Ta-3 
Ta-4 
Ta-5 
SS-1 
Fe-1 
Fe203-2 

Mo-1 
Mo-2 
Mo-3 
Mo-4 
Nb-1 
Nb-2 
Nb-3 
Nb-4 
W-l 
W-2 
W-3 
W-4 
Ni-1 
Mn-1 
Cr-3 
V-l 
C-l 
Ti-1 
Poly-1 
Poly-2 
Poly-3 
Al-1 
Al203-1 

AUOs-3 

Zr-1 
Na-4 

A 
A 
A 

A 
A 

A 
A 

A 
A 

A 
A 

Sample Mass, 
g 

4.193 
0.753 
0.262 
0.074 
1.837 
0.956 
0.497 
2.345 
0.483 
0.179 

70.504 
18.647 
4.681 

13.859 
5.893 

33.635 
33.277 
5.265 

43.398 
11.392 
7.564 
3.701 

36.370 
9.581 
6.938 
3.272 

75.555 
33.430 
6.933 

14.796 
37.916 
18.010 
26.999 
25.980 
8.027 

19.232 
4.024 
1.062 
0.269 

11.437 
3.171 

15.061 

27.635 
12.724 

Specific Worth," 
Ih /kg 

-1547.94 ± 
-1765.61 ± 
-1885.53 ± 
-2009.32 ± 
-1726.47 ± 
-1870.87 ± 
-1915.03 ± 
-360 .49 ± 
-358 .02 ± 
-378.S6 ± 

- 2 7 . 2 8 ± 
- 3 0 . 4 3 ± 
- 3 6 . 7 3 ± 
- 3 7 . 1 0 ± 
- 4 1 . 7 8 ± 

- 3 . 5 8 ± 
- 3 . 0 6 ± 
- 3 . 9 0 ± 

- 1 0 . 9 6 ± 
- 1 2 . 5 5 ± 
- 1 2 . 7 7 ± 
- 1 0 . 0 4 ± 
- 1 5 . 6 4 ± 
- 1 7 . 0 3 ± 
- 1 9 . 3 7 ± 
- 2 0 . 6 4 ± 
- 1 0 . 4 8 ± 
- 1 1 . 3 3 ± 
- 1 5 . 7 6 ± 
- 1 2 . 6 3 ± 

- 4 . 6 2 ± 
- 7 . 4 1 ± 
- 3 . 2 9 ± 
- 3 . 5 9 ± 

- 1 1 . 0 5 ± 
- 3 . 4 2 ± 
222.77 ± 
172.24 ± 
159.34 ± 
- 5 . 8 2 ± 

- 1 0 . 4 4 ± 

- 6 . 4 7 ± 

- 3 . 9 3 ± 
- 5 . 0 2 ± 

2.43 
8.21 
23.58 
63.44 
1.75 
6.46 
12.43 
1.89 
9.01 
17.99 
0.09 
0.33 
1.32 
0.44 
1.05 
0.18 
0.10 
1.17 

0.14 
0.54 
0.82 
1.67 
0.17 
0.64 
0.89 
1.89 
0.05 
0.81 
0.89 
0.30 
0.16 
0.33 
0.22 
0.24 
0.77 
0.32 
1.54 
5.81 
22.97 
0.54 
1.95 

0.41 

0.16 
0.34 

a Worthjper kg of sample mass. 
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11-38. C a l c u l a t e d S i z e E f f ec t s f o r R e a c t i v i t y P e r t u r b a t i o n S a m p l e s i n Z P P R 

P. J. COLLINS* and R. G. PALMER 

INTRODUCTION 

The reactivity worths of most materials of interest 
to the LMFBR program have been measured in ZPPR 
Assembly 2 as a function of position. The measurements 
are conveniently made by oscillating small samples into 
and out of the reactor through a traverse tube. Most 
measurements have been made with cylindrical or an
nular samples. Since adequate analytical methods are 
not available for treating this complex situation in 
general, the worths of many of the important materials 
were measured near to the center of the reactor over a 
range of sample sizes, thus providing a test of calcula-
tional methods (see Paper 11-37). 

As a preliminary method for calculating sample size 
effects, a simple multigroup collision probability code, 
SARCASM, has been developed. The code treats self-
multiplication, absorption and multiple scattering 
within a finite small sample on a broad group basis. The 
code has several limitations; firstly, the effect of the 
sample on the reactor is treated only to first order and 
secondly, because of the restriction to broad groups, 
materials with strong resonances present problems. The 
data used in SARCASM must be appropriately reso
nance shielded and the shielding is duplicated, in the 
broad group sense, in the code. The resonance shielding 
problem is accentuated for a material, for example 238U, 
which is also present in the reactor. For a number of 
materials of interest, however, the method gives a good 
account of the experimental results. 

T H E SARCASM CODE 

For a uniform isotropic flux # at the surface of the 
sample, the number of primary collisions in group i 
at position r is 

N\l)(i)di = S„*J ' , ( r) dx, (1) 

where 2< is the macroscopic total cross section and 
P(r ) is the escape probability from r. The total number 
of primary collisions in the sample of volume V, in 
group i, is 

N\" = Zlt<t>rVP0l , (2) 

with Poi the average escape probability. 
The number of secondary neutrons produced in the 
mple by scattering and fission which escape to the 

reactor, in group i, is 

"UKAEA, Winfnth, DoiChester, Dorset , England. 

# " ' . . = E f c ( 2 « ^ , + x . (» '2 / ) , ) / ' p , ( r )P , ( r )d r . (3) 

If the spatial distribution of secondary neutrons is 
assumed to be flat, this becomes 

N?L = £ fc (2„,~. + x«("2 /) J)P0 jP0 l7. (4) 

Under the same assumption, the number of neutrons 
which escape to the reactor after two collisions in the 
sample, N[3e,c, may be readily calculated and so on. 
Using the unperturbed adjoint, <t>*, at the sample 
position, the following expression is evaluated: 

iV(sample) = 1 Z<t>* (N™.e + N?L + tf <"), (5) 

where the summation over the order-of-scattering index 
is continued to convergence. In the limit of zero sample 
size, this reduces to the standard first order perturba
tion theory numerator, Ar(FOP). The code calculates 
a correction factor to multiply the full FOP worth from 

/ = iV(sample)/A/(FOP). (6) 

For infinite slab geometry, two options are available 
in the code: the spatial distribution of the secondary 
source may be taken to be flat or the detailed distribu
tion may be used as in Eq. (3) (with higher order 
sources assumed to be flat). For the range of sample 
sizes used in the ZPPR measurements, the use of a flat 
secondary distribution has been found to lead to negli
gible error. The two options are compared in Table 

TABLE II-38-I . COMPARISON OF F L A T AND E X A C T 
SECONDARY D I S T R I B U T I O N S 

Material 

239Pu 

i«B 

1 2 C 

Atom Density, 
1024 atoms/cm8 

0.048 

0.060 

0.072 

Slab 
Thickness, 

mm 

5 
20 
40 

5 
20 
40 

5 
20 
40 

Sample Size Correction 
Factor, / 

Exact 
Secondary 

Distri
bution 

1.1909 
2.1415 
5.2579 

0.7039 
0.4612 
0.3333 

0.9448 
0.8127 
0.6284 

Flat 
Secondary 

Distri
bution 

1.1919 
2.1704 
5.4694 

0.7041 
0.4624 
0 3361 

0.9448 
0.8117 
0.6226 
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II-38-I for 239Pu, 10B and 12C. The thicknesses for slabs, In these cases, collision probability routines developed 
with mean chords equal to those of the ZPPR samples, by Nicholson1 are incorporated into the code. A similar 
range up to about 5 mm. The flat secondary distribu- method, for slab geometry, has been described by 
tion is assumed in cylindrical and annular geometry. Karam. 

TABLE II-38-II. CENTRAL REACTIVITY W O R T H S FOR PLUTONIUM SAMPLES 

Sample 
Number 

Pu-26 
Pu-28 
Pu-30 

Pu-8 
Pu-10 
Pu-12 
Pu-32 
Pu-34 
Pu-36 

Pu-14 
Pu-16 
Pu-18 
Pu-38 
Pu-40 
Pu-42 

Pu-20 
Pu-22 

. Pu-24 
Pu-44 
Pu-46 
Pu-48 

Sample Description," 
Composition, Geometry, 

Mass of Pu 

R-530, Cyl., 4.374g 
" Cyl., 16.571g 
" Cyl., 37.428g 

R-524, Ann., 3.003g 
Ann., 8.756g 

" Ann., 14.081g 
" Cyl., 3.877g 
" Cyl. , 16.870g 
" Cyl. , 38.245g 

R-528, Ann., 2.973g 
" Ann., 8.107g 
" Ann., 13.553g 
" Cyl., 4.174g 
" Cyl'., 16.680g 
** Cyl., 37.533g 

R-529, Ann., 3.430g 
" Ann., 8.144g 
" Ann., 12.947g 
" Cyl., 4.330g 
" Cyl., 16.633g 
" Cyl., 37.513g 

Sample Size 
Correction 

1.0194 
1.0390 
1.0587 

1.0053 
1.0125 
1.0188 
1.0198 
1.0396 
1.0595 

1.0054 
1.0126 
1.0189 
1.0201 
1.0400 
1.0597 

1.0051 
1.0117 
1.0175 
1.0193 
1.0377 
1.0559 

Calculated 
Worth, C, 

Ih/kg of Pu 

139.37 
142.05 
144.75 

125.47 
126.37 
127.16 
127.28 

'129.75 
132.24 

112.77 
113.57 
114.28 
114.41 
116.65 
118.86 

88.26 
88.84 
89.35 
89.50 
91.12 
92.72 

Experimental 
Worth, E,"'.") 
Ih/kg of Pu 

119.09 ± 0.97 
118.75 ± 0.36 
121.09 ± 0.08 

107.32 ± 1.17 
107.66 ± 0.49 
107.52 ± 0.30 
108.73 ± 1.56 
109.89 ± 0.35 
110.50 ± 0.16 

93.61 ± 1.43 
95.18 ± 0.74 
96.03 ± 0.44 
96.89 ± 0.84 
98.60 ± 0.36 
99.91 ± 0.11 

74.33 ± 1.23 
73.95 ± 0.42 
74.64 ± 0.46 
75.46 ± 0.98 
77.03 ± 0.36 
78.24 ± 0.16 

C/EW 

1.170 ± 0.010 
1.196 ± 0.004 
1.195 ± 0.001 

1.169 ± 0.013 
1.174 ± 0.005 
1.183 ± 0.003 
1.171 ± 0.017 
1.181 ± 0.004 
1.196 ± 0.002 

1.205 ± 0.018 
1.193 ± 0.009 
1.190 ± 0.005 
1.181 ± 0.010 
1.183 ± 0.004 
1.190 ± 0.001 

1.187 ± 0.020 
1.201 ± 0.007 
1.197 ± 0.007 
1.186 ± 0.015 
1.183 ± 0.006 
1.185 ± 0.002 

a Detai led isotopic compositions and dimensions are given in Paper 11-37. 
b 1% Ak/k = 1015.7 Ih. 
c The errors quoted are due to stat is t ics only. The da ta should be regarded as preliminary. 

TABLE II-38-III . C E N T R A L REACTIVITY W O R T H S FOR E N R I C H E D BORON AND TANTALUM SAMPLES 

Material 

Enriched boron 

Tan ta lum 

Sample 
Number 

B-l 
B-2 
B-3 
B-4 
B-5 
B-6 
B-7 

Ta-1 
Ta-2 
Ta-3 
Ta-4 
Ta-5 

Sample 
Description," 

Geometry, Mass 
(10B or Ta) 

Cyl., 3.653g 
Cyl., 0.656g 
Cyl., 0.228g 
Cyl., 0.064g 
Ann., 1.600g 
Ann., 0.833g 
Ann., 0.433g 

Cyl., 70.504g 
Cyl., 18.647g 
Cyl., 4.681g 
Ann., 13.859g 
Ann., 5.893g 

Sample 
Size 

Correction 

0.7740 
0.8800 
0.9143 
0.9505 
0.8657 
0.9177 
0.9510 

0.5874 
0.6482 
0.7157 
0.7701 
0.8391 

Calculated 
Worth, C, 

Ih/kg 

- 2 0 4 4 
-2324 
-2415 
-2510 
-2286 
-2424 
-2512 

- 3 1 . 8 2 
- 3 5 . 1 1 
- 3 8 . 7 7 
- 4 1 . 7 1 
—45.45 

Experimental 
Worth, E/b.o) 

Ih/kg 

-1775 ± 3 
-2025 ± 9 
-2163 ± 27 
-2305 ± 73 
-1980 ± 2 
-2146 ± 7 
-2197 ± 14 

- 2 7 . 2 8 ± 0.09 
- 3 0 . 4 3 ± 0.33 
- 3 6 . 7 3 ± 1.32 
- 3 7 . 1 0 ± 0.44 
- 4 1 . 7 8 ± 1.05 

C/E"" 

1.151 ± 0.002 
1.148 ± 0.005 
1.116 ± 0.014 
1.089 ± 0.035 
1.154 ± 0.001 
1.129 ± 0.004 
1.143 ± 0.007 

1.166 ± 0.004 
1.154 ± 0.013 
1.055 ± 0.038 
1.124 ± 0.014 
1.088 ± 0.028 

" Detai led isotopic compositions and dimensions are given in Paper 11-37. 
b 1% Ak/k = 1015.7 Ih. 
c The errors quoted are due to stat is t ics only. The da ta should be regarded as preliminary. 
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TABLE II-38-IV. CENTRAL REACTIVITY W O R T H S FOR SCATTERING AND INTERMEDIATE ABSORBING SAMPLES 

Material 

Polyethylene 

Sodium 
Carbon 
Iron 
Chromium 
Nickel 

Sample 
Number 

Poly-1 
Poly-2 
Poly-3 
Na-4 
C-l 
Fe-1 
Cr-3 
Ni-1 

Sample 
Description," 

Geometry, Mass 

Cyl , 19.232g 
Cyl , 4 024g 
Cyl., 1.062g 
Cyl , 12 724g 
Cyl , 8.027g 
Cyl , 33 277g 
Cyl , 26.999g 
Cyl , 37.916g 

Sample 
Size 

Correction 

1.583 
1.338 
1.178 
0.9947 
0 9391 
0 9830 
0 9803 
0 9853 

Calculated 
Worth, C, 

Ih/kg 

302 5 
255.7 
225.1 
- 4 005 

- 1 0 151 
- 3 . 6 1 2 
- 5 . 1 0 1 
- 4 . 0 3 4 

Experimental 
Worth, E,<^°> 

Ih/kg 

222.8 ± 1.5 
172.2 ± 5 8 
159.3 ± 23.0 

- 4 . 6 7 ± 0 27 
- 1 1 . 0 5 ± 0 77 

- 3 . 0 6 ± 0.10 
- 3 . 2 9 ± 0 22 
- 4 . 6 2 ± 0.16 

C/E<°> 

1.358 ± 0 009 
1 485 ± 0.050 
1.413 ± 0 204 
0 86 ± 0.005 
0.92 ± 0 06 
1 18 ± 0.04 
1.55 ± 0 11 
0.87 ± 0.03 

" Detai led isotopic compositions and dimensions are given in Paper 11-37. 
b 1% Afc/g = 1015.7 Ih. 
0 The errors quoted are due to stat is t ics only. The da ta should be regarded as preliminary. 

RESULTS 

The preliminary analysis for a number of the ZPPR 
samples is given in Tables II-38-II through II-3S-IV. 
First order perturbation theory worths were obtained 
from an rz model of the reactor using ENDF/B VER
SION 1 data in 27 groups. The fluxes and adjoints at the 
sample position were input to SARCASM for calcula
tion of the size corrections. The consistency of the ratio 
of calculated-to-experimcntal worths, C/E, for a given 
material, taking into account the experimental uncer
tainties, is a test of the sample size calculation. The ex
perimental results are still in the process of refinement 
and subject to possible later modification. 

The plutonium samples, in Table II-38-II, fall into 
four sets with different isotopic compositions. For a 
given composition the values of C/E agree to within 
two standard deviations of the statistical uncertainty 
for almost all samples. Table II-38-III includes results 
for strongly absorbing samples of boron and tantalum 
for which rather large size corrections arc necessary. 
Shielded data for each tantalum sample were obtained 
from an MC2 calculation. The sample size correction 
edven in the table includes this shielding factor. Results 
for materials for which scattering effects are important 
are given in Table II-38-IV. The polyethylene samples 
provide a sensitive test of the method since the size 

11-39. E v a l u a t i o n o f E x p e r i m e n t a l U n c e r t a i n t i e s o n S m a l l - S a m p l e R e a c t i v i t y 
M e a s u r e m e n t s i n Z P P R A s s e n b l y 2 

S. G. CARPENTER and R. E. KAISER 

INTRODUCTION which has been calibrated by inverse kinetics. In both 
The small sample reactivity measurements in ZPPR cases the sample or the rod is repeatedly cycled while 

are made using inverse kinetics directly or an autorod the power level is monitored and recorded by integrat-

corrections arc large. A data set for hydrogen was con
structed for the SARCASM code since,these data Mere 
not available in the ENDF/B library. For polyethylene, 
good agreement with experiment is obtained for the 
variation with sample size. However, the worths of 
scattering materials are very sensitive to the energy 
dependence of the adjoint flux. The size corrections for 
other materials in the table must be regarded as pro
visional since, for these, only one sample size has been 
studied. 

In summary, the simple method of calculating sample 
size effects adopted in the SARCASM code gives good 
agreement with experiment for several of the more 
important materials. The approximations inherent in 
the code do not appear to lead to serious errors within 
the accuracy achievable in the ZPPR measurements. 
A more refined method, however, will be necessary for 
an adequate treatment of strong resonant absorbing 
materials such as 238TJ. 
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ing over short time intervals (<~0.5 sec). This history 
is then used to determine the reactivity as a function of 
sample or autorod position and time. The worth is 
found as a function of position by performing a least 
squares fit to the data while allowing a third order re
actor reactivity drift in time (sec Paper 11-33). 

There are a number of ways in which uncertainties 
can enter the results which have been investigated. For 
the present discussion no errors in the class of "mis
takes" will be considered. These would include noise 
pickup in chambers, gamma background not compen
sated against, cable and chamber noise pickup, bad 
position or time readouts, non-linear power channels, 
etc. 

INPUT DATA UNCERTAINTY 

The first class of uncertainty arises from the input 
data which are calculated or taken from other measure
ments. These include ft//, t, a*s, Xts and the effective 
neutron source S. 

The value of ft// is taken from a calculation of the 
core. I t depends on the assumed /3 for the fissionable 
materials (mostly 238U and 2MPu), the assumed delayed 
neutron spectrum and the calculated distribution and 
magnitude of fission rates for each isotope as well as the 
spatial and energy distributions of the adjoint flux. 
Several parts of the intermediate data can be experi
mentally checked, such as the relative fission rates and 
spatial distributions. This has been done in ZPPR 
Assembly 2 and the calculation is substantially correct 
(sec Paper 11-34). The spatial distribution of fission 
neutron importance has also been compared with 
experiment and it is also substantially correct. The main 
areas of concern are j3 for each isotope, the delayed 
neutron spectrum, and the energy-dependent impor
tance. Fortunately the measurement of the worth of a 
small sample is not sensitive to ft// . As an example, a 
central measurement of a sample which was determined 
to be 1.3299(4 w ith the normal input for ZPPR Assembly 
2 was recalculated from the power history after increas
ing &// by 10%. The result was 1.3305(4. This would 
indicate that within the generally quoted accuracies 
and the possible error in ft// there is no uncertainty in 
the measured value due to a ft// uncertainty. The re
sults are about the same percent different for other 
small samples. 

The same conclusion is arrived at for a lifetime un
certainty. The calculated value is more sensitive to 
changes in cross sections and calculational methods. 
The measured value of (3/i w as very close to the calcu
lated value, 5782 ± 125 sec-1 versus 5701 sec-1, so 
that there is little chance that i is uncertain by as 
much as a factor of two. Nevertheless when the lifetime 
is increased by a factor of two, the result for the 1.3)4 

sample changes only in the fifth significant figure. No 
significant error is introduced by an uncertainty in I. 

The value of »S is determined from experiment (see 
Paper 11-33). The reproducibility is generally quoted to 
better than 2 %. There may be a systematic error which 
is also of this magnitude as the result is also somewhat 
dependent on input data. I t is not expected that the 
error could be as large as 10%. But again, for this 
change the resulting change in the experimental value of 
a l . 3 j ! sample is in the fifth significant figure when the 
measurement is made at several hundred watts. When 
done at a lower power, the change becomes larger. 

The remaining constants are the a l , X, set. The 
procedure in obtaining them is to assume the constants 
for each isotope as well as the energy spectrum for each 
group, and to combine them with spatial reactor calcu
lational results for fission rates and adjoint flux distribu
tions. The resulting values of al (effective) sum to 
unity and the Xt values are unchanged. I t is possible 
to experimentally determine if the correct ratio of de
layed neutrons from 238U and 239Pu has been obtained 
if it is assumed that the constants for each isotope are 
correct. For ZPPR Assembly 2 the measured ratio is 
within the experimental error of about 2%. Also of 
interest is the fact that the central 238U to 239Pu fission 
ratio is calculated to within the experimental uncer
tainty as well as the full reactor ratio of fissions. About 
47 % of the delayed neutron worth comes from U. If 
this fraction is increased or decreased by 10% (to 57 % 
or 37%) the worth of the 1.33(4 sample is changed by 
about 0.07^4. The largest effect is this last one which will 
limit the accuracy of these measurements to about 1 %. 

In summary, the experimental accuracy docs not 
rely on input from reactor calculations since cither the 
experimental value is insensitive to any modification of 
input caused by the calculation or the input can be 
checked for consistency experimentally. The limiting 
accuracy arises from correct assignment of the ats. For 
ZPPR Assembly 2, 1 % would seem like a reasonable 
systematic error due to uncertainties in the input data. 

STATISTICAL UNCERTAINTIES 

Because of the random nature of the interactions in 
the core and detector an uncertainty exists in the small 
sample reactivity measurements. For many samples, 
this is larger than the known systematic uncertainties 
discussed in the last section. Because most measure
ments are repeated over several oscillations, it is pos
sible to obtain estimates of the statistical fluctuation 
and compare the results with theory as well as to ol 
serve certain malfunctions in equipment once the e:_ 
pected variation has been determined. 

As an example of the magnitude of the statistics, a 
series of measurements has been taken in which the 
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The derivation of the above formula assumes N >>> 1, 
which is not rigorously true for only four differences. 
The effect of this assumption has been investigated, 
and the \/8/3N formulation was found to give a value 
that is conservative by about 10 percent, i.e., a larger 
value for o"Bk. The use of this evaluation takes into 
account the fact that the Dk values arc not independent 
measurements, but are partially correlated. 

Most of the measurements were performed at a power 
of 90 W giving a total integrated power of 15 W-h per 
sample. A selected group of samples was then repeated 
at 610 W, giving an integrated power of 101.7 W-h per 
sample. The accuracy of the measurement should thus 
improve by the square root of the ratio of the integrated 
powers, or a factor of 2.60. 

The expected uncertainty for a large set of samples 
was found by averaging the uncertainties of each of the 
sample worths measured under a given set of conditions. 
This procedure helped to eliminate the statistical varia
tions in <rsk which were encountered. For the 90 W runs, 
112 separate measurements (Table II-39-I) of <rsk were 
averaged to give bYo = (5.04 ± 0.23) X 10~8 A/c/fc. At 

TABLE II-39-I. STATISTICAL UNCERTAINTIES FOR 90 W REACTIVITY MEASUREMENTS" 

Reactor 
Run No. 

154 

155 

156 

158 

159 

""Ofc ' 10-8 

4.8432 
4 2442 
3.8532 

7 2119 
2 5269 
4.2696 
2.7574 
8 4532 
4 5338 
3.3201 
1.3934 
7 5066 

5.3110 
5 5900 
3.8898 
8.5120 
4 1716 
4.5314 
5.1948 
9.0942 

4.2575 
4.6794 

3.9184 
1.6990 
2.7027 
2.8542 
6.1215 
2.7688 
2.4174 
4.8931 

Reactor 
Run No. 

171 

172 

173 

"Dh> 
10^ 

2 7838 
7.8521 
5.1967 

7.3131 
5 7480 
2 9499 
7.4889 
3 5876 
•2 3701 

5 8435 
1.9271 
S 5096 
5.2531 
9.1922 
3.7164 
2.4208 
3.7149 
7.0718 
9.1326 

3 9267 
5.1114 
7 9299 
6 6343 
8 6598 
8 0061 
3 5151 
7.3499 
1.4374 
5.7655 
5.7069 

Reactor 
Run No. 

174 

175 

179 

ISO 

181 

"Du i 
10^ 

1.6079 
6.2772 
7.1675 
2.5101 
3 9075 
3 5591 

10 0005 
S.9733 

7 1982 
4 5768 
4.5740 
7.7558 
2.4311 
4.8912 

6.5055 
4.9649 
3.3580 
4.4765 
4.1267 
2.5605 
6 2431 
7.4096 
6.4042 
4.2075 
5.3668 
2.6236 
12.8313 
3.7171 

9.1627 
7.1821 

Reactor 
Run No. 

182 

195 

196 
200 

"Dk > 
10is 

6.9162 
3.1706 
7.1498 
3.3952 
1.0984 
1 4035 
4 3780 
2.4152 
7 9106 
7 4358 
1.9331 
1.9111 
1 6484 
0 7493 
6.0826 
6 1148 

0.6620 
6.2434 

6.3921 
4.1098 

7.5327 

5.9949 

» as0 = (5-04 ± 0.23) X 10-s. 

autorod position was averaged over a period of 100 sec 
for each sample position (in and out), and the sample 
wrorth was determined from 

Dk = ( — 1) \fik — H(/°*-i + Pk+l)], 
where pk is the average autorod position with the sample 
either in or out. Data were taken at the rate of 100 
points/sec for the autorod averaging. This averaging-
technique cancels linear reactor drift for each Dk , and 
cancels quadratic drifts over a series of Dks. The tech
nique that was used in the ZPPR measurements em
ployed six measurements of Pk, and thus four values of 
Dk. The error in individual values of the measured 
reactivity, Dk, was determined from 

/ £ (Dl - DkY 
°°k = y A r _ i > 

and the error in Dk , the average value, was determined3 

as 

<r»* = °Dk y 3^- • 
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TABLE II-39-II. STATISTICAL UNCERTAINTIES FOR 650 W 
REACTIVITY MEASUREMENTS" 

Reactor Run No. 

184 

a£>k ' 1(T8 

1.0319 
1 4346 
3.8224 
2.1055 
0.8815 
5.0437 
1.6274 

» ^ = (2.28 ± 0 63) X 10"8. 

the 610 W power level, seven samples (Table II-39-II) 
were included in the average, which gave c^a = (2.28 
± 0.63) X 10~8 Ak/k. In both cases the first two meas
urements in each run were discarded, as the errors were 
always high due to reactor drift. Since the comparison 
between powers is based on reactor noise as the pre
dominant source of error, non-linear reactor drift or 
other systematic errors would make the comparison 
invalid. The measured increase in accuracy amounted to 
a factor of 2.21 ± 0.62 instead of the predicted 2.60, 
but this may still include some drift effect and is con
sidered acceptable. Also, the uncertainties are calcu
lated from the individual Dks and thus do not contain a 
second order drift correction. Thus any second order 
drift that was present would tend to reduce the gain in 
accuracy expected from a given increase in power. 

The magnitude of the average uncertainty (5.04 ± 
0.23 X 10~8 at 90 W) compares favorably with the 
theoretical error due to reactor noise in a square wave 
oscillator experiment, as calculated by the method of 
Frisch and Littler . The expression for the error is 

\_2rNjTA\u) J ' 
where 

A = expected error in Akeff 
r = detector efficiency = 

reactions/sec in detector 
fissions/sec in reactor 

Nf = core fission rate 
A(io) = reactor transfer function, a function of keSS 

P = KZEIUO.8 
V 

T = cycle time. 
The above equation can be rearranged and expressed 

in terms of reactor power, P (watts) as 

1.1 X 10~5 / , 1 \1U 

The ZPPR Assembly 2 measurements were performed 
at a power of 90 W, with a six-minute cycle time and 

a detector efficiency of 4.6 X 10 -6 (10 - 7 amps at 58 W). 
The cycle includes 600 sec of actual measuring time— 
100 sec at each of three "in" and three "out" positions. 
Using a value of A2(w) = (4.6/0.0033)2 = 1.94 X 106, 
the error equation becomes 

A = u x 10~5 n uv* = L17 x 1Q:5 

(PT)'12 (PT)W ' 
which gives a theoretical estimate of the error of 5.03 X 
10-8 for the ZPPR experiments at 90 W. It is worth 
noting that an improved detector efficiency could only 
reduce the (1.14)1/2 value to 1. The reactor noise is large 
compared with the chamber noise. 

Use of a calibrated autorod to perform the experi
ments should not add a significant error. If, under cer
tain circumstances, the autorod is found to contribute 
a significant error, inverse kinetics measurements, based 
on the power history during the oscillations, would be 
preferable. 

If the reactor is run at 100 W and the sample measure
ment uses 1000 sec, a 1 % uncertainty is obtained for a 
0.1^ sample. The systematic error would then pre
dominate, although relative values could still be im
proved. 

CONCLUSIONS 

It has been possible to make small sample central 
reactivity measurements in ZPPR Assembly 2 with 
uncertainties of about 1 % in reasonable counting times 
for samples of 0.1^ or greater reactivities. For a short 
period of time after the halves close ( ~ M h) the drift 
rate of reactor reactivity is high enough to reduce the 
accuracy for small samples using the present drift rate 
corrections. For large (>1(4) samples, no wait is neces
sary. Ratios of worths can be expected not to be limited 
to the 1 % systematic error if measurements are made 
at the same powers so the uncertainties in S cause com
pensating errors. 

Uncertainties due to the point kinetics assumptions 
are possible but have not been evident in spatial dis
tribution measurements which compare well in shape 
with calculations. More work in this area is required to 
determine what limit in accuracy is imposed from this 
cause. 
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I I - 4 0 . G a m m a R a y D o s e M e a s u r e m e n t s i n t h e Z P P R D e m o n s t r a t i o n B e n c h m a r k 

G. G. SIMONS and T. S. HUNTSMAN 

INTRODUCTION 

Thermoluminescent dosimeters (TLD) have been 
widely used in the field of health physics; however, they 
have not been routinely used in measuring absorbed 
gamma ray doses in reactor-type environments. Po
tentially, TLD materials offer the experimentalist a 
powerful tool for providing detailed information per
tinent to gamma ray heating at every critical location 
in a fast reactor. The dosimeter capsules can be made 
small enough so that intricate studies within a single 
matrix drawer in a zero pow er critical assembly, such as 
ZPPR, can be completed. Coarse dose mappings 
throughout the core, blanket, reflector and shield may 
also be made. 

Gamma ray dose measurements, both across single 
lattice cells and for axial and radial dose traverses, have 
been completed inside ZPR-3 critical assemblies. The 
results arc reported in Refs. 1-3. Two types of solid 
extruded 1 x 6 mm TLD rods containing approximately 
13 mg of lithium fluoride were used. One type was com
posed of natural lithium containing 92.5 % 7Li and 7.5 % 
6Li; the other type was enriched to 99.993% 7Li. The 
TLD rods were encased in stainless steel. 

ZPPR-2 DOSE TRAVERSE 

A traverse measurement of absorbed dose was com
pleted at a few axial and radial positions in ZPPR-2. 
The dosimeter capsules used consisted of 1 in. long x 
% in. diam (0.035-in. w all) stainless steel sleeves each 
containing three 7LiF extruded TLD rods. As-loaded 
sleeves in Drawers 137-41, 137-47, 137-52 and 137-57 
arc shown in Fig. H-40-1. The resulting data (sec Table 
II-40-I) are presented in terms of instrument readout 
in nanocoulombs (nc) and dose (rads) relative to the 
stainless steel jacket around the TLD. Conversion from 
nc to rads was completed using a calibrated 60Co source. 

Plutonium-239 foils, located 2.75 in. from the inter
face but near the vertical centerline of matrix drawer 
139-37, and the TLD rods were exposed simultaneously 
for a nominal 892 Wh. The 2 3 9PU(?J,/) reaction rate was 
1.018 X 10s ± 1.3% rcactions/g/W-h.w The absolute 
foil reaction rates at the radial positions which con
tained TLD rods can be derived from the above reaction 
ate and the 239Pu counter traverse for the reference core 
oading given in Paper 111-35. The standard deviation 

for the batch of TLD rods was 5.8%. Thus, using an 
average readout of three rods per capsule, the standard 
deviation of the reported instrument readouts will be 

TABLE II-40-I. ABSORBED D O S E MEASUREMENTS IN ZPPR-2 
U S I N G STAINLESS S T E E L ENCAPSULATED 7LiF TLD R O D S 

Capsule 
Tag 

L 
M 
N 
0 
P 
Q 
R 
S 
T 
U 
V 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 

W 
X 
Y 
Z 

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Matrix 
Drawer 

137-41 

137-47 

137-52 

137-57 

Axial 
Position 

From 
Core Cz,, 

in. 

0 
3 
7 

11 
14 
16 
18 
20 
22 
26 
30 

0 
3 
7 

11 
14 
16 
18 
20 
22 
26 
30 

0 
3 
7 

11 
14 
16 
IS 
20 
22 
26 
30 

0 
3 
7 

11 
14 
16 
18 
20 
22 
26 
30 

TLD 
Readout," 

nc 

243.3 
249.9 
209.2 
202.1 
153.6 
142.7 
99.1 
53.8 
37.6 
24.7 
16.1 

215.1 
203.6 
188.6 
163.1 
140.1 
122.9 
78.0 
39.7 
29.2 
20.7 
12.2 

149.3 
149.2 
137.5 
119.0 
93.8 
80.9 
49.9 
25.5 
18.6 
12.1 
7.9 

14.9 
15.6 
13.7 
12.2 
10.1 
9.13 
7.71 
6.98 
5 75 
4.01 
2.62 

Dose 
Relative to 

Steel,b 

Rad 

2082 
2123 
1841 
1789 
1423 
1339 
988 
569 
404 
270 
180 

1883 
1799 
1726 
1496 
1318 
1177 
808 
427 
316 
228 
139 

1391 
1381 
1297 
1151 
941 
837 
528 
279 
207 
138 
92 

167 
175 
155 
140 
116 
106 
89 
82 
68 
48 
32 

" Standard deviation = ±3.5%. 
b Standard deviation dependent on gamma ray spectra 

>3.5%. 
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DRAWERS FOR 137-57 
FIG. II-40-1. TLD Capsules Positioned on Top of the ZPPR Matrix Drawers for the ZPPR-2 Reference Core Dose Traverse 

Measurements. ANL-ID-10S-A11878. 

3.5%. However, the reported doses will have a larger 
error, depending on the variation of the W parameter 
(discussed in Paper 111-29) between the calibration 
source energy (1.25 MeV) and the gamma ray spectra 
in the reactor. 
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11-41 . D e m o n s t r a t i o n B e n c h m a r k C o n t r o l R o d M e a s u r e m e n t P r o g r a m -
P a r t I : M e a s u r e m e n t s 

S. G. CARPENTER, J. T. HITCHCOCK, R. W. GOIN and J. C. YOUNG 

INTRODUCTION 

The materials which are proposed for LMFBR 
control arc tantalum and boron. In order to provide 
some Zero Power Plutonium Reactor (ZPPR) experi
mental data on these materials before constructing 
Assembly 3, which will be more representative of a 
core with control rods and control channels, a scries 
of experiments has been run using Assembly 2. The 
experiments were designed to provide a series of in
creasingly complicated tests against which to compare 
basic cross sections and design methods. 

The simplest reactivity measurements were those of 
small samples of various dimensions at the center of the 
core. These ranged from nearly infinitely dilute to 
several inches in the shortest dimensions. Selected 
small sample reactivities were then measured as a func
tion of position in the core. The axial length was in
creased so that single control rods of small area wer~ 
formed and their worths as a function of insertio 
and radial position were obtained. 

The final part of the ZPPR Assembly 2 control rod 
program was the measurement of reactivity and other 
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effects resulting from the insertion of simulated power-
reactor control rods. These "mockup" rods had a 
cross-sectional area of 2 X 2 matrix positions and were 
of full or half height (36 in.). Both tantalum and 
natural B4C rods were constructed, with and without 
sodium. Single rod effects and the interaction effects of 
pairs of rods were studied. All reactivity worths of rods 
were made in the subcrifical state without any change 
in the core loadings or dimensions. For the measure
ment of power and small sample reactivity perturba
tions caused by the mockup rods, the reactor was 
returned to critical. 

SAMPLE SIZE EFFECTS 

At the core center (radial center, 3.036 in. off center 
axially) the worths of a series of samples of varying 
self-shielding were measured. Figure II-41-1 shows a 
summary of these results for tantalum. The worth in 
inhours per kilogram is plotted as a function of the 
mean cord length times the atom density. The length 
and diameter of the samples, as well as the uncertainty 
in the measurements, arc indicated in the figure. Correc-

ions were made for the fact that certain samples did 
ot have their centers located at the same point. The 

point indicated for the four-rod bundle (discussed later 
in the mockup rod section) was obtained by assuming 
that the ratio of the worths between the 36-in. long by 

2-in. diam rod and the 36-in. long bundle was the same 
as it would have been for 6-in. long samples. The 
various sample shapes would not be expected to fall 
exactly on a smooth curve but should be quite close. 

A similar experiment has been reported in Core 17 
of the Epithermal Critical Experiments Laboratory 
(ECEL), Atomics International.1 The latter data in
clude clusters of pins and indicate that they lie on the 
same curve as that for single cylinders. The points in 
Fig. II-41-1 are intended to cover the complete range 
from infinitely dilute to the size contemplated for pow cr 
reactors and is expected to apply to a wide range of 
shapes. 

SMALL SAMPLE WORTH DISTRIBUTIONS 

Since the calculated worth distributions arc not a 
strong function of sample size, only a few distributions 
were measured to determine the spatial worth distribu
tions for boron and tantalum. Figure II-41-2 shows a 
typical radial map for sample B-5. I t is a l.S g enriched 
boron annular sample. Other results also shown on the 
curve will be discussed later. Much more data of this 
type are available, some of which are mentioned in 
Paper 11-34. Seven different boron samples were used 
and, to within experimental uncertainties, the ratios of 
worths in each of two outer core positions to that in the 
center of the core arc the same. For example, the 4.2 g 



256 II. Fast Reactor Physics 

• i i i • 1 1 1 1 § 1 1 1 1 1 1 1 1 

| e-s sfmf . WOIOL 

O BORON CONTROL BLADES 

"*■ 2 INCH TA ROD 

A . B . C MOCKUP RODS 

S » 

i s 
Si! 

2 

| T I t * I I I 1 I J I > I > I I I I I [ I I I ■ | l ■ I " 

^ 

o* 

H* 
.v *.,*-., 

2 3 
SRMPLE POSITION - INCHES X 1 0 "

1 

FIG. 11412. Specific Worth of B5 Sample as a Function of 
Radius, Showing Mockup Rods and B4C Blades. ANLID103
11779. 

enriched boron cylindrical sample gives ratios of 0.357 
and 0.271, while the largest annulus has ratios of 0.35S 
and 0.274. The tantalum values are not as consistent. 
Radial distributions are also available at other axial 
positions. The shapes demonstrate little change. 

Axial shapes were also measured for 6in. long sam

ples at two radial locations. The axial shapes of the 
tantalum 3^ x 2 x 6 in., tantalum 0.4 in., tantalum 1 in. 
and Bl samples in the inner core and the boron J^ x 
2 x 6 in. sample in the outer core were the same within 
experimental error. The three other samples (tantalum 
2 in. in the inner and outer core, and boron J^ x 2 x 6 in. 
in the inner core) were not identical but very similar. 
Figure II413 shows the results for the 0.4in. diam, 
6in. long tantalum sample. The zero point is that for a 
sample extending from 0 to 6 in. in an empty drawer. 
The drawer location is noted on the figure. 

SINGLE DRAWER RODS 

The detailed worth curves were measured for half 
length rods of both control materials. The tantalum rod 
was 2 in. in diam and the boron rods were blades of en

riched boron carbide 2 in. high and }/± in. thick. Figure 
II414 shows the results of all these measurements nor

malized to 10, fully inserted to the core center. In each 
case about 52 % of the worth was in the first half core 
height. In spite of the varying radial location shown in 
the graph and the fact that both poison materials are 
included, the shapes are again nearly the same. Also 
included on the curve is a calculated value for tantalum 
at the core center. 

The total worths have been normalized at the smallest 
radii for each element and plotted on Fig. II412, which 
illustrates the small sample boron radial traverse. To a 
good approximation, the relative rod worths as a func

tion of position can be determined from the small sam

ple distribution. It is expected that the worth of the rods 
at any position in the core could be approximated from 
a central measured worth and the small sample curve. 
Using Fig. II411, one may find the relative value of 
differently shaped rods; thereby it is hoped that from 
the various measurements good estimates can be made 
of the worth of any sized boron or tantalum rod at any 
position in the core and at any insertion. 

ZT~I i i i i i i i i—i i—i—i—i—i—n—i—i—r~i—i j i » i i i u 
TP . 1 IN. OIK. SIN. LONG. HXIPL 141-35 , 

R 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 192021 2Z2324 2S 26272829303 
SAMPLE POSITION - INCHES 

FIG. II413. Specific Worth as a Function of Axial Position 
for a 0.4 in. Diam Ta Rod Position 0 = Fully Inserted Rod. 
ANLID10SA11778. 
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MOCKUP ROD WORTHS 

Figure II415 shows the loading of the drawers which 
make up the mockup rods. Eight drawers arc used for 
each full rod, four in each half. In addition to these rods, 
two others were used which were different in that the 
sodium plates were replaced by empty cans. 

Figure II416 indicates the locations used for the 
measurements. Two positions in the inner core and one 
(C) in the outer core were used for the full height rods. 
The center of the center position is slightly different 
from the core center. In each measurement of the rod 
worth, no other changes were made in the core outside 
of the mockup rod. Multiple rod drops2 were performed 
for each reactor condition and from these the effective 
source was determined. From these sources the sub

criticality for each reactor condition was found from a 
multiplication measurement using the equilibrium 
power. The measurements included those in the normal 
core, each rod in the various positions, a void in each 
position, and sodium plates in Position C. Differences . 
were taken to provide the values shown in Table II41I. 
The results have been corrected for 241Pu decay and core 
temperature. The uncertainty in the worth of the so

dium for Rod 1 in Position C is large because of the 
threeweek time difference between the void and rod 
worth measurement and the uncertainty in the 24lPu 
decay correction. 

Again the relative worths in the three positions arc 
nearly the same for tantalum and boron. Figure II412 
also includes the relative worths of the mockup rods in 
comparison wdth the small boron sample traverse. The 

sodium worth is small compared with the total rod 
worth. The worth of the core drawers is the difference 
between the values in the first and the last sections of 
Table II41I. 
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To investigate the effect of changing the material 
distribution within the rod, two experiments were done 
in Position A with the sodium filled rods. In the tanta

lum rod, the three inner plates of each of the two tanta

lum rows in each drawer were moved to the center. In 
the boron drawer the single column was split in half and 
separated with 3^ in. of sodium. This left the outer 
tantalum positions the same but move the outer boron 
out 3̂ [ in. The reactivities were rcmeasured. The differ

ence between the two tantalum rods was 0.000 =fc 0.009 
dollars and between the two boron rods 0.033 ± 0.009 
dollars, with the new rod being worth more. The latter 
value is in the direction expected since the rod was 
actually larger, even though it was comprised of the 
same material and located in the same drawer. 

EFFECTS OF MOCKUP RODS 

The effect on various quantities due to the insertion of 
the mockup rods at the core center was measured. 

TABLE II41I WORTH OF M O C K U P CONTROL R O D S OP F U L L 
C O R E H E I G H T 

Position 
R o d l , 
Ta-f 

Na 
Rod 3, 

Ta 
Sodium 

in 
Rod 1 

Rod 2, 
B<C + 

Na 
Rod 4, 

B„C 
Sodium 

in 
Rod 2 

Worth Relative to Void, Afc//3c//(") 

A 

B 

C 

2 .45 
±0.04 

2 .13 
±0.04 

0.726 
±0 006 

 2 40 
±0 04 

 0 717 
±0.003 

0 .05 
±0.01 

0.009 
±0.006 

2.47 
±0.04 

2 .15 
±0 04 

0.730 
±0.003 

 2 44 
±0.04 

0.742 
±0.003 

0 .03 
±0 01 

+0.012 
±0.003 

Worth Relat ive to Drawers of Sodium Pla tes , Ak/(i "ff 

A<W 

C 

2.49 
±0.04 

0.893 
±0.006 

2 .44 
±0.04 

0.884 
±0.003 

0 .05 
±0.01 

0.009 
±0.006 

 2 51 
±0 04 

 0 896 
±0 003 

2 .48 
±0.04 

0.909 
±0.003 

0 .03 
±0.01 

+0.013 
±0.003 

Worth Relative to Core, Ak/0Cff 

A 

B 

C 

3 .31 
±0.04 

 2 90 
±0.04 

1.475 
±0.006 

3 .26 
±0.04 

 1 465 
±0.006 

 0 05 
±0.01 

0.010 
±0.006 

3 .33 
±0.04 

 2 92 
±0 04 

1.478 
±0.006 

3.30 
±0.04 

1.491 
±0.006 

0 .03 
±0.01 

+0.013 
±0.003 

*f}e!l = 0.003180 from calculation; the entries are inde

:ndent of /?„// . 
b The react ivi ty of sodium drawers in position A was de

rived from a single drawer measurement a t the center of the 
core. 
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Tantalum capture and 239Pu fission rates are given in 
Paper 1143. Thermoluminescent dosimetry measure

ments of gamma distributions were also measured. The 
method used is described in Paper 11129. Figure II417 
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TABLE I I 41-11 SHADOWING E F F E C T OF MOCKUP CONTROL 
R O D S AT H A L F CORE H E I G H T 

Configuration 

Rod 2 Position C 
Rod 2 Posit ion D 
Rod 2 Positions C 

and D 
Shadowing effect of 

Rod 2 in positions 
C and D 

Bod 1 Position A 
Rod 1 Posit ion B 
Rod 1 Posit ions A 

and B 
Shadowing effect of 

Rod 1 in positions 
A and B 

Wc 

Worth Relative to Void, Ak/pef/ 

+ WD-

WA + WB 

Wc = - 0 381 ± 0 003 
WD = - 0 245 ± 0 003 

Woo = - 0 597 ± 0 003 

- WCD = - 0 029 ± 0 006 

WA = - 1 29 ± 0 02 
WB = - 1 13 ± 0 02 

WAB = - 2 29 ± 0 04 

- WAB = - 0 13 ± 0 05 

T A B L E II-41-III E F F E C T OF M A S S I V E CONTROL R O D S ON 
TANTALUM AND B4C R E F E R E N C E R O D W O R T H S , 

(EXPERIMENTAL V A L U E S OF Ak/pc//(n)) 

1 ull Core Height 
Rods T> pes and 

Positions 

1, 2, 3, oi 4 in A 
Void in A 
Void in B 
1 or 2 in B 
1, 2, 3, or 4 in C 
Void or Na in C 
Noimal Core 

Worth of Half 
Core Height Ta Ref 

- 0 245 ± 0 006 
- 0 211 ± 0 003 
- 0 208 ± 0 003 
- 0 211 ± 0 006 
- 0 195 ± 0 003 
- 0 204 ± 0 003 
- 0 195 ± 0 003 

Worth of Half Core-
Height B4C Ref 

- 0 151 ± 0 006 
- 0 135 ± 0 003 
- 0 129 ± 0 003 
- 0 116 ± 0 006 
- 0 107 ± 0 003 
- 0 123 ± 0 003 
- 0 123 ± 0 003 

» Peff = 0 00318 

shows the change in the 239Pu fission distribution pro
duced by Rod 1 and Rod 2 in the core center (Position 
A) The curves are normalized to the same total power 
In order to make these measurements, the fuel loading 
was increased to return to a critical condition For this 
case, where the rod worths are equal, the tantalum rod 
reduces the fission rate to a greater extent mside the rod 
(the first two points) but the difference is very small 
outside the rods Similar data were obtained for 10B(n,a) 
around the boron center lod 

In the same manner, the ladial woiths of small sam
ples of boron and tantalum w ere determined with both 
types of rods at the center in order to show the region 
over which rod interactions would be expected Again, 
the shapes for both the boron and tantalum samples 
were quite similar around both rods with only slight 
differences in the central dips The result for a boron 
traverse around the tantalum rod is shown in Fig 
II 41-8 The effect of the rod being off center by 1 m 
is easily seen in both the position of the dip and the fact 
that the peak at the negative position will be higher 

Two interaction measurements were also done with 
the mockup rods In this case, however, they were only 
of half core height Table II-41-II shows the individual 
and combined worth as well as the difference of these 
two values. These values were obtained with no fuel 
added to the normal core The tantalum rod was used 
in the inner core Positions A and B and the boron rod 
in the outei core Positions C and D The expected mag
nitude can be estimated for the A-B position from the 
tantalum reactivity traverse made thiough the Position 
A tantalum mockup rod The change in the tantalum 
w orth from the unperturbed case is about 13 % for both 
the small sample and the lod at the B position The 
distance between Positions C and D is about the same 
as that between A and B, and the leduction m the w orth 
of lod D is fiactionally about the same as that in Rod B 

In addition, the change in the worth of a half-core-
length rod of both tantalum and boion neai the outer 
edge of the core was measured for each reactoi change 
The position of these two lefeience rods is shown in 
Fig II-41-6 Table II-41-III presents a summary of the 
various results The tiend is as expected A rod in Posi
tion A increases the edge worths as does the removal of 
fuel When Position C is reached, the close reference rod 
is reduced m worth while the othei remains unchanged 

R E F E R E N C E S 

1 Annual Technical Progress Report , LMFBR Physics Pro
grams GFY 1970, AI-AEC-12969 

2 S G Carpenter and R W Goin, Rod Drop Measurements of 
Subcrilicahty, Applied Physics Division Annual Report , 
July 1, 1969 to June 30, 1970, ANL 7710, pp 206-209 

M 
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11-42. D e m o n s t r a t i o n B e n c h m a r k C o n t r o l R o d M e a s u r e m e n t s — P a r t I I : A n a l y s i s 

J. P. PLUMMER, R. G. PALMER, G. L. GRASSESCHI and B. NEWMARK* 

INTRODUCTION 

A number of experiments were performed in ZPPR 
Assembly 2 to obtain general data on the performance 
of absorbing control rods in a typical dilute fast reactor. 
The power reactor control rods were simulated in 
ZPPR by arrangements of sodium plates and boron car
bide or tantalum plates in a four drawer bundle. The 
control rod configurations and a description of the ex
periments are presented in detail in Paper 11-41. 

This paper describes the analysis that has been per
formed on the control rod studies and compares the 
measured and calculated results. The analysis varied in 
sophistication from diffusion theory calculations on 
homogeneous models of the control rods to discrete or
dinate transport calculations on a detailed heterogene
ous arrangement of boron carbide and sodium plates 

CALCULATIONAL PROCEDURES 

The basic cross section library used in the calcula
tional studies was the 27 group set generated by MC2 

from the ENDF/B VERSION 1 data and spatially 
averaged over the various cell types in the reactor by 
the integral transport perturbation theory code 
CALHET-3. For reasons of economy, it was deemed 
necessary to perform many of the calculations in only 
7 groups, the cross sections for which were derived by 
collaps.ng the 27 group cross sections using region-de
pendent spectra. Resonance self-shielded group cross 
sections for the tantalum plates, with and without so
dium, were obtained by additional MC2 calculations 
performed in the fine group mode using the normal core 
homogeneous 66 fine group fluxes as the envelope spec
trum. Since the n B isotope was not available in the 
ENDF/B library, the UB in the natural boron of the 
B4C rods was simulated by extra carbon in the ratio of 
1.24 n B atoms to one 12C atom. This ratio was based on 
a comparison of the relative scattering cross sections of 
n B and 12C. 

Generally, the rod worths were calculated using the 
2D diffusion module of the ARC system. The materials 
in the four drawer bundles were assumed to be dis
tributed homogeneously over the volume of the drawer. 
Table II-42-I gives the atomic densities used in the 
"lculations. The worths of the rod configurations were 

lculated as (k,„ — kr)/Peff where kr and fc,tr arc the 
^genvalucs with and without the absorbing rods, re
spectively. Some of the control rod measurements were 

* Westinghouse Electric Corp., P i t t sburgh, Pennsylvania. 

made relative to void but, because of the inherent diffi
culties associated with calculating voids by diffusion 
theory, the calculations were made relative to sodium 
or normal core material. The unccrtamty in the worths 
of the rods due to convergence considerations has been 
estimated conservatively at lj£. 

RESULTS 

Table II-42-II presents the calculated worths of cen
trally located full-core-height rods of boron and tanta
lum. Measured values are implicit in the calculate/ex
perimental (C/E) values shown. Since the central axis 
of the core occurred along the center of a drawer, rather 
than along a cornerlinc, the centerline of the four drawer 
bundles occurred at r = 4 cm. However, the correction 
factor for comparison with the exact-central control rod 
calculations was estimated to be much less than the 
experimental error. The worth of a centrally located 
2-in.-diam axial rod was also calculated and is shown in 
Table II-42-II. In the experiment, the rod was located at 
r = 26.5 cm and so first order perturbation theory was 
invoked to obtain a correction factor to apply to the 
calculated result so that it could be compared with ex
periment. For purposes of comparison, the results for 
a one dimensional radial model using the 1DX code are 
shown in the table. A single value of B2, obtained from 
MC2, was used to simulate leakage in the axial direction. 
All the calculated results in Table II-42-II are based 
upon a 27 group treatment. 

Figure II-42-1 shows the rod worth shape on with
drawal of the 2 in. radially-central tantalum rod. This 
is based on rz calculations of rod worth for various de-

TABLE II-42-I. HOMOGENIZED ATOM D E N S I T I E S FOR THE 
TANTALUM AND BORON CARBIDE M O C K U P CONTROL R O D S 

Homogenized Atom Density, 1024 atoms/cm3 

Material 

Na 
Fe 
Cr 
N i 
Mn 
Mo 
Ta 
l og 

»B 
C 

B4C 

0.012864 
0.009877 
0.002709 
0.001394 
0.000199 
0.000007 

— 
0.004038 
0.016374 
0.005294 

Tantalum 

0.008423 
0.008964 
0.002458 
0.001266 
0.000183 
0 000006 
0.022154 

— 
— 
— 
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TABLE II42II D I F F U S I O N T H T O R Y , CYLINDRICVL GEOMETRY, CALCULATED CENTRAL B4C AND TANTALUM R O D W O R T H S 

R E L A T I V E B O T H TO I N N E R C O R E (IC) M A T E R I A L AND TO SODIUM—COMPARISON WITH E X P E R I M E N T 

Rod 

2 in diam T a 
4drawer Ta 

a) Normal 

b) Navoided 

4diawei B4C 

IDX, 
dollars 

1 07 (Rel to Na) 

3 26 (Rel to IC) 
2 45 (Rel to Na) 
Not calculated 

3 24 (Rel to IC) 
2 40 (Rel to Na) 

C/E 

1 07 ± 0 02 

0 985 ± 0 012 
0 984 ± 0 016 

0 973 ± 0 012 
0 956 ± 0 015 

2D Dig ,» 
dollars 

1 13 (Rel to Na) 

3 37 (Rel to IC) 
2 69 (Rel to Na) 
3 33 (Rel to IC) 
2 65 (Rel to Na) 
3 34 (Rel to IC) 
2 65 (Rel to Na) 

C/E 

1 13 ± 0 02>> 

1 02 ± 0 01 
1 08 ± 0 02 
1 02 ± 0 01 
1 09 ± 0 02 
1 00 ± 0 01 
1 06 ± 0 02 

■* k foi the unpoisoned system is 0 98140 
b The experimental value is lelat ive to void 
Note In the experiments, the 4 diawei bundles aie appioximately 4 cm off centei , and the 2 in t an ta lum lod is 26 5 cm off 

centei A calculated coirection factoi has been applied to the calculated 2 in lod worths, but is consideied negligible in the case 
of the 4diawei bundles 

i » 

r- CALCULATED CURVE 
- O — EXPERIMENTAL CURVE 

NORMALIZED TO CALCULATED 
VALUES 

t0 60 80 100 
PERCENT CONTROL ROD INSERTION 

F I G II421 Rod Woifch veisus Peicent Rod Insei t ion foi 
2 in Cential Tanta lum Rod ANL Neg No 103A11948 

gices of insertion by the fci — fc2 difference technique. 
The expenmental points arc also shown and agiec quite 
w ell with the calculated curve 

Results for offradialccnter contiol lods, as calcu

lated by %y gcometiy diffusion theory, are presented m 
Table II42III The %y calculations were all done in 
the 7group stiucture, and the results are all foi full

coreheight rods relative to core material. Rod positions 
A, B, C, and D are shown in Fig II416. Rod mteiac

tion effects were also calculal ed by comparing the sum 
of the worths of individual rods at two positions with 
then combined woiths These results are shown in 
Table II42IV. Because of the inventory limitations on 
the absoibei materials, the rod inteiaction experiments 
could be peifoimed only with halfcorelength lods 
The unavailability of a 3dimcnsional computci code 
precluded any calculations of offcentei half rods, so 
fullcoichcight calculations had to be used Another 
difficulty arose from the fact that all the experimental 
worths for the rod interaction studies wcie iclativc to 
void while the calculated woiths, foi the icasons men

tioned undei Calculational Piocedures, were relative to 
coie material 

TABLE II42III W O R T H OF F U L L  C O R E  H E I G H T M O C K U P 
CONTROL R O D S , INCLUDING INTERACTION E F F E C T S 

CALCULATION (7 G R O U P , XY GEOMETRY, 
2DD IFF) vi RSUS E X P E R I M E N T 

(All lesults telahve to core material) 

Rod(s) 

B4C at A 
Ta at A 
B4C a t B 
T a at B 
B4C at C 
T a a t C 
B4C at D 
T a at A & B 
B4C at C & D 

Experiment, 
dollars 

3 33 ± 0 04 
3 31 ± 0 04 
2 92 ± 0 04 
2 90 ± 0 04 
1 48 ± 0 01 
1 48 ± 0 01 
1 09 ± 0 02" 
6 03 ± 0 09a 

2 51 ± 0 02" 

AA/ft// 

Calcula
tion, 

dollars 

3 24 
3 30 
2 87 
2 92 
1 47 
1 47 
1 11 
5 82 
2 27 

C/E 

0 97 ± 0 01 
1 00 ± 0 01 
0 98 ± 0 01 
1 01 ± 0 01 
0 99 ± 0 01 
0 99 ± 0 01 
1 02 ± 0 02 
0 97 ± 0 02 
0 90 ± 0 0 

B Calculated horn expenmental results foi worth relative io 
void for half coreheight lods, assuming half coieheight 
worth = 0 52 X full coieheight woith , and using the meas

uied woiths of diawers of coie matena l relative to void 
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DISCUSSION 

There are many possible sources of error in the calcu
lations, some of which, like the inability to calculate 
off-center half-height rods, have already been men
tioned. Budget limitations forced the use of some less 
exact calculational techniques, producing inaccuracies 
in the rod worths which could be estimated cmantita-
tivcly. Following is a discussion of some of these ap
proximations. 

The mesh spacing used in the xy calculations wras one 
interval per drawer except for the drawers containing 
the control rod material and the immediate neighboring 
drawer on each side where the spacing was halved. A 
calculation was made for the normal system (no control 
rods) in which the mesh spacing was everywhere two 
intervals per drawer. This resulted in an eigenvalue only 
0.05 % lower than a similar calculation wdth the one-
interval-per-drawer spacing. 

In order to compare the 7-group cross sections with 
the 27-group set, the worth relative to inner-core ma
terial of the central four-drawer tantalum bundle was 
calculated in rz geometry in both 7 and 27 groups. The 
27-group worth was higher by 0.98 %. 

The xy model enabled an estimate to be made of the 
effect of the circularization of the region interfaces, 
which is necessary to the cylindrical model. A ID radial 
calculation was done using the same region and group-
dependent DB2 values to simulate axial leakage as were 
used in the xy calculations. The 0.06 % difference in the 
values of kef/ obtained (the xy result was higher) indi
cates that the effect of circularizing the region interface 
is slight. 

Test calculations were made to make sure that the 
xy calculations were in substantial agreement with the 
rz calculations in those cases where tests could be made, 
i.e., unperturbed cores and cores with radially central 
rods. In the 7-group structure, an rz calculation for an 
unpoisoned core yielded a value of keu that was 0.4 % 
lower than the corresponding xy calculation. 

The 2D transport code DOT was used to look at two 
more approximations: (1) the use of diffusion theory in 
control rod calculations, and (2) the homogenization of 
the contents of the 4-drawer control rod bundles. The 
model was a slightly idealized version of Loading 90 in 
which the small assymmctries were ignored and the 
configuration was represented in xy geometry hy one 
quadrant wdth mirror boundary conditions for the bot
tom and left. The B4C rod was represented by two 

lodcls: (1) the homogenized B4C composition, smeared 
/cr the entire drawer, and (2) a 0.5 by 2.0 in B4C plate 

TABLE II-42-IV. MOCKUP CONTROL R O D INTERACTION 
E F F E C T S : E X P E R I M E N T ( H A L F - C O R E - H E I G H T R O D S ) 

VERSUS CALCULATION 
(Full-core-height rods, interaction effect divided by 2) 

Rods 

Ta at A & B 
B4C at C & D 

Experiment. 

[A*ffl+A*(S) 
- A * 0 ] / A / / ' 

dollars 

0.13 ± 0 05 
0.03 =fc 0.01 

Calculation: 

[AfeO+M(2) 

~A*ci)]/2A"* 
dollars 

0.20 
0.15 

N o t e : / 3 e / / = 0.00322. 

surrounded throughout the rest of the drawer by ho
mogenized sodium and stainless steel. The rod worth 
for both models was calculated by DOT (S8) and by the 
2D diffusion module of the ARC system. A breakdown 
of diffusion theory w as evidenced by the fact that the 
heterogeneous rod worth was greater than that of the 
homogeneous rod, according to diffusion theory. Com
paring the diffusion theory worth for the smeared rod 
wdth the transport theory worth for the same smeared 
rod gave a transport correction of —7.6%. This com
pared quite well wdth a value of —6.7 % obtained previ
ously from ID diffusion and transport calculations in 
27 groups. Then, comparing the DOT values for the 
worth of the smeared rod and the non-smeared rod gave 
a further heterogeneity correction of —2.7 %. It should 
be noted that all these calculations were done using cross 
sections collapsed to 7 groups by the code CCSX. How
ever, option 4(1) was used to collapse the transport cross 
section for the ensuing diffusion theory calculations 
while option 2 (straight flux weighting) was used for 
the DOT cross sections. 

The results shown in Tables II-42-II through II-42-IV 
are not corrected for any of the effects discussed in this 
section. If correction factors are applied for the three 
most significant approximations—that is, smearing the 
rods, using diffusion theory, and collapsing to 7 groups 
(in the case of the xy calculations)—the C/E ratios for 
the four drawer B4C and tantalum bundles drop to the 
range 0.88 to 0.93 in contrast to the C/E ratios of 1.15 
to 1.25 found for small samples. 

REFERENCE 

1. A. Travelli , A New Formulation of Multigroup Microscopic 
Cross Sections, Reactor Physics Division Annual Repor t , 
July 1, 1967 to June 30, 1968, ANL-7410, pp. 413-421. 
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1143 . T a n t a l u m C a p t u r e a n d P l u t o n i u m F i s s i o n R a t e s A r o u n d C o n t r o l  R o d 
M o c k u p s i n Z P P R A s s e m b l y 2 

D. W. MADDISON 

Controlrod mockups for boron and tantalum loaded 
rods have been investigated in ZPPR Assembly 2 (see 
Papers 1141 and 1142). Foil irradiations were done in 
these configurations to determine the reaction rates in 
and around the rods for 239Pu(w,/) and also mTa(n,Y) 
for the tantalum loaded rod. 

The plutonium fission rate distribution was done 
primarily to determine the effect of the control rod at 

nearby locations. The tantalum capture distribution was 
designed to provide information on the extent of 
gammaray heating that would take place in the con

trol rod. 
The controlrod mockups consisted of four drawers, 

drawer 13637 being the upper right drawer of the 
group. The relative rates for 239Pu(rc,/) are shown in 
Fig. II431 for the two types of control rods, with ar
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FIG. II431. 239Pu(n,/) Reaction Rates Around ControlRod Mockups. 
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FIG. II-43-2. 181Ta(n,y) Reaction Rate in and Around Tantalum Control-Rod Mockup. 

bitrary normalization at the highest values. The errors 
range from 1.8 to 4.0 % for the tantalum rod data, and 
from 0.85 to 1.60% for the boron rod data. Figure 
II-43-2 presents the 181Ta(?i,7) results around the 
tantalum rod and within one of the four drawers of the 

rod. The errors associated wdth the tantalum activation 
data range from 1.2 to 2.5%. It should be noted 
that tunneled tantalum plates, 0.0625 in. thick, were 
used in six positions to accommodate the foils in the 
drawer. 

11-44. R e a c t i v i t y D o p p l e r M e a s u r e m e n t s i n Z P P R A s s e m b l y 2 

R. E. KAISER, J. M. GASIDLO and W. G. DAVEY 

INTRODUCTION 

An extensive program of reactivity Doppler measure
ments has been planned for ZPPR Assembly 2,(1) in
volving pin-calandria zones and the normal plate core, 
and including measurements in sodium voided con
figurations. During the period of this report, results 
have been obtained for natural TJO2 and PuC>2 samples 
at the center of the normal plate core and in a central, 
93-drawer sodium-voided zone. The measurement tech
nique was developed at Argonne National Laboratory.2'3 

ind involved the oscillation of a heated sample in and 
>ut of a cold reactor. Although the standard oscillation 

experiment has traditionally used a calibrated auto-rod 
to determine reactivity worth, some tests were run in 
this sequence of experiments to evaluate the feasi

bility of inverse kinetics measurements of Doppler re 
activity. 

EXPERIMENTAL EQUIPMENT 

The equipment used in reactivity Doppler measure
ments in ZPPR is basically the same as that used on 
Argonne's other zero power reactors, with certain modi
fications. The principal difference in the ZPPR system 
is the dual-heater temperature control system. This 
system, described in detail in Paper No. 111-32, was 
designed to eliminate variations in reactor temperature 
as the sample is heated. This is accomplished by apply
ing about 150-200 W of heat at all sample tempera
tures, and automatically adjusting the proportion of 
total heater power between sample and auxiliary heat
ers. Auxiliary heater power is controlled by thermistors 
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placed in the primary coolant path downstream from 
the sample. The ZPPR system was designed to use the 
same samples as are used in ZPR6 and 9, which are 
usually 12 in. long and 1 in. in diameter. 

The Doppler oscillator rod is constructed in sections, 
and can be assembled to penetrate the reactor cither 
axially or radially wdth the same drive mechanism used 
for both. Cell air is pulled through the Doppler rod for 
cooling, and returned to the reactor cooling system 
where it is filtered and cooled wdth the exhaust air from 
the reactor. Vacuum system, heaters, and drive system 
controls can all be operated remotely from the reactor 
control room. Data acquisition is handled by the SEL 
840 computer for autorod experiments as well as inverse 
kinetics runs, and the experimenter controls the com

puter from the control room teletype in cither case. 

AUTOROD MEASUREMENTS 

Measurements were performed using axial penetra

tion of the oscillator rod, 2.173 in. above the exact center 
of the inner core, wdth the sample centered at the reactor 
interface when at the "in" position. Total length of 
the oscillation was 53 in., sufficient to completely re

move the sample from the axial reflector wdth 5 in. to 
spare. Balancing of the reactivity swdng caused by 
Doppler rod motion was accomplished by loading 3^ x 
1 x 2 in. pieces of depleted uranium and aluminum (for 

the natural UO2 sample) in covered trays which ex

tended along the length of the rod, as shown in Fig. 
II441. Balancing for the Pu02 sample was accom

plished in the same manner, except that the materials 
used were enriched uranium and aluminum. 

The worth of the oscillation was determined, as de

scribed by Bennct and Long,4 from the ecmation 

Dk = (  1 ) H 1 WYz (P*+I + P*I)J, (1) 

wdierc Dk is the difference in worth between "in" and 
"out" positions of the Doppler rod. The quantity pk 
represents the reactivity at the fcth end point of the os

cillation, as determined from the average autorod posi

tion while the Doppler sample is stationary. If an even 
number of differences is used, this procedure will elimi

nate linear and quadratic reactivity drifts. From 12 to 
16 values of Dk were obtained for each sample tempera

ture, and the standard deviation of the average Dk was 
obtained as described by Bcnnet and Long.4 

Total sample worths, at ambient temperature, were 
obtained by measuring the reactivity effect of replacing 
the UO2 (or PUO2) sample by a dummy capsule, w hile 
maintaining the same balance tray loadings as were 
used wdth the respective Doppler capsules. The dummy 
measurements were performed by inverse kinetics for 
the U02 balance loading because the worth of the 
autorod was too small to follow the reactivity swin 

SECTIONS 1 s 2 
BALANCE TRAYS 

- 3 
 79 !2 

16 
I 

2S~  3 0 -

SECTION 3 
■ SAMPLE COVER SECTION BALANCE TRAYS 

SECTION U 4 5 
BALANCE TRAYS COUPLING 

TOTAL LENGTH fAXIAL PENETRATION) = 26 FT. 6 5/16 IN. 

FIG. II441. ZPPR Doppler Rod SchematicAxial Penetration. ANL10SA11906. 
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during the oscillation of the dummy capsule. The meas

urement of the worth of the Pu02 sample was deter

mined from critical rod positions because of safety con

siderations involving large, positive worth samples. 
The initial autorod experiments were run wdth a six

minute cycle time: 40 sec travel time, 20 sec wait for 
transients to die out, and a 5 min integration of autorod 
position. Tests were run using shorter integration times 
or shorter wait times, but no significant variations in 
the results were seen. A fourminute cycle (40 sec travel, 
40 sec w ait, 160 sec integrate) w as used in the remaining 
experiments because if gave a more efficient use of 
reactor time. 

The results of the natural UO2 measurements in the 
normal and sodium voided plate cores arc shown 
graphically in Fig. II442. The 12in. long UO2 sample 
was measured at three different positions in the normal 
core, (1) at the reactor interface, z = 0 ( — 6 to +6) , 
(2) at z = 12 in. (+6 to +18), and (3) at z = 24 in. 
(+18 to +30). The U238 Doppler effect drops off 
rapidly as the sample moves axially outward, with a 
reduction in magnitude of better than a factor of 10 in 
going from core center to the first 12 in. of the axial 
blanket. The comparison between the central measure

ments in the normal and the sodiumvoided cores is also 
shown in Fig. II442, and indicates a uniform reduction 

c about 35% in the magnitude of the Doppler effect 
pon removal of the sodium. Tables II44I and II44II 

^resent the Doppler effect data and total sample worths 
for the natural U0 2 sample in the normal and the so

diumvoided cores. 

TABLE II44I. D O P P L E R E F F E C T AND TOTAL SAMPLE WORTH 
FOR N A T U R A L UO2 AT D I F F E R E N T AXIAL P O S I T I O N S IN 

THE NORMAL P L A T E C O R E OF Z P P R ASSEMBLY 2 

Temp, 
°K 

503 
814 

1102 

Sample 
(300) 

Lh/kg ^TJ 

z = 0 (  6 
to 46) 

 0 . 2 2 4 ± 0.008 
 0 . 4 6 2 ± 0.009 
 0 . 6 2 2 ± 0.009 

 6 . 6 1 db 0.02 

2 = 12 (46 
to fl8) 

 0 . 1 4 0 =b 0.011 
 0 . 3 1 2 ± 0 010 
 0 . 4 2 3 db 0.010 

 2 68 ± 0.11" 

s = 24 (f 18 
to 430) 

 0 . 0 3 2 ± 0.009 
 0 . 0 3 9 ± 0.009 
 0 . 0 6 0 db 0.010 

 0 . 4 3 ± 0.11" 

a Obtained from inverse kinetics t raverse data . 

TABLE II44II . COMPARISON OF NATURVL UO2 D O P P L E R 
E F F E C T IN THE NORMAL AND SODIUMVOIDED P L A T E C O R E S 

OF Z P P R ASSEMBLY 2 

Nominal 
Temp., 

°K 

500 
800 

1100 

Sample 
(300) 

NaVoided Core 

 0 . 1 4 4 ± 0.009 
 0 . 3 0 6 ± 0.012 
 0 . 4 0 6 ± 0.011 

 6 . 4 4 db 0.02 

Ih/kg *»TJ 

Normal Core 

 0 . 2 2 4 ± 0 008 
 0 . 4 6 2 db 0 009 
 0 . 6 2 2 ± 0.009 

 6 . 6 1 ± 0.02 

Ratio V/N 

0.641 ± 0.012 
0.661 ± 0.015 
0.653 ± 0.014 

0.974 db 0.028 

The plutonium oxide sample was run at core center 
in both the normal and sodiumvoided cores, wdth the 
results shown in Fig. II443. The base temperature of 
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TABLE II-44-III . COMPARISON OF PUC>2 D O P P L E R E F F E C T IN 
THE NORMAL AND SODIUM-VOIDED P L \ . T E C O R E S 

OF Z P P R ASSEMBLY 2 

Voided Core 
Temp., 

°K 

700 
830 
920 

Sample 
(300) 

Ih/kg Pu<"> 

Na-Voided Core 

- 0 . 0 4 4 ± 0.011 
- 0 . 0 7 6 =b 0.010 
- 0 . 1 0 9 ± 0.011 

4-103.2 ± 0.8 

Normal Core 

- 0 . 0 7 7 db 0.010 
- 0 . 1 5 5 ± 0 009 
- 0 . 2 3 8 ± 0.009 

4-107.3 ± 0.8 

Normal Core 
Temp., 

°K 

670 
870 

1090 

Sample 
(300) 

° D a t a are not corrected for expansion effects. 

the Pu02 sample was about 445°K due to alpha decay 
heating effects. During the experiment in the sodium-
voided core, severe out-gassing of the sample occurred, 
and the resulting partial loss of vacuum limited the 
maximum temperature to 920°K. As this was the first 
time this particular sample had been run, the problem 
was not unexpected. The subsequent experiment in the 
normal plate core, performed wdth the same sample, en
countered only minor out-gassing problems which 
slowed the experiment somewhat, but did not limit the 
maximum temperature. The data, including the specific 
temperatures involved, are presented in Table II-44-III. 

In a core such as ZPPR-2, wdth a height of only 36 
in., the 12 in. long Doppler sample wdll expand into a 
significant flux gradient as it is heated. The worth of 
this effect for the UO2 sample has been estimated to be 
positive, and less than one percent of the effect at 
1100°K. For the Pu02 sample the effect is negative, and 
may be as much as 20% of the measured effect at 

1100°K. In addition, there is the problem of change in 
internal multiplication in the Pu02 sample. This effect 
has not yet been accurately assessed, principally due to 
a lack of precise data on the expansion characteristics 
of the sample. 

INVERSE KINETICS MEASUREMENTS 

The inverse kinetics technique, which has been used 
for rod calibrations and small-sample perturbation 
measurements, was tested in some of the runs in the 
plate core Doppler experiments. The method has two 
potential advantages: (1) no autorod need be installed, 
so that core perturbation is minimized—especially in a 
pin-calandria zone, and (2) the possibility of obtaining 
Doppler effect traverse data w hile the sample is in mo
tion. In order to justify using the inverse kinetics meas
urements, it is necessary to demonstrate that the results 
obtained are consistent, wdthin experimental errors, 
wdth data obtained using the calibrated autorod. For 
this reason, several of the runs performed wdth the 
autorod were repeated by inverse kinetics, as shown in 
Table II-44-IV. The results appear to be consistent, but 
wdth a tendency for the autorod measurement to be 
slightly higher. This would indicate the possibility of 
a small systematic error in one or both of the measure
ments as discussed below. 

Data for the Doppler effect in the 12 in. sample, 
shown in Fig. II-44-4 as a function of sample position, 
is obtained as a matter of course from the invcr 
kinetics measurements as the sample oscillates betwe< 
the "in" and "out" positions. The data include the ei-
fects of the long sample moving through the axial flux 
gradients, and so do not represent a true differential 
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curve. Investigations into the feasibility of obtaining a 
true differential curve from these data are currently in 
progress. The single-position measurements for UO2 in 
the normal core are shown in Fig. II-44-4, along wdth 

TABLE II-44-IV. COMPARISON OF AUTOROD AND I N V E R S E 
K I N E T I C S D 

Measurement 

Na t . U 0 2 in Na-Voided 
Core, 300-1100°K 

PuOs in Normal Core, 
300-1100°K 

N a t . UO2 Sample, Nor
mal Core 

300-500°K 
300-800°K 
300-1100°K 

OPPLBR MEASUREMENTS 

Ih/kg 

Autorod 

- 0 . 4 0 6 ± 0.011 

- 0 . 2 3 8 db 0.009 

- 0 . 2 2 4 ± 0.008 
- 0 . 4 6 2 ± 0.009 
- 0 622 db 0.009 

Inverse Kinetics 

- 0 . 3 9 7 ± 0.007 

- 0 . 2 5 1 ± 0.010 

- 0 . 2 1 0 db 0.008 
- 0 . 4 5 0 ± 0.008 
- 0 . 5 9 4 ± 0.008 

the inverse kinetics traverse data, illustrating the ex
cellent agreement between the two techniques. 

Data similar to those shown in Fig. II-44-4 were also 
obtained for the PuOo sample. However, in the case of 
PuC>2, the measured effect was negative at the center 
and became positive as the sample moved out of the 
reactor in the axial direction. The cross-over point 
occurred wdth the center of the 12 in. sample 8 in. from 
the interface, and the maximum positive worth occurred 
where the sample straddled the core/axial blanket 
boundary, IS in. from the interface. The interpretation 
of the data is complicated by three factors: (1) axial 
expansion of the sample into a flux gradient, (2) changes 
in internal multiplication, and (3) the length of the 
sample (12 in.) wdth respect to reactor dimensions. After 
an approximate correction for axial expansion, a 
significant negative effect remains at the core center, 
sufficient to indicate that the Doppler effect itself may 
be negative, even after corrections for internal multipli-
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FIG. II-44-4. Natural U02 Doppler Effect as a Function of Axial Position in ZPPR Assembly 2. ANL-103-A11905. 
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cation effects are made. This conclusion must be 
qualified, however, until a better understanding of the 
axial traverse data is obtained, which would explain the 
change in sign of the measured effect as a function of 
axial position. 

EVALUATION OP UNCERTAINTIES 

The evaluation of uncertainties which arise due to 
the statistical nature of the data is quite straight
forward, and represents a minimum achievable error. 
For the inverse kinetics measurements, this error was 
typically about 0.003 Ih, and for the autorod measure
ments about 0.004 to 0.007 Ih. These values, however, 
do not include any possible systematic errors that may 
arise, such as autorod calibration error, reactor drift, 
etc. There are several possible sources of such errors, 
although the equipment is designed to eliminate most of 
them. 

Reactivity drift due to changes in the reactor 
temperature distribution have caused problems in all 
reactivity measurements and calibrations on ZPPR. 
Analytical corrections have been developed for correct
ing these data, but it is as yet uncertain whether or 
not these methods arc accurate enough over the ex
tended duration of a Doppler measurement. In sub
sequent experiments, additional data will be obtained 
during periods of high drift rate or rapidly changing 
drift rate to permit an assessment of the accuracy of 
the drift corrections. 

Further complications resulting from reactor drift 
would develop if the changes in reactor temperature 
were sufficient to cause significant changes in the rate 
of heat loss from the oscillator rod to the reactor. 
This would cause changes in the temperature of the 
balance material downstream from the sample, thus 
altering the reactivity profile of the rod. Due to the 
relatively small magnitude of the reactor temperature 
fluctuations, and the fact that the Doppler cooling air 
is heated, this is probably not a significant problem. 
The problem of heat loss from the oscillator rod affect
ing the reactor is believed to have been solved by the 
dual-flow cooling system described in Paper No. 111-32. 
No changes in reactor temperature were observed wdien 
the Doppler sample was heated. 

Calibration data constitute a potential source of 
error in autorod measurements, especially when the 
size of the measured quantity is small. The autorod was 
calibrated using continuous motion between the limit 
swdtches and following the reactor power history wdth 

inverse kinetics. Data were obtained over a period of 
40 min at a power of 400 W and a third order drift 
correction was applied. 

The calibration of the autorod, as well as the inverse 
kinetics measurements, are subject to the uncertainties 
in the delayed neutron parameters and the lifetime. 
The effects of these uncertainties are assumed to be 
quite small as explained in Paper No. 11-39. As a 
result of consideration of the estimated magnitudes of 
these errors along wdth previous experience wdth 
Doppler measurements on ZPR-3 and other reactivity 
measurements on ZPPR, a systematic uncertainty of 
0.005 Ih has been assigned to all of the measurements 
reported here, and added algebraically to the statistical 
uncertainty of each individual measurement. 

CONCLUSIONS 

The results of the Doppler experiments in the inner 
plate core of Assembly 2, the first such experiments 
performed in ZPPR, were quite satisfactory. The 
mechanical heat transfer and data acquisition systems 
all functioned smoothly, and the experimental tech
niques, in general, were quite reliable. 

As expected, the 238U Doppler effect was negative, 
and showed a significant reduction in magnitude when 
the sodium was voided. The measured effect of PuO-2 
was also strongly negative, but changes in internal 
multiplication and axial expansion into a significant 
flux gradient present in the 36-in. high ZPPR-2 core 
contribute much of this effect. These effects are yet to 
be evaluated wdth confidence, but it is anticipated that 
the corrections might not account for the entire negative 
reactivity change, thus resulting in a slightly negative 
Doppler effect for Pu02 at the center of the core. 

REFERENCES 

1. R. E. Kaiser and R. J. Norris, Ciitical Mass Evaluation in 
ZPPR Assembly 2, a Demonstration Reactor Benchmark 
Assembly, Applied Physics Division Annual Report, July 
1, 1969 to June 30,1970, ANL-7710, pp. 140-146. 

2. J. M Gasidlo, Results of Recent Doppler Experiments in 
ZPR-S, Proc. International Conference on Fast Ciitical 
Experiments and Their Analysis, ANL-7320, 345 (1966). 

3. C. E. Till, R. A. Lewis and R. N. Hwang, ZPR-6 Doppler 
Measurements and Comparison with Theory, Proc. Inter
national Conference on Fast Ciitical Experiments and 
Their Analysis, ANL-7320, 319 (1966). 

4. E. F. Bennett and R. L. Long, Precision Limitations in the 
Measurement of Small Reactivity Changes, Nucl. Sci. Eng. 
17, 425-432 (1963). 



45. Olson, Kaiser and Grasseschi 271 

11-45. Kinetics Parameters for ZPPR Assembly 2 

A. P. OLSON, R. E. KAISER and G. L. GRASSESCHI 

In order to establish recommended values of the 
kinetics parameters for use in the reduction of experi
mental data for ZPPR Assembly 2,(1) a scries of 
calculations varying in sophistication has been per
formed ranging from ID diffusion to 2D transport. 
Reflected in these calculations are the differences 
arising from improved calculational models and from 
changes in the reactor configuration. The resulting 
kinetics parameters arc summarized in Tables 1I-45-I 
and II-45-II. 

The first calculation of 0, very preliminary in nature, 
was made using approximate reactor dimensions and 
compositions. At that time, better information did not 
exist because the assembly had not yet been loaded in 
ZPPR. 22-group neutron cross sections from ANL 
Set 224 were utilized by the MACH1 Code2 in a ID 
spherical geometry calculation for a two-zone equal-
volume core of 2566 liters. Results of this calculation 
are given in column 2 of Table II-45-I. 

Detailed descriptions of several loadings of ZPPR 

Assembly 2 arc given in Ref. 1. The calculational model 
for all three loadings consisted of circularized cylinders 
having slightly differing compositions and dimensions. 

Neutron cross sections were obtained from MC2 (3) 

in 27-group form as described in Ref. 4. Uranium and 
plutomum isotopic cross sections were heterogeneously 
self-shielded, and all broad group cross sections were 
spatially flux-weighted to account for flux advantage/ 
disadvantage factors in the unit cells. Diffusion theory 
flux calculations were made with the DARC2D(5) 

module of the ARC system, whereas S4 transport 
theory real and adjoint scalar fluxes were derived by 
DOT. All 2D calculations of jS used the PARC2D<6> 
module of the ARC system. 

Finally, the best available calculation is for Loading 
90 (column 8 of Table II-45-I). Improved hetero
geneously self-shielded cross sections were obtained for 
23SU, 239Pu, 240Pu and 241Pu in the two core zones, and 
heterogeneously self-shielded cross sections were also 
obtained for 238U in the radial and axial blankets. In 

TABLE II-45-I DESCRIPTIONS OF CALCULATIONAL MODELS, WITH CALCULATED KINETICS PARAMETERS FOR ZPPR-2 

Reactor 
Configuration 

Flux Code 

/3 Code 

I, , 10"7 sec 

/J 

Ih/%Afc/fc 

0 X Ih/%Afc//c 

/3 D a t a 

D a t a 

2566 liter Core 
50/50 

MACH 1 (ID) 

MACH 1 

4.9500 

0.0031718 

1026.82 

3.257 

Keepin,7 Fa s t Fis
sion, Tables 4-7, 
4-14 

Keepin,7 Fa s t Fis
sion, Table 4-7 

2372 liter Core 
50/50 

Loading 74, Y± in. Na in I.C. 

DARC2D 

P E B T - V 

5.5561 

0.0032258 

997.90 

3.219 

Keepin,7 0,/0 Table 
4-7 (Fast) n/F, 
Table 4-14 (Ther
mal) 

Keepin,7 F a s t Fis
sion, 24X, , Table 
4-7 

DARC2D 

PARC2D 

5.4671 

0.0032593 
± 0 0000100 

994.11 

3.240 

DOT (2D 
Trans 
port) 

PARC2D 

5.4553 

0.0032487 
=fc 0.0000100 

997.57 
998.52" 

3.241 
3.243" 

2376 liter Core 
50/50 

Loading 77, H i n- N a i n ! C. 

DARC2D 

PARC2D 

5.5963 

0.0032412 
± 0.0000100 

995.96 
996.70" 

3.228 
3.230" 

D O T (2D 
Trans
port) 

PARC2D 

5.5780 

0.0032332 
± 0.0000100 

998.26 
998.96" 

3.228 
3.230" 

2407 liter Core 
50/50 

Loading 90 

DARC2D 

PARC2D 

5.5400 

0.0032136 
± 0.0000100 

998.14 
998.49" 

3.207 
3.209" 

Keepin,7 F a s t Fission, Table 4-7 

6X, 6X, , 24X, , Table 4-7 

" Uses 24X,-values, Keepin,7 Table 4-7 (Fast Fission). 
" See Ref. 8. 
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TABLE II-45-II. CALCULATED E F F E C T I V E K I N E T I C S 
PARAMETERS FOR Z P P R ASSEMBLY 2 

Group, 
i 

1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12, 

13 
14 
15 
16 
17 
!8 

19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 

.235TJ 

,238TJ 

, 2 3 9 p u 

, 2 4 0 p u 

, 2 4 i p u 

Pi 

2.6337-6 
1.5407-5 
1.3389-5 
2.9587-5 
9.2901-6 
1.8932-6 

1.8544-5 
2.0136-4 
2.3501-4 
5.7268-4 
3.3200-4 
1.1067-4 

5.5837-5 
4.2438-4 
3.2393-4 
5.0072-4 
1.5723-4 
5.3216-5 

1.8780-6 
1.6538-5 
1.1121-5 
2.1958-5 
8.2953-6 
1.6730-6 

3.4770-6 
2.6431-5 
2.0174-5 
3.1185-5 
9.7925-6 
3.3144-6 

**. 
sec -1 

0.0127 
0.0317 
0.115 
0.311 
1.40 
3.87 

0.0132 
0.0321 
0.139 
0.358 
1.41 
4.02 

0.0129 
0.0311 
0.134 
0.331 
1.26 
3.21 

0.0129 
0.0313 
0.135 
0.333 
1.36 
4.04 

0.0129 
0.0311 
0.134 
0.331 
1.26 
3.21 

pe/f (total) = 0.0032136 ± 0.0000100; tp = 5.540 X 10~7 sec ; 
Ih/%Afc/fc = 998.49. 

addition, the blanket cross sections were spatially 
self-shielded by flux-weighting across the unit cells via 
the CALHET-3 code. 

The differences between the various sets of effective 
parameters are significant only between ID and 2D 
calculations. The 2D calculations appear to be neces
sary for kinetics parameter generation for such a large, 
multi-zone reactor configuration. 

Data were taken from Keepin7 (Table 4-7) for 235U, 
2 3 8 U j 2 3 9 p u a n d 2 4 0 p u F o r 2 4 ^ t h e d a t a o f T a b l ( J 4 . 1 4 ( 7 ) 

were used to estimate the fast fission value of n /F , 
the absolute total delayed-neutron yield per fission, as 
follows: 

(n/F)%t« (n/F)ll X 
(n/F)jZ 

\n/F) thermal 
= 0.0159. 

Similarly, for the average total neutron-yield per fission, 

- 2 4 1 ^ _241 s -
Vjast < ~ ^thermal X 

_239 
Vfast 

-239 
v thermal 

= 3.38; 

hence we obtain 

,,241 
Pfast 

{n/F))l\t 
_241 
Vfast 

0.0047 ± 0.0005. 

The above uncertainty in /3/aJ< is the same as that 
quoted by Keepin7 for fl thermal) it probably should be 
even larger. This uncertainty leads to an uncertainty in 
/3 of ±0.0000100, or about %, %. 
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1146. M e a s u r e d R e a c t i o n R a t e s i n Z P R  3 A s s e m b l i e s 60 , 6 1 , a n d 62 U s i n g F o i l s 

D. W. MADDISON 

The ZPR3 Assemblies 60, 61, and 62 were a set of 
critical assemblies dealing with EBRII.(1) Reaction 
rate measurements \\ere made in several cell positions 
at three locations in each assembly; one near the core 
center, one on the core side of the coreblanket inter

face, and the third on the blanket side of the interface. 
The measurements described here were done with 1.27 
cm diam foils. Other measurements with large foil 
pieces were also made.(2) 

Figure II46I indicates the foil placements in the 

three assemblies. The foil packets consisted of 1.27 cm 
diam foils with thicknesses varying from 0.0025 to 
0.025 cm. Each packet contained the following foils: 2 
each of 238U and 235U, and one each of aluminum, 
tungsten, gold, indium and nickel. The results of these 
measurements have been reported in recent ANL 
publications.3'4 Tables II46I through II46III give 
the various relative reaction rates for these assemblies 
with arbitrary normalization to highest values. Average 
relative errors are as follows: AU(?I,Y), 0.6%; ln(n,n), 
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Position 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 

U-235 

1 000 
0 987 
0 967 
0 967 
0 660 
0 659 
0 589 
0 582 
0 358 
0 319 
0 295 

T A B L E II-46-I 

U-238 
(»,/) 

1 000 
0 927 
0 870 
0 938 
0 600 
0 530 
0 438 
0 426 
0 088 
0 068 
0 055 

U-238 
(»,y) 

1 000 
0 992 
0 970 
0 959 
0 665 
0 656 
0 609 
0 595 
0 427 
0 401 
0 375 

ZPR-3 ASSEMBLY 60 REVCTION R A T E S 

Al-27 
(n,a) 

1 000 
0 867 
0 897 
0 880 
0 600 
0 521 
0 399 
0 361 
0 106 
0 072 
— 

Ni-58 

1 000 
0 910 
0 877 
0 929 
0 608 
0 532 
0 437 
0 430 
0 085 
0 063 
0 049 

Au-197 
(re, 7) 

0 972 
1 000 
0 980 
0 962 
0 690 
0 695 
0 668 
0 644 
0 518 
0 487 
0 466 

W-186 
(»,7) 

1 000 
0 994 
0 971 
0 970 
0 711 
0 720 
0 690 
0 687 
0 499 
0 466 
0 455 

In-115 
(«, re') 

1 000 
0 926 
0 903 
0 946 
0 571 
0 508 
0 419 
0 408 
0 098 
0 070 
0 060 

In-115 
(n,y) 

1 000 
0 998 
0 993 
0 988 
0 691 
0 670 
0 652 
0 621 
0 445 
0 403 
0 380 

Position 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 

U-235 

0 967 
0 940 
0 926 
0 924 
0 665 
0 655 
0 651 
0 692 
0 999 
1 000 
0 973 

TABLE II-46-II 

U-238 

1 000 
0 909 
0 889 
0 926 
0 601 
0 650 
0 459 
0 474 
0 102 
0 096 
0 069 

U-238 
(»,7) 

0 319 
0 320 
0 311 
0 321 
0 239 
0 241 
0 239 
0 322 
1 000 
0 981 
0 973 

ZPR-3 ASSEMBLY 61 R 

Al-27 
(re, a) 

1 000 
0 801 
0 799 
0 920 
0 597 
0 516 
0 415 
0 377 
0 097 
0 100 
0 053 

Ni-58 
(n,p) 

1 000 
0 895 
0 866 
0 952 
0 636 
0 546 
0 455 
0 465 
0 060 
0 052 
0 036 

CACTION B A T E S 

A U 197 
(«,Y) 

0 135 
0 135 
0 134 
0 124 
0 123 
0 135 
0 159 
0 209 
0 950 
0 996 
1 000 

W-186 
(n,y) 

0 062 
0 061 
0 061 
0 059 
0 058 
0 068 
0 078 
0 148 
0 947 
0 997 
1 000 

In-115 
(»,«') 

1 000 
0 920 
0 897 
0 980 
0 628 
0 574 
0 503 
0 497 
0 102 
0 082 
0 076 

In-115 
(»,T) 

0 203 
0 203 
0 205 
0 202 
0 174 
0 1SS 
0 201 
0 251 
0 946 
1 000 
0 987 

Position 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 

U-235 
(«,/) 

0 978 
^ 0 967 
0 991 
1 000 
0 730 
0 700 
0 662 
0 675 
0 765 
0 759 
0 728 

TABLE II-46-III 

U-238 

0 972 
0 951 
0 815 
1 000 
0 635 
0 529 
0 450 
0 448 
0 092 
0 076 
0 067 

U-238 
(n,y) 

0 572 
0 571 
0 550 
0 561 
0 386 
0 387 
0 383 
0 480 
0 980 
1 000 
0 983 

ZPR-3 ASSEMBLY 62 REACTION R A T E S 

Al-27 
(re, a) 

1 000 
0 942 
0 889 
0 950 
0 656 
0 556 
0 438 
0 495 
0 100 
0 075 
0 057 

Ni-58 

1 000 
0 930 
0 897 
0 957 
0 619 
0 545 
0 459 
0 467 
0 070 
0 064 
0 049 

Au-197 
(n,y) 

0 276 
0 281 
0 282 
0 271 
0 238 
0 257 
0 279 
0 347 
0 944 
0 978 
1 000 

W-186 
(n,y) 

0 134 
0 139 
0 135 
0 135 
0 11s 
0 130 
0 144 
0 226 
0 921 
0 95S 
1 000 

In-115 
(»,»') 

1 000 
0 828 
0 869 
0 877 
0 571 
0 539 
0 440 
0 437 
0 115 
0 097 
0 073 

In-115 
(»,T) 

0 504 
0 46S 
0 472 
0 475 
0 346 
0 403 
0 407 
0 444 
0 953 
0 961 
1 000 

0 6-3 5%, In(n,7), 1 0-2 5%, W(n,y), 1 0 % , Ni(n,p), 
1 0-4 0 %, Al(n,«), 3-12 %, 238U(n,/), 1 0-8 0 %, 238U(n, 
7), 0 5-1 4%, 23oU(?i,/), 0 6-1 5 % 

Theie aie significant differences in each of these 
assemblies For those reactions that are particulaily 
sensitive to lowei energy neutrons, 235U(?i,/), 238TJ(n,7), 
Au(n,7), W(?i,7) and In(n,7), the highest leaction 
rates occuned in the central core region for Assembly 
60 (238U blanket) and neai the core-blanket interface 
foi the nickel and steel lcflccted Assemblies 61 and 62 

The high-cncigy neution sensitive reaction latcs, how-
evei, changed veiy little from assembly to assembly 
The 238U (?&,/) leaction-iate distribution -was essentially 
the same foi Assemblies 60 and 61, but showed a 
small shift in the steel 1 effected assembly. 

Since all these icactions aie sensitive to neutioi 
over a wide lange of encigies, and usually m a non-
umfoim manner, caution must be excicised in ioimmg 
conclusions fiom 1hesc icacfion-iatc distributions In 
spite of the veiy laige gold lcsonance at 5 cV, eailiei 
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investigations indicated that in the central core region 
of some previous ZPR-3 assemblies, 95% of the gold 
captures were due to the higher energy resonances. 

R E F E R E N C E S 

1. W P Keeney, R. O Vosburgh, J. M. Gasidlo and D Men-
eglietti, The EBR-II Critical Assemblies—ZPR-3 Assem-

INTRODUCTION 

Fast neutron spectrum measurements, using small 
proton-recoil proportional counters, have been com
pleted inside the ANL uranium- or plutonium-fuclcd 
critical assemblies. This technique, initiated at ANL 
by Bennett,1 allows the measurement of a differential 
flux with sufficient detail to permit meaningful com
parison between the experimental flux and smoothed 
ultrafine MC2 fundamental-mode calculations and 
cither spatially dependent fine or broadgroup transport 
or diffusion theory calculations. Systematic errors in 
these measured spectra can be minimized provided 
proper counters, associated electronics, data acquisition, 
gamma ray discrimination, and data reduction arc used. 

Recently designed high-count-rate electronics and 
the availability of small counters allow completion of 
"in-core" measurements at typically less than 2% 
subcritical.2 Spectra measured at this level of sub-
criticality can be compared directly to calculations 
obtained for a critical assembly. Therefore, meaningful 
measurements of recoil proton spectra can be completed 
at all essential locations within cither a uranium- or a 
plutonium-fuelcd critical assembly over a nominal 
energy range of 1 keV to 2 MeV. 

Methods of analysis for these data have been de
veloped for both cylindrical3 and spherical" chambers 
using analytic expressions to describe distortions within 
the chambers. Experimentally determined response 
functions are also becoming available.5 

SPECTROMETER SYSTEM OPERATION 

The spectrometer system used in this work consisted 
two stainless steel cylindrical proportional counters, 

„ TO Larson preamplifiers, high-count-ratc electronics, 
and an on-line (SK, IS bit) Data Machines 622 com
puter. A report is being prepared which describes the 
detailed design and operation of this spectrometer.2 

blies 60, 61, 62, Applied Physics Division Annual Report, 
July 1, 1969 to June 30, 1970, ANL-7710, pp. 137-140. 

2. N. D. Dudey, R. R. Heinrich, R. J. Popek, R. P. Larsen 
and R. D. Oldham, Achvahon-rate Measurements in the 
ZPR-3 Mockup Critical Experiments, ANL-7781 (1971). 

3. D. W. Maddison, Argonne National Laboratory Reactor 
Development Progress Report, ANL-7737 (1970), p. 27. 

4. D. W. Maddison, Argonne National Laboratory Reactor 
Development Progress Report, ANL-7765 (1970), p. 20. 

Figure II-47-I shows the detector drawers containing 
both the hydrogen- and the methane-filled counters 
plus their preamplifiers. As shown, each counter was 
encased in a 0.04-in.-thick lead sleeve to reduce the 
number of low energy photons reaching the detector 
walls. The voids directly behind the preamplifiers 
contained characteristic reactor materials (see next 
section). By removing the drawer ends, it was possible 
to position the center of the active volumes 1 in. from 
the center line of these small cores. Thus the counter 
tips were extended into a 2 x 4 in. void in either matrix 
positions 2-P-16, 2-P-ll or 2-P-9. 

A 10-atm total pressure, predominately hydrogen-
filled counter 0.375 in. in diameter was used to obtain 
proton-recoil spectra from about 1 to 160 keV for 
matrix positions 1-P-ll and l-P-9. For matrix location 
l-P-16, the energy range was from about 2 to 160 
keV. Data were obtained within the hydrogen counter 
using four or five voltage settings of cither 3350, 3650, 
3950, and 4250 or 3350, 3650, 3950, 4250 and 4500 V. 
Data acquisition times for each high-voltage setting 
varied from 40 to 90 min, depending upon the count 
rate within each neutron energy interval. The severe 
gamma-ray background and the low neutron flux below 
2 keV resulted in omission of neutron data below 2 keV 
(the 4500 V data) for the central matrix position of 
l-P-16. 

An 8.2-atm total pressure, predominately methane-
filled 0.625-in. diam counter was used from about 100 
keV to above 2 MeV. High voltage settings of 3000, 
3250 and 3400 V were required. Run times were from 
45 to 60 min each. 

The 60 keV energy overlap between data obtained 
with the two counters ensured that the data from both 
counters were properly normalized. Also, an approxi
mately 50 % overlap existed for each of the hydrogen-
and methane-filled counter data sets. This overlap 

I I - 4 7 . N e u t r o n S p e c t r a i n Z P R - 3 A s s e m b l i e s 62 a n d 6 3 B 

G. G. SIMONS and R. J. FORRESTER 



276 II. Fast Reactor Physics 
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FIG. II-47-1. Proton Recoil Proportional Counter Detector Assemblies. ANL-ID-103-A11472. 

between data sets was important since it allowed 
assessment of operation of the system over the complete 
neutron energy range as well as verification that the 
gamma-ray induced events were properly removed. 

Distortions in proton-recoil data resulting from both 
pulse-pile-up and preamplifier saturating overload 
pulses were diminished by utilizing specially designed 
electronics. The Larson preamplifier was designed 
specifically for proton-recoil proportional counter spec
trometers.8 This solid-state, charge-sensitive preampli
fier has a 20 V output swing which operates under 
overloaded conditions without saturating. 

Figure II-47-2 shows a block diagram of the high-
count-rate electronics. This system was operated in a 
dual-parameter, gamma-ray discrimination mode with 
an IS bit, SK Data Machines 622 on-line computer. 
Proper operation of this spectrometer at count rates 
exceeding 30,000 cps for the methane-filled counter and 
10,000 cps for the hydrogen-filled counter was verified 
in the Argonne Fast Source Reactor (AFSR). The 
maximum possible count-rate limit has not been 
determined for the system. The upper limit will be set 
by the saturation-inducing events in the hydrogen 
counter. 
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FIG. II-47-2. Proton Recoil Proportional Counter High Countrate Electronics. ANL-ID-103-11989. 
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Both the hydrogen- and the methane-filled counters 
were calibrated in the Argonne Fast Source Reactor 
thermal column just prior to each neutron spectrum 
measurement. This was a standard calibration pro
cedure which used the monoenergctic protons from the 
14N(n,7j)14C reaction induced by thermal neutrons in 
the nitrogen gas within the detector chambers to 
determine a relationship betw cen gas multiplication A 
and voltage V for each counter. The calibration data 
w ere reduced on the Data Machines 622 computer. The 
code performed a least-squares fit to the straight-line 
relation (In A)/Vx versus V, where x is a variable 
parameter chosen to minimize the sum of the squared 
errors associated with the fit. 

During data acquisition, a precision reference pulser 
was used to determine recoil proton keV per channel 
based on settings obtained during calibration. 

A recurring ambiguity exists when nitrogen is used 
to calibrate the hydrogen detector.6'7 Protons from the 
14N(?I,T>)I4C reaction are much more energetic (615 
keV) than the protons which were measured with the 
hydrogen counter in a critical assembly (1 to 160 keV). 
The long track length pulses tend to be clipped by 
the pulse shaping linear amplifier. (This factor was 
previously determined experimentally.7) Thus this 
systematic bias must be accounted for. Analyses of 
these data were completed by performing a linear 5 % 
transformation of the keV per channel values obtained 
during calibration of the hydrogen counter. Following 
nonuniform electric field and carbon recoil corrections 
on the proton spectra measured with the methane-filled 
chamber, the 3000 V data (taken with the methane-
filled chamber) and the 3350 V data (taken with the 
hydrogen-filled chamber) exhibited good overlap. A 
possible solution associated with detector calibration 
would be to calibrate the chambers in filtered beams 

using materials having known resonances over the 
energy region of interest. 

NEUTRON SPECTRA MEASURED 

Detailed measurements (0.048 lethargy width) of 
the spatially dependent fast-neutron spectra were 
completed on the ZPR-3/EBR-II series of critical 
assemblies (Nos. 61, 62 and 63B). These measurements 
were used to determine the effect of the steel and nickel 
reflectors on the spatial neutron flux and to evaluate 
the precision associated with the calculational tech
niques. 

The spectra measured in ZPR-3 Assembly 61—the 
nickel rich assembly—in matrix positions l-P-16, 1-P-ll 
and l-P-9 were reported in Ref. 9. Critical loading 
diagrams and reactor compositions for Assemblies 62 
and 63B are given in Refs. 10 and 11, respectively. 

ZPR-3 ASSEMBLY 62 

Three neutron spectra were measured in ZPR-3 
Assembly 62—the steel-rich assembly—in matrix posi
tions l-P-16, 1-P-ll and l-P-9. Materials loaded into 
the counter drawers for each position are shown in 
Fig. II-47-3. These measurements were completed using 
the same detectors, high voltage settings, and instru
ment gain settings as those used for the previously 
reported Assembly 61 measurements. The detectors 
were recalibrated and separate gamma-ray backgrounds 
were measured for these data. 

The central spectrum (Fig. II-47-4) is very similar 
to that of Assembly 61. Near the core/reflector interface 
(1-P-ll) dips exist from the sodium, oxygen, iron and 
chromium scattering resonances (Fig. II-47-5). The 
reflector spectrum (Fig. II-47-6) shows the structure 
expected from the iron scattering resonances near 30 
keV and between 150 and 220 keV. It is interesting that 
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SODIUM 

STAINII-SS STU-I :ST£ 
SODIUM 

Ull-KK K I H - T -

I-P-II a I -P -16 

No 
STAINI hSS S1H- I S1AINI hSS STtfc [ 

Ha 
siAIWI U S HI H-l 

l - P - 9 

FIG. II-47-3. Characteristic Reactor Materials Loaded into the Counter Drawers during the Spectra Measurements in,ZPR-
3/62. ANL-ID-10S-A2120. 
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ENERGY < « V ) 

FIG. II-47-4. Central Spectrum in ZPR-3 Assembly 62. ANL-ID-103-A2147. 

ENERGY < « V ) 

FIG. II-47-5. Spectrum in Location 1-P-ll of ZPR-3 Assembly 62. ANL-ID-W8-A2145. 
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ENERGY (PCEV) 

FIG. II-47-6. Spectrum in Location l-P-9 of ZPR-3 Assembly 62. ANL-ID-103-A2144-

ENERGY ( « V > 

FIG. 11-47-7. Central Spectrum in ZPR-3 Assembly 63B. ANL-ID-10S-A11766. 
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the iron resonances between 75 and 90 keV are not 
visible Chromium scatteung causes flux depiessions at 
about 50 and 100 keV 

ZPR-3 ASSEMBLY 63B 

The spectrum measured at the center of Assembly 
63B exhibits stiucturc similar to that found in As
semblies 61 and 62 Neai the oxygen resonance regions 
the flux depiession is greater since this assembly con
tained clustered oxide-fueled subassemblies (Fig II-
47-7) 

The precision of this measurement is less than that 
associated with the spectra of Assemblies 61 and 62 
This measurement was completed without calibrating 
the chambers since the AFSR icactoi was inoperable 
Thus systematic errors due to use of an approximate 
cahbiation may exist in this spectrum 
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11-48. ZPR-3 Assembly 63, A Heterogeneously Loaded, Steel Reflected 
EBR-II Critical Assembly 

W P. KEENEY, R O VOSBURGH, J M GASIDLO and D MENEGHETTI* 

INTRODUCTION 

After completing the first thiee cores of the current 
senes of cnticals m support of the EBR-II Progiam,1 

the lcmainmg time allocated foi the opciation of 
ZPR-3 was utilized m an investigation of a heteiogcnc-
ous critical with thiee ariangements of simulated EBR-
II subassemblies2 These three ariangements were 
designed to obtain the maximum data for analytical 
comparison on the widest lange of simulated core 
loadings 

The first of the three assemblies, 63A, was designed 
to obtain radial leaction rate distnbutions and gamma 
dose late distnbutions in a heteiogeneous core which 
contained all of the simulated EBR-II subassemblies of 
a postulated EBR-II loading The spatial arrangement 
of these subassemblies within the core followed a pat
tern which was logical foi EBR-II and was modified 
only to obtain criticahty by the substitution of full foi 

* EBR-II Project, Aigonne National Laboiatoiy 

partial simulated 23oU driver subassemblies The con
straint was a critical system with a fixed coie outline 

Assembly 63B, with a central zone of simulated 
37-pm uranium-plutonium oxide subassemblies, was 
designed to obtain the ccntial neutron specti um in 
addition to the ladial leaction rate traverses foi ana
lytical comparisons 

The final coie modification, Assembly 63C, was a 
compiomise because of the limited available tune for 
use of the ZPR-3 facility By gioupmg the two tjpes 
of simulated uramum-plutomum oxide subassemblies 
on opposite flats of the quasi-hexagonal coie, it was 
possible simultaneously to obtain traverse data for the 
two oxide composition loadings when abutted against 
the ladial steel rcflectoi 

DESIGN OF ASSEMBLY 63 

CORE REGION 

The cross sectional area of the ZPR-3 matnx tubes, 
4 75 m ,2 w as ideally suited to simulate EBR-II subas-
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TABLE II48I. ASSEMBLY 63: AVERAGE COMPOSITIONS OF SIMULATED E B R  I I SUBASSEMBLIES IN THE C O R E R E G I O N , 
1024 atoms/cm3 

Material 

235TJ 
238TJ 
239+Mipu 

240+242pu 

Na 
0 
Fe 
Cr 
Ni 
Mn 
Si 

Simulated Subassembly" 

Partial Driver 

0.003404 
0.003858 

— 
— 

0.01043 
— 

0.01988 
0.004946 
0.002164 
0.0002064 
0.0002397 

Full Driver 

0.006912 
0.006248 

— 
— 

0.01043 
— 

0 01218 
0.003029 
0.001326 
0.0001265 
0.0001485 

37 Pin Oxide 

0.004472 
0.0003189 
0.001067 
0.0000508 
0.008343 
0.01334 
0 01968 
0.002599 
0.001137 
0.0001085 
0.0001273 

19 Pin Oxide 

0 002236 
0.0001594 
0.001067 
0 0000508 
0.006602 
0.008003 
0.02973 
0.006018 
0 002633 
0 0002513 
0.0002950 

Control and 
Safety—EBRII 

0.004722 
0.004898 

— 
— 

0.01251 
— 

0.01152 
0.002867 
0.001255 
0.0001197 
0.0001403 

Control and 
Safety—ZPR3 

0.004717 
0 002495 

— 
— 

0.01251 
— 

0.01573 
0.003912 
0.001712 
0.0001633 
0.0001916 

Structural 

— 
— 
— 
— 

0.004176 
— 

0.04579 
0.01139 
0.004984 
0.0004756 
0.0005582 

a The core region is 13.06 in. in length, with 6 03 in. in Half 2, and 7.03 in. in Half 1. 
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F I G . II481. Fron t Views of Simulated E B R  I I Subassemblies, Assembly 63. ANL-ID-103-B11002. 

semblies on a onetoone basis. The compositions listed 
in Table II48I are those chosen by the EBRII Pro

ject from the various loadings possible on ZPR3. I t 
should be noted that the ZPR3 control/safety drawers 
are loaded as a modification of the EBRII control/ 
safety simulated drawers. The effective core length, in

'uding the interface of the opposing drawer, is 13.06 
i. As in the previous assemblies in this EBRII series,1 

„ne core was divided with 6.03 in. in the movable half 
and 7.03 in. in the fixed half of ZPR3. The quasi

hexagonal assembly geometry was retained. The axial 

center of the critical was then 0.53 in. back from the 
interface in the fixed half of ZPR3. Front views of 
each type of simulated EBRII subassembly are shown 
in Fig. II481. In all of the drawer loading figures, 
"DU" signifies depleted uranium and "EU", enriched 
uranium, the enrichment being indicated in parentheses. 

AXIAL REFLECTORS, GAPS, RADIAL REFLECTOR AND 
RADIAL BLANKET 

External to the core region all of the zone heights 
and compositions of the previous EBRII critical (As
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TABLE II-48-II ASSEMBLE 63 AVERAGE COMPOSITIONS OP ZONES 

Element 

235TJ 
23STJ 

N a 
Fe 
Cr 
N i 
Mn 
Si 
Mo 

Rl 

Upper Gap 

0 01480 
0 01844 
0 00480 
0 00209 
0 000260 
0 00015 
0 00001 

R2 

Upper Reflector 

0 01029 
0 02802 
0 00762 
0 00331 
0 000501 
0 00012 
0 00003 

R3 

Loner Gap 

0 01199 
0 02332 
0 00622 
0 00271 
0 000379 
0 00014 
0 00002 

R4 

Lower Reflector 

0 00898 
0 03175 
0 00881 
0 00382 
0 000626 
0 00007 
0 00004 

E X T E R N A L TO 

R5 

SS Radial 

0 00205 
0 04900 
0 01348 
0 00578 
0 000977 
0 000388 
0 00007 

C O R E R E G I O N , 

R6 

Axial End of 
SS Radial 
Reflector 

0 00203 
0 04982 
0 01337 
0 00581 
0 000835 
0 000265 
0 00004 

1024 a toms/ cm3 

R7 

Radial Blanket 

Half 1 

0 000055 
0 026505 
0 00457 
0 00964 
0 00254 
0 00111 
0 000146 
0 00007 

— 

Half 2 

0 000054 
0 026548 
0 00455 
0 00963 
0 00253 
0 00110 
0 000145 
0 00007 

— 

AXIAL CENTER 
OF CRITICAL 

66 
lCORE.i.i-4 ZPR3 INTERFACE 

\ 20 02 f - 8 744*8 744 
ALL DIMENSIONS IN INCHES INTERFACE GAP AND SPRING GAPS INCLUDED 

FIG II-48-2 Assembly 63, Honzontal Section ANL-ID-
10S-A11853 

sembly 62) weie letamcd 1 The compositions of each 
zone are listed in Table II-4S-II A horizontal section 
of the assembly is shown m Fig II-4S-2 

ASSEMBLY 63A 

Each half of Assembly 63A was loaded with nine 
19-pm simulated oxide, nine 37 pin simulated oxide, 
six simulated structural and fourteen simulated EBR-II 
contiol/safety subassemblies The ZPR-3 control and 
safety draweis aie included in the EBR-II contiol/ 
safety count These w ere loaded in the locations shown 
in Fig II-4S-3 The lemaming core locations were 
loaded with paitial drivers These partial driveis weie 
then replaced, in a pieferred ordei, with full driveis 
until cnticahty w as reached A tabulation of the loading 
is obtained m Table II-48-III conespondmg to Fig 
II-48-3, the reference configuration 

The loading convention for the partial drivers, w Inch 
were loaded as "half diawers" in column 16, was that 
matnx position J-16 contained 0 4492 kg 23aU and 
position V-16 contained 0 8984 kg 23aU The "half 

draweis" lcpiesentmg full duvers that were loaded in 
matnx positions in columns numbered less than 16 con
tained 0 9788 kg 23oU and columns numbered gieater 
than 16 contained 1 7631 kg 23aU Pans of half diawers 
in the same low then represented a full reflectoi and a 
full core diawei 

The P values in Table II-48-IV, supplied by the 
EBR-II Piojcot from a 29 gioup, homogenized, cyhn-
ducal diffusion calculation, were utilized to obtain the 
control rod cahbiation fiom which the k of the rcfeience 
core was dcteimined to be 1 00068 ± 0 00003 

ASSEMBLY 63B 

Assembly 63B was loaded with the twenty one cen
tral simulated 37 pin oxide, six simulated structuial, 
and the equivalent of twelve simulated EBR-II contiol 
and safety subassemblies as shown m Fig II-4S-4 
The remaimng coie positions were loaded with partial 
drivers w hich were changed to full drivers to approach 
critical The loading convention for the "half diawers" 
was identical to that of Assembly 63A The tabulated 
loading of the reference core, corresponding to Fig. 
II-48-4, is given m Table 11-48 III The lefeience con
figuration, Fig II-48-4, was determined to have a k of 
1 00082 =1= 0 00003 

The j3 values of Table II 48-V for this core w ere 
taken fiom an EBR II Project calculation utilizing the 
29-gioup cross section set in a cylindrical diffusion 
calculation m w hich the central oxide clustei w as taken 
as one zone and the surrounding core draweis were 
homogenized into an annulus 

ASSEMBLY 63C 

Assembly 63 C was loaded with eight of each type c 
simulated oxide drawers on opposite flats of the quas 
hexagon, as shown in Fig II 48-5 The appioach to 
critical was again made by exchanging full drivers for 
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TABLE II-48-II I . F I S S I L E LOADINGS AND REACTIVITY OF R E F E R E N C E LOADINGS IN ASSEMBLY 63 

Drawer Type 

Par t ia l Driver 
Full Driver 
19 Pin Oxide 
37 Pin Oxide 
E B R - I I Control /Safety 
ZPR-3 Control /Safety 
Structural 

Total 

fee// 

63A 

Number" 

16 + (1) 
39 + (6) 

9 
9 
9 
5 
6 

100 

235TJ( 

kg 

22.909 
123.387 

7.983 
15.966 
16.859 
9.356 
0 

196.460 

*»»Pu, 
kg 

0 
0 

3.874 
3.874 

0 
0 
0 

7.748 

1.00068 ± 0.00003 

63B 

Number" 

24 + (1) 
30 + (6) 

0 
21 
7 
5 
6 

100 

awrj 
kg 

33.690 
98.710 
0 

37.254 
13.113 
9.356 
0 

192.123 

239 P U ; 

kg 

0 
0 
0 

9.038 
0 
0 
0 

9.038 

1.00082 ± 0.00003 

63C 

Number" 

20 
39 + (7) 

8 
8 
7 
5 
6 

100 

235TJ; 

kg 

26.952 
126.129 

7.096 
14.192 
13.113 
9.356 
0 

196.838 

^ P u , 
kg 

0 
0 

3.443 
3.443 

0 
0 
0 

6.886 

1.00350 ± 0.00015 

s In each half of ZPR-3, numbers in parentheses indicate half drawer pairs . 

TABLE II-48-IV. ASSEMBLY 63A: D E L A Y E D N E U T R O N FRACTIONS 

Isotope 

23 6TJ 
238TJ 
239Pu 
2 4 0 P u 

Tota l 

Group Effective Delayed Neutron Fractions 

1 

2.21412 ( - 4 ) 
9.58035 ( - 6 ) 
3.69782 ( - 6 ) 
6.50288 ( - 8 ) 

2.34755 ( - 4 ) 

2 

1.24107 ( - 3 ) 
1.00962 ( - 4 ) 
2.72471 ( - 5 ) 
6.34031 ( - 7 ) 

1.36992 ( - 3 ) 

3 

1.09541 ( - 3 ) 
1.19386 ( - 4 ) 
2.10192 ( - 5 ) 
4.45912 ( - 7 ) 

1.23626 ( - 3 ) 

4 

2.37144 ( - 3 ) 
2.85936 ( - 4 ) 
3.19180 ( - 5 ) 
8.12860 ( - 7 ) 

2.69011 ( - 3 ) 

5 

7.45809 ( - 4 ) 
1.65813 ( - 4 ) 
1.00230 ( - 5 ) 
2.97275 ( - 7 ) 

9.21943 ( - 4 ) 

6 

1.51493 ( - 4 ) 
5.52713 ( - 5 ) 
3.40589 ( - 6 ) 
6.73513 ( - 8 ) 

2.10237 ( - 4 ) 

Total 

5.82664 ( - 3 ) 
7.36950 ( - 4 ) 
9.73110 ( - 5 ) 
2.32246 ( - 6 ) 

6.66322 ( - 3 ) 

Note: 0,. 6.66 X 10-3; I h / % Afc/fc = 446.5; I = 3.16 X 10"7 sec. 

partial drivers in the remaining locations not occupied 
by simulated structural or control/safety drawers. 

The loading convention for the "half drawers" was 
identical with that of Assembly 63A, except that col
umn 16 contained "half" full drivers. Matrix position 
J-16 contained 0.9788 kg 235U and matrix position V-16 
contained 1.7631 kg 235U. 

The reference configuration as tabulated in Table 
II-48-III was determined to have a k of 1.00350 ± 
0.00015. 

The P values listed in Table 11-48-VI were obtained 
from an EBR-II Project calculation utilizing the 29-
group cross section set in a homogeneous, two-zone, 
cylindrical, diffusion calculation in which the interior 
drawers were homogenized to form a central region and 
the two peripheral oxide regions were homogenized into 
an outer annulus together with the other simulated 
elements in corresponding peripheral locations. 

EXPERIMENTAL PROGRAM 

TRAVERSES IN ASSEMBLY 63A 

Three sets of horizontal or "radial traverses" were 
done with 235U, 238U, and 10B traverse counters in the 

Assembly 63A reference core. These were made through 
the P, L, and H rows, Fig. II-48-4. In the P row, the 
traverse was 0.50 in. from the reactor interface, or at a 
core elevation of Z = 0.0 in. In the L and H rows, the 
traverses were 1.25 in. from the interface, or at a core 
elevation of Z = +0.75 in. Selected traverses from 
Assembly 63A are shown in Figs. II-48-6 through 
II-48-8. 

TRAVERSES IN ASSEMBLY 63B 

Two sets of horizontal or "radial traverses" were 
done through the P row. The first set of traverses was 
done through the P row of the reference core, Fig. 
II-48-4, with a full driver replacing the partial driver in 
matrix position T-18. The 235U and 238U traverses are 
graphed in Figs. II-48-9 and 11-48-10. The second set 
of traverses was done in a modified reference core in 
which a simulated structural subassembly was inserted 
in the P-16 matrix position (the core center) and simu
lated full drivers were inserted in the P-13 and 19 ma
trix positions. The L-14 position contained a partial 
driver. For comparison with the unmodified core the 
same reaction rate traverses are graphed in Figs. II-
48-11 and 11-48-12. 
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ASSEMBLY NC 

LOADING NO 

TABLE II-48-V. ASSEMBLY 63B: DELAYED NEUTRON FRACTIONS 

Isotope 

236TJ 
238TJ 
2 3 9 p u 

2 4 0 p u 

Total 

1 

2.14960 (-4) 
7.21218 ( -6) 
7.44895 ( -6) 
1.43834 ( -7) 

2.29765 ( -4) 

2 

1.20491 (-3) 
7.60053 ( -5) 
5.48870 (-5) 
1.40239 (-6) 

1.33720 ( -3) 

Group Effective Delayed Neutron Fractions 

3 

1.06349 ( -3) 
8.98748 ( -5) 
4.23414 (-5) 
9.86293 ( -7) 

1.19669 ( -3) 

4 

2.30233 ( -3) 
2.13862 ( -4) 
6.42962 ( -5) 
1.79793 (-0) 

2.58368 ( -3) 

5 

7.24075 (-4) 
1.24826 ( -4) 
2.01906 (-5) 
6.57529 (-7) 

8.69749 ( -4) 

6 

1.47078 ( -4) 
4.16087 ( -5) 
6.86087 ( -6) 
1.48971 ( -7) 

1.95696 ( -4) 

Total 

5.65684 ( -3) 
5.54783 ( -4) 
1.96025 ( -4) 
5.13694 ( -6) 

6.41278 ( -3) 

Note: p.ff = 6.41 X lO""8; Ih/% Ak/k = 458.2; I = 3.16 X 10"' sec. 
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TABLE II48VI. ASSEMBLY 63C: DELAYED NEUTRON FRACTIONS 

Isotope 

235TJ 

238TJ 

2 3 9 p u 

2 4 0 P u 

Total 

Group Effective Delayed Neutron Fractions 

1 

2.24540 (4) 
1.01729 (5) 
2.35409 ( 6) 
4.01919 ( 8) 

2.37108 ( 4) 

2 

1.25861 (3) 
1.07208 (4) 
1.73459 ( 5) 
3.91871 (7) 

1.38355 (3) 

3 

1.11088 (3) 
1.26770 (4) 
1.33812 ( 5) 
2.75602 ( 7) 

1.25131 ( 3) 

4 

2.40494 ( 3) 
3.03624 ( 4) 
2.03195 ( 5) 
5.02399 ( 7) 

2.72939 ( 3) 

5 

7.56346 ( 4) 
1.76070 (4) 
6.38083 ( 6) 
1.83735 ( 7) 

9.38981 ( 4) 

6 

1.53633 ( 4) 
5.86902 (5) 
2.16824 ( 6) 
4.16274 ( 8) 

2.14533 ( 4) 

Total 

5.90895 ( 3) 
7.82536 ( 4) 
6.19498 ( 5 ) 
1.43543 ( 6) 

6.75488 ( 3) 

Note: /?.// = 6.75 X 10"3; Ih/% Ak/k = 441.8; t = 3.16 X 10~' sec. 
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FIG. I[-48-14. Assembly 63C, 238U Radial Reaction Rate Traverse in P Row. ANL-ID-103-A2216. 

TRAVERSES IN ASSEMBLY 63C 

One set of horizontal or "radial traverses" was made 
in the Assembly 63C reference core. The only modifica
tion was the extraction of the scource tube to occupy 
the 26-through-31 matrix column positions and the 
insertion of the traverse in the P row. The 236U and 
238U reaction rate traverses are graphed in Figs. 11-48-13 
and 11-48-14. 
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11-49. F u r t h e r A n a l y s e s of P l u t o n i u m - F u e l e d Z P R - 3 B e n c h m a r k C r i t i c a l s 
U s i n g E N D F / B V E R S I O N I 

A. L. HESS and R. G. PALMER 

INTRODUCTION 

The ZPR-3 Assemblies 48, 48B, 49, 50, 53, 54, 58 
and 59 were a series of eight simple, plutonium-fucled 
physics studies. The cores, ranging in volume from 90 
to 450 liters, were all constructed from a basic one-
drawer unit cell with simple variations, including the 
substitution of void for sodium (change of Core 48 to 
Core 49), graphite for void (49-to-50 transition) and 
the decrease in uranium content by replacement with 
graphite (the series 50, 53 and 58). The reflector ma
terials were also varied (54 and 59 had steel and lead 

reflectors, respectively). Such simple changes provided 
analytical benchmarks for studying how errors in ma
terial cross sections contribute to discrepancies in the 
calculations of critical size, spectral indices, and reac
tivity coefficients. The singlc-drawer-cell core construc
tion simplifies the evaluation of heterogeneity effects, 
and the high graphite contents in these cores provided 
well-degraded spectra. Thus, these assemblies provide 
integral data useful for evaluating the calculational 
methods and nuclear-data compilations to be employed 
in the design of fast-breeder demonstration reactors. 



292 II. Fast Reactor Physics 

A program of postanalyses using cross sections based 
on ENDF/B VERSION I has been completed for 
these eight "benchmark" systems. Included in the 
analytical program were investigations of the effects 
of heterogeneity on calculated fc-values and fission 
ratios; the results of these aspects of the studies have 
been reported earlier.1 This write-up presents the re
sults of the completion of the study during this year, 
giving comparisons of best calculated fission ratios and 
reactivity coefficients with measurements, and discuss
ing problems with the models and methods utilized. 
As a reference for these discussions, the reader is urged 
to review Ref. 1. 

The analyses were carried out primarily with modules 
of the Argonne Reactor Computation (ARC) system2 

starting with the preparation of multigroup cross sec
tions with MC2.(3) The MC2 library used was generated 
entirely from VERSION I of ENDF/B (1968 edition), 
a file of microscopic data now superseded. Because 
VERSION I is thought to be deficient, the results of 
this study should not be construed as definitive data 
tests of ENDF/B, but more so an examination of some 
of the experimental and computational problems asso
ciated with data testing. These studies also form the 
groundwork for establishing analytical techniques to 
be used in testing of later versions of ENDF/B and 
provide comparative values for evaluating the effects 
of the changes made to the data files. 

METHODS OF ANALYSIS 

The course of the analysis used for this study, as 
described in detail in Ref. 1, can be summarized as 
follows: 

1) The ARC epithermal cross section module (MC2) 
was used to generate 30-group cross section sets for the 
various regions of the eight assemblies. An MC2 case 
was run for each different core cell and blanket cell as
suming a homogeneous dispersion of materials; in
cluded at infinitesimal densities were materials involved 
in fission ratio and reactivity coefficient measurements. 
Then, separate MC2 runs in the heterogeneous mode 
were made for each unique fuel or fertile plate situation 
in a cell to give appropriate resonance-shielded cross 
sections. 

2) Spatial averagings of cross sections over the core 
cells were carried out using the code CALHET-2,(4) an 
integral-transport theory formulation for calculating 
flux distributions in slab geometry. For the fuel and 
fertile isotopes, the input cross sections were those 
generated with the heterogeneous MC2 cases, and the 
cross sections for other materials came out of the 
homogeneous MC2 cases. The output cross sections 
from CALHET-2 for each core cell thus accounted 

completely for cell heterogeneity, both the resonance 
shielding and spatial-flux-variation aspects. 

3) The ARC one dimensional diffusion theory mod
ule was employed to study the effects of heterogeneity 
on calculations of fc-effective, fission ratios and reac
tivity coefficients. Spherical-model problems were run 
for each assembly using the homogcneous-MC2, hetero-
gcncous-MC2 and CALHET-weighted cross section 
sets in the core. A spherical transport-theory calcula
tion (Ss) was also obtained for each assembly. 

4) The 2-D diffusion capability in ARC was adopted 
to calculate the best value for fc-effective, after adding 
the transport correction, to be given for these assemblies 
using ENDF/B VERSION I-based cross sections. 
Only CALHET-weighted cross sections were used in 
the core regions of these cases, with the rz model estab
lished from the as-built assembly (with minor adjust
ments for geometric irregularities but no heterogeneity 
adjustments). 

5) The first order perturbation theory code PERT-
V(5) was used to calculate central reactivity coefficients 
and relative fission rates. Conversion routines written 
in Idaho allow direct use of the ARC 2-D real and 
adjoint flux data sets by PERT-V. The fluxes used 
for each assembly (from the rz problems cited in step 
4 above) thus had spectra representative of the environ
ment in the cell-plate structure around the material-
worth samples and the fission chambers. However, the 
cross sections used for the sample materials and fission-
chamber platings were taken from the homogcneous-
MC2 problems to provide average resonance shielding 
representing the sample or fissile-foil material uniformly 
dispersed in minute concentration across the core cell. 

The results of the analyses through step 4 have been 
reported in Ref. 1. The step 5 results are presented 
herein along with details of the calculational models, 
comparison of one- and two-dimensional calculations, 
and the over-all conclusions from the study. 

DESCRIPTION OF ASSEMBLIES AND 
CALCULATIONAL MODELS 

Figures 11-49-1 and II-49-2 indicate the core cells 
used and the general features of the eight cylindrical 
assembly loadings. Detailed specifications of the plate 
components of the cells can be found in the report on 
Assembly 48 by Broomfield et al.6 The average regional 
compositions used in the assembly calculational models 
are given in Tables II-49-I and II-49-II, and Table 
II-49-III lists the dimensions and mesh specifications 
for the models. 

Specifications for the two-dimensional rz models are 
based on the as-built, heterogeneous-structure critical 
configurations as described in experimental reports6-10 
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FIG. II-49-2. Description of Assemblies 53, 54, 5S and 59. ANL Neg. No. 116-954 T-1. 
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TABLE II-49-I COMPOSITIONS U S E D IN COKE R E G I O N S OP C^ 

Materials 

Con tnbu t ions fiom Plutonium Pla tes 
2 3 9 p u 

M°Pu 
2 4 i p u 

Contributions fiom Pu-U Alloy Pla tes 
2 3 9 p u 

2 4 0 p u 

2 4 i p u 

23STJ 

" 8 U fiom Depleted U 
Others in Fuel & Ferti le Plates 

2 4 2 p u 

235TJ 

Diluents and St iucture 
N a 
C 
Fe 
Cr 
N i 
Mn 
Mo 
Al 

LLCULATIONAL M O D E L S 
BENCHMARK CRITICALS 

OP E I G H T ZPR-3 PLUTONIUM 

Homogenized Core Compositions, 1021 atoms/cm3 

Core 48, 
and Outer 

Zone of 
Core 48B 

1 0609 
0 0506 
0 0048 

0 5846 
0 0553 
0 0063 
2 5799 
4 8248 

0 0004 
0 0161 

6 2302 
20 7660 
10 1800 
2 5310 
1 1190 
0 1060 
0 2057 
0 2342 

Inner 
Zone of 

Core 48B 

0 8520 
0 2556 
0 0532 

0 5846 
0 0553 
0 0063 
2 5799 
4 8248 

0 0075 
0 0161 

6 2302 
20 7660 
10 2200 
2 5430 
1 1130 
0 1060 
0 2057 
0 2434 

Core 49 

1 0609 
0 0506 
0 0048 

0 5846 
0 0553 
0 0063 
2 5799 
4 8248 

0 0004 
0 0161 

— 
20 7660 
10 0800 
2 5080 
1 1210 
0 1050 
0 2050 
0 2332 

Core 50 

1 0609 
0 0506 
0 0047 

0 5846 
0 0553 
0 0063 
2 5799 
4 8248 

0 0004 
0 0161 

— 
45 9400 

7 3000 
1 8160 
0 7960 
0 0760 
0 2057 
0 1992 

Cores 53 
and 54 

1 0609 
0 0551 
0 0049 

0 5917 
0 0560 
0 0065 
2 6104 

— 

0 0002 
0 0065 

— 
55 8100 
7 4740 
1 8590 
0 8140 
0 0780 
0 2082 
0 2020 

Core 58 

2 1024 
0 1001 
0 0058 

— 
— 
— 
— 
— 

0 0001 
— 

— 
59 0700 
7 6890 
1 9120 
0 9280 
0 0798 

— 
0 3067 

Core 59 

2 1030 
0 1003 
0 0056 

— 
— 
— 
— 
— 

0 0001 
— 

— 
59 0200 
7 7170 
1 9190 
0 8750 
0 0801 

— 
0 3111 

on the assemblies The core radius for each model was 
defined as that of the circular cyhndei of volume 
equivalent to the as-built core volume with minor ad
justments for the differences of the simple model from 
the complex actual system, the adjustments account 
foi effects such as 

(1) the drawer front interface between the halves of 
the leactor 

(2) the irregular, stepped radial outline of the core 
(3) spiking of the control drawers with extra fuel 
(4) the excess reactivity of the system available 

with the contiol drawers fully inserted 
(5) refei ring to a standaid, homogeneous reactor 

temperature 

For all the models, no adjustment has been made for 
the effect of cell heterogeneity, and thus the influence 
of plate structure must be accounted for in the genera
tion of group-averaged cross sections 

The largest uncertainty in the cylindrical models 
comes from the core-edge 11 regularity coirection, which 
accounts for the "transfer" of fuel in the protruding 
edges of the as-built core radial periphery to inside the 
boundary of an equivalent-volume circular cyhndei. 
Except as noted below, the corrections were evaluated 
using a formulation involving the gradient of fuel 

worth at the core edge and geometric analysis of the 
amount and displacement of fuel occurring m the 
"transfei", initially, an approximate manual analysis 
was used, but this was replaced with an exact, com
puterized geometric accounting 

As seen in Fig. II-49-1, the core cells for Assemblies 
48, 4SB, 49 and 50 utilized the same contents of uranium 
and plutonium, but had variations in plutonrum ISO-
topic makeup, sodium content and graphite content. 
The core-edge corrections on these initial four systems 
ranged from 108 to 161 mhours. Overall, the uncer
tainties in cntical 2-D models amount to about ± 0 1 % 
Afc/fc 

The core cell for Assemblies 53 (with a uianium 
blanket) and 54 (with a steel blanket) is shown m Fig. 
II-49-2, relative to the core 50 cell, 10 v/o uramum 
was replaced by graphite The two-dimensional models 
used in the analyses are as reported by Kaiser et al ,9 

and include corrections for excess reactivity and for the 
interface gap There were no spiked control rods, and 
the effects of smoothing the core outline w as found to 
be negligible using the computerized correction formu 
lation However, it is possible that for both systems th 
edge-smoothing correction is underestimated apprecia
bly and a proper adjustment requires comparative two-
dimensional (%y) and one-dimensional (infinite cylinder) 
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TABLE II-49-II . COMPOSITIONS U S E D IN B L A N K E T R E G I O N S o r CALCULATIONS ON E I G H T ZPR-3 PLUTONIUM 
BENCHMARK CRITICALS 

Model ,Region 

2-D model, radial blanket 

2-Djmodel, axial blanket 

Spherical model, b lanket 

Average Composition, 1021 atoms/cm3 

Material 

235TJ 
23SfJ 

Fe 
Cr 
Ni 
Mn 
Al 
Pb 
C 

235TJ 
238U 

Fe 
Cr 
Ni 
Mn 
Al 
Pb 
C 

23 5TJ 

238JJ 

Fe 
Cr 
Ni 
Mn 
Al 
Pb 
C 

Assemblies 48, 
48B, 49 and 50 

0.083 
39.880 

4.540 
1.129 
0.494 
0.047 
0.055 
— 
— 

0.082 
39.330 
5.633 
1.401 
0.613 
0.059 
0.069 
— 
— 

0.083 
39.690 
4.925. 
1.225 
0.536 
0.051 
0.060 
— 
— 

Assembly 
53 

0.083 
39.770 
4.541 
1.129 
0.494 
0.047 
0.056 
— 
— 

0.083 
39.770 
5.758 
1.433 
0.627 
0.059 
0.071 
— 
— 

0.083 
39.770 
4.847 
1.205 
0.528 
0.500 
0.059 
— 
— 

Assembly 
54 

— 
75.214 

1.152 
0.494 
0.562 
0.056 
— 

0.564 

— 
— 

76.404 
1.456 
0.627 
0.574 
0.071 
— 

0.564 

— 
— 

75.360 
1.205 
0.528 
0.565 
0.059 
— 

0.564 

Assembly 
58 

0.086 
38.710 

4.540 
1.129 
0.494 
0.047 
0.055 
— 
— 

0.086 
39.050 
5.593 
1.391 
0.609 
0.058 
0.068 
— 
— 

0.086 
38.820 
4.903 
1.219 
0.534 
0.051 
0.060 
— 
— 

Assembly 
59 

— 
4.540 
1.129 
0.494 
0.047 
0.055 

28.240 
— 

— 
— 

5.593 
1.391 
0.609 
0.058 
0.068 

28.160 
— 

— 
4.903 
1.219 
0.534 
0.051 
0.060 

28.200 
— 

diffusion theory calculations which have not been 
carried out here. Accordingly, a larger uncertainty, on 
the order of ±0.3 % Ak/k, should be assigned to these 
models. 

The cell pattern for the Assembly 58 and Assembly 
59 cores, also shown in Fig. II-49-2, was the simplest of 
the series with only plutonium and graphite plates. 
Assembly 58 had uranium in the radial and axial 
blankets, but Assembly 59, with lead blankets, was 
completed devoid of uranium. The cylindrical models 
reported for the two systems by Stevenson et al.10 in
clude corrections only for excess reactivity and the 
interface gap. In Assembly 58 the core radial outline 
was almost square and the core-edge correction code 
was not considered appropriate for this case. Instead, 
the cylindrical Assembly 58 model for our analyses was 
derived using a two-dimensional xy diffusion-theory 
alculation based on the as-built loading pattern to 
>rovide an axial buckling, and then a radius-search in a 

one-dimensional cylindrical calculation converging on 
the same buckling value. The correction obtained for 
the core 58 radius was equivalent to —0.55 % fc in reac

tivity. No correction for edge irregularity was applied 
on the Assembly 59 2-D model used in our analysis 
because the as-built outline was more circular and the 
effect was thought to be small based on the effects re
ported for Assemblies 53 and 54. However, the Core-59 
model cannot be considered more accurate than about 
±0.3 % fc. 

The spherical models defined in Tables II-49-I 
through II-49-III were derived directly from the cy
lindrical models using core shape factors as recom
mended by Davey.11 The blanket composition for the 
2-D models in Assemblies 48, 4SB, 49 and 50 is that 
computed as the average blanket composition for As
sembly 48 (average of radial and axial regions weighted 
by core-boundary areas). The blanket compositions for 
the other four spherical models are likewise averages of 
the 2-D radial and axial regions. 

COMPARISON OF ONE- AND TWO-DIMENSIONAL 
DIFFUSION THEORY CALCULATIONS 

The fc-values given by 2-D diffusion theory using the 
cylindrical models are listed in the second line of Table 
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TABLE II-49-III 

2-D model ladial specifica
t ions (foi quad ian t ) 

2-D model axial specifica
tions (foi quad ian t ) 

Sphencal model specifica
tions 

G E O M B I R I L S AND M E S H STRUCTURES U S E I IN CALCULATIONS ON E I G H T ZPR-3 PLUTONIUM 
BENCHMARK CRITICALS 

Outei Radii , cm 
Coie, axial b lanket 
Innei ladial b lanket 
Outei ladial b lanket 

Mesh Intei vals 
Coie, axial b lanket 
Innei ladial b lanket 
Outei ladial b lanket 

Axial length, cm 
Coie 
Innei axial blanket 
Outei axial b lanket 

Mesh Intei vals 
Coie 
Innei axial blanket 
Outei axial b lanket 

Outei Radii , cm 
Coie 
Innei blanket 
Outer blanket 

Mesh In te iva ls 
Coie 
Innei blanket 
Outei blanket 

Assembly 

48 

41 59 
52 66 
76 06 

19 
5 
6 

38 176 
10 16 
20 37 

19 
5 
6 

45 27 
55 27 
75 27 

90 
15 
20 

48B 

Inner 
Core 

19 00 

9 

15 27 

9 

20 22 

40 

Outer 
Core 

42 44 
53 532 
76 06 

10 
5 
6 

22 906 
10 16 
20 32 

10 
5 
6 

45 84 
55 84 
75 84 

50 
15 
20 

49 

43 30 
54 392 
76 06 

20 
5 
5 

38 176 
10 16 
20 32 

20 
5 
6 

46 43 
56 43 
76 43 

90 
15 
20 

50 

37 82 
48 91 
76 06 

19 
5 
6 

38 176 
10 16 
20 32 

19 
5 
6 

42 45 
52 45 
72 45 

90 
15 
20 

53 

33 94 
45 01 
68 50 

19 
6 
6 

30 48 
10 16 
20 32 

19 
6 
6 

36 95 
46 95 
66 95 

75 
15 
20 

54 

31 76 
43 00 
68 50 

19 
5 
6 

30 4S 
10 16 
20 32 

19 
5 
6 

35 31 
45 31 
65 31 

75 
15 
20 

58 

27 319 
33 319 
58 35 

18 
4 
6 

25 48 
5 00 

25 48 

18 
4 
6 

30 17 
40 17 
60 17 

60 
15 
20 

59 

23 83 
38 68 
58 34 

16 
8 
6 

25 48 
10 16 
20 32 

18 
6 
6 

27 34 
37 34 
60 17 

60 
15 
20 

N o t e Innei and outer blankets in each section of same composition, diffeient mesh s t i u c t u i e 

TABLE II-49-IV R E S U L T S OF T W O - D I M E N S I O N A L D I F F U S I O N - T H L O R Y CALCULATIONS AND EVALUATION 
OF O N E - D I M E N S I O N A L M O D E L S 

Shape factoi used 
fc-eff of ?z, 2-D calculation 
fc-eff of 1-D calculation 
Disciepancy of 1-D model, Afc/fc 
Edge-w or th factoi F in &M/M = F Afc/fc 
1-D discrepancy equivalence in AM/M 
Adjusted shape factor 

Assembly 

48 

0 9366 
0 9884 
0 9885 

+ 0 0001 
6 05 
0 0006 
0 9360 

48B 

0 9339 
0 9895 
0 9891 

- 0 0004 
6 2 

- 0 0025 
0 9364 

49 

0 9323 
0 9795 
0 9766 

- 0 0030 
6 

- 0 0180 
0 9503 

50 

0 9339 
0 9936 
0 9949 

+ 0 0012 
6 35 

+ 0 0076 
0 9263 

53 

0 9579 
1 0127 
1 0190 

+ 0 0062 
7 23 

+ 0 0448 
0 9131 

54 

0 9546 
1.0005 
0 9848 

- 0 0157 
4 56 

- 0 0716 
1 026 

58 

0 9627 
1 0148 
1 0191 

+ 0 0042 
3 42 

+ 0 0144 
0 9483 

59 

0 9416 
1 0078 
0 9898 

- 0 0179 
2 90 

- 0 0519 
0 9935 

II-49-IV as a comparison with the 1-D fc-values in 
the next line The spherical models used m the one-
dimensional diffusion-thcoiy calculations were only-
approximate as they served ioi the studies of heteroge
neity effects. However, the companson here of /c-value 
results between 1-D and 2-D calculations is useful to 

judge the validity of the shape factors used In the table 
the 1-D versus 2-D discrepancy in fc foi each asscmbh 
is Ielated thiough the coie fuel-edge woith factois to £ 
discrepancy in volume, and an "adjusted" shape factor 
is thcicby obtained. 

For most of the uiamum-blanketcd coics, the shape 
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factor adjustments are relatively minor, probably be
cause of accurate spherical-model evaluations from 
past analyses or because of the adequacy of the Davey 
formulation.3 However, the anomalously high adjust
ments needed for the Assemblies 54 and 59 shape fac
tors, to give agreement between 1-D and 2-D calcula
tions, indicate that other corrections arc required for 
the spherical models of these assemblies. The total 
discrepancy in each of these two cases is probably a 
combination of the error resulting from use of a shape 
factor for a uranium blanket and an error from use of 
an insufficient reflector thickness in the spherical 
model. The 30 cm and 32.83 cm, respectively, for the 
Assemblies 54 and 59 1-D models probably do not 
represent the proper translation of the reflector thick
nesses in the 2-D models. These calculations suggest 
that 30 cm of steel or lead do not constitute an effec
tively "infinite" blanket as is the case for 238U. Further 
studies of blanket effectiveness and shape factors for 
intermediate-element reflectors are needed to deter
mine more exact spherical models for Assemblies 54 and 
59. Also, studies of the large discrepancy observed be
tween 1-D and 2-D results for Assembly 53 are needed. 

COMPARISON OF MEASURED FISSION RATIOS WITH 
VALUES FROM 2-D DIFFUSION CALCULATIONS 

The spectra given at the central mesh points of the 
cylindrical-model diffusion calculations were used to 
calculate the fission ratios considered to be the best 
representation given by ENDF/B VERSION I data 
with all the heterogeneity effects included. Cross sec
tions for the ratio constituents were those given by the 
homogeneous MC2. Table II-49-V compares the calcu
lated ratios with the experimental values for the assem
blies where measurements were made. I t is seen that 
the discrepancies of the calculations from the measure
ments for particular ratios is fairly consistent between 
assemblies; this would not be the case for the threshold-
fissile isotopes had the heterogeneitj'' effects not been 
included.1 

No strongly significant trends arc indicated in the 
calculatcd-to-cxperimcnt (C/E) ratios according to 
core composition or spectral character, but generally it 
may be noted that the calculated spectra are too soft, 
or that the low-energy 235U fission cross sections are too 
high. 

COMPARISON OF CENTRAL REACTIVITY COEFFICIENT 
MEASUREMENTS AVITH VALUES FROM TWO-

DIMENSIONAL PERTURBATION THEORY 

Table II-49-VI compares the central w orths of 239Pu, 
235U, and 10B, calculated using the perturbation theory 
code PERT-V, with the experimentally determined 
values. The values given for the measurements are for 

TABLE II-49-V. F I N A L V A L U E S OF F I S S I O N R A T I O S , CALCU
LATED U S I N G C E N T R A L SPECTRA FROM T W O - D I M E N S I O N A L 

D I F F U S I O N THEORY CALCULATIONS, COMPARED WITH 
MEASUREMENTS 

Fission Ratio 

U-235 

U-238 
Experiment 
Calculated 

C / E 

U-236 
Experiment 
Calculated 

C / E 

U-234 
Experiment 
Calculated 

C /E 

Pu-240 
Experiment 
Calculated 

C / E 

Pu-239 
Experiment 
Calculated 

C /E 

U-233 
Experiment 
Calculated 

C / E 

Assembly 

48 

0.0307 
0.02903 
0.946 

0.067 
0.0627 
0.936 

0 204 
0.1833 
0 898 

0 243 
0.2154 
0 886 

0 976 
0 907 
0 929 

1.480 
1 412 
0 954 

48B 

0 0297 
0.0278 
0.936 

0.066 

0.198 
0.177 
0.894 

0.229 
0.2085 
0 911 

0 964 
0 902 
0.936 

1.439 
1.409 
0 976 

49 

0.0345 
0.0324 
0.938 

0.075 
0.070 
0.934 

0.228 
0.206 
0.904 

0.240 

0 986 
0 934 
0.947 

1 454 
1.429 
0 983 

50 

0.0251 
0.0237 
0.945 

0.054 
0.0503 
0.932 

0 158 
0.139 
0 878 

0.166 

0 903 
0.839 
0 929 

1.412 
1 371 
0 971 

53 

0.0254 
0.0239 
0.942 

0.0533 
0.0508 
0.954 

0.1466 
0.1327 
0.905 

0 174 
0.158 
0 911 

0.928 
0.822 
0 885 

1.454 
1.366 
0 939 

59 

0.0325 
0.0293 
0.902 

0.068 
0.0624 
0.918 

0.183 
0.1587 
0.867 

0.207 
0.1869 
0.903 

0 942 
0.830 
0.881 

1.466 
1.385 
0.945 

the individual isotopes after adjusting for the minor 
constituents of other isotopes and correcting for finite-
sample effects in the experimental samples; overall, 
the uncertainty for the measured values is ± 5 %. The 
experiments in all cases involved small, 2-in. long cylin
drical or annular samples situated at the center of a 
2-in. cubical void at the core center. 

The calculations gave the worths of the isotopes 
along radial and axial traverses through the core center, 
and the values selected for comparison with measure
ments were the worths integrated over the first two 
radial and axial mesh points as a simulation of the 
region involved in the measurements. A code option for 
using a k of unity in the perturbation equations Avas 
specified to correspond with the measurements at 
criticality. 

Most of the deviations of the calculated worths ex
hibit the same patterns as have been observed in the 
analyses of other plutonium criticals, the C/E ratios 
ranging between 1.2 and 1.3. The notable exceptions 
arc the 235U worths calculated for Assemblies 58 and 59 

;> 
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TABLE II-49-VI. COMPARISON OF MEASURED CENTRAL REACTIVITY COEFFICIENTS WITH BEST VALUES CALCULATED 
USING TWO-DIMENSIONAL PERTURBATION THEORY 

Calculated Th/%k 

Pu-239 worth, Ih /kg 

U-235 worth, Ih /kg 

B-10 worth, I h / k g 

Experiment 
Calculated 

C / E 

Experiment 
Calculated 

C / E 

Experiment 
Calculated 

C / E 

Assembly 

48 

985 

442 
558 

1.26 

335 
430 

1.28 

-9220 
-11416 

1.24 

48B 

968 

437 
535 

1.22 

335 
417 

1.24 

-8920 
-10888 

1 22 

49 

974 

399 
495 

1.24 

297 
379 

1.28 

-7140 
- 8 4 6 4 

1.18 

50 

970 

536 
699 

1.30 

443 
560 

1.26 

-17000 
-22256 

1.31 

'53 

992 

678 
907 

1.34 

516 
640 

1 24 

-38000 
-45682 

1.20 

54 

1073 

750 
1072 

1.43 

564 
749 

1 33 

-41100 
-54070 

1.32 

58 

1008 

879 
1089 

1 24 

597 
611 

1.02 

-55300 
-68014 

1.23 

59 

1048 

1084 
1358 

1 25 

747 
759 

1 02 

-68600 
-83830 

1 22 

(calculations agreeing with measurements) and the 
43 %-high 239Pu worth calculated for Assembly 54. 

The discrepancies of the calculated 239Pu and 235U 
worths in Assembly 48 (26 and 28 % higher than meas
urements) agree to about 2% with results observed 
before by Hess12 in the analyses using homogeneously-
shielded cross sections based on ENDF/B VERSION 
I. Thus, the effects of cell heterogeneity docs not sig
nificantly influence the worth calculations for these two 
fissile isotopes. However, the calculated 10B worth using 
the "heterogeneous" real and adjoint spectra of the 2-D 
Assembly 48 calculation is about 15 % greater than the 
worth given by a homogeneous analysis12; this reflects 
the spectrum softening produced by the heterogeneous 
shielding of resonances. 

CONCLUSIONS 

Four major conclusions were drawn from the overall 
program of analyses on these eight assemblies, including 
the studies of calculated heterogeneity effects and the 
comparison of measured and calculated parameters. 

(1) There is a clear need to adequately account for 
the heterogeneous structure in the highly moderated 
critical assemblies, such as have been studied, not only 
the evaluate the effect on criticality, but also to repre
sent the proper environment for fission ratio experi
ments and material worth measurements. 

(2) The well-known "reactivity discrepancy", that 
is, the deviation of calculated central worths of ma
terials from measured values by about +20 to +30%, 
is again observed in these studies. I t does not appear 
that cell-heterogeneity effects are entirely responsible 
for these discrepancies (for example, by influence on the 
perturbation-denominator calculation) but the soften
ing of the spectra due to heterogeneous shielding does 
affect such low-energy indices as the central worth of 

10B. Nor does the calculation of delayed-neutron and 
reactivity-conversion factors seem to cause the dis
crepancy, as indicated by the consistency of C/E values 
between the uranium-blanketed and the steel and lead 
reflected cores. 

(3) As data tests of ENDF/B VERSION I, the 
analyses with these eight benchmarks have reaffirmed 
general trends noted in analyses with other bench
mark systems. Increasing contents of 238U tend to de
press fc values, and increased moderation of plutomum-
fuclcd systems results in higher fc values. The low-
energy alpha for 239Pu in VERSION I is known to be 
too low and there is integral evidence of this in the 
strong upward trend in fc obtained with these small, 
highly moderated cores. The consistently lower-than-
measured values of fission ratios (relative to 235U) found 
in the study may indicate calculated spectra which are 
too soft or excessive fission cross sections for 235U at 
low energies. 

(4) Although the assemblies studied were simple 
and the differences between them (sole changes in 
contents of 238U, carbon or sodium) should accentuate 
the effects of errors in particular material cross sec
tions, the cores were relatively small and the analyses 
thereby were subject to greater uncertainties. The 
larger corrections for core-edge irregularity and trans
port effect, and the more pronounced influence of the 
reflector on the core-center spectrum mean that more 
sophisticated analytical methods are required if these 
assemblies are to be used reliably as benchmark tests 
of cross sections. 
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have been applied to the model herein to effect an 
equivalent homogeneous system. 

COMPOSITIONS FOR ASSEMBLY REGIONS 

Figure 11-50-1 shows the cylindrical representation 
of ZPPR Assembly 2. Average compositions for the 
regions illustrated, listed in Tables II-50-I and 11-50-
II, were derived from the as-built specifications given 
in Paper 11-35 for Loading 90. The radial dimensions 
for the core zones in Fig. II-50-1 are those given in 
Paper 11-35 for the critical mass of Loading 90 after 
applying corrections as cited below. 

The reference as-built loading contained equal vol
umes in the inner and outer core zones. The inner core 
zone was composed of a repetition of a one-drawer 
unit cell; the outer core zone utilized a two-drawer 
cell. Both inner and outer core zones contained some 
partial core drawers, with 3^-in. wide void channels 
(for poison rods) alongside, and the inner core con
tained movable control drawers. The average core-
zone compositions in Table II-50-I are not the unit 
cell compositions, but include the perturbations (in 
sodium and steel densities) from the void channels 
and control drawers averaged over the total zone. The 
axial-region compositions in Table II-50-II also include 
the effects of the void channels and control drawers. 
Furthermore, the compositions of the radial blanket 

11-50. Prescription of a Benchmark Model of ZPPR Assembly 2 for Data Testing 
of ENDF/B 

A. L. HESS and R. G. PALMER 
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INNER CORE OUTER CORE INNER RADIAL OUTER RADIAL 
AXIAL BLANKET AXIAL BLANKET BLANKET BLANKET 

F I G . II-50-1. Benchmark Model of Z P P R Assembly 2. ANL-
ID-103-A11998. 

TABLE II-50-I. AVERAGE COMPOSITIONS OP C O R E AND 
R A D I A L B L A N K E T R E G I O N S OP Z P P R ASSEMBLY 2, 

LOADING 90 

Material 

239pu 

240pu 

24ip u 

242pu 

238pu 

" ' A m 
235TJ 
238'fJ 

c 
0 
Na 
Al 
Fe 
Cr 
Ni 
Mn 
Cu 
Mo 
Si" 
H 

Region Compositions, 1022 atoms/cm3 

Inner 
Core 
Zone 

0.08433 
0.01117 
0.00154 
0.00018 
0.00006 
0.00029 
0.00123 
0.55549" 
0.0030 
1.3116 
0.8796 
0.0003 
1.2576 
0.2702 
0.1221 
0.0209 
0.0019 
0.0231 
0.0137 

— 

Outer 
Core 
Zone 

0.12741 
0.01687 
0.00232 
0.00028 
0.00009 
0.00044 
0.00115 
0.51980" 
0.0023 
1.1761 
0.8564 
0.0004 
1.3852 
0.2523 
0.1160 
0.0202 
0.0020 
0.0341 
0.0118 

— 

Inner 
Radial 

Blanket 

— 
— 
— 
— 
— 

0.0024 
1.1085 
0.1013 
2.0132 
0.6398 
0.0002 
0.6923 
0.1991 
0.0898 
0.0157 
0.0017 
0.0014 
0.0094 
0.0008 

Outer 
Radial 
Blanket 

— 
— 
— 
— 
— 

0.0024 
1.1085 
0.1013 
2.0133 
0.5963 
0.0003 
0.7541 
0.2172 
0.0987 
0.0174 
0.0018 
0.0015 
0.0102 
0.0008 

Radial 
Re

flector 

— 
— 
— 
— 
— 
— 
— 

0.0558 
— 
— 
— 

7.1561 
0.1205 
0.0513 
0.0598 
0.0013 -
0.0012 
0.0091 

— 

regions and axial reflector regions are averages over 
two or three subregions. 

DIMENSIONS FOR A HETEROGENEOUS-REGION 
MODEL HAVING fc = 1 

The radial dimensions for the core zones in Fig. II-
50-1 have been adjusted to give a model with fc = 1 
and with equal volumes in both zones. The adjust
ments account for a number of corrections to the as-
built loading: 

1. for the partial insertion of control rods, 
2. for the subcriticality at operating power, 
3. for the gap between the halves of the reactor, 
4. for a uniform temperature representation (aver

age of 22.0° C). 

There were no control drawers spiked with extra fuel 
in this loading, and the effect of smoothing the radial 
outlines of the inner and outer core was estimated to 
be negligible. A correction for the heterogeneity of the 
core and blanket unit cells was not applied, and thus, 
the effects of heterogeneity must be included in the 
generation of the multigroup cross sections for each 
region. 

The total adjustment to the as-built 239Pu + 241Pu 
loading to derive the just-critical model was —8.5 ± 
0.9 kg, and with equal volume reductions in the inner 
and outer core zones, gave the core radii shown in Fig. 
11-50-1. The radial blanket and reflector radii were 
adjusted to obtain the same thicknesses as in the as-
built case. Overall, the loading uncertainty is about 

TABLE II-50-II. AVERAGE COMPOSITIONS OF A X I A L B L A N K E T 
R E G I O N S OF ZPPR ASSEMBLY 2, LOADING 90 

8 Includes impurities in fuel p la tes . 
b Includes minor concentrations of phosphorus and sulfur. 

Material 

2351J 
238TJ 

c 
0 
Na 
Al 
Fe 
Cr 
Ni 
Mn 
Cu 
Mo 
Si" 

Region Composition, 1022 atoms/cm3 

Axial 
Blankets 
of Inner 

Core 

0.0016 
0.7036 
0.0036 
1.3895 
0.8739 
0.0002 
1.0751 
0.2835 
0.1275 
0.0230 
0.0017 
0.0014 
0.0150 

Axial 
Blankets 
of Outer 

Core 

0.0016 
0.7057 
0.0030 
1.4008 
0.8808 
0.0002 
0.9355 
0.2418 
0.1095 
0.0205 
0.0017 
0.0014 
0.0119 

Spring 
Gaps 

— 
0.0284 

— 
— 

0.0001 
2.1133 
0.4393 
0.1503 
0.0279 
0.0030 
0.0023 
0.0182 

Sodium-
Steel 
Axial 

Reflector 
(Half 

No. 1) 

— 
0.0214 

— 
0.8966 
0.0002 
3.5713 
0.5347 
0.2412 
0.0611 
0.0017 
0.0014 
0.0305 

Iron 
Axial 

Reflector 
(Half 

No. 2) 

— 
— 

0.0557 
— 
— 
— 

7.2681 
0.1639 
0.0706 
0.0623 
0.0014 
0.0013 
0.0114 

8 Includes minor concentrations of phosphorus and sulfur. 
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±1.5 kg of 239Pu + 24lPu (out of 1024 kg); this gives 
an uncertainty of about ±0.0006 Afc/fc for the model. 

ASSEMBLY HETEROGENEITY DESCRIPTION 

UNIT CELL DESCRIPTIONS 

The outer dimensions of the ZPPR matrix tubes, 
determined from the total lattice dimensions, were 
5.5245 cm wide and 5.7839 cm high. The drawers in

serted into the tubes had an inside cross section of 2

in. square for the loading of the various reactorma

terial plates. Thus, the total cell could be represented 
as a 2 x 2 in. loading area of plates inside a structural 
box as illustrated in Fig. II502. The arrangements of 
the plate columns used in the core and blanket drawers 
of the modified plate version of ZPPR Assembly 2 (as 
for Loading 90) are shown in Fig. II503. 

MATERIAL COLUMN SPECIFICATIONS 

Tables II50III and II50IV give average widths 
and compositions for the plate columns used in the core 
and blanket drawers. For the canned materials (fuel, 
sodium, and Na2C03) a nominal thickness of 0.015 in. 
was chosen for the steel cladding, and the remainder 
of the column width (34 in. or 3^ in.) was assumed to 
be occupied by the fuel, sodium, or Na2C03platc core. 
For all oi the column materials, the densities were 
derived assuming the assigned widths, a height of 2 
in., and a length of 18.036 in. (column length plus 
thickness of drawer front). Table II50IV includes 
the composition for the side structure of the cell 
(drawer plus matrix) homogenized over the true widths 
of the matrix wall plus drawer side plus slack. Com

positions for the upper and lower regions of the cells 
as indicated in Fig. II502 arc given in Table II50V. 
These include the drawer front and bottom, matrix, 
edges and ends of the claddings, and in some cases 
shims on the bottom of the plate loadings. 

0.35196 
AVERAGE JPPER 
AND LOWER STRUCTURE 

0.22225 

MATRIX 
AND 
DRAWER 
SIDES 

■ ^ -

PLATE LOADING 
AREA 

5.080 

5.080" 

MATRIX 
AND 
DRAWER 
SIDES 

0.22225 

AVERAGE UPPER AND 
LOWER STRUCTURE 

Dimensions 
in centimeters 

0.55196 

FIG. II502. Geometry of ZPPR UnitMatrix Cells. ANL
ID10SA11997. 

CORE ZONE I 

CORE ZONE 2 

£ 

j 

1 5 

TYPE A TYPE B 

REGION CELL REPRESENTATIONS 

Tables II50III and II50IV include a letter des

ignation at the top for each of the different types of 
material columns. For cell calculations to be used in 
determining hetcrogcncouslyavcragcd cross sections, 
the overall cell for each region can be viewed as a stack 
of vertical columns (5.08 cm high by 5.5245 cm total 
Avidth) sandwiched between horizontal upper and lower 
plates of structure; the cell descriptions so conceived 
arc as follow s. 

Inner Core Celt 
The plateloading pattern for core zone 1 is shown 

at the top in Fig. II503. Using the notations for col

umn lablels as given m Tables II50III and II50IV, 

BLANKET 

3 

CO 
r> 
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CO 
o 
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L> 
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£■ 
30H SS or F e 2 0 3 
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RADIAL AXIAL 

l\\\S\SM r e 2 0 ,  STANDARD 

DEPLETED URANIUM 

If tWfll Fe203  LIGHT 

FIG. II503. CellLoading Patterns for ZPPR Assembly 2. 
ANLID10SA11999. 
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TABLE II-50-III . SPECIFICATIONS OP F U E L , F E R T I L E , AND IKON O X I D E CONSTITUENTS OP CORE AND B L A N K E T C E L L S 

Label 

Material 

28Spu 

238pu 

«°Pu 
24ip u 

242Pu 
2 "Am 
236TJ 
238TJ 

Mo 
0 
Fe 

Cores of 
Pu-U-Mo 

Alloy Plates 

A 

0.5588 

Ji-in. 
Thick U3Os 

Columns 

B 

0.6350 

^2-in. 
Thick U308 

Columns 

C 

1.2700 

3^-in. Thick 
Depleted U 

Columns 

D 

0.3175 

Standard 
Fe203 

Columns 

E 

0.3175 

Light 
Fe203 

Columns 

F 

0.3175 

Atom Densities, lO^/cm3 

0.0006 
0.9501 
0.1258 
0.0176 
0.0021 
0.0018 
0.0060 
2.6988 
0.2436 

— 
— 

— 
— 
— 
— 
— 

0.0034 
1.5646 

— 
4.1691 

— 

— 
— 
— 
— 
— 

0.0035 
1.6189 

— 
4.2901 

— 

— 
— 
— 
— 
— 

0.0103 
4.5778 

— 
— 
— 

— 
— 
— 
— 
— 
— 
— 
— 

5.5404 
3.6869 

— 
— 
— 
— 
— 
— 
— 
— 

4.6632 
3.1735 

TABLE II-50-IV. SPECIFICATIONS OP SODIUM, SODIUM CARBONATE, CLADDING AND REACTOR STRUCTURE CONSTITUENTS 
OF C O R E AND B L A N K E T C E L L S 

Label 

Material 

N a 
C 
O 
Fe 
Cr 
Ni 
Mn 
Si" 
Mo 
Cu 
Al (H) 

Cores of 
%-in. Na 
Columns 

G 

0.5588 

Cores of 
yi-va. Na 
Columns 

H 

1.1938 

Cores of 
34-in. Na 2C0 3 

Columns 

I 

0.5588 

Cladding of Fuel, 
Na and Na2C03 

Plates 

J 
0.0381 

3is -in. -Thick 
Stainless Steel 

Column 

K 

0.3175 

Structure Side 

and Drawer 

L 

0 22225 

Atom Density, lO^/cm3 

2.2302 2.3300 2.2291 
1.1140 
3.3438 

(0.0094) 

5.5936 
1.6276 
0.8189 
0.1176 
0.0778 
0.0043 
0.0093 
0.0067 

0.0270 

5.8032 
1.6146 
0.7303 
0.1584 
0.0981 

0.0162 

3.5911 
1.0303 
0.4510 
0.0875 
0.0501 
0.0086 
0.0096 

" Includes minor concentrations of sulfur and phosphorus. 

the vertical constituents of the cell.(including the side 
structure of the matrix and drawers) are as follows: 

L B J H J F J A J F J H J B L . 

Column 2 of Table II-50-V gives the upper and low-er 
structure atom densities for these drawers (which had 
steel shims on the bottom). 

Ovier Core Cell 
As shown in the middle of Fig. II-50-3, the outer 

core cell was actually a two-drawer cell with three col

umns of fuel (giving a 1.5 ratio of fuel density of the 
outer zone relative to the inner zone). For simplicity, 
it is represented here as two cells, A and B: outer core 
A, with upper/lower structure shown in column 3 of 
Table 11-50-V, 

LFJAJEJHJBJGJEJAJFL; 
outer core B, with upper/lower structure shown in col
umn 4 of Table II-50-V, 

L J H J F J A J F J H J B J G J L . 
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Radial Blanket Cell 

The loading pattern at the bottom left in Fig. II-
50-3 was that used in the front 23 in. (to the spring 
gap) in each half of the inner radial blanket. The col
umn notations for these regions would thus be 

L C D J H J B B D J I J L . 

For the back 11 in. of the inner radial blanket (be
yond the spring gap in each half of the assembly) the 
U308 was all in the form of J-^-in. thick plates, giving 
the pattern of vertical constituents as 

L C D J H J C D J I J L . 

The upper/lower structure composition in column 5 
of Table II-50-V applies to the overall average cell 
(full 34-in. length in each assembly half) of the inner 
radial blanket. 

The outer radial blanket contained double columns 
of %-in. thick sodium in place of the }i-in. thick so
dium above, giving the pattern for the front 23 in. as 

L C D J G J J G J B B D J I J L , 

and for the back 11 in. as 

L C D J G J J G J C D J I J L. 

Axial Blanket Cell 

As indicated in Fig. II-50-3, a two-drawer cell was 
used for the axial blanket regions, the difference be
tween the two drawers being a column (J^ in.) of steel 
in place of a column of Fe203. Thus for the Fe203 
loaded drawer, the pattern of vertical components 
would be 

L B J H J E B D J H J B L , 

and the steel loaded drawer pattern w ould be 

L B J H J K B D J H J B L . 

The axial blanket behind the inner core contained 
steel shims at the bottom of the drawers, giving a high-
density upper/lower structure region as indicated in 
column 6 of Table II-50-V. 

The last column of Table II-50-V lists the upper/ 
lower structure composition for the cell of the axial 
blankets behind the outer core. 

Radial and Axial Reflectors 

No cell descriptions arc given here for the reflector 
regions because their remote locations imply insignif
icant heterogeneity effects on reactor parameters. 
Homogeneous compositions, as in Table II-50-II, 
should be assumed. 

TABLE II-50-V. COMPOSITIONS OF U P P E R AND L O W E R 
C E L L STRUCTURE 

Material 

Fe 
Cr 
Ni 
Mn 
Sib 

Mo 
Cu 
Al 
C 

Average Compositions of Upper and Lower Structural" 
Regions for Core and Blanket Cells, 1022 atoms/cm3 

Cell 
for 

Inner 
Core 

3.9436 
1.1337 
0.4960 
0.0860 
0.0607 
0.0054 
0.0072 
0 0008 
0 0148 

Cell 
for 

Outer 
Core A 

2 8733 
0.8237 
0 3643 
0.0680 
0.0335 
0.0050 
0.0074 
0 0009 
0.0097 

Cell 
for 

Outer 
CoreB 

2.8801 
0.8268 
0.3482 
0.0683 
0.0338 
0.0055 
0.0074 
0.0009 
0.0097 

Cell 
for 

Inner 
Radial 

Blanket 

2.4899 
0.7141 
0.3128 
0 0551 
0.0330 
0.0060 
0.0065 
0.0003 
0.0096 

Cell for 
Axial 

Blanket 
of Inner 

Core 

3 6611 
1.0693 
0.4703 
0.0814 
0.0580 
0.0059 
0.0068 
0.0007 
0 0144 

Cell for 
Axial 

Blanket 
of Outer 

Core 

3.5240 
0.7347 
0.3259 
0.0621 
0 0332 
0.0059 
0.0068 
0 0007 
0.0094 

" Region dimensions as il lustrated in Fig. II-50-2 
b Includes minor concentrations of phosphorus and sulfur. 

RECOMMENDATIONS 

The inclusion of all the cell descriptions is not to 
suggest that calculations are needed for each case to 
generate ccll-avcraged cross sections for all regions, 
but rather to point out the variances typically en
countered in the construction of the critical assemblies 
and to show why the region compositions differ. One 
cell calculation each for the radial and axial blankets, 
with the patterns shown at the bottom of Fig. II-50-3, 
should be sufficient to obtain multigroup sets for use 
in all blanket and reflector regions. Another acceptable 
simplification would be to merge together the claddings 
and cores for such plates as sodium, fuel, and Na2C03. 

I t should also be mentioned that the homogenized 
compositions of the cell descriptions cited above will 
not agree exactly with the average region compositions 
given in Tables II-50-I and II-50-II because the col
umn densities presented in Tables II-50-III and 11-50-
IV arc averages of several lengths of plates, whereas 
the different regions involved variations of column 
plate-length patterns. Also, as indicated earlier, the 
core and axial blanket regions contain void channels 
and extra drawer steel homogenized into their compo
sitions. 

I t can be appreciated that the inclusion of the het
erogeneity aspects into the data testing requires ex
tensive extra effort and computer time. As a shortcut, 
using only homogeneously shielded cross sections in 
all of the model regions would provide a fc-value which 
then could be corrected for the heterogeneity effect. 
This correction, the advantage of the as-built system 
due to the cell plate structure, need only be calculated 
by one of the CSEWG data-testing participants for 
use by all participants. We suggest that a correction 
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value of 1.2% Ak/k, as determined by Olson2 using 
ENDF/B VERSION I data, may be applicable re
gardless of the changes in the later versions of E N D F / 
B. However, the use of homogeneous cross sections in 
the diffusion calculations would give real and adjoint 
spectra which are not representative of the environ
ment for fission-ratio and material-worth experiments. 

INTRODUCTION 

Calculations were performed for fast reactor bench
mark assemblies according to specifications1 supplied 
to members of the Cross Section Evaluation Working 
Group. Table II-51-I gives the atomic number den
sities for the constituents of these assemblies. For the 
original VERSION-II calculations, the basic cross 
section data were taken from ENDF/B tapes 201, 
202, 203 and 204, which were distributed by the Na
tional Neutron Cross Section Center in the summer of 
1970. The data were processed through the codes 
DAMMET,<2> ETOE,<« and MERMC2<4> to produce 
a library for the IBM-360 version of the MC2 multi-
group cross section code.6 In some cases errors in the 
original tapes were corrected using the CRECT<2> code. 

The MC2 problems were run using a 26 broad-group 
structure from 10 MeV down to 22.6 eV in which each 
group had a lethargy width of 0.5 and was subdivided 
into two fine groups and 60 ultra-fine groups. The con
sistent P] approximation was used in the cores with a 
search on B2 to give a kefS of unity, while the ordinary 
Pj approximation with B2 = 0 was used in the reflec
tors. Both core and reflector regions were treated as 
homogeneous. The problems were run in the ultra-fine 
group mode with materials having mass numbers less 
than 100 generally being treated as elastic scattering 
Legendre materials. For the Godiva and Jezebel cores, 
which have no light materials, the ordinary Pi; fine-
group approximation was used. The fission spectrum 
used belonged to the isotope in the mixture undergoing 
most fissions. 

The output MC2 cross sections served as input to 
the specified1 transport- or diffusion-theory approxi
mations in spherical geometry for the calculation of 
ke/f, fluxes, and adjoint fluxes. The one-dimensional 
transport or diffusion paths in the ARC system6 were 
followed. An ARC editing routine provided reaction 

REFERENCES 

1. W. G. Davey and A. L. Hess, Prescriptions of Fast Critical 
Benchmarks for Integral Testing of ENDF/B, Reactor 
Physics Division Annual Report, July 1, 1968 to June 30, 
1969, ANL-7610, pp. 220-221. 

2. A. P. Olson, Applied Physics Division (private communi
cation) . 

rates at the core center using the calculated fluxes 
In the transport of diffusion calculations it was neces
sary to use the fission spectrum for the principal fis
sionable material in the core in both core and reflector 
because of an ARC system restriction. Information 
relating to the input for the criticality calculations is 
presented in Table II-51-II. 

Perturbation calculations were performed following 
the diffusion theory perturbation path in the ARC 
system6 to determine material central worths, effec
tive delayed neutron fractions, and prompt neutron 
lifetimes. The real and adjoint fluxes Irom the trans
port or diffusion runs were used along with the MC2 

cross sections in these calculations. The delayed neu
tron data involved in computing delayed-ncutron-de-
pendent quantities were those of Kecpin.7 

Because of the low ke!t values obtained by the vari
ous laboratories with the original Version-II ENDF/B 
data, a task force meeting was held at Brookhaven 
National Laboratory in February 1971 to consider re
medial action. I t was decided to adjust cross sections 
of important materials within experimental error lim
its to give better agreement with integral experiments. 
A table of factors was provided to be used for com
puting new broad group cross sections by multiplying 
the original VERSION-II cross sections by these fac
tors. The changes involved increases in the fission 
cross sections of 239Pu, 235U and 23SU over certain en
ergy ranges, and a decrease in the capture cross section 
of 238U. Table II-51-III lists the multiplicative factors 
which were supplied for each group. Some changes 
were made in the broad group fission spectra of the 
assemblies as well. The ARC system has provisions 
which enable one to rerun the transport or diffu ion 
problems while making the required data modifications 
in the same computer run. 

New versions of 233U, 23SU and 239Pu in the ENDF/B 

11-51. Calculations for Fast Reactor Benchmarks with ENDF/B Data 

E. M. PENNINGTON 
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TABLE II-51-I. ATOMIC N U M B E R D E N S I T I E S FOR BENCHMARK A S S E M B L I E S , 1024 a toms/cm 3 

234TJ 
235TJ 
238TJ 
239Pu 
240pu 

2"Pu 
C 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 
Al ,, 
Cu 

234TJ 
23 5TJ 
238TJ 
2 3 8 p u 

2 4 0 P u 

C 
0 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 
Al 
H 

ZPR-3-48 

Core 

0.000016 
0.007405 
0.001645 
0.000107 
0.000011 
0.020770 
0.006231 
0.010180 
0.002531 
0.001119 
0.000106 
0.000206 
0.000233 

— 

Blanket 

0.000083 
0.039976 

— 
— 
— 
— 
— 

0.004925 
0.001196 
0.000536 
0.000051 

— 
0.000060 

— 

ZPR-3-6F 

Core 

0.000069 
0.006727 
0.007576 

— 
— 
— 
— 
— 

0.007712 
0.001918 
0.000839 
0.000080 

— 
0.019019 

— 

Blanket 

0.000089 
0.040026 

— 
— 
— 
— 
— 

0.004539 
0.001129 
0.000494 
0.000047 

— 
0.001359 

— 

ZEBRA-3 

Core 

0.000228 
0.031560 
0.003465 
0.000183 
0.000016 

— 
— 

0.004559 
0.000818 
0.000321 

— 
— 
— 

0.004794 

Blanket 

0.000301 
0.040990 

— 
— 
— 
— 
— 

0.003496 
0.000913 
0.000360 

— 
— 
— 
— 

VERA-1B 

Core 

0.000092 
0.007349 
0.000469 

— 
— 

0.057540 
— 
— 

0.006283 
0.001635 
0.000689 

— 
— 
— 

0.000058 

Blanket 

0.000250 
0.034400 

— 
— 
— 
— 
— 

0.006464 
0.001682 
0.000708 

— 
— 
— 
— 

JEZEBEL 

Core 

— 
— 

0.037050 
0.001751 
0.000117 

— 
— 
— 
— 
— 
— 
— 
— 
— 

GODIVA 

Core 

0.000492 
0.045000 
0.002498 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

ZPR-3-56B 

Core 

— 
0.000014 
0.006195 
0.001358 
0.000181 
0.001030 
0.015000 
0.008669 
0.013700 
0.002500 
0.001090 
0.000220 
0.000343 

— 
— 

Blanket 

— 
— 
— 
— 
— 
— 

0.007879 
0.007824 
0.001941 
0.042261 
0.000300 

— 
— 
— 

TABLE II-51-III . MULTIPLICATION FACTORS FOR BROAD 
G R O U P MODIFICATIONS TO E N D F / B CROSS SECTIONS 

TABLE II-51-II . SPECIFICATIONS FOR 
CRITICALITY CALCULATIONS 

Assembly 

ZPR-3-48 
ZEBRA-3 
JEZEBEL 

)DIVA 
'R-3-6F 

v ERA-IB 
ZPR-3-56B 

Method 

Diff. 
s8 
S l 6 

S l 6 
S8 
Ss 
S4 

Radii, 
cm 

Core 

46.46 
23.67 
6.385 
8.741 

22.995 
19.138 
52.72 

Blanket 

76.46 
54.17 

— 
— 

53.495 
58.588 
87.06 

Mesh 
Intervals 

Core 

30 
40 
40 
40 
40 
40 
40 

Blan
ket 

20 
30 
— 
— 
30 
40 
20 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

EL, 
MeV 

6.065 
3.679 
2.231 
1.353 
0.8209 
0.4979 
0.3020 
0.1832 
0.1111 
0.06738 
0.04087 
0.02479 
0.01503 
0.00912 

°7 

1.06 
1.06 
1.06 
1.00 
1.00 
1.07 
1.02 
1.02 
1.03 
1.05 
1.06 
1.08 
1.09 
1.10 

of 

1.08 
1.08 
1.08 
1.08 
1.08 
1.08 
— 
— 
— 
— 
— 
— 
— 
— 

<8 

— 
— 
— 

0.95 
0.95 
0.95 
0.95 
0.95 
— 
— 
— 
— 
— 

•J* 
1.08 
1.08 
1.08 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
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TABLE II-51-IV. k„ff AND CORE BUCKLINGS FOR THE 
BENCHMARK ASSEMBLIES 

Assembly 

ZPR-3-48 
ZEBRA-3 
J E Z E B E L 
GODIVA 
ZPR-3-6F 
VERA-1B 
ZPR-3-56B 

V-II 

0.9614" 
0.9490 
0.9887 
1.0012 
0.9926 
0.9893 

— 

keff 

BGM 

0.9939 
— 
— 
— 

1.0079 
1.0000 

•— 

PM 

0.9917 
— 
— 

1.0091 
0.9990 
0.9989b 

B 
cm 

V-II 

0.002295 
0.007493 
0.08789 
0.06573 
0.006261 
0.009845 

— 

i 
- 2 

PM 

0.008412 
— 
— 

0.006354 
0.009861 
0.001857 

> a An S4 t ranspor t theory calculation gave ke// = 0.9680 for 
ZPR-3-48. 

b 0.99S9 = 1.0044 (fromSi) - 0.0157 (geometry correction) + 
0.0102 (heterogeneity correction) as per specifications.1 

format were provided by T. Pitterle* and were dis
tributed by the National Neutron Cross Section Cen
ter to CSEWG in the spring of 1971 on tape 700. These 

* Westinghouse Advanced Reactor Division, Westinghouse 
Electric Corporation. 

data were processed through RIGEL(8) (which replaces 
DAMMET), ETOE<3> and MERMC2<4> so that a li
brary for MC2 was produced containing the original 
VERSION-II data and the three new materials. Some 
of the benchmark assemblies were rerun following the 
MC2, transport, and perturbation paths in the ARC 
system using the three new materials and the original 
VERSION-II data for the other materials. 

RESULTS 

Table II-51-IV presents keff from the transport- or 
diffusion-theory calculations for the assemblies which 
were run with the original Version-II data (V-II), the 
broad-group-modified data (BGM), and the data mod
ified by Pitterle (PM). Broad group bucklings for the 
cores from the MC2 output are also given. Various re

sults using the V-II and the BGM data were previously 
reported in Ref. 9. 

Central fluxes, normalized to a sum of 100, are givi 
in Table II-51-V. These were computed in the trans
port or diffusion calculations based on the V-II data, 

TABLE II-51-V. CENTRAL F L U X E S FOR BENCHMARK ASSEMBLIES 

Group 

1 
2 
3 
4 
5 
6 
7 
8 

. 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

1-6 
7-13 

14-27 

EL , MeV 

6.065 
3.679 
2.231 
1.353 
0.8209 
0.4979 
0.3020 
0.1832 
0.1111 
0.06738 
0.04087 
0.02479 
0.01503 
0.00912 
0.00553 
0.00335 
0.00203 
0.00123 
0.000749 
0.000454 
0.000275 
0.000167 
0.000101 
0.0000614 
0.0000373 
0.0000226 
0.0 

— 
— 
— 

ZPR-3-48 

0.4349 
1.7632 
3.8653 
5.8870 
7.5246 
9.8457 

11.576 
10.999 
10.252 
8.6547 
7.0949 
5.1991 
5.0925 
3.9391 
2.4996 
1.6394 
0.7499 
1.3160 
0.8148 
0.4697 
0.2253 
0.0976 
0.0411 
0.0146 
0.0027 
0.0007 
0.0005 

29.321 
58.868 
11.811 

ZEBRA-3 

0.5390 
2.0129 
3.7190 
4.8331 
8.2224 

15.330 
18.378 
15.932 
11.899 
8.6348 
5.5806 
2.5930 
1.6138 
0.4883 
0.1517 
0.0514 
0.0137 
0.0053 
0.0015 
0.0005 
0.0002 

— 
— 
— 
— 
— 
— 

34.656 
64.631 
0.713 

JEZEBEL 

2.4038 
9.0748 

15.900 
18.365 
17.264 
13.887 
10.149 
6.2424 
3.4313 
1.7620 
0.8553 
0.3849 

j , 0.1643 
0.0695 
0.0279 
0.0110 
0.0045 
0.0020 
0.0008 
0.0003 
0.0001 
0.0001 

— 
— 
— 
— 
— 

76.895 
22.989 
0.116 

GODIVA 

1.4490 
6.5053 

13.637 
17.910 
17.952 
15.832 
12.107 
7.3613 
3.9450 
1.9216 
0.8502 
0.3352 
0.1213 
0.0458 
0.0174 
0.0059 
0.0021 
0.0008 
0.0003 
0.0001 

— 
— 
— 
— 
— 
— 
— 

73.280 
26.642 
0.072 

ZPR-3-6F 

0.596S 
2.7410 
6.44SS 
9.6247 

12.411 
16.661 
16.758 
13.480 
9.2541 
5.8305 
3.6497 
1.4130 
0.8486 
0.2008 
0.0519 
0.0218 
0.0056 
0.0017 
0.0005 
0.0002 
0.0001 

— 
— 
— 
— 
— 
— 

48.483 
51.234 
0.283 

VERA-1B 

0.6343 
3.1025 
7.6010 

12.152 
12.875 
12.389 
11.298 
9.5823 
7.9331 
6.2944 
4.9164 
3.5453 
2.7709 
1.9640 
1.2624 
0.8148 
0.4669 
0.2366 
0.1027 
0.0386 
0.0137 
0.0041 
0.0014 
0.0006 
0.0002 
0.0001 
0.0001 

48.753 
46.341 
4.906 

ZPR-3-56B 

0.3509 
1.4640 
3.5640 
5.0526 
6.0154 

10.973 
10.110 
12.431 
12.247 
10.043 
7.5965 
5.0281 
5.4592 
3.7156 
2.0310 
1.2146 
0.4426 
1.0811 
0.6472 
0.3295 
0.1232 
0.0501 
0.0183 
0.0052 
0.0007 
0.0001 
0.0001 

27.426 
62.915 
9.659 
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TABLE II-51-VI ONE-GROUP CROSS SECTIONS AT CORE CBNTCRS, b 

Isotope 

233TJ 

23 5TJ 

238TJ 

2 3 9 p u 

24 0 p u 

Cross 

(n,y) 
(n,f) 
(n,y) 
(n,f) 
(n,y) 
(n , / ) 
(n,y) 
(n , / ) 
(n,y) 
(»,/) 

ZPR-3-48 

V-II 

0 3190 
2 819 
0 5480 
1 958 
0 2762 
0 05854 
0 4302 
1 794 
0 4014 
0 4475 

BGM 

— 
0 5444 
1 957 
0 2711 
0 06373 
0 4264 
1 857 
0 3986 
0 4490 

ZEBRA-3 

V-II 

0 1692 
2 162 
0 2807 
1 411 
0 1687 
0 05597 
0 1574 
1 592 
0 1962 
0 4824 

PM 

— 
0 2744 
1 396 
0 1549 
0 05855 
0 1723 
1 639 
0 1920 
0 4839 

GODIVA 

V-H 

0 08652 
1 963 
0 1312 
1 252 
0 1079 
0 1942 
0 06224 
1 706 
0 1115 
1 022 

ZPR-3-
56B 

PM 

— 
— 

0 5064 
1 848 
0 2590 
0 05410 
0 4144 
1 805 
0 3593 
0 4093 

ZPR-3-6I"1 

V-II 

0 1392 
2 079 
0 2222 
1 343 
0 1462 
0 09468 
0 1192 
1 627 
0 1637 
0 6654 

BGM 

0 1393 
2 080 
0 2224 
1 352 
0 1413 
0 1024 
0 1193 
1 681 
0 1638 
0 6647 

PM 

— 
0.2217 
1 340 
0 1354 
0 09947 

— 
— 
— 
— 

VERA-1B 

V-II 

0 1753 
2 302 
0 3130 
1 538 
0 2013 
0 1134 
0 2128 
1 699 
0 2276 
0.7005 

BGM 

0 1754 
2 303 
0 3135 
1 550 
0 1976 
0 1226 
0 2124 
1 757 
0 2280 
0 7001 

PM 

— 
0 3145 
1 539 
0 1952 
0 1195 

— 
— 
— 
— 

TABLE II-51-VII ACTIVATION RATIOS AT CORE CENTERS 

Ratio 

CT/ /df 
28 , 25 

Oy/ai 
4 9 / 25 

ai /a; 
23 , 25 

Of /(Jf 
40 , 25 

df /as 

Ratio 

28 , 25 

as /af 
28 , 25 ay/at 
4 9 / 25 

<r/ /af 
af /af 

4 0 / 26 

as /af 

Ratio 

2 8 , 25 
Of /af 

28 , 25 
Oy/Of 

4 9 / 25 
at /af 

23 , 25 af /af 
40 , 25 af /af 

ZPR-3-48 

V-II 

0 02990 
0 1411 
0 9164 
1 440 
0 2280 

BGM 

0 03257 
0 1385 
0 9490 

0 2295 

GODIVA 

V-II 

0 1551 
0 08613 
1 363 
1 567 

E\pt 

0 156 ± 0 005 

1 42 ± 0 02 
1 63 ± 0 10 

Expt 

0 0307 ± 0 0004 
0 138 ± 0 004 
0 976 ± 0 010 
1 480 ± 0 015 
0 243 ± 0 002 

ZEBRA-3 

V-II 

0 03966 
0 1195 
1 128 
1 532 
0 3418 

PM 

0 04194 
0 1109 
1 174 

0 3466 

Expt 

0 0461 ± 0 0008 

1 190 ± 0 014 
1 542 ± 0 019 
0 373 ± 0 005 

ZPR-3-6F 

V-II 

0 07053 
0 1089 
1 212 
1 549 
0 4957 

BGM 

0 07576 
0 1045 
1 244 
1 538 
0 4916 

VERA-1B 

V-II 

0 0737 
0 1309 
1 104 
1 496 
0 4554 

BGM 

0 07912 
0 1275 
1.134 
1 486 
0.4517 

PM 

0 07764 
0 1268 

Expt 

0 067 ± 0.001 
0 131 ± 0 006 
1 070 ± 0 026 
1.433 ± 0 047 
0 40 ± 0.03 

PM 

0 07422 
0 1010 

Expt 

0 078 ± 0 002 
0 104 ± 0 003 

1 22 ± 0 03 
1 53 ± 0 03 
0 53 ± 0 02 

ZPR-3-56B 

PM 

0 02928 
0 1402 
0 9768 

0 2215 

Expt 

0 0308 ± 0 0003 

1 028 ± 0 010 

0 282 ± 0 003 

except for ZPR-3-56B for which the PM data weie 
used 

Table II-51-VI gives one group cioss sections at the 
re center from the transpoit oi diffusion pioblems 
r 233U, 23oU, 238U, 239Pu and 240Pu. The cross sections 

involved have the shielding of the core mixture for 
the actual core constituents, and aic at infinite dilu

tion otherwise. Activation ratios at the core center are 
presented in Table II-51-VII, and are compaied with 
expeumental values. 

Calculated and expeumental worths are compared 
in Table II-51-VIII. 

Delayed neutron fiactions and prompt neutron life
times are presented in Table II-51-IX. The computed 
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TABLE II 51-VIII CENTRAL WORTHS FOR BENCHMARK ASSEMBLIES, 

23 5TJ 
238JJ 
2 3 9 p u 

2 4 0 p u 

1 0 g 

12C 

Al 
Mn 
Cr 
Fe 
N i 

235TJ 

238TJ 
2 3 9 p u 

2 4 0 P u 

i o B 

12C 

"Na, 
Cr 
Fe 
N i 
Steelb 

19'Au 

ZPR-3-48 

V-II 

106 2 
- 7 640 
136 9 
23 01 

-100 6 
- 0 2001 
- 0 5220 
- 2 116 
- 1 014 
- 0 9647 
- 1 757 

Expt 

79 3 ± 0 9 
- 5 9 ± 0 1 
106 1 ± 0 9 
19 4 =fc 5 0 

- 8 9 1 ± 0 9 
- 0 05 ± 0 03 
- 0 42 ± 0 03 
- 1 18 ± 0 04 
- 0 49 ± 0 04 
- 0 69 ± 0 04 
- 1 07 ± 0 04 

VERA-1B 

V-II 

239 4 
12 13 

423 3 
— 

-267 2 
7 213 
— 
2 641 
2 512 

- 1 047 
2 252 

- 4 4 09 

PM 

230 9 
12 13 

— 
— 
— 
6 785 
— 
2 255 
2 152 

- 1 142 
1 908 
— 

ZEBRA-3 

V-II 

287 8 
- 1 4 98 
440 6 
— 

-128 6 
- 3 874 
— 
— 
— 
— 
— 

Expt 

221 ± 
7 5 ± 
387 ± 

— 
-237 ± 
5 95 ± 

— 
— 
— 
— 

2 1 ± 
- 2 6 ± 

3 
0 3 
5 

50 
0 12 

0 3 
1 

PM 

252 5 
- 1 2 84 
405 4 

— 
— 
— 
— 
— 
— 
— 
— 

Expt 

197 ± 4 
- 9 9 ± 0 4 

318 ± 8 
— 

-105 ± 5 
- 3 9 ± 0 2 

— 
— 
— 
— 
— 

GODIVA 

V-II 

1004 
144 7 

1905 
1107 

— 
— 
— 
— 
— 
— 
— 

- 6 3 64 

lO-6 Ak/k mole 

ZPR-3 6F 

V-II 

162 5 
1 647 

277 5" 

- 9 3 76 
— 

0 2173 
- 0 3533 
- 1 250 
- 0 9715 
- 3 295 

Expt 

983 ± 7 
160 ± 2 

1881 ± 13 
1122 ± 130 

— 
— 
— 
— 
— 
— 
— 

-49 ± 2 

PM 

154 8 
2 380 

— 

— 
— 

0 09280 
- 0 5521 
- 1 356 
- 1 085 
- 3 380 

Expt 

137 ± 5 
1 5 ± 0 5 
251 ± 12" 

-86 ± 5 
— 

0 23 ± 0 35 
- 0 65 ± 0 24 
- 0 55 ± 0 19 
- 0 9 ± 0 3 
- 1 7 ± 0 5 

ZPR-3-56B 

PM 

80 99 
- 5 806 
109 8 

— 
— 

- 0 5707 
- 0 4164 
- 0 8367 
- 0 7991 
- 1 474 

— 
— 

Expt 

78 3 ± 2 2 
- 4 95 ± 0 22 
100 5 ± 2 0 

— 
— 

- 0 338 ± 0 034 
- 0 232 ± 0 109 
- 0 749 ± 0 073 
- 0 776 ± 0 029 
- 1 115 ± 0 037 

— 
— 

a 95 5% 239Pu, 4 5% 240Pu 
" Steel is 73% Fe, 19% Ci, 8% Ni 

TABLE II-51-IX DLLA^LD NEUTRON FRACTIONS AND 
PROMPT NEUTRON LIFETIMES 

Assembly 

ZPR 3 48 
ZEBRA 3 
GODIVA 
ZPR-3-6F 
VERA-1B 
ZPR-3 -56B 

£«// 

V-II 

0 003398 
0 004159 
0 006607 
0 007220 
0 007477 

— 

PM 

0 004192 
— 

0 007206 
0 007433 
0 003139 

sec 

VI-II 

2 737 X 10"' 
6 025 X lO"8 

5 987 X lO"9 

7 284 X lO"8 

1 000 X 10"' 
— 

PM 

6 081 X lO"8 

— 
7 325 X lO"8 

1 003 X 10-' 
2 021 X 10~6 

quantities are not highly accurate since the only 
prompt fission spectrum involved is that of the prin
cipal fissionable material in the core 

DISCUSSION 

The original Veision-II cioss sections pioduced val
ues of keff which are considerably low, especially for 
the 239Pu fueled assemblies This suggested that Ver-
sion-II cross sections foi important materials such as 

239Pu, 238U and 23t>TJ aie not sufficiently accurate The 
bioad-group modifications pioposed by the ENDF/B 
task foice led to better ke{f values, as did the Pitteile 
modifications on tape 700 Since changes in basic data 
within limits of experimental error can make lather 
large differences in integral quantities, it is not possi
ble to compile sufficiently accurate data for reactor 
calculations by evaluating experimental differential 
data without refeience to lesults of mtegial expen-
ments However, integral results must be used with 
caution as they depend on many energy-dependent 
cross sections Vanous cross section changes could com
bine to give about the same changes in mtegial quan
tities The improvements m ke{l icsultmg horn using 
either the broad-gioup modified oi the Pitterle modi
fied data arc largely attributable to a decrease in the 
capture cioss sections of 238U and mci eases in the fis
sion cross sections of 239Pu and 238U 

It should be pointed out that not all diffeiences b 
tween experimental and computed quantities can be 
attributed to maccuiate cross sections The tiansfoi-
mation of the actual heteiogeneous three dimensional 
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uciichmaik assemblies to homogeneous spherical ge-
ometiy can mtioduce some ciroi Also the computa
tional methods have some defects such as the use of 
only one fission spectrum foi core and blanket, and 
the approximate treatment of clastic slowmg-down by 
heavy matcnals in MC2 There is room for future woik 
both in data compilation with better considciation of 
mtegial lesults and in impiovcment of calculational 
methods 
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The variations in parameteis quoted above are based 
on adjustment to cntical by ennchment variation fol
lowing a cross section vanation Other methods of 
adjusting to critical did not change the lesults greatly 

Although not all possible cross section uncertainties 
have been studied, it is believed that those considered 
here are the most important ones It is obvious that 
uncertainties in fc and in bleeding ratio aie still far too 
large, with cross sections of both 238U and 239Pu being 
important contributors While much pi ogress has been 
made in the a measurement of 239Pu in the last several 
years, the lack of agreement among various measure
ments still constitutes a pioblem Thcic has been a 
large reduction in uncertainty in sodium void effect 
calculations recently because of the improvement in 
knowledge of both <r(nj) and a of 239Pu below 30 keV 

INTRODUCTION 

ZPR-6 Assemblj' 6A, a uranium benchmaik cntical, 
and ZPR-6 Assembly 7, a plutomum benchmark criti
cal, were chosen for companson of ENDF/B VER
SIONS I, II and II-Modificd Assemblies 6A and 7 had 
essentially the same composition m diluent materials 
and had the same unit cell structuic, the mam differ
ence between the tw o assemblies w as that Assembly 7 
simulated a typical LMFBR (Pu-U)02 composition 
and Assembly 6A simulated a UO2 composition The 
material composition, the unit-cell stiuctuie, and othci 
details pertinent to the assemblies can be found in 
Paper 11-11 

MC2 CALCULATIO:NS 

Three MC2 calculations (consistent B-l) were per
formed to generate three 27-gioup cross sections sets 
for the homogeneous composition of ZPR-6 Assembly 
7 This assembly is a Demonstiation Plant Benchmark 
Critical fueled with plutomum ENDF/B-VERSION 
I data were used in one calculation, ENDF/B-VER
SION II data were used in the second, and in the 
thud, ENDF/B-VERSION II data were used for all 
isotopes except iron, nickel and chromium (stainless 
steel) In the third case, the data for iron, nickel and 
chromium came from the ENDF/B VERSION I file. 

* Comitato Nazionale per L'Eneigia Nucleaie, Casaccia, 
Italy 
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The second and thud MC2 calculations were made m 
oidci to evaluate the effects on the critical paiameters 
of including the 665 resolved resonances of 11011, nickel 
and chromium m ENDF/B-VERSION II 

Foi ZPR-6 Assembfy 6A, the uranium fueled Dem
onstiation Plant Benchmark Cntical, two MC2 calcu
lations weie pcifoimed (1) ENDF/B-VERSION I 
data w ere used foi all isotopes and (2) ENDF/B-VER
SION II data weie used foi all isotopes except stainless 
steel The data foi stainless steel in the second problem 
were taken from the ENDF/B-VERSION I file 

ENDF/B-VERSION II MODIFICATION 

Tests of ENDF/B-VERSION II on the benchmark 
criticals gave ke// predictions in the range 0 95 to 0 97. 
The Cioss Section Evaluation Woikmg^Group 
(CSEWG) recommended the following tentative modi
fications at the bioad group (0 5 Aw) level 

1 increase oy in the first three groups by 8 %, 
2 inciease oy in the first six groups by 8 %, 
3 decrease cc in groups 5-9 by 5 %, 
4 multiply oy39 in groups 1-14 by the following fac

toi s 
Group Factor 

1 1 06 
2 1 06 
3 1 06 
4 1 00 
5 1 00 

11-53. C o m p a r i s o n s of E N D F / B VERSIONS I , I I a n d I I -Modif ied 

R A KARAM, W R. ROBINSON, M SALVATORES* and C E TILL 
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TABLE II-53-I. k COMPAHISONS E N D F / B - I , - I I , AND - I I M O D I F I E D " 

311 

2-D Homogeneous Cylinder 
1-D Homogeneous Sphere 

Assembly 7 

Version-I 

0.9616 
0.9616 

Version-II 
with 

Version-I 
SS 

0.9469 

Version-II 

0.9469 

Version-II 
Modified 

0.9768 

Assembly 6A 

Version-I 

0.9818 
0.9818 

Version-II 
with Version-I 

SS 

0.9698 

Version-II 
Modified with 

Version-I 
SS 

0.97S1 

° Heterogeneities are not accounted for in any manner. 

T T 2 3 5 / r > 239 Vf /PUf 
uTVPuj" 
U'."/PuJM 

TABLE II-53-II . REACTION R A T I O S 

Assembly 7 

ENDF/B-I 

1.140 
0.0235 
0.1664 

ENDF/B-II 
with 

Version-I 
SS 

1.136 
0.0224 
0.1688 

ENDF/B-H 

1.140 
0.0230 
0.1667 

ENDF/B-II 
Modified 

1.100 
0.0240 
0.1583 

Assembly 6A 

ENDF/B-I 

1.079 
0.0234 
0.1615 

ENDF/B-H 
with Version-I 

SS 

1.080 
0.0226 
0.1609 

ENDF/B-II 
Modified with 

Version-I 
SS 

1.042 
0.0233 
0.1530 

Group Factor 

6 
7 
8 
9 

10 
11 
12 
13 
14 

1.07 
1.02 
1.02 
1.03 
1.05 
1.06 
1.08 
1.09 
1.10 

In all cases, the corresponding change in olT was in
corporated. 

fc CALCULATIONS 

The MC2, ENDF/B-VERSION I, homogeneous 
cross sections were used to calculate fccjy of the as-built 
assemblies with a 2-D diffusion code.1 The kef/ from 
the 2-D calculation was then used in a 1-D spherical 
calculation and the radius of the sphere which gave the 
same keff as the 2-D calculation kef/ was determined. 
This spherical radius was then held constant in the 
calculation of the spherical kefl-, using the MC2-gen-
erated ENDF/B VERSION II and the- broad-group-
modified ENDF/B VERSION II cross sections. Table 
II-53-I summarizes the results. The modification of 
ENDF/B-VERSION II is seen to increase the fc,/, of 
Assembly 7, a plutonium-fueled system, and the ke// 
~c Assembly 6A, a uranium-fueled system, by 3 % and 

83 %, respectively. 

REACTION RATIOS 

The reaction ratios with the various sets are given 
in Table II-53-II. These ratios were computed for 

samples at the center of each sphere using the homo
geneous sets. 

T H E CAPTURE-TO-FISSION RATIO a 

The capture-to-fission ratio of 239Pu and 235U in 
Assemblies 7 and 6A respectively were calculated for 
samples at the center of each assembly using the various 
sets. Table II-53-III summarizes the results. 

CENTRAL REACTIVITY WORTHS 

The reactivity worths were calculated for a few sam
ples at the center of each core with the various cross 
section sets using first-order perturbation theory. The 
results are summarized in Table II-53-IV. 

NEUTRON SPECTRUM 

A comparison of the neutron spectra obtained with 
the various sets is shown in Table II-53-V. 

TABLE II-53-III . T H E C A P T U R E - T O - F I S S I O N 
R A T I O COMPARISON 

Assembly 7, a239 

E N D F / 
B-I 

0.2446 

E N D F / 
B-II 

0.2798 

E N D F / 
B-II 

Modified 

0.2753 

Assembly 6A, a233 

E N D F / 
B-I 

0.2823 

E N D F / 
B-II 
with 

Version-I 
SS 

0.2828 

E N D F / 
B-II 

Modified 
with 

Version-I 
SS 

0.2841 
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TABLE II-53-IV C E N T R A L REACTIVITY W O R I H COMPARISON, Ih/kg<a> 

Sample 

235TJ 

2 3 9 p u 

lOg 

T a 
N a 
238-TJ 

Assembly 6A 

ENDF/B-I 

48 99 
62 69 

-1189 79 
- 1 9 95 
+ 0 100 
- 4 42 

ENDF/B-II 
with Version I 

SS 

+ 4 8 53 
+ 6 3 32 

-1178 32 
- 1 9 77 
+ 0 136 
- 4 41 

ENDF/B-II 
Modified with 

Version-I 
SS 

+ 4 8 71 
63 41 

-1095 2 
- 1 9 91 

0 0107 
- 4 33 

Assembly 7 

ENDF/B-I 

172 0 
202 9 

-3470 
- 6 6 81 
- 6 21 

- 1 2 83 

ENDF/B-II 
with Version-I 

SS 

172 0 
201 5 

- 3 3 4 2 
- 6 4 2 

- 6 94 
- 1 2 48 

ENDF/B-II 

169 9 
198 9 

-3450 
- 6 8 0 
- 6 06 

- 1 2 48 

ENDF/B-II 
Modified 

166 78 
204 33 

-3211 
- 6 7 99 

- 7 11 
- 1 2 31 

» 1% Ak/k in Assembly 6A = 458 Ih , 1% Ak/k in Assembly 7 = 1035 Ih 

TABLE II-53-V SprcTRuM COMPARISON WITH THE VARIOUS S L T S 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

Lower Energy Level, 
keV 

6065 0 
3679 0 
2231 0 
1353 0 
820 8 
497 9 
302 0 
183 2 
111 1 
67 38 
40 87 
24 79 
15 03 
9 119 
5 531 
3 355 
2 035 
1 234 
0 749 
0 454 
0 275 
0 101 
0 037 
0 014 
0 005 
0 0006 

Assembly 6A 

E N D r / B 
Version-I 

0 200 
0 982 
2 726 
4 112 
5 237 

10 272 
9 669 

12 658 
11 887 
10 668 
8 661 
6 671 
5 899 
3 992 
2 221 
1 277 
0 452 
1 203 
0 691 
0 330 
0 122 
0 064 
0 005 
— 
— 
— 

E N D r / B - I I 
w lth Version-I 

SS 

0 216 
1 021 
2 756 
4 266 
5 409 

10 469 
9 711 

12 609 
11 805 
10 556 
8 528 
6 588 
5 826 
3 930 
2 194 
1 263 
0 454 
1 191 
0 686 
0 328 
0 121 
0 067 
0 006 
— 
— 
— 

ENDF/B-II 
Modified with 

Version-I 
SS 

0 215 
1 017 
2 738 
4 243 
5 398 

10 456 
9 705 

12 615 
11 823 
10 569 
8 539 
6 593 
5 838 
3 935 
2 197 
1 264 
0 454 
1 192 
0 687 
0 328 
0 121 
0 067 
0 007 
— 
— 
— 

Assembly 7 

E N D r / B 
Version-I 

0 289 
1 168 
2 850 
3 994 
4 945 
9 618 
9 098 

11 927 
11 297 
10 288 
8 532 
5 830 
5 256 
4 412 
2 599 
1 569 
0 563 
1 615 
1 063 
0 617 
0 264 
0 182 
0 021 
0 0007 
— 
— 
— 

ENDF/B 
Version-II 

0 297 
1 199 
2 952 
4 254 
5 086 
9 518 
9 175 

11 644 
12 047 
10 240 
8 062 
5 582 
6 474 
4 655 
2 632 
1 604 
0 592 
1 670 
1 128 
0 669 
0 291 
0 204 
0 024 
0 0009 
— 
— 
— 

E N D r / B 
Version-II 
Modified 

0 296 
1 202 
2 953 
4 263 
5 110 
9 543 
9 205 

11 692 
12 101 
10 262 
8 060 
5 567 
6 429 
4 601 
2 602 
1 585 
0 585 
1 651 
1 115 
0 661 
0 288 
0 202 
0 024 
0 0009 
— 
— 
— 

tamed with ENDF/B-II and 1 5 % moie reactive than 
that obtained with ENDF/B-I For Assembly 6A the 
picdictcd keff with the modified ENDF/B-II set w ° 
0 S3 % moie leactive than that obtained with ENDF/1 
II and 0 37 % less than that obtained with ENDF/B-
The heterogeneity effects for Assemblies 7 and 6A are 
estimated to be 1 35 % Afc/fc, respectively (see Paper 
11-11) 

MC2 TIME REQUIREMENT 

The time lequirements for the MC2 pioblems on the 
IBM-360-75 aie compaicd in Table II-53-VI 

SUMMARY 

For Assembly 7 the picdictcd kCff with the modified 
ENDF/B-II set was 3 % moie leactive than that ob-
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The use of the modified ENDF/B-II set resulted in 
a 3.5 to 4% decrease in 238U/239Pu fission ratios relative 
to ENDF/B-II and ENDF/B-I sets. An increase of 
the same magnitude was obtained for the 238U/238Pu 
fission ratio. The ratio of capture in 238TJ to fission in 
239Pu decreased by 5 %. These changes are in the gen
eral direction of agreement with measurement (see 
Paper 11-11). 

The 236U capture-to-fission ratio in Assembly 6A was 
essentially the same with all sets. There was a signifi
cant change (~5%) in a239 between ENDF/B-I and 
ENDF/B-II . The change in a between ENDF/B-II 
and modified ENDF/B-II was only 1.5%. 

The central reactivity worths with all sets were ap
proximately the same. 

The neutron spectrum obtained with ENDF/B-
VERSION II is similar to that obtained with E N D F / 
B-VERSION II Modified. Both spectra are harder in 
the high-energy groups and softer in the lower-energy 
groups than that obtained with ENDF/B-VERSION 
I. 

INTRODUCTION 

In Ref. 1 a general discussion concerning cross sec
tion data adjustment philosophies utilizing integral 
data from fast critical assemblies was presented. De
spite the assumption that cross section information is 
contained in the deviations between theoretical and 
experimental integral results, considerable disagreement 
about the best method of extracting this information 
persists. The study in Ref. 1 also outlined the four 
fitting procedures which encompass the current data 
adjustment philosophies. 

The present paper (see also Ref. 2) summarizes a 
uniform comparison of these four cross section data 
adjustment procedures and further investigates each 
procedure as a function of the uncertainty in the ex
perimental integral data and the uncertainty in the 
theoretical microscopic cross section data. A simulation 
"f fifty critical assemblies in a one-group, zero-dimen-

onal model was used as a basis to investigate the 
..djustment procedures. 

* Purdue University, Lafayette, Indiana. 
t Georgia Institute of Technology, Atlanta, Georgia. 

TABLE II-53-VI. MC2 TIME REQUIREMENTS FOR ZPR-6 
ASSEMBLIES 6A AND 7 USING ENDF/B-I AND -II 

AND COMBINATIONS THEREOF 

Assembly 

6A 
7 

ENDF/B-I , 
min 

26 
40 

ENDF/B-II , 
min 

92 

ENDF/B-II 
with SS from 
ENDF/B-I , 

min 

30 
55 

The effect of including the 665 resonances of iron, 
nickel, and chromium in ENDF/B-VERSION II on 
ke/t, the reaction ratios, the central reactivity worths, 
and on the capture-to-fission ratio is not large enough 
for normal purposes to justify the increase in computa
tion time associated with using stainless steel of VER
SION II. 

REFERENCE 
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A description of this work, including some numerical 
results and conclusions, has been published in Ref. 2. 

T H E ADJUSTMENT PROCEDURES 

The four adjustment procedures described in Ref. 1 
lead to the following system of equations characterized 
by the free parameter y: 

K 

J2hk'Uk' = bk (1) 

with 

where 

sp
n is the average reactivity error of the ?ith integral 

experiment, 
si is the error in the theoretical fcth cross section, 
uu is the fcth cross section change to be found by 

the fitting procedure, 

11-54. A S t u d y of M e t h o d s of C r o s s S e c t i o n E r r o r I d e n t i f i c a t i o n U t i l i z i n g I n t e g r a l D a t a 
f r o m F a s t C r i t i c a l A s s e m b l i e s 
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Apn is the difference between the experimental and the 
theoretically predicted reactivities, 

Hkn is the sensitivity of the criticality in the nth 
integral experiment with respect to the theo

retical fcth cross section change, uk ■ 

Letting hkk' denote the inverse of hkk>, the solution of 
Eq (1) is given by 

uk = £ bk,h
kk'. 

kl 

The specification of y is as follows: 

(2) 

1. 

3. 

Procedure No. 1 (y = 0) is the noconstraint 
procedure, which is the weighted least square fit 
of the measured and the calculated experimental 
reactivities. 
Procedure No. 2 (y = 1) is the combinedfit 
procedure, which is the weighted least square fit 
of both the reactivities and the cross sections. 
Procedure No. 3 (7 = 1/A) is the fixedsquarefit 
procedure, which is the weighted least square fit 
of the cross sections subject to the constraint 

jj E (1/Sn)2 f Z H^uk{A) + APn 
L *■ 

= 1 

4. Procedure No. 4 (7 = A'//32) is the ellipsoidal

constraint fit, which is the weighted least square 
fit ot the reactivities subject to the constraint 

£ [ul(A')/(l3sl)2] = 1 

if the result of the unconstrained fit (Procedure 
No. 1) is outside the constraint ellipsoid. 

In Procedure Nos. 3 and 4 above, A and A' are Lagrange 
multipliers introduced in the weighted least square 
minimum principal. The multipliers arc determined by 
iterating either A or A in the fit until the respective 
constraint conditions are met. 

In principal 7 ranges betw een 0 and <*>. The specific 
value of 7 emphasizes cither a bias toward the integral 
experiments or toward the cross section data. For the 
extreme 7 = 00 (/3 = 0), uk = 0, i.e., no adjustment in 
the cross sections is allowed. 

Procedure No. 4 is extremely useful as a universal 
adjustment procedure to investigate systematically the 
effect of 7 in the fitting procedure since it provides a 
measure of the bias toward integral or differential ex

periments in terms of the size of the constraint ellipsoid. 
As a result of this feature, there arc values of 0 such 
that 7 = 0, 1, and 1/A, and hence Procedure Nos. 13 
correspond to specific values of /3 in Procedure No. 4. 
The maximum size of the constraint ellipsoid (/3„iaz) 
corresponds to 7 = 0. The increase of j3 beyond /3„,ai 
does not change the fit, i.e., for 0 > (3max, 7 = 0. 

CROSS SECTION IDENTIFICATION 

The error identification achieved by a fitting pro

cedure can be described by a figureofmerit defined as 

E d/siy 
/(J8) = " 

uk 
th 

Uk 

Z (Vs^)
2 th 

Uk 

(3) 

where 1 < K' < K and 0 < /3 < p„mx. I t is this figure

ofmerit which indicates accumulative cross section 
identification for different adjustment procedures and 
also the sensitivity of the adjustment procedures to 
uncertainties in the integral data (s„) and in the cross 
section data (si). 

ERROR IDENTIFICATION OF THE ADJUSTSIENT 
PROCEDURES 

FIGUREOFMERIT AS A FUNCTION OF FI 

The error identification is practically independent of 
s"n for small /3s (/3 < 1.75) and becomes increasingly 
dependent on s"n for larger /3s. Between 1.75 < j3 < 2.25 
the error identification passes through a minimum as 0 
approaches /3„WI. For very small sp

n (0.01 %) the mini

mum may be identical with f(Pmax) Generally for s» 
in the range 0.1 to 0.3%, the fixedsquare fit (Pro

cedure No. 3) is located near the minimum while the 
combinedfit (Procedure No. 2) is located between the 
fixedsquare and the noconstraint fits (Procedure Nos. 
3 and 1). Since Procedure Nos. 13 generally correspond 
to relatively large /3 values, the error identification is 
strongly improved by increased accuracy of the integral 
data. 

SYSTEMATIC ERRORS I N SP
n 

In the fitting procedure the term Ap„ is the difference 
between the experimental and the theoretically pre

dicted reactivities. The average reactivity error in the 
experimental value includes for the nth integral experi

ment a systematic, 8psys\ and a statistical, 8pstal, com

ponent. To find out how the different adjustment pro

cedures behave for a wide range of systematic errors, 
the average criticality constants were shifted by letting 
8psyst vary from —2% to + 2 % while the statistical 
error 8p3tat (the straggling about the average criticality 
constant) was held at 0.1 %. In the adjustment pro

cedure only the statistical error (s« = Spit"') was used. 
The systematic error was not considered in the adjust

ment procedure in accordance with the fact that prac

tically neither its size nor its sign is known. 
The results of this investigation for the different ac 

justment procedures showed that the cross section 
identification (figurcofmerit) is considerably less 
sensitive to 8psyai for a given 8pstal than is/(A) to 8p"at 
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for 8psyst = 0.0. The fact that minor modifications of 
the microscopic data may significantly shift the average 
criticality constant can be considered as an explanation 
of the inscnsitivity of the adjustment procedures to 
systematic errors. The systematic error in the reactivity 
may therefore be practically disregarded and only the 
comparatively small statistical error influences the 
cross section error identification. I t is essentially the 
reduction of the straggling w hich yields accurate error 
identification. To a first approximation one may delete 
the systematic errors and work in the adjustment pro
cedures only with the nonsystcmatic and statistical 
components. 

UNCERTAINTY IN $1 

The uncertainty of the errors in the microscopic data 
was introduced into the fitting procedures by multiply
ing the values of si b}' a constant a. A value of a > 1 
describes an overestimate of the si errors and a < 1 
an underestimate. 

The no-constraint and the fixed-square procedures 
(Procedure Nos. 1 and 3) are by definition of the pro
cedures independent of a. In the combined-fit (Pro
cedure No. 2), the error identification docs change but 
it is a relatively slow ly varying function of a. 

UNCERTAINTY IN Sn 

The uncertainty of the errors in the integral measure
ments was introduced into the fitting procedures by 
multiplying the values of s"n by a constant a". A value 
of a" > 1 describes an overestimate of the s"n errors and 
a" < 1 an underestimate. 

The no-constraint and the ellipsoidal-constraint pro
cedures (Procedure Nos. 1 and 4) are by definition of 
the procedures independent of a". The error identifica
tion does change for the combined-and the fixed-square 
fits (Procedure Nos. 2 and 3) as a function of a". Gen
erally, however, the combined-fit is less sensitive to </ 
than the fixed-square fit is to of. The reason that this is 

Broad group self-shieJding factors for the capture and 
ssion cross sections of 2,i9Pu were generated in both the 

unresolved and resolved resonance energy range. The 
* Comitato Nazionale per L'Energia Nucleare, Casaccia, 

Italy. 

true concerns the relative position of the two procedures 
on the 8 scale and the shape of the minimum of f{8). 
As indicated earlier, the fixed-square fit is located near 
the minimum and the combined fit is located on the 
wing. Generally the minimum is fairly sharp and the 
wing fairly flat. On the 8 scale, a change in 8 therefore 
changes the error identification [f(8)] more rapidly 
for the fixed square fit than for the combined fit. 

CONCLUSIONS 

Although the no-constraint fit (Procedure No. 1) is 
independent of uncertainties in either si or s"n, the cross 
section error identification is not particularly good 
except for a very small value of the average reactivity 
error in the integral data. The fixed-square procedure 
(Procedure No. 3) is independent of the uncertainty in 
si while the combined-fit procedure (Procedure No. 2) 
is not independent of the uncertainties in cither si or 
$?n. Even though the no-constraint and the fixed-square 
fits arc better under certain circumstances, the com
bined-fit procedure seems to be preferable for general 
usage for the following reason. Probably the most in
accurate entries in a fitting procedure arc the uncer
tainties in both the microscopic data and the integral 
measurements and, as shown above, onty the combined-
fit procedure is relatively insensitive to the accuracy of 
cither of the assumed errors. 
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calculations were made for a 27-broad-group structure 
consisting of 21 groups of lethargy width 0.5 followed 
by four groups of lethargy width 1.0, one group of 
lethargy width 2.0, and a thermal group. In the un
resolved resonance energy range (groups 11 through 21) 
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selfshielding factors, fx, were defined as 

SI J £(E)dE~\ 
1 L < r(E)dE 

+ <TR(E) 

I dE (1) 

, < + CR{E) 
where the integrations are over the energy interval cor

responding to group g, x refers to the capture or fission 
process, ox is the infinite dilution cross section for 
process x, cR is the total resonance cross section, a% is 
the equivalent potential scattering cross section. In the 
evaluation of the integrals of Eq. (1), the effects of 
overlapping resonances (both inter and intrasequencc 
effects) were taken into account using the formulation 
of Hwang.1 A code2 written according to Hwang's 

TABLE II55I. E N D F / B VERSION 1 UNRESOLVED 
RESONANCE S  W A V E P A R I M B T E R S FOR 239Pu 

D (eV) 
r n (eV)"2 

r 7 (eV) 
r , (eV) 
"/ 

9, 

Nuclear radius 

/ = 0 

8 78 
0 00094 
0.0387 
2.8 
2 
1 
0.25 

/ = 1 

3.12 
0.000334 
0.0387 

see Fig II551 
1 
1 
0.75 

0.905 X 10'2 t r 1 ' 2 

0.10 

0 05 i i i i i i 
0 3 100 4 0 0 

ENERGY, Kev 

F I G . II551. Fission Width, Tf, for I = 0, J = 1 State of 
239Pu. ANL Neg. No. 1161077. 

TABLE II55II . 2S9Pu SMOOTH CROSSSECTIONS FOR 
RESOLVED RESONANCE E N E R G Y R A N G E , b

Energy Range, 
eV 

454275 
2750 

Fission 

1 .5596 
1.94 

Capture 

1 .4229 
0.226 

method was used to generate resonance selfshielding 
factors for many values of a™ in the range of practical 
interest for calculation of fast reactors. 

In the resolved resonance energy range (groups 21 
through 25), where the narrow resonance approxima

tion is less applicable to the resonances of 239Pu, the 
selfshielding factors were defined as 

n 
■ ,_,/" *x(E)<t>(E)dE 

o:{E)dE ± 2 

• " J A(FAdF. [ &(E)dE 
J 0 

(2) 

The calculation of the flux <t>(E) and the integrations 
indicated in Eq. (2) were performed with the resonance 
absorption code RABBLE.(3) The direct integration of 
the Boltzmann equation over the resolved resonance 
energy range was performed for an infinite homogeneous 
medium and different calculations were made cor

responding to many values of the equivalent potential 
scattering cross section of the medium. 

The resonance parameters of ENDF/B VERSION I 
were used for all the calculations. The unresolved res

onance parameters arc summarized in Table II55I 
and Fig. II551. In Table II55II the smooth cross 
sections to be used in connection with ENDF/B re

solved resonance parameters are given. The smooth 
cross section values are included in the final broad 

o 0 60 

EQUIVALENT POTENTIAL SCATTERING CROSS SECTION 

F I G . II552.' 239Pu C a p t m e SelfShielding Factors Versus a„ 
for Broad Group Energy Structure. ANL Neg. No. 1161076. 
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55 0 40 — 

EQUIVALENT POTENTIAL SCATTERING CROSS SECTION - crj 

FIG. II-55-3. 239Pu Capture Self-Shielding Factors Versus aP 
for Broad Group Energy Structure. ANL Neg. No. 116-1074. 
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FIG. II-55-5. 239Pu Fission Self-Shielding Factors Versus 
av for Broad Group Energy Structure. ANL Neg. No. 116-1075. 
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TABLE II-55-III. INFINITE DILUTION CROSS 
SECTIONS FOR 239Pu. 

O 20 —, 

Energy Group 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

&capture 

0.1888 
0.3110 
0.4958 
0.7502 
1.1045 
1.6036 
2.2857 
3.2133 
4.4347 
6.0619 
8.2179 

15.737 
36.571 
39.223 
44.523 

°f\ssion 

0.9000 
1.0908 
1.3564 
1.7206 
2.2419 
2.9276 
3.8546 
5.0984 
6.7145 
8.8127 

11.5368 
22.584 
43.931 
51.587 
68.097 

25 50 75 150 3 0 0 500 
EQUIVALENT POTENTIAL SCATTERING CROSS SECTION-

1000 FIG. II-55-4. 239Pu Fission Self-Shielding Factors Versus , 
for Broad Group Energy Structure. ANL Neg. No. 116-1078. 
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gioup self-shielding factois The broad gioup sclf-
shieldmg factors obtained with the above pioccdurc 
were least squaies fitted to obtain fitting parameters 
for use in connection with equivalence thcoiy 4 

Cuives of the self shielding factors for captuie and 
fission as a function of op are shown in Figs II 55-2 
through 11-55 5 

Table 11-55 III gives the infinite dilution bioad-group 
cross sections obtained using the procedures outlined 
above with oep appioachmg infinity 

In a pievious work,5 analogous self-shielding fitting 
parameteis were derived for 235U and 238U With the 
necessary adjustments due to the diffeient bioad group 
energy stiuctuie, the 239Pu, 238TJ and 23aTJ fitting parame
ters weie used in extensive heterogeneity lcsonance 
self-shielding effect calculations in both ZPR-6 Assem
blies 6A and 7 (sec Papers 11-11 and 11-16) The fitting 

INTRODUCTION 

In fast leactoi disassembly analysis,12 it is commonly 
assumed that both powei density and matenal reac
tivity woith distribution are constant throughout an 
excursion I t is fuither assumed that reactivity changes 
due to matcnal motion can be calculated by perturba
tion theoiy AX-1<3) was the first attempt to lemovc 
these assumptions, leactivity changes due to matcnal 
motion weie calculated penodically during an excursion 
by neutron transpoit theoiy However, AX-1 is limited 
to one space dimension and does not account foi reac
tivity feedback other than that due to material motion 
or delayed neutron precuisois In this papei, the IC-
sults of calculations made with a two-dimensional 
model4» aie presented The model has been discussed 
in detail in Ref 5 This model can treat transients 
initiated by such mechanisms as coolant voiding, pie-
disassembly motion of fuel and/or stiuctural matenal, 
and control lod motion Furtheimorc, reactivity feed
backs due to such effects as Dopplei broadening of 
238TJ lesonances and thermal expansion of various reac
tor materials are considered Most importantly, though, 
the model has the capability of describing material 

coefficients made a consistent companson of Assemblies 
6A and 7 possible without lepcated MC2 calculations. 

R E F E R E N C E S 
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motion during disassembly Consequently, the icac-
tivity effects of fuel motion can be duectfy assessed 

The model consists of five segments- a two-dimen
sional, space-time multigroup diffusion theory calcula
tion, a two-dimensional, bydiodynamics model, an 
encigy balance, an cncrgy-density-dcpendent equation 
of state, and a tiansformation algorithm between 
Eulenan and Lagrangian cooidinates The neutronics 
equations are solved in the Eulenan coordinate system, 
the hydrodynamics, energy balance, and equation of 
state are solved in the Lagiangian coordinate system. 
The transformation between the two systems occuis 
through matcnal volume fiactions, power density, 
tempciatures, and piecursoi conccntiations As a lcsult, 
complete flexibility of material location m the leactor 
is obtained The neutronics calculations are on an 
Eulenan mesh to avoid the accumulation of truncation 
cirors that would occur if the calculations were made 
on the Lagrangian mesh The hydi odynamic calculations 
are on a Lagrangian mesh to piopcily account foi non-
ngid boundaries and mteifaces between fluids wit 
different theimodynamic piopcrties Some accumuh 
tion of tiuncation error is tolciated so that these effects 
can be properly treated If the tiuncation enor due to 

11-56. T w o - D i m e n s i o n a l F a s t - R e a c Lor D i s a s s e m b l y C a l c u l a t i o n s 
w i t h S p a c e - T i m e K i n e t i c s 

E L FULLER, D A MENELEY, T A DALY, W T SHA, A J LINDEMAN 
and G K. LEAF 
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mesh distortion becomes too large, however, it can be 
eliminated by the rezoning process.6 

NUMERICAL RESULTS 

The transients described below are highly simplified 
in the sense that they were chosen for comparison of the 
point and spatial kinetics models, rather than to repre
sent realistic accident situations. Secondly, they were 
chosen so that differences between point and spatial 
kinetics were expected to be small, so that possible 
anomalous behavior of the spatial kinetics code (which 
is in its testing phase) could be detected more easily. 

The reactor configuration analyzed is shown in Fig. 
11-56-1. The dimensions are typical of an oxide-fueled 
LMFBR with full-power rating of 2400 MWt. Fuel, 
sodium, and stainless steel volume fractions in the core 
are 0.42, 0.37, and 0.21, respectively. The reactor is 
represented by a 280-interval spatial mesh grid and four 
energy groups; the error in initial criticality relative 
to an 1120-interval grid and twenty-six energy groups 
is approximately 0.5 % 8k/k. The four group structure 
was selected so that two energy groups were in the 
resonance absorption range. I t is recognized that 
greater energy detail will be required for actual analy
sis work; however, four groups were considered ade
quate for purposes of model comparison. 

Three different models are used to analyze this S3'S-
tem. The spatial kinetics and disassembly model de
scribed above is compared with the point kinetics 
model in which the flux shape function is constant; the 
two models arc otherwise identical. The third model 
used is the VENUS disassembly code. This code in
cludes a point kinetics solution; however, the reactivity 
coefficients which arc input may be calculated from 
eigenvalue differences using static flux codes, so that 
the model is not strictly point kinetics. 

The accident-initiating mechanism is removal of 
sodium uniformly over the core in 0.020 seconds. The 
reactivity ramp rate is approximately §150 per second 
(8 = 0.0034). Negative feedback arises from increased 
resonance absorption as fuel temperature increases and 
from motion of fuel during disassembly. The Doppler 
feedback with sodium in the core, expressed as the 
coefficient Tdk/dT, is -0.008. This value was obtained 
from two static eigenvalue calculations with uniform 
core fuel temperatures of 1400 and 2900°K, respec
tively. 

The first series of calculations was carried out from 
initial conditions approximating those in a system 

st prior to disassembly following a rapid reactivity 
,crtion. The fuel temperature was taken to be uniform 

throughout the core at 2900°K, and the power was set 
at 8.64 X 105 MW, or 360 times full operating power. 

I 
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FIG. II-56-1. Reactor Configuration. ANL Neg. No. 116-

FX2 -VENUS, SPACE 
TIME KINETICS 

FIG. II-56-2. Total Reactor Power from High-Temperature 
Initial Conditions ANL Neg. No. 116-888. 

The sodium-out equation of state was specified in the 
disassembly model. Reactivity tables for the VENUS 
code were generated using the FX2 code option at the 
initial state of the reactor. The power, reactivity, and 
total energy arc plotted in Figs. II-56-2 through II-
56-4. Referring to the pairs of curves marked "FX2-
VENUS," it can be seen that the point kinetics model 
gives very similar results to the spatial kinetics model 
in this case. The differences are attributable to spectral 
changes caused by the fuel temperature rise which are 
not accounted for in the point model. 

The curves marked "VENUS STAND ALONE, 
SODIUM IN" show the results of the standard VENUS 
code with Tdk/dT = — 0.008 and sodium-in equation 
of state. The energy yield is much lower in this case, 
mainly because of the rapid disassembly following 
generation of high pressures. The curves marked 
"VENUS STAND ALONE, SODIUM OUT" show 
the effects of changing to the sodium-out equation of 
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FIG. II563. Reactivity from HighTemperature Initial 
Conditions. ANL Neg. No. 116835. 
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FIG. II564. Energy Yield from HighTemperature Initial 
Conditions. ANL Neg. No. 116830. 

state and Tdk/dT = —0.004, roughly equal to the 
Doppler coefficient for sodiumout conditions. This 
second case gives a higher energy yield than FX2

VENUS because the correct Doppler coefficient is 
somewhere between the sodiumin and sodiumout 
values. Note that the disassembly rates (as indicated 
by the negative reactivity slopes in Fig. II563 are not 
remarkably different for the three cases using the 
sodiumout equation of state. This indicates that dis

assembly reactivity feedback calculation using a reac

tivity table (as does VENUS) does not lead to gross 
error, at least for the small fuel motions which occurred 
in these runs. This is, how;ever, a question which de

serves further detailed investigation to establish the 
generality of this observation. 

The second series of calculations was the same as the 
first except that the initial power was 2400 MWth and 
the initial core fuel temperature was 1400°K. The 
power, reactivity, and energy plots are shown in Figs. 
II565 through II567. Referring to the pairs of 
curves marked "FX2VENUS", it can be seen that the 
effect on the energy yield of the spectral shift during 
the excursion is more pronounced than in the previous 
case. Tins is due to the fact that the reactivity is near 
prompt critical, and so a small error in reactivity can 

FX2-VENUS, SPACE-

TIME KINETICS 

20 24 28 
TIME, msec 

FIG. II565. Total Reactor Power from Normal Operating 
Initial Conditions. ANL NEG. No. 116827. 
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FIG. II566. Reactivity from Normal Operating Initial 
Conditions. ANL Neg. No. 116884
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lead to a larger error in the prompt reactivity, (p — 13). 
The true energy yield is ~ 3 0 % higher than is predicted 
by the point kinetics version of FX2-VENUS. The 
pairs of curves marked "VENUS STAND ALONE" 
indicate the influence of the Dopplcr coefficient on the 
transient behavior. (The sodium-out equation of state 
and reactivity table were used in both cases.) 

The insertion ramp rate used in the VENUS calcu
lation was somewhat low in this case, so that the super-
prompt critical portion of the transient is initiated 
somewhat later. The low Dopplcr coefficient case with 
VENUS overestimates the energy yield by 50%. The 
VENUS case with Tdk/dT = -0.008 results in an 
energy yield very close to the correct value, by fortui
tous cancellation. The energy accumulated up to IS 
msec, was approximately 0.65 of the space-time value; 
however, a third power peak occurred in the VENUS 
case which supplied the additional energy. There is, 
obviously, no guarantee that such cancellation will 
occur in all cases. 

DISCUSSION AND CONCLUSIONS 

Investigation of errors introduced b}' approximations 
to neutron kinetics behavior is now possible in a two-
dimensional model. The cases described here* do not 
constitute an adequate test of these approximations in 
any sense. The main point which can be made is that 
the results indicate that the FX2-VENUS code is 
fairly well tested, so that a study of two-dimensional 
spatial effects can begin. Further verification of the 
model will be carried out whenever an independent 
calculation is possible. One case which can provide in
sight is a zero-Dopplcr problem starting from a very 
high power. This problem would provide an indication 
of the point at which the reactivity-table approxima
tion breaks down. 

The energy yields of accidents computed using the 
FX2-VENUS space-time model tend to be higher than 
those computed using the true point-kinetics model. 
(In this context the term "true point kinetics," refers 
to the model employing the initial flux-shape function 
throughout the transient.) Virtually all analysts, how
ever, apply a point kinetics model with coefficients 
calculated for conditions which are representative of 
the conditions expected during the transient. For ex
ample, the Doppler coefficient usually is calculated by 
static eigenvalue differences using cross sections at two 
temperatures. Presuming that the analyst preselects 
+kose conditions properly, such procedures should give 

ults which are closer to the correct result than those 
__ tained from the true point-kinetics model. Obviously, 
no firm statement can be made concerning the errors 

c/l 10" 

10 

VENUS STAND 
ALONE, -
TDK/DT=-0004, 

15 20 
TIME, msec 

FIG. II-56-7. Energy Yield from Noimal Operating Initial 
Conditions. AND Neg. No. 116-829. 

introduced by these models; however, no assurance can 
be given that the results are conservative unless very 
extreme assumptions are made. In such cases, the re
maining question is whether or not the design penalties 
which result from this conservatism are acceptable. 

Finally, it is hoped that the FX2-VENUS code and 
planned extensions to include transient heat transfer 
models will provide verification and guidance for the 
use of simpler models for routine safety studies, and 
thereby increase confidence in their predictions. 
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11-57. C o n s e r v a t i v e A n a l y t i c a l E s t i m a t e s of t h e C o n s e q u e n c e s of F a i l u r e P r o p a g a t i o n 
i n a H y p o t h e t i c a l A c c i d e n t f o r a C e r a m i c - F u e l e d L M F B R 

P. J. PERSIANI and M. STEVENSON* 

INTRODUCTION 

This study is an exercise in developing a design basis 
accident resulting from conservative estimates of the 
consequences of failure propagation in a hypothetical 
accident for a ceramic-fueled LMFBR. The initiating 
event leading to such an accident is chosen to be a 
sodium-vapor explosion occurring in a single assembly 
with consequent damage propagation to adjacent as
semblies. 

The initial expulsion of sodium from the first sub
assembly may be assumed to occur from a full or partial 
coolant flow blockage due to: 

1. Fuel element failure within a fuel assembly with 
debris restricting the coolant passage (cither inlet 
or outlet), 

2. Malfunction of experiments in test assemblies 
relating to coolant flow' testing, 

3. High-burnup fuel-element failure with subsequent 
fission gas release and sodium ejection. 

These events may not directly result in extensive 
damage to the assembly. However, if sodium docs 
reenter the assembly after some fraction of the cladding 
and fuel become molten, then a fuel-coolant interaction 
may create a pressure pulse causing damage to the 
assembly. The deformation may be such that it me
chanically interacts with and perturbs the normal 
operating conditions of adjacent assemblies. The re
sultant physical condition of the fuel in these adjacent 
assemblies may then lead to further failure events. 
Reactivity effects due to fuel redistribution and sodium 
voiding m the initial single assembly malfunction may 
occur simultaneously with damage and voiding in the 
adjacent assemblies. 

The consequences of the above initiating event and 
its potential for leading to a design basis accident is the 
subject matter of this study. 

There are several qualifications which must be con
sidered as an integral part of this paper. In order to at
tain the conditions usually associated with design-basis 
pressure loadings, it was found necessary to hypothesize 
a failure in the action of the protective system. In most 
of the cases studied conditions were such that several 
different scram signals could have been generated in a 
time period adequate for safety devices to be activated. 

Although attempts were made to include a degree of 

* Babcock and Wilcox Co., Lynchburg, Virginia. 

realism into the initiating conditions, this correspond
ence should not be attached to the subsequent steps. 
For example, a reactor designed to accommodate stain
less steel structural swelling would have assembly spac-
ings much greater than those in a tight-core design. 
I t should be expected then that the consequences of a 
mechanical interaction between assemblies would be 
less severe in an open-core design concept. 

In a tight-core design concept, the collective interac
tion of the assemblies can more or less be made to 
"bow" in a predetermined manner, assuming that all 
mechanical constraints have been identified. This is a 
difficult problem. In the open-core design the collective 
spatial deflections of the assemblies under thermally 
induced forces are also difficult to assess. Therefore, at 
present it is not clear how to take into account the 
bowing effect on the failure propagation of a malfunc
tioning assembly under severely changing thermal con
ditions. • 

The above consideration, along with the limited ex
perimental data relevant to the physical models used 
in the analysis, introduces a high degree of uncertainty 
at each step in the chain of events. Therefore, through
out the analysis assumptions and decisions were made 
to emphasize the more pessimistic conditions. 

ACCIDENT PROGRESSION 

A flow chart delineating possible sequence of events 
in the progression of an accident is included in Fig. 
II-57-1. Of the several possible chains, three primary 
paths w ere adopted for this phase of the study. These 
are briefly: 

1. The six adjacent assemblies are not structurally 
deformed, but a slow power transient results from 
the initial reactivity effects caused by the slump
ing of the fuel in the voided subassembfy. 

2. The deformation of six adjacent assemblies leads 
to instantaneous cladding rupture by impact 
followed by voiding of coolant through fission gas 
release. These six assemblies may then collapse 
through fuel melting into a more reactive con
figuration. 

3. The deformation of six adjacent assemblies is ac
companied by a severe coolant flowr reduction a 
subsequent voiding by heating. Collapse of i 
fuel may then follow the sodium film dryout. 

The assumed severe pressure pulse due to a fuel-
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Fio II-57-1. Accident Progression Chart ANL Neg. No 116-885. 

coolant interaction in a single malfunctioning assembly 
may have a negligible mechanical effect on the six 
adjacent assemblies; however, the potential for large 
deformations of the assembly can walls and fuel pins 
does exist. This deformation may directly cause a local 
or full-assembly flow reduction in these six assemblies 
or it may create cladding ruptures leading to fission 
gas release from the failed pins and a subsequent severe 
flow reduction. I t is unlikely that the damage and/or 
flow reduction will be identical in these six assemblies, 
particularly if they are of different types (fuel or experi
mental) or of different burnup histories. However, it is 
difficult to predict the noncohercncc of the damage and 
to assure that in all cases the damage will not be near-
coherent. Thus, the direction taken in the initial 
analyses was to assume that the six adjacent assemblies 
were identical and that the damage to the assemblies 
was coherent, with the effects of possible noncohcrence 
assessed in later analyses. 

In any event, the flow reduction in these six adjacent 
assemblies may be severe enough that coolant voiding 
begins w ithin a fraction of a second if sufficient fission 
;as is released from failed pins or in about one second 

if a negligible amount of fission gas is released. If the 
coolant docs not reenter these assemblies for several 
seconds following voiding, a situation which is likely if 

the flow reduction is partial or if the coolant does not 
completely void the lower half of the core, then cladding 
and fuel melting may result. Sufficient cladding and 
fuel melting near the core axial midplane may lead to a 
fuel pin collapse, since in most LMFBR designs the 
fuel pins arc not supported at the top. 

Several reactivity effects are associated with this 
accident progression. The initial malfunctioning assem
bly may have contributed a positive or negative reac
tivity through either coolant expulsion or fuel move
ment. The expulsion of coolant in the six adjacent 
assemblies will have a reactivity effect which may be 
positive or negative depending on the local void coeffi
cients and the extent to which they are voided. How
ever, the dominant effect will generally be that of fuel 
collapse since the expulsion may contribute a strong 
positive reactivity. The power transient resulting from 
these reactivity effects, particularly fuel collapse, may 
lead to further core damage and possibly a core dis
assembly, provided enough positive reactivity is avail
able. 

During the fuel collapse phase of the accident, the 
reactor power level will rise and fuel temperature condi
tions may develop for which cladding failures occur in 
core assemblies where the coolant flow has not been 
disturbed. If a fraction of the fuel in these assemblies is 
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in a molten state, then a fuel-coolant interaction may 
take place. The resultant rapid voiding in these regions 
would add to the positive reactivity insertion. The 
magnitude and rate of this additional reactivity will 
depend on the model assumed for the interaction. 

Cladding failures may occur in the upper-half seg
ment of the fuel elements. The localized interaction 
would initially void the upper region of the core where 
the sodium reactivity effect is negative. If some fuel 
material is ejected into the coolant and carried along 
by the sodium, then again the voiding reactivity effect 
becomes less positive. 

I t should also be expected that cladding ruptures 
w ould occur in fuel elements with nonmoltcn fuel. The 
rupture could result particularly in cladding materials 
whose physical strength properties have been compro
mised by high fluence associated with extensive burnup. 
Dynamic thermally induced fuel swelling pressure and 
perhaps thermal stresses imposed on the highty em
brittled cladding could result in an instantaneous 
structural rupture. If fission gas is released instantane
ously, it should be expected that the sodium would void 
immediately. Depending on the structural condition 
of the oxide fuel, it is possible that some particulate 
fuel material would be forced out by the fission gas into 
the coolant region and be carried out of the high worth 
core region along with the ejection of the sodium. 

Experimental data relating to fuel redistribution in a 
fuel-coolant interaction or fuel pin cladding failure is at 
present inadequate for constructing reasonably realistic 
analytical models. Therefore the pessimistic assumption 
adopted for this study is that a fuel-coolant interaction 
is accompanied by a positive reactivity effect. However, 
some cases are studied where an attempt is made to 
simulate some fuel movement into a less reactive dis
tribution by reducing the positive sodium-voiding 
reactivity effect. 

METHODS OF ANALYSIS 

Accidents in which propagation of failure proceeds 
from assembly to assembly through mechanical dam
age, thermal-hydraulic effects, or a combination of both 
are difficult to model analytically in the absence of ex
perimental data on the specific mechanism of propaga
tion. Analysis of specific events such as a single channel 
flow blockage and the resulting coolant voiding, the 
pressure pulse resulting from a fuel-coolant interaction, 
the resulting mechanical deformation of a single as
sembly wall, or the melt-through of an assembly wall 
due to contact with molten fuel, can be separately 
modeled and calculated within some margin of uncer
tainty. However, an adequate coupling of all of these 
mechanisms in a complete calculational package includ
ing all of the corresponding reactivity effects is not 

possible at the present time. In order to investigate the 
consequences of failure propagation leading to a more 
extensive core incident, it was necessary to utilize a 
computer code in which the reactivity effects and the 
power transient could be calculated as complete^ as 
possible. Of the safety related computer programs 
available, the MELT-II code1 appeared as the most 
readily usable to partially satisfy the objectives of the 
transient calculation for this stud}'. 

The MELT-II code couples a two-dimensional multi
channel thermal analysis with a corresponding multi
channel reactivity history for reactor transient and 
accident calculations. An average fuel pin in a number 
of thermal regions (channels) corresponding to annular 
rings in the core is analyzed with regard to calculating-
radial and axial temperature distributions in the pin 
and the axial temperature distribution in the coolant 
subchannel corresponding to that pin. Average tem
peratures in the pin are used to determine feedbacks 
due to fuel compaction, Doppler effect, and fuel/clad
ding thermal expansion. The core average coolant tem
perature is used to determine a coolant density (expan
sion) feedback effect. In many accident situations the 
reactivity effect from coolant voiding is extremely im
portant, and three voiding models arc included in 
MELT-II. The first of these is a slug ejection model 
based on the BLOW code,3 the second is a simple slug 
ejection model in which the driving pressure is from 
fission gas release, and the third is a simple slug ejec
tion model in which the driving pressure is from an 
assumed fuel-coolant interaction. An option allowing 
voiding to proceed according to an input time function 
is also available. A fuel collapse model (see Ref. 2) is 
included in which the point of collapse is calculated 
according to the condition of the fuel pin at a given 
axial location. All of the fuel above that axial position 
is then assumed to fall under gravitational acceleration. 
A number of trip conditions for the voiding models 
and for the fuel collapse model may be set according to 
input values. Reactivity effects due to voiding and fuel 
movement are calculated using input two-dimensional 
worth distributions. In addition, an external driving 
reactivity may be input through a time table. 

In all calculations in this first phase of the study, the 
physical, nuclear, and thermal parameters were those 
used by the Pacific Northwest Laboratory (PNL) for 
their safety analysis work.4 The core description for the 
MELT-II runs used in this study was also the same 
as that used in the PNL work. Six thermal regions or 
channels were used with the first channel correspond 
ing to the center assembly, the second channel to the 
ring of six assemblies adjacent to the center assembly, 
and so forth, with the sixth channel corresponding to 
the sixth and last ring of core assemblies. 
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An explicit modeling of the initiating events for the 
failure propagation accident was not attempted in this 
study. Rather the approach used was to assume that a 
single assembly event may occur, such as a pressure 
pulse from a fuel-coolant interaction, which can com
promise the integrity of the adjacent assemblies and 
that the event itself may involve a reactivity effect. 
The latter possibility was included by estimating a 
range of reactivities which might result from a single 
assembly event, and four cases within this range were 
used in parametric studies involving the thermal me
chanical effects from the single assembly event. The 
assumed four reactivity case histories arc: (1) an §0.50 
insertion at a $2.50/sec rate, assumed to possibly arise 
from voiding the single assembly followed by a fuel 
collapse in that assembly; (2) a $0.20 step insertion 
possibly arising from voiding the assembly concurrent 
with a slight fuel compaction; (3) a net zero reactivity 
insertion, and (4) a —$0.30 step insertion assumed to 
arise from voiding the assembly concurrent with eject
ing from the assembly a certain fraction of the fuel. 

INSTANTANEOUS CLADDING RUPTURE 

As stated in the preceding section, three primary 
paths for the accident progression were investigated. 
The first of these, that of immediate cladding ruptures 
in the six adjacent assemblies, leading to fission gas 
release and subsequent rapid voiding, was modeled by 
assuming that the voiding began at the initial time and 
that the core and axial reflectors were voided within 20 
msec. This is extremely pessimistic in the sense that 
even with some fission gas release from high burnup 
assembly cladding ruptures, the gas release would be 
slow enough that the most immediate effects would be 
to reduce the coolant flow and to cause local voiding due 
to the fission gas itself. The consequent effect would be 
to enhance the possibility of heating the coolant to the 
point that normal boiling or voiding would begin. 
However, the assumed rapid voiding provides an upper 
limit on this effect. 

NON1NSTANTANEOUS CLADDING FAILURES 

The second case, that of extensive deformation 
(crushing) in the adjacent assemblies, was modeled by 
assuming that flow in these assemblies was reduced to 
20% of its normal value and that the coolant was 
heated until it reached a normal boiling temperature 
plus 100°K superheat. A slug ejection voiding rate 
(450 cm/sec) corresponding to the 100°K superheat 
ras used for this situation. Initially this rate of ejection 
t-as used for both the upper and lower void interfaces, 

but in later cases the lower slug ejection rate used was 
much slower (100 cm/sec and 20 cm/sec). This is per
haps more realistic since for this partial flow situation 

the lower liquid slug would tend to move much slower 
because of the hydraulic head at the inlet. Further, it is 
quite possible that liquid coolant would remain for some 
time in the lowest portion of the core in which the heat
ing rate is low. In these voiding cases, any axial segment 
of an assembly (or channel) was assumed to be insulated 
at the time that segment was voided, although varia
tions were run to determine the effect of cooling the 
pins through the coolant film on the pin surface which 
might remain after voiding had occurred. 

NO MECHANICAL DEFORMATION TO ADJACENT ASSEMBLIES 

The third case considered was that of no deformation 
to adjacent assemblies. This simply involved calculat
ing the power transient resulting from the initial reac
tivity effect (in the first two reactivity cases) from the 
malfunctioning assembly. The purpose of this was to 
determine if failures in other assemblies throughout the 
reactor might occur due to the power transient itself. 

F U E L COLLAPSE CONSIDERATIONS 

Fuel collapse was calculated in all cases with the 
gravity collapse model outlined above. Collapse was 
assumed to begin in a pin in which approximately 50% 
of the fuel at any axial segment was molten. This is per
haps overly conservative since the remaining solid fuel 
might retain enough structural integrity to support the 
pin until a greater percentage of the pin was molten. 
The exact time of the beginning of collapse, however, 
is not extremely important since it affects primarily the 
starting time scale of events and not the ultimate con
sequences. I t should be pointed out that collapse begins 
in segments of the pin which have been voided, and, in 
these cases, the cladding will be molten well before the 
beginning of collapse. 

F U E L CLADDING CRITERION 

The fuel-coolant interaction or instantaneous fission 
gas release criterion used in this analysis was influenced 
in part by the fucl-elemcnt-lifctimc model constructed 
by Bump5 in his development of the SWELL code. The 
code is designed to estimate when cladding of an 
LMFBR mixed-oxide element may fail under normal 
and off-normal power or thermal conditions. The basic 
approach used is the empirically developed function 
which relates the fuel-swelling induced pressure on the 
cladding to the pressure of the fission gas retained in 
the fuel. The changes in the fission gas pressure are 
directly related to the changes in the thermal conditions 
of the fuel. 

The correlation established with the available experi
mental data seems to indicate that cladding failure is 
to be expected when a fuel over-temperature (over
power or over-coolant temperature) condition of 25 to 
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50% exists. Although a generalization of the related 
data is difficult to discern, the cladding damage appears 
to be consistent with the condition that the fuel pin 
central region temperature is about 40°C above the 
melting point of 3040°K. This condition was assumed 
in the study to indicate cladding damage and conse
quent fuel-coolant interaction or instantaneous fission 
gas release. 

There are several reasons that make the correlation 
of cladding damage to fuel burnup conditions and 
cladding fluence somewhat unclear: 

1. The conductivity of the fuel (and hence tempera
ture distribution) as a function of irradiation time 
is not known. 

2. The extent of the reduction of the strength prop
erties of the structural cladding material is diffi
cult to relate to the fluence history under operat
ing conditions. 

3. The structural integrity of the observed stainless 
steel swelling is inadequately understood and 
therefore has not been included in fuel-element 
studies. 

These uncertainties make a more detailed analysis of 
fuel failure propagation unrealistic. Therefore, in scop
ing a design basis nuclear incident, large margins of un
certainties are reflected by adopting pessimistic se
quences of events, all with a high level of vagueness as 
to specific models. These margins of uncertainties can 
be minimized only with the generation of extensive ex
perimental data. 

GENERAL REMARKS 

Attempts were made in a few cases to estimate the 
effects of noncoherence of events on the ultimate con
sequences. The noncoherence was modeled in two ways. 
First, in some cases, fuel collapse w as assumed to begin 
with slightly different percentages of molten fuel in the 
six assemblies adjacent to the malfunctioning assembly. 
This could correspond to either varying degrees of struc
tural integrity in these assemblies, different fuel melting 
temperatures, or perhaps to slightly different power 
densities in these assemblies. In some flow reduction 
cases, noncoherence was also introduced by assuming 
different values of the reduced flow, in particular, 10, 
15, and 20 % in three pairs of the six assemblies. 

RESULTS 

As outlined above, the number of cases investigated 
in this part of the study was extensive. For this reason, 
two cases which essentially span all other cases will be 
discussed in detail. 

INSTANTANEOUS CLADDING RUPTURE 
The first case (Case IA) is that in which a $0.50 reac

tivity insertion at a $2.50/scc rate is introduced simul

taneously with the beginning of rapid voiding in the 
row of assemblies (Channel 2) adjacent to the center 
assembly because of cladding rupture and expulsion of 
sodium by escaping fission gas. This case provides in 
one sense an upper limit of the cases studied in that the 
reactor power remains high (a factor of two to three 
times normal power) until fuel collapse begins. 

In Table II-57-I are listed the secular sequence of 
events for four alternate paths to either the termination 
of the incident or the design basis core disassembly 
conditions. The Case I series of steps follows the heavy-
shaded line from the instantaneous clad failure as 
shown in the Accident Progression Chart (Fig. II-57-1). 
The variations within this case are mainly to explore 
the effect that fuel-coolant interaction or sodium void
ing in other core assemblies would have on the design 
basis accident. Case IA assumes that after fuel collapse 
has started in Channel 2 (1.7 sec after the initiating 
event), the core disassembly conditions are obtained 
by the positive feedback of further fuel collapse only. 
The design basis disassembly condition was chosen to 
occur at about 1.84 sec with a net reactivity input of 
about $0,986 and at a rate of $16/scc. 

A simulated fuel-coolant interaction is included in 
Case IB. An attempt was made to introduce a more 
probable conjecture that only some of the fuel elements 
(say one-third) in the other channels undergo cladding 
rupture at one instant in the accident. The cladding 
rupture in these channels are assumed to occur in
stantaneously with a consequent fuel-coolant interac
tion of fission gas release voiding the channel of its 
coolant. The criterion used to trip this event was dis
cussed in the Fuel Cladding Damage section. I t appears 
that the power and therefore the fuel temperature con
ditions for sodium ejection will occur in Channels 3 and 
5 within 3 msec of each other. The core disassembly 
conditions are then reached some 3 msec after cladding 
failures occur in Channel 5. I t appears that this se
quence of steps yields the more severe disassembly con
ditions, with net positive reactivity insertion being 
about $0.09 above prompt critical and with an insertion 
rate of $60/sec. The major component is the $49/sec 
ramp due to the sodium being ejected by either the 
fuel-coolant interaction or fission gas release or some 
combination of both phenomena. 

The last two cases listed are essentially slight varia
tions of the latter event. The purpose of Case IC is an 
attempt to explore the effects of voiding from the upper 
half section of the core. The effect of some fuel bein°-
ejected along with the sodium is investigated in Cas 
ID. As expected, these last two events tend to reduc. 
the positive sodium-voiding effect of Case IB with a 
slightly altered time sequence. The ramp rate and net 
positive reactivity at core disassembly conditions are 
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TABLE II-57-I. INSTANTANEOUS CLADDING R U P T U H E 

Time 

0 

20 msec 
30 msec 

200 msec 

1.7 sec 

<1.S4 sec 

1.84 sec 

1.825 sec 

1.828 sec 

1.831 sec 

1.821 sec 

1.825 sec 

1.831 sec 

1.825 sec 

1.830 sec 

1.832 sec 

Remarks 

a. React ivi ty ramp insertion dp/dt = $2-50/sec, due to sodium ejection and fuel collapse 
in single assembly malfunction. 

b . Voiding s ta r t s in six adjacent assemblies (Channel 2) a t midplane due to fission product 
gas release- Voiding ra te , ~2500 cm/sec. 

c. Coolant flow ra te essentially not disturbed throughout remainder of core. 
Power peaks to ~ 1 0 0 MW. 
Voiding completes in Channel 2. Power, ~ 5 0 0 MW. Doppler effective in power reduction. 
Power peaks to ~1400 MW. Inpu t react ivi ty complete. 

Fuel collapse s ta r t s in Channel 2. Power, ~ 8 0 0 MW. 

C A S E IA. N o F U E L - C O O L A N T INTEEACTION IN O T H E R CORE ASSEMBLIES 

Fuel collapse s ta r t s in Channel 3. 

Core Disassembly Conditions 

Fuel collapse and total positive react ivi ty insertion, dp/dt = S16/sec 

C A S E I B . F U E L - C O O L A N T INTERACTION' 
(Sodium Ejection Star ts from Core Axial Center Region) 

One-third fuel element failures in Channel 3. Ejection of sodium only. Voiding rate , 2500 
cm/sec. 

One-third fuel element failures in Channel 5. Ejection of sodium only. Voiding ra te , 2500 
cm/sec. 

Core Disassembly Conditions 

Total positive reactivity insertion, dp/dt = S60/sec. Fuel collapse SU/sec . Sodium ejec
tion, $49/sec 

C A S E IC . F U E L - C O O L A N T INTERACTION 
(Sodium Ejection Star ts from Core Upper Axial Region) 

One-third fuel element failures in Channel 3. Ejection of sodium only. Voiding rate , 2500 
cm/sec. Fuel collapse reactivi ty, dp/dt = S U / s e c 

One-third fuel element failures in Channel 5. Ejection of sodium only. Voiding ra te , 2500 
cm/sec. Fuel collapse reactivi ty, dp/dt = SU/sec . Sodium ejection react ivi ty, dp/dt = 
S16/sec. 

Core Disassembly Conditions 

Total positive reactivi ty insertion, dp/dt = $26/sec. Fuel collapse dp/dt = SU/sec . Sodium 
ejection, dp/dt = $15/sec. 

C A S E I D . F U E L COOLANT INTERACTION 
(Sodium with Fuel Ejection Star ts from Core Axial Center Region) 

One-third fuel element failures in Channel 3. Ejection of sodium and fuel (simulation) as
sumed as 30% of molten fuel in 15 cm central section. Voiding ra te , 2500 cm/sec. 

One-third fuel element failures in Channel 5. Ejection of sodium and fuel (simulation) as
sumed as 30% of molten fuel in 15 cm central section. Voiding ra te , 2500 cm/sec. Fuel 
collapse, dp/dt = $ l l / s ec . Sodium and fuel ejection, dp/dt = $28/sec. 

Core Disassembly Condition 

Tota l positive reactivi ty insertion, dp/dt = S35/sec. Fuel collapse, dp/dt = $ l l / s ee . So
dium and fuel ejection, dp/dt = S25/sec. 

Pmai = SO. 50 

Pnet = SO. 49 

Pnet = SO. 36 
Pinput, max = yO.50 

Pnet = SO. 70 
p„.t = SO. 26 

p»„ = SO. 986 

Pnet = S I . 09 

Pnet = $ 0 . 9 9 

Pnet = SI 03 

Pnet= SO. 99 

Pnet — S I .06 

Pnet = $ 1 . 0 3 
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$26/sec and $0.99; and $35/sec and $1.03 for Cases 
IC and ID respectively. 

NONINSTANTANEOUS CLADDING F A I L U R E S 

The second case (Case II) is that in which a step in
sertion of $ — 0.30 is introduced simultaneously with a 
flow reduction to 20 % in Channel 2. This case is signifi
cant in that the power transient wrould not be detected 
by a 20 % overpower scram trip until after fuel collapse 
had begun. A value of the lower void interface velocity 
of 20 cm/sec was found to yield a more pessimistic set 
of circumstances. Voiding began at about 25-30 cm 
above the core axial midplane, and with the above value 
for lower void velocity, fuel collapse began about 10 cm 
above the midplane. With higher downward voiding 
speeds, fuel collapse was found to begin only slightly 
above the midplane. This higher collapse initiation 
position led to a higher collapse reactivity addition rate 
since for the first 10 cm of downward movement fuel 
was not moving into the lower half of the core. 

The chain of events for two variations of this problem 
is listed in Table II-57-II. As indicated in the Accident 

Progression Chart (Fig. II-57-1), there is an expected 
time delay between the onset of the mechanical defor
mation with a partial flow blockage and cladding failure. 

As anticipated, the characteristic time leading to a 
fuel collapse situation for this class of accident is 
lengthened to 6.7 sec compared with 1.7 sec as in the 
Case I series accidents. 

In Case IIA, it is assumed that the fuel-coolant inter
action event does not occur. The computations indicate 
that core disassembly conditions are to be expected 200 
msec after fuel collapse starts in Channel 2. I t appears 
that the onset of fuel melting in Channels 3, 4, and 5 
is delayed long enough by the coolant flow in these 
channels that the fuel collapse does not contribute to the 
positive reactivity ramp of $12/sec from Channel 2. 

Cladding failure followed by sodium ejection from 
either the fuel-coolant interaction or the fission gas 
release mechanism is considered in the alternate Case 
IIB. Consequently, the core disassembly conditions 
are established some 4 msec sooner but with a total 
positive ramp of $42/sec and a net reactivity of $0.07 
above prompt critical. 

TABLE II-57-II . NONINSTANTANEOUS CLADDING F A I L U R E S 

Time 

0 

1 msec 

1.22 sec 

6.2 sec 
6.3 sec 
6.7 sec 

6.889 sec 

6.898 sec 

6.889 sec 

6.892 sec 

6.894 sec 

Remarks 

Negat ive react ivi ty step insertion p(0) = $—0.30 due to assumed instantaneous ejection 
of fuel and sodium in single assembly malfunction. 

a. Par t ia l flow reduction in six adjacent assemblies, coolant flow ra te reduced to 20% of 
critical flow. 

b . Coolant flow not disturbed throughout remainder of core assemblies. 
Voiding s ta r t s in six adjacent assemblies (Channel 2) in the upper axial core region. Up

ward ra te of voiding, 450 cm/sec. Downward ra te of voiding, 20 cm/sec. Power, 250 MW. 
Fuel melting s ta r t s in Channel 2. Power, 357 MW. Doppler effective in reducing power. 
Avoiding completes in Channel 2. Power 355 MW. 
Fuel collapse s ta r t s in Channel 2. Power, 355 MW. 

C A S E I IA. N o F U E L COOLANT INTERACTION 
Fuel melting s ta r t s in Channels 3, 4, and 5. Tota l positive react ivi ty insertion, dp/dt = 

$12/sec. 

Core Disassembly Condition 

Fuel collapse and tota l positive react ivi ty insertion, dp/dt = $12/sec. 

C A S E I I B . F U E L - C O O L A N T INTERACTION 
(Sodium and Fuel Ejection Simulated) 

Fuel melting s ta r t s in Channels 3, 4, and 5. Tota l positive react ivi ty insertion, dp/dt = 
$12/sec. 

One-third fuel element failures in Channels 3 and 5. Ejection of sodium and fuel simulated. 
Fuel collapse reactivi ty, dp/dt = $12/sec. Sodium and fuel ejection react ivi ty, dp/dt = 

$30/sec. 

Core Disassembly Condition 

Total positive react ivi ty insertion, dp/dt = $42/sec. Fuel collapse dp/dt = $12/sec. Sodium 
and fuel ejection, dp/dt = $30/sec. 

Pnet = $ 0 . 2 6 

Pnet = $ - 0 . 0 4 
Pnet = $ — 0 . 0 5 
Pnet = $ - 0 . 0 5 

Pnet = SO. 97 

Pnet = $ 0 . 9 7 

Pnet = SO. 97 

Pnet = S I . 03 

Pnet ~ $ 1 . 0 7 

I* 
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CASE I I I — N O DEFORMATION IN ADJACENT ASSEMBLIES 

As mentioned previously, a problem was studied in 
which the initial malfunctioning assembly introduced 
only a reactivity effect with no accompanying deforma
tion of the adjacent assemblies. The resulting power 
transients for the two reactivity cases calculated (a 
$0.50 insertion at $2.50/sec and a $0.20 step insertion) 
were relatively mild. In the first of these two, some 
cladding failures could possibly have occurred after 
about 5 sec from the time of initiation, but, in the sec
ond case, fuel failure was not likely within 10 sec after 
initiation, at which point the problem was stopped. 
Although it is perhaps possible that the reactivity con
tributed by a single malfunctioning assembly could ini
tiate a relatively slow transient in which fuel failures 
could occur and lead to a disassembly condition, the 
probability of these events occurring combined with the 
probability of no protective action is extremely low. 
Further, this accident is bounded in consequences by 
the other accidents investigated in this study. 

INTERMEDIATE CASES 

A number of other problems were studies involving 
the four initiating reactivity cases and the two primary 
paths discussed above. Results for these problems were 
generally the same as for Cases I and II, although the 
time sequence of events varied from problem to prob
lem. All of these cases terminated with the core in a 
disassembly condition with the exception of a problem 
intermediate to Cases I and II above. For this problem, 
the initiating events were a $0.30 step reactivity inser
tion combined with the initiation of rapid voiding in 
Channel 2. Disassembly conditions were not reached 
since the fuel collapse reactivity became negative before 
sufficient energ}' had been generated to cause further 
fuel failure or disassembly conditions to be reached. 

F U E L COLLAPSE VARIATIONS 

The fuel collapse model used for the previous prob
lems is in several ways limited. For example, it is un
likely that fuel pins can fall completely unimpeded in 
their motion. The fuel collapse in Refs. 1 and 2 allows 
the use of a frictional term such that the collapsing fuel 
is accelerated by gravity until it reaches a terminal 
velocity. Two problems were studied in which this op
tion was used with a terminal velocity of 10 cm/sec 
and 100 cm/sec, respectively. With the 10 cm/sec ter
minal velocity, the transient was essentially controlled 
Sy the Dopplcr feedback. The collapse reactivity addi-
ion rate was low, and the reactor power rise was rela

tively slow. 
Sufficient fuel was moving into the lower half of the 

core to cause the collapse reactivity to become negative 

before further fuel failure or disassembly conditions 
could be met. With the 100 cm/sec terminal velocity, 
the accident sequence was about the same as for the 
corresponding case w ithout a frictional effect. Although 
in this case the peak fuel collapse reactivity rate was 
lowered by about 30 %, the power rise was sufficient to 
lead to conditions for further fuel failures or disassem
bly. These results indicate that for this particular acci
dent situation, simply slowing the fuel collapse can 
prevent reaching disassembly conditions despite the 
fact that the peak collapse reactivity may be constant. 

I t is difficult to assess the magnitude of forces resist
ing fuel collapse, although several effects may contrib
ute. Certainly liquid viscosity will tend to slow the 
flow of molten fuel and this effect can be assessed if a 
reasonable model of the flow configuration can be de
veloped. More difficult to assess are such forces as 
pressures created by fission gas release as more fuel be
comes molten or by fuel vapor pressure from the ex
tremely hot fuel in the initial collapse region. 

I t should be expected that if more sophisticated 
models including these effects were developed, the 
probability of localized fuel collapse leading to disas
sembly, as considered in this study, could be consider
ably reduced. 

T H E E F F E C T OF NONCOHERENT F U E L COLLAPSE 

As mentioned in the preceding section, an attempt 
was made to determine the effect of noncoherence of 
events in the six assemblies (Channel 2) adjacent to the 
malfunctioning assembly. A calculation was made of a 
case corresponding to Case I but in w hich collapse was 
initiated with a variation in the collapse initiation 
criterion. Specifically, in three pairs of the six assem
blies, the collapse initiation temperatures in the fuel 
node monitored were set at 2950, 3040, and 3050°K (a 
melting temperature of 3040°K was used). The result 
of this was to decrease the effective reactivity addition 
from fuel collapse such that the transient was ter
minated without reaching further fuel failure or dis
assembly conditions. This occurred since the first of the 
three pairs of assemblies to begin collapsing had col
lapsed approximately 20 cm and was contributing a 
negative collapse reactivity before the second pair be
gan collapsing. 

A case was calculated corresponding to Case II but 
in w hich noncoherence w as introduced by reducing the 
flow to 10, 15, and 20 % respectively in the three pairs 
of assemblies in Channel 2. The results for this problem 
were much the same as for the collapse initiation non-
coherence problem discussed above. Again, the transi
ent was terminated due to a negative collapse reactivity 
from the first pair of assemblies to begin collapsing. 
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These results indicate that a relatively modest devia
tion from complete coherence of fuel collapse in these 
six assemblies may preclude reaching disassembly con
ditions. I t is difficult to specifically identify the validity 
of all sources of noncoherence, but the effect is to cither 
lessen the severity of the accident or to lessen the proba
bility of its occurrence. 

DISCUSSION 

A general comment consistent Avith the results of this 
study is that failure propagation leading to further core 
damage may proceed via several paths. Since the objec
tive of this studj' w as to explore core disassembly con
ditions in order to set design criteria, minimal effort was 
applied to explore the alternate end condition (see Fig. 
II-57-1, Accident Progression Chart) of terminating the 
accident without a violent core disassembly. To estab
lish a case for this event would require more experi
mental data than are available in order both to better 
define the physical condition of the core and to develop 
less pessimistic analytical models. 

To accomplish this, detailed and specific data must 
be generated on: 

1. Fuel and clad thermal conductivity as a function 
of burnup, 

2. Physical properties and the structural integrity of 
the fuel and clad material at several levels of 
irradiation, 

3. Fuel and clad behavior under thermally induced 
stresses at high burnup and fluences, 

4. The spatial distribution of fuel material in over-
temperature conditions, 

5. Fuel coolant interaction mechanisms, 
6. Fuel collapse mechanisms. 

This partial listing of required data should be obtained 
under conditions similar to those anticipated in an 
LMFBR power reactor. Furthermore, it is inadequate 
to rely mainly on integral type experiments for model
ing mechanisms that are to be included in a total sys
tems analysis program. 

The uncertainties in physical and neutronic data are 
important; how ever, these are often secondary in mag
nitude compared with the lack of knowledge concerning 
specific events in the accident sequence. For example, 
pressure pulses from molten fuel-coolant interactions 

severe enough to grossly deform surrounding assemblies 
have not been experimentally verified. Similarly, there 
are uncertainties associated with the nature of sodium 
voiding, fission gas release, and fuel collapse. These un
certainties are reflected in pessimistic models which in 
turn give pessimistic solutions. The result is an analysis 
w hich dampens the effect of the uncertainties by over
estimating the consequences of each event. 

In the absence of more data and better models, a 
determined effort was made to reflect a reasonable level 
of pessimism at each step in the sequence of events. For 
example, the assumption that only one-third of the 
cladding failed in other channels w as influenced by the 
one-third batch loading program usually planned for 
LMFBR studies. One assumes here that if an assem
bly of fuel elements is under conditions for malfunction, 
then a reasonable pessimistic conjecture is that a good 
fraction of that batch may also undergo damage and 
this could occur at any stage of burnup. The upper 
bound of the pessimistic assumption would be to as
sume that the whole channel of assemblies would be 
damaged simultaneously. 

The most adverse design basis disassembly conditions 
of the problems studied are those associated with Case 
IB in which the sodium-voiding effect added a $49/sec 
ramp to the fuel collapse ramp of $ll/sec. However, if 
one assumes that some fuel is ejected with the sodium 
(Cases ID and IIB), then the total $42/sec ramp for 
this case could be used as an acceptable initiating con
dition for the design basis core disassembly. 
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11-58. Comparison of Filter Effects in t he Design of the Fuel 
Element Failure Propagat ion Loop (FEFPL) 

A. E. MCARTHY 

Calculations have been made to study the effects of 
changes in filters on neutron fluxes and power distribu
tions in the design of the Fuel Element Failure Propaga
tion Loop. The loop is to be irradiated in the Engineer
ing Test Reactor (ETR). Several problems were solved 
in investigating the.effects of different combinations in 

the borated filter region (Region 6) and the cadmium 
filter region (Region 10). One dimensional transport 
theory in the ARC system1 was employed for calcula
tions, using cross section set 201. 

In the cylindrical geometry used for the calculational 
model, the volume of the assembly containing 19 fuel 

Re
gion 
No. 

1 

2 

3 

4 

5 

6 

7 

S 

9 

Material 

Fuel cylinder of 
i rradiated 
assem. 

U 0 2 

Sodium 
Steel 

Flow dividers 
and helium 

Steel 

Helium 

Sodium 

Fil ter 
Steel 

Boron (at.) 

Sodium 

Pr imary vessel 
and helium 

Steel 

Helium 
Secondary vessel 

and helium 
Steel 

Outer 
Radius, 

cm 

1.72 

1.872 

3.332 

3.814 

4.106 

4.398 

5.117 

5.878 

6.596 

TABL 

Volume 
Fraction 

0.44 

0.42 
0.166 

1.0 

1.0 

0.685 

0.315 

1.0 

0.936 

0.064 

1.0 

0.789 

0.216 

0.789 

E II-58-I. F E F P L C 

Atom Density, 
1024 

23 5TJ 

238TJ 

0 
Na 
Fe 
Cr 
Ni 
F e 
Cr 
Ni 
N a 

Fe 
Cr 
Ni 

Na 

Fe 
Cr 
Ni 
B 

Na 

Fe 
Cr 
Ni 

Fe 
Cr 

0.006991 
0.001914 
0.01782 
0.01034 
0.009844 
0.003071 
0.001361 
0.059 
0.0185 
0.0082 . 
0.02461 

0.0406 
0.01267 
0.005614 

0.02461 

0.0552 
0.0173 
0.00768 
0.008811 

0.02461 

0.0463 
0.0145 
0.00643 

0.0468 
0.0146 

ALCULATION CONFIGURATIOIS 

Re 
gion 
No. 

10 

11 

12 

13 

14 

15 

16 

Material 

Helium 
Fil ter 

Cadmium 

Water 

Flow shroud 
Aluminum 

Water 

E T R core 
Water 

Aluminum 
Steel 
Zirconium 
Nickel 
23 5TJ 

238TJ 

B(Nat . ) 

Beryllium ref. 
Water 

Aluminum 
Beryllium 

Aluminum ref. 
Water 

Aluminum 
Steel 

Uranium 

Outer 
Radius, 

cm 

6.67 

7.14 

7.30 

7.62 

43.50 

54.93 

70.17 

Volume 
Fraction 

0.211 

1.0 

1.0 

1.0 

1.0 

0.4955 

0.4339 
0.03855 
0.0155 
0.0135 
0.00265 
0.0002 
0.0002 

0.0642 

0.0444 
0.8932 

0.1233 

0.8586 
0.0142 

0.00005 

Atom Density, 
10" 

Ni 

Cd 

H 
O 

Al 

H 
O 

O 
H 
Al 
Zr 
Fe 
Cr 
Ni 
23 5JJ 

238'[J 

0.00647 

0.0464 

0.0656 
0.0328 

0.0602 

0.0656 
0.0328 

0.01625 
0.0325 
0.0261 
0.000656 
0.00229 
0.000713 
0.001546 
0.0001267 
0.00000956 

B(N) 0.0000210 

H 
O 
Al 
Be 

H 
O 
Al 
Fe 
Cr 
Ni 
235TJ 

0.004094 
0.002047 
0.00267 
0.1104 

0.008088 
0.004044 
0.05169 
0.000842 
0.0002627 
0.0001164 
0.00000239 
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elements of UO2 (the central element plus 6 and 12 
elements in the next two rings) with associated sodium 
and steel formed the central region in four of the prob
lems. Other adjoining cylindrical annuli of the irradia-
ated assembly consisted of sodium, flow dividers, filters, 
and containment vessels. The configuration comprised 
a total of 16 regions with ETR core material, the 
beryllium reflector, and the aluminum reflector forming 
Regions 14, 15, and 16, respectively. The central fuel 
cylinder region was homogenized. The U0 2 was 88.5 % 
of theoretical density and the uranium was 78.5 % en
riched. Table II-58-I lists the materials, volume frac
tions, compositions, atom densities, and radh of the 
regions. The od of each fuel element, including the 15 
mil steel cladding, was 0.23 in. The small amount of 
helium in regions 4, 8 and 9 was not included in the in
put of atom densities. 

Data for the fuel elements, region compositions, radii 
of assemblies, ETR core material, and outside regions 
were obtained from Refs. 2 and 3. 

A borated (2 w/o natural boron in steel) filter region 

TABLE II-58-II. FEFPL CALCULATION CONFIGURATION 
(Central regions) 

Region 
No. 

1 

2 

3 

Material 

Fuel element 
UOa 

Steel 

Fuel elements 
+ sodium 

U02 

Steel 

Sodium 
Fuel elements 

+ sodium 
U02 

Steel 

Sodium 

Outer 
Radius, 

cm 

0.2921 

1.00605 

1.72 

Volume 
Fraction 

0.71386 

0.28614 

0.41766 

0.1674 

0.41494 

0.39778 

0.15945 

0.44277 

Atom Density, 
1024 

23 6U 0.014279 
238U 0.001075 
O 0.0307 

Fe 0.016882 
Cr 0.0052936 
Ni 0.002346 

236U 0.007635 
23IU 0 001347 
O 0.01796 

Fe 0.009877 
Cr 0.0030969 
Ni 0.0013727 

Na 0.010212 

236U 0.006330 
238U 0 002224 
O 0.01710 

Fe 0.0094076 
Cr 0.0029498 
Ni 0.0013075 

Na 0.010897 

twice as thick as that listed in Table II-5S-I, and with 
steel replacing cadmium in Region 10, yielded about the 
same maximum-to-avcragc fission power (1.18) in the 
test assembly as did the Table II-58-I configuration. 
The thicker borated filter region plus cadmium in 
Region 10 resulted in only a small decrease in the value 
of the maximum-to-averagc power ratio (1.18 to 1.16) 
but produced a large decrease in the pow cr generated in 
a test assembly fuel element (fiom 9.5 kW/ft for the 
configuration in Table II-5S-I and 9.1 kW/ft for the 
case with the thick borated filter region and no cad
mium, to 8.2 kW/ft). With sodium replacing the 
borated steel in Region 6, the cadmium filter produced 
a maximum-to-average value of 1.23, with an average 
power of 11.8 kW/ft generated in a fuel element in the 
test assembly. 

A calculation was made using the Table II-58-I con
figuration data except that the central region was re
placed by three regions. The new regions consisted of a 
central region of one fuel element and Regions 2 and 
3 containing 6 and 12 fuel elements, respectively. 
Table II-5S-II lists the data for these three regions. 
The uranium in the central clement was 93 % enriched. 
The elements in Region 2 contained 85% enriched 
uranium and the uranium in Region 3 was 74% en
riched. The results of the calculation using these three 
enrichments in the fuel elements of the assembly being 
irradiated showed a radial maximum-to-average fission 
rate of 1.6 and an average power of 9.32 kW/ft in each 
of the 19 fuel elements. 

Calculations including only the cadmium filter (so
dium in the borated filter region) gave a maximum-to-
avcragc fission rate of 1.5 and an average power of 
11.5 kW/ft in each of the 19 fuel elements. 

Further analyses were made of the effects of filters 
and enrichment combinations in the Fuel Element 
Failure Propagation Loop design. The geometry, cal-
culational methods, and fuel elements in the irradiated 
assembly were the same as those described above. Cal
culations were made with 7, 19, and 37 fuel elements in 
the irradiated assembly. One fuel clement was in Region 
1 with 6, 12, and 18 fuel elements in Regions 2, 3, and 4, 
respectively. In each of the calculations results were 
found for the following cases: inclusion of both filters, 
inclusion of no filters, inclusion of a cadmium filter only, 
inclusion of only the borated steel filter (2 w/o natural 
boron in steel), and inclusion of a cadmium filter lo
cated in the boron filter position (the remainder of the 
boron filter region having been replaced by sodium). 
When the boron filter was not used it was replaced 
with sodium, and when the cadmium was not used it 
wras replaced with steel. 

The central fuel element was always 93% enriched 
and the uranium in Region 2 was 78% enriched in the 
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TABLE II-5S-I1I. FEFPL CALCULATION CONFIGURATION 

Re
gion 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Material 

Fuel region 
U 0 2 

Sodium 
Steel 

Fuel region 
UO2 

Sodium 
Steel 

Fuel region 
UO2 

Sodium 
Steel 

Fuel region 
U 0 3 

Sodium 
Steel 

Steel 

Sodium 

Flow dividers 
and helium 

Steel 

Helium 

Sodium 

Fil ter 
Steel 

Boron (Nat.) 

Outer 
Radius, 

cm 

0.434 

1.12 

1.78 

2.44 

2.592 

3.332 

3.S14 

4.106 

4.398 

Volume 
Fraction 

0.3430 

0.5197 
0.1373 

0.3631 

0.4914 
0.1455 

0.4045 

0.4334 
0.1621 

0.4169 

0.416 
0.1671 

1.0 

1.0 

0.685 

0.315 

1.0 

0.936 

0.064 

Atom Density, 
10M 

23 5TJ 

238]J 

O 
N a 
Fe 
Cr 
Ni 

23 5TJ 
23SJJ 

0 
N a 
Fe 
Cr 
Ni 

235TJ 
23SJJ 

0 
N a 
Fe 
Cr 
Ni 

23 5U 
23STJ 

0 
N a 
Fe 
Cr 
Ni 

Fe 
Cr 
Ni 

N a 

Fe 
Cr 
Ni 

N a 

Fc 
Cr 
Ni 
B 

0.00686 
0.000516 
0.01475 
0.01279 
0.008142 
0.002540 
0.001126 

0.006403 
0.001406 
0.01561 
0.01209 
0.008628 
0.002692 
0.001193 

0.006089 
0.002610 
0.01739 
0.01067 
0.009613 
0.002999 
0.001329 

0.004931 
0.004034 
0.01793 
0.01024 
0.00990 
0.003091 
0.001370 

0.059 
0.0185 
0.0082 

0.02461 

0.0406 
0.01267 
0.005614 

0.02461 

0.0552 
0.0173 
0.00768 
0.008811 

Re
gion 
No. 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Material 

Sodium 

Pr imary vessel 
and helium 

Steel 

Helium 

Secondary vessel 
and helium 

Steel 

Helium 

Fil ter 
Cadmium 

Water 

Flow shroud 
Aluminum 

Water 

E T R core 
Water 

Aluminum 
Steel 
Zirconium 
Nickel 
236TJ 

238TJ 

B (Nat.) 

Beryllium ref. 
Water 

Aluminum 
Beryllium 

Aluminum ref. 
Water 

Aluminum 
Steel 

Uranium 

Outer 
Radius, 

cm 

5.117 

5.878 

6.596 

6.67 

7.14 

7.30 

7.62 

43.50 

54.93 

70.17 

1 

Volume 
Fraction 

1.0 

0.789 

0.216 

0.789 

0.211 

1.0 

1.0 

1.0 

1.0 

0.4955 

0.4339 
0.03855 
0.0155 
0.0135 
0.00265 
0.0002 
0.000154 

0.0624 

0.0444 
0.8932 

0.1233 

0.8586 
0.0142 

0.00005 

Atom Density, 
1024 

Na 

Fe 
Cr 
Ni 

Fe 
Cr 
Ni 

Cd 

H 
O 

Al 

H 
O 

O 
H 
Al 
Zr 
Fe 
Cr 
Ni 
23 6U 
238TJ 

0.02461 

0.0463 
0.0145 
0.00643 

0.0468 
0.0146 
0.00647 

0.0464 

0.0656 
0.0328 

0.0602 

0.0656 
0.0328 

0.01625 
0.0325 
0.0261 
0.000656 
0.00229 
0.000713 
0.001546 
0.0001267 
0.00000956 

B(n) 0.0000210 

H 
O 
Al 
Be 

H 
O 

Al 
Fe 
Cr 
Ni 
23 6 U 

0.004094 
0.002047 
0.00267 
0.1104 

0.008088 
0.004044 

0.05169 
0.000842 
0.0002627 
0.0001164 
0.00000239 
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TABLE II-58-IV. R A T I O OF R A D I A L MAXIMUM-TO-AVERAGE 
P O W E R IN THE IRRADIATED F E F P L ASSEMBLY 

Filter 

Cd and B 
None 
B 
Cd 
Cd in inside fil ter posi

tion 

Number of Fuel Elements in 
Irradiated Assembly 

7 

1.06 
1.38 
1.12 
1.08 
1.07 

19 

1.13 
1.71 
1.23 
1.17 
1.14 

37 

1.12 
1.90 
1.25 
1.17 
1.14 

TABLE II-58-V. AVERAGE P O W E R IN A F U E L E L E M E N T OF 
THE IRRADIATED ASSEMBLY, kW/ft 

Filter 

Cd and B 
None 
B 
Cd 
Cd in inside filter posi

tion 

Number of Fuel Elements in 
Irradiated Assembly 

7 

12.2 
34.6 
15.2 
15.8 
15.1 

19 

8.79 
22.0 
10.7 
11.0 
10 6 

37 

6.85 
15.8 
8.17 
8.34 
8.14 

7-fuel-element calculations. For the 19-fuel-element 
calculations the uranium in the region of 6 fuel elements 
had an enrichment of 80% and in the region with 12 
fuel elements an enrichment of 65%. Calculations 
involving 37 fuel elements had enrichments of 82%, 
70%, and 55% in the regions of 6, 12, and 18 fuel 
elements, respectively. Table II-58-III lists the ma
terials, volume fractions, compositions, atom densities, 
and radii of the regions. These values are for the 37 
element case, and include both filters and uranium 
enrichments of the irradiated assembly for this case. 

To assist in the design of the Fuel Element Failure 
Propagation Loop (FEFPL), calculations have been 
made to estimate the dose rates due to gamma rays 
from the radioactive sodium and fission products con
tained in the loop after irradiation at the center of the 
Engineering Test Reactor (ETR). An array of 19 fuel 
elements located at the center of FEFPL and contained 

Table II-5S-IV lists the ratio of the radial maximum-
to-averagc power in the irradiated assembly for the 
different filter situations and the average power in a 
fuel clement of the irradiated assembly is given in 
Table II-5S-V. 

Additional calculations were made using the con
figuration specified m Table II-58-III with 19 fuel 
elements in the irradiated assembly and no filtcis. The 
values for the radial maximum-to-average fission power 
in the test assembly were 1.54, 1.38, 1.33, and 1.55 for 
uranium enrichments in Region 3 of 0.4333, 0.3250, 
0.2167, and 0.160, respectively. The values for the 
average power generated in a fuel element weie 19.4, 
17.9, 16.3, and 15.3 kW/ft, respectively. 

For an enrichment of 85% in Region 2 (5% more 
than in the above calculations) and enrichments of 
0.3250 and 0.160 in Region 3, the radial maximum-to-
averagc fission power ratios in the assembly were 1.37 
and 1.61 and the average powers generated in a fuel 
element were 18.1 and 15.5 kW/ft, respectively. 

A final calculation for 19 fuel elements in the irradi
ated assembly and with no filters gave radial maximum-
average fission power ratio in the test assembly of 1.30 
and an average power generated in a fuel element of 
16.6 kW/ft. In this calculation the uranium in Region 2 
had an enrichment of 0.694 and in Region 3 an enrich
ment of 0.265. The average power in each element of 
Region 1 w as 15.9 kW/ft, in the elements of Region 2, 
16.9 kW/ft, and in the elements of Region 3, 16.5 
kW/ft. 
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in a cylinder of radius 1.96 cm was considered in the 
calculation. The loop included the neutron filter, con
tainment vessels, sodium, and an outside aluminun 
wall. The U02 of each fuel element had a radius o 
0.10 in. and the outside diameter of each element, in
cluding the steel cladding, was 0.230 in. A cross section 
of the loop is shown in Fig. II-59-1. 

11-59. G a m m a - R a y D o s e R a t e s f r o m R a d i o a c t i v e S o d i u m a n d F i s s i o n P r o d u c t s i n t h e 
F u e l E l e m e n t F a i l u r e P r o p a g a t i o n L o o p ( F E F P L ) 

A. E. MCARTHY 
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F I G . II-59-1. Cioss Section of Fuel Element Failure Propa
gation Loop for Testing in E T R Core. ANL Neg. No. 900-1056. 

Dose rates due to fission products were found at a 
point 1 cm from the outside surface of the loop at the 
midplane and 1 cm above the top of the loop on the 
axial ccnterline. The dose rate 1 cm above the top of 
the loop was calculated for the fission products con
tained in the 91.44-cm-long source cylinder and also for 
the condition where all fission products were assumed 
to be uniformly distributed in the total coolant volume. 
The dose rate due to sodium activity was found for a 
point 1 cm above the top of the loop (143 cm above the 
top sodium surface) on the axial centerline. For this 
determination, and in the calculation for the fission 
products uniformly distributed in the coolant, the total 
volume of coolant w as assumed to be in a cylinder w ith 
its top surface at the same level as the top of the sodium 
in the loop. The cylinder was assumed to have a radius 
of 6 in. 

DOSE RATES FROM ACTIVITY OF FISSION PRODUCTS 

Fission product source values for decay gamma rays 
(MeV/fission) were based on values listed in Ref. 1. 
For conservatism, equilibrium fission products were as
sumed and 6 h of cooling were included. Calculations 
were made for three energy groups and conservative 
attenuation coefficients were used for the energies rep
resented in each group. The fission power in the loop 
was determined by the total UO2 volume in the 19 ele
ments (352.1 cm3) and an assumed power density of 
2000 W/cm3 of U02 (an average of 12.4 kW/ft). All 
fission product dose rates can be increased in proportion 
to any increase in power density. 

The gamma-ray flux for each source energy group 
w as calculated by the upper limit formula2 for the axial 
ccnterline at the end of a cylinder. An average source 
density was determined for each group by assuming 
,he total fissions in the 19 fuel elements to be uniformly 
listributed in the source cylinder having a radius of 
1.96 cm and a length of 91.44 cm. In calculating the 
flux 1 cm above the top of the loop with the fission 
products contained in the source cylinder, a 510.5 cm 

thickness of sodium with a density of 0.82 g/cm3 was 
considered to be the shield above the source. 

The formula given in Ref. 2 for midplane flux calcula
tions was used to find the group fluxes 1 cm outside the 
loop at the midplane, with thicknesses of the materials 
in the loop regions outside the source cylinder serving 
as shielding. 

In all cases the calculated fluxes were converted to 
dose rates using the conveision factors given in Ref. 3. 
Table II-59-I lists the source values used for the fission 
product delayed gamma rays and includes 6 h of cooling. 

The dose rate due to gamma rays from fission prod
ucts in the source cylinder was calculated for a dose 
point 1 cm outside the loop in the loop midplane. This 
dose rate was calculated to be 2.5 X 106 R/h. The dose 
rate from this same source at a point 1 cm above the 
loop on the axial centerline was about 2 mR/h. The 
dose rate from fission product activity at a point 1 cm 
above the loop on the axial centerline, with all fission 
products uniformly distributed in the coolant and all 
the coolant in the assumed cylinder, w as calculated to 
be 2.8 X 10" R/h. 

DOSE RATES FROM SODIUM ACTIVITY 

Equilibrium activity of the sodium in the loop with 
6 h of- cooling was used in the dose rate calculations. 
After five days of irradiation the sodium reached over 

T A B L E II-59-I. F I S S I O N PRODUCT SOURCE VALUES 

Energy Group 
Source Cylinder 

Average Source Density, 
MeV/cm3-sec 

1.34 X 1013 

5.7 X 1012 

4.2 X 1010 

Source Uniformly 
Distributed in Coolant, 

MeV/cm'-sec 

1.6 X 10" 
6.7 X 101" 
5.0 X 108 

T A B L E II-59-II . N E U T R O N F L U X E S FOR SODIUM ACTIVITY 
CALCULATIONS 

Group 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Inside Neutron Filter, 
n/cm 2-sec 

1.2 X 10" 
1.9 X 10>4 

1.9 X 1011 

1.2 X 1014 

9 3 X 1013 

8.3 X 1013 

6.5 X 1013 

3.5 X 1013 

3.1 X 1013 

2.6 X 1013 

3.0 X 1013 

3.0 X 1012 

3.0 X 1012 

— 

Outside Neutron Filter, 
n/cm2-

1.0 
1 5 
1.7 
1.2 
1.0 
9 0 
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99 % of its equilibrium activity. Uniform mixing of the 
sodium in the loop was assumed, and the saturated ac
tivity was calculated by finding the total neutron cap
ture rate by sodium in all energy groups (absorptions/ 
sec) in the volume of sodium in the activating flux 
region and dividing by the total sodium volume circu
lating in the loop (6.74 X 104 cm3). Any increase in the 
total sodium volume would cause a proportional de
crease in the calculated dose rates. 

Multigroup neutron fluxes were obtained by calcula
tions using the SNARG-1D and SNARG-2D codes of 
the ARC system.4'5 The midplane flux distributions 
were calculated for 16 energy groups for a configuration 
including the ETR core and inserted loop. The cadmium 
filter had a thickness of 35 mils. 

Fluxes used in the sodium activity calculations were 
derived from calculations for the seven-fuel-element test 
assembly. Flux values for the 19 element assembly 
should not be sufficiently different to produce a sig
nificant error in the calculated sodium activity. A con
servative average value for each of the 16 group fluxes 
at the midplane was estimated and used in the activity 
calculations. The volume of sodium in the 3 ft long fuel 
element region was used as the irradiated sodium vol
ume. The sodium volume inside the filter in this region 
was 3142 cm3 and the volume outside was 897 cm3. 
Group fluxes used in the activity calculations are listed 
in Table II-59-II. Neutron absorptions by sodium in 
groups 1 and 2 are insignificant and these fluxes are not 
shown. The sodium absorption cross sections and the 
16 group energy limits are given in Ref. 3. 

The saturated activity of the sodium in the loop was 
calculated to be 1.8 X 1010 dis/cm3-sec or 0.48 Ci/cm3. 
This activity gives a gamma-ray source value for the 
flux calculation of 2.5 X 1010 MeV/cm3-sec for the 1.38 
MeV photon, and 4.9 X 1010 MeV/cm3-sec for the 2.76 
MeV photon. The sodium throughout the loop was as
sumed to be at a temperature of 550°C and have an 
atom density of 2.147 X 1022 atoms/cm3. 

The dose rate due to sodium activity at a point 1 
cm above the top of the loop with all of the sodium in 
the assumed cylinder was calculated to be 7.9 X 103 

R/h and includes 6 h of decay. 
Possible errors in the sodium absorption cross sec

tions could result in the calculated activity being too 
low. However, the calculational model used in deter
mining the dose rate is believed to be conservative. 
The dose rate should be no more than 30 % higher than 
the calculated value. 
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Section III 

Experimental Techniques and Facilities 

Measured integral reactor physics parameters are necessary for either direct in
troduction into reactor design calculations or for comparison with values obtained 
analytically using basic microscopic cross section data. In the latter case the objec
tive is to verify either the cross section data or the calculational techniques. Reac
tor integral parameters are obtained using special measurement techniques in ex
ponential or critical facilities. The papers presented in this section deal largely with 
the development of such special techniques, facilities, and radiation detection 
devices. Included also are papers which describe specially developed equipment 
useful in obtaining microscopic nuclear data. 



I I I - l . I m p r o v e d F a s t N e u t r o n T i m e - o f - F l i g h t S y s t e m 

A. B. SMITH, P. GUENTHER and A. ENGFER 

An improved fast neutron time-of-fiight system for 
scattering studies has been designed, constructed, and 
made operational. An impression of the scope of this 
new system can be gained from the illustration of Fig. 
III- l- l . A neutron burst is produced near the center 
of the system using the pulsed beam of the Fast Neu
tron Generator and the reactions 7Li(p,n) or T)(d,n). 
The duration of the burst is in the range of 1 to 2 nsec 
and at a repetition rate in the interval 0.2 to 2.0 MHz. 
Scattering samples of the order of a centimeter in size 
are placed at the center focus of the collimator system, 

about 15 cm distant from the neutron source. Neutrons 
scattered from these samples are concurrently observed 
in 10 detectors placed at flight paths defined by the 
collimator system. The range of scattering angles is 
— 125 to +160 deg and the flight paths are variable 
from 2 to 7 m. Each collimator floats on an air-cushion 
permitting; individual angular adjustment of each 
flight path. The collimator construction is graded to 
provide optimum shielding and the system is precisely 
aligned to well-define the flight path to the sample. The 
precision is such that no support shielding, such as 

FIG. III-l-l . Photograph of the Ten-Channel Time-of-Flight System. The Scale of the Apparatus can be Judged from the Human 
Figure. ANL Neg. No. 116-886. 
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shadowr bars or cones, is required. Neutron source 
monitoring is by both time-of-flight proton recoil sys
tems and long counters. 

The ten detectors are connected to a special interface 
system feeding into a devoted on-line computer which 
handles data acquisition and preliminary processing. 
Interestingly, this computer is neither large nor par
ticularly modern, yet has proven ample for the purpose 
and has demonstrated a very good degree of reliability. 
The data acquisition software is complimented by off
line data reduction programs which rapidly reduce the 
measured time-of-flight information to cross sections, 
using a small digital computing system. The cross sec
tion information is available during the progress of the 

INTRODUCTION 

The Applied Nuclear Physics Section's multi-detector 
time-of-flight (TOF) system for the measurement of 
elastic and inelastic neutron scattering has been in 
operation for many years. The adaptation of this 
system to the new Fast Neutron Generator (FNG) 
facility required extensive changes due to: a) higher 
neutron energies, b) new reference standards, c) in
creased number of detectors, and d) the acquisition of 
new and more powerful computers capable of handling 
much of the data processing previously submitted to the 
Applied Mathematics Division's central facility. 
Though essentially entirely new in both hardware and 
software, the principle of operation remains generally 
as described in Ref. 1. In this paper, both on- and off
line software for the new system is outlined. 

ON-LINE ACQUISITION CODE 

The purpose of the on-line acquisition code is to 
analyze, store, record and display the 3-parameter 
response of the TOF detector array and to provide 
certain interactive control functions. The code is 
operational in the CDC-160A digital computers being 
used for this purpose. Though older, the computers are 
sufficiently fast for the task and have a demonstrated 
high degree of reliability. 

Since a high degree of reliability is vital, the pro
gram retains output features such as display, printer 
and FORTRAN-compatible magnetic tape dumps, and 
interactive typewriter messages, and remains operative 

experimental measurements. Furthermore, the data „,„ 
arranged in such a manner as to flow to the large central 
computing facility where corrections for multiple scat
tering perturbations are carried out using Monte-Carlo 
procedures. 

Initial performance of the system has been very en
couraging. A number of measurements have been com
pleted with scattered neutron resolutions of about 0.5 
nsec/m. An entire angular distribution, inclusive of 
elastic events and prominent inelastic groups, can be 
obtained in the order of an hour with a very good 
signal-to-background ratio. The system is very likely 
unique in both the quality of the data and in overall 
efficiency. 

for data acquisition with a single 8K 160A computer 
and magnetic tape unit. This was possible through the 
extensive use of task-sharing subroutine programming. 
The actual code requires less than one tenth of the core, 
the remainder being available for the storage and the 
output of data received from as many as 14 TOF 
detectors. 

OFF-LINE DATA ANALYSIS CODE 

The off-line data analysis code replaces RP121. Its 
purpose is to reduce the measured TOF spectra to 
differential scattering cross sections relative to stan
dard known cross-sections. The program is divided into 
3 major tasks. 

1. The description of the efficiency of each of the TOF 
detectors as an analytical function of incident energy, 

2. The normalization of the efficiencies to the specific 
experimental count rates and the computation of the 
scattered neutron angular distributions from measured 
data, 

3. The correction of the angular distributions for 
multiple scattering within the sample using a Monte 
Carlo procedure. 

In the above task format the code consists of 3 
separately executable subprograms. As both tasks (1) 
and (2) use the results of task (3), an iterative proce
dure is employed: a first-pass computation ignores t u " 
corrections and produces an input for task 3. T 
output of (3) is then reentered into tasks (1) and (_,. 
Experience has shown that this second pass produces 
results consistent with experimental accuracy. Further-

I I I - 2 . M u l t i - D e t e c t o r T i m e - o f - F l i g h t S y s t e m S o f t w a r e 
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more, not every energy requires a separate Monte 
Carlo calculation and generally a moderately spaced 
energy mesh suffices. The above procedures are executed 
on an SEL 840 machine (16K, 24 bit) with the ad

vantages of: a) a much simplified debugging of the code, 
b) greater accessibility and turnaround for production 
work, and c) the possibility of manmachine interaction 
for better supervision of the data analysis. For con

venience most input parameters are expressed as ex

pansions of the independent variables energy and angle. 
The basis functions are chosen to give good descriptions 
of the various parameters from one sample to the next. 

The essential computations of the above tasks arc 
illustrated as follows. The count rate at detector k due 
to neutrons of incident energy E0 striking sample S 
is given by 

tive scattering volume: 

NsM,e) = ik(E
s)v 

S% ^>0)Cs(E,)Ks(E0,e), (1) 

where nc(E
s) is the efficiency of detector 7c at the de

tected neutron energy Es, ns is the atomic density of 
sample S, (d<TS(E0,d)/dti) is the differential scattering

cross section of sample S (elastic or inelastic) at E0 
and average scattering angle 6. CS(E0) accounts for 
flux attenuation and must be considered over an effec

CS(E0) = f <p(EQ,l)exrJ[r,SaT(Eo)S]dT. 
Jsample 

(2) 

KS(E0,6) is the Monte Carlo correction factor derived 
in task 3 in the form 

Ks(Ea,6) = Y,Ct(E0)Pt (cosd). (3) 
t 

From the measurements and calculations Nk, e*, C 
and Ks are determined and thence the desired differ

ential scattering cross sections dc/dQ,. 
The above illustrates the successful use of a small 

computer system for an extensive data processing task. 
A true assessment of processing efficiency cannot be 
limited to bits, bytes, and memory cycles, but must 
include the overall human effort. Anyone who has 
struggled with the inscrutable perversity of large scale 
computer operating systems should enjoy the simplicity 
and accessibility of the small computer. 
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I l l  3 . T o t a l C r o s s S e c t i o n M e a s u r e m e n t s U s i n g T i m e  o f  F l i g h t 
M e t h o d s o n t h e F a s t N e u t r o n G e n e r a t o r ( F N G ) 

J. F. WHALEN and A. B. SMITH 

An experimental setup for total cross section meas

urements on the Fast Neutron Generator (FNG) has 
been designed and tested. A sample changer under the 
control of the 840 MP computer was designed and con

structed for inserting and removing various samples 
from the neutron flux incident on a scintillating de

tector system. The detector was shielded with a stand

ard timeofflight (TOF) collimating tank but the flux 
monitor was used in an open geometry. A pulsed beam 
TOF method of data accumulation for both detector 
and monitor was used in order to reduce background 
and secondary neutron group contamination. Each aT 

•neasurement was the result of four separate time 
spectra: a monitor and detector spectrum with the 
sample in and a similar pair with the sample out. The 
transmission was determined from the ratio of the 
normalized integrated detector counts and the corre
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FIG. III31. Illustrative Carbon Total CrossSection Re
sults. The Two Different Sets of Data Points Denote Measure
ments Made Traversing the Resonance in Opposite Energy 
Directions. ANL Neg. No. 116841. 
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sponding aT calculated using the appropriate sample 
constant. 

The new setup w as tested by measuring aT for carbon 
over the prominent resonance at 2.08 MeV. The results 
are shown in Fig. III-3-1: two sets of data arc displayed 
to demonstrate the long term stability of the apparatus 
by passing over the resonance twice in opposite direc
tions. The resonance peak is not as high as other re
ported measurements1 (4.2 b compared with 5.1 b) but 
this could be the result of the target thickness which 
was ~ 5 keV or about 3^ the resonance wddth. The 

The peripheral configuration of the shared computer 
system has been augmented by a Control Data 405 
card reader and two Control Data 606 magnetic tape 
units. These three high-speed devices have greatly re
duced the normal data processing tune not only by the 
inherent speed of the devices but also by increased re
liability. In addition it permits the dedicated assign
ment of the original magnetic tape units to the ZPR 
on-line computer system. 

Two additional electronic modules have been de-

Apparatus for measurements of gamma-ray produc
tion associated with inelastic neutron scattering has 
been installed at the Fast Neutron Generator (FNG) 
facility. While the experimental procedures are similar 
to those applied previously at the 3 MeV Van de Graaff 
facility, several modifications have been made to en
hance the capabilities of the new system.1 

A new beam target assembly permits access of a 
gamma ray detector to all scattering angles between 45 
and 13s deg in the laboratory system. Lithium metal i 
evaporated on 1 in. diam by approximately 0.010 in. 
thick tantalum or tungsten disks which in turn are 
placed at the top of a stationary 1 in. diam snout whose 

region immediately on either side of the resonance 
follows the ENDF values extremely well.2 

REFERENCES 

1. S. Cierjacks, Measurements and Analysis of the Total Neutron 
Cross Section of Carbon from 0 5 to 30 MeV, Proc. Con
ference on Neutron Standards and Flux Normalization, 
October 21-23, Argonne National Laboratory, Argonne, 
Illinois. AEC Symposium Series #23, pp. 190-200 

2. Evaluated Neutron Data File-B, National Neutron Cross 
Section Center, Brookhaven National Laboratory (1970). 

signed and constructed to expand the input-output 
capabilities of the on-line computer system. One module 
contains six computer addressable flip-flops with relay 
drivers or high speed logic level outputs. These can be 
used for controlling external devices from the computer 
such as sample changes, beam gates, etc. The second 
module contains six level shifters and inverters so that 
external electronic signals can be inserted into the 
computer interface at compatible levels and polar
ities. 

axis is the beam line. The entire snout assembly is 
lined with tantalum sheet to reduce background. The 
beam is slightly diffused hy a 60-cycle magnetic de
flector to improve target heat dissipation and the target 
disks are cooled by an air jet. This target configuration 
has demonstrated the ability to withstand more than 
20 W of average beam power for periods of several 
hours without serious reduction in neutron production. 

Lithium-drifted germanium detectors and sodiun 
iodide scintillation detectors will be employed for in 
elastic gamma ray measurements. Careful shielding 
from direct target neutrons and gamma rays is required 
to enhance the yield of detected inelastic gamma rays 

I I I - 4 . M o d i f i c a t i o n of t h e P e r i p h e r a l C o n f i g u r a t i o n fo r O n - L i n e a n d O f f - L i n e 
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relative to background events and to protect the de
tectors from permanent damage. Unfortunately, the 
distance from the sample to the gamma ray detector in
creases as shielding is added with a resulting ?-~2 decline 
in detection efficiency. Measurements were made to 
determine a shielding configuration which would be 
adequate for studies at neutron energies < 5 MeV. Good 
results were obtained with a shield consisting of a lead 
shadow bar followed by a tapered stack of lithium-
loaded polyethylene blocks with a center collimator 
hole and an imbedded lead pig surrounding the de
tector. The detector is placed about one meter from 
the sample. This configuration will be incorporated in 
the construction of a permanent shield. 

The detector and shielding are supported by a welded 
steel cart with casters which rolls about a pivot bolted 
to the laboratory floor. Samples to be irradiated are 
supported by a slender shaft attached to the pivot 
assembly on the axis of rotation. 

A technique for relating inelastic gamma-ray produc
tion cross sections to the relatively well known 235U(?i,/) 
and 238U(?i,/) fission cross sections is being investigated 
as an approach for avoiding the uncertainties associated 
with the use of the conventional normalization standard 
which is the cross section for production of the 845-keV 
gamma ray in the &i¥e(n,n'y) reaction.2 A low-mass 
methane gas ionization chamber has been constructed 
for use as a fission counter.3 This counter can be placed 
between the target and the sample to monitor the 
primary neutron flux. 

A knowledge of the yield and energy spectra of de
layed neutron emission is important for understanding 
the kinetic behavior of critical and subcritical systems. 
There has been considerable effort expended in recent 
years to determine the yield of delayed neutron emis
sion. However, except for some measurements at 
Karlsruhe, Germany,1 there have been no published 
spectra measurements since the measurements of 
Batchelor and Hyder.2 The present facility is intended 
to provide spectral information from delayed neutron 
emission following fission induced by neutrons in the 2 
to 6 MeV range. 

The neutrons are detected by a high pressure 3He 
counter which has an energy resolution of ~ 7 % for 1 
MeV neutrons. A pneumatic air cylinder shuttle carries 
the sample to the monoenergetic neutron source for 

Timing signals for time-of-flight anafysis are gen
erated by a zero-crossing discriminator which detects 
signals induced in a pickoff tube by beam pulses. This 
tube is situated near the target to minimize tune walk 
with beam energy. Time-of-flight and pulse-height data 
are stored simultaneously using the FNG group SEL-
840 MP computer on-line data acquisition system.4 A 
version of the on-line operating code CONSP provides 
the necessary control software.4 

An organic liquid scintillator is utilized as the de
tector for a separate time-of-flight spectrometer which 
monitors the neutron and gamma-ray bursts from the 
target and provides a means for relative normalization 
of a set of exposures conducted at a fixed energy (e.g., 
in angular distribution measurements). 

The facility described here is currently being used 
for studies of the 23Na(?i,?i'y) and 7Li(n,n'y) reactions. 
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irradiation. After a preset irradiation time the sample is 
carried to the detector. In order to enhance the delayed 
neutron activity of the several periods, the irradiation 
and counting times are varied. The activity of the 
various periods can be further enhanced by including a 
decay time between the end of the irradiation time and 
the start of the counting time. Thus the sequence would 
be (1) irradiation for time T\, (2) decay for time T2, 
(3) counting from start of time T3. This sequence is 
repeated many times so that the resultant measurement 
represents an equilibrium condition. With the sequence 
as described above the measured yield of a particular 
delayed neutron group wrould be 

A TY2{\ - e - x " ) ( l - e - x r 3 ) e - m 

T ( l - e-Xr) 
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where 
Ty^ = half life of the delayed neutron group 

X = decay constant of the delayed neutron group 
T = total cycle time = Tl + T2 + T2, 
A = normalization constant. 

After sufficient data with various combinations of the 
times Tl, T2, and T3 are collected the spectra corre
sponding to the various delayed neutron periods can be 

sorted out in a manner similar to solving a set of simul
taneous equations. 
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I l l - 7 . B l a c k N e u t r o n D e t e c t o r 

W. P. POENITZ 

There is a continuing need for neutron detectors with 
a nearly constant efficiency over a large energy range. 
The "Grey Neutron Detector" designed for flux meas
urements in neutron cross section experiments1"3 has a 
flat and smooth efficiency from 0 to about 1-2 MeV. 
However, above this energy, the efficiency is strongly 
dependent on the knowledge of the leakage of neutrons 
out of the detector and the 7-absorption within this 
detector system. Thus, there is a need for a flat-effi
ciency detector for the MeV energy range. Such a de
tector has been designed. 

The detector consists of a sphere, cube, or cylinder 
of scintillator material. The neutron beam enters the 
detector system through a channel which terminates in 
appioximately the center of the detector. The scintilla
tion light of the recoil protons and carbon nuclei is 
detected with several photomultiplicrs. Whereas a con
ventional recoil scintillation detector yields a continu
ous spectrum from zero to the primary energy, the 
present detector adds up the energies from successive 
collisions and is expected to yield a peak pulse equal to 
the primary energy. The advantage of such an adding 
device is appreciable. Extrapolation to zero pulse height 
can be carried out with high accuracy because the 
number of small pulses is very small if the detector 
system is sufficiently large. In Fig. III-7-1 a schematic 
comparison is made between the conventional recoil 
detector and the present device. 

An actual system used in testing the design idea con
sisted of a cylindrical plastic scintillator 7 in. in diam 
and 12 in. high. The neutron beam entrance channel 
was 1 in. in diam and 6 in. deep. These dimensions 
assured a small primary leakage and a large probability 
for successive collisions. Three multipliers w ere used to 
view the scintillation light with a two-out-of-three 
coincidence to reduce the photomultiplier noise effects. 

Typical energy spectra obtained with 1.0 and 5.4 MeV 
neutrons are shown in Fig. III-7-2. The backgiound 
w as subtracted by using the tune-of-flight method. The 
time resolution of the detector was essentially given 
by the time-of-flight uncertainty for the first collision, 
a FWHM of 6-8 nscc was observed. 

The probability of a first collision was about 94% 
for 5 MeV neutrons and better than 99 % for 1 MeV 
neutrons. Most of the neutrons collide several times, 
as may be concluded from the energy spectra shown in 
Fig. III-7-2. Thus, the efficiency of the detector was 
expected to be approximately equal to the first collision 
probability. Such high efficiency suggests that the de
tector was reasonably insensitive to cross section pa
rameters. In order to check for this expectation the 
yield ratio for the second and first neutron group of the 
7Li(7j,n)7Bc, 7*Be reaction was measured in the energy 
range from 2.0 to 2.1 MeV. The cross sections for the 
production of neutrons from the 7Li(p,n) reaction are 
know n to vary smoothly in this energy range. The neu
tron scattering process on carbon shows a resonance at 
about 2.07 MeV which causes a change of the cross 
section by a factor of 3. Carbon is a major component 
in the scintillator used. The change of its cross section 
should influence the detector efficiency when it is less 
than 100 %. The results are shown in Fig. III-7-3. Some 
deviation from a smooth variation of the yield ratio 
can be noticed, though all values lie within error bars 
(about 2%) of a smooth yield ratio. However, this 
measurement supports the hope that the non-smooth
ness of the efficiency above 2 MeV will be very small. 
A Monte Carlo calculation of the efficiency of the de
tector has been initiated. 

Many applications of this detector arc suggested by 
its special features. The major advantage appears to 
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FIG. III-7-1. Schematic Comparison of Conventional Recoil Scintillation Detector and the Present System. ANL Neg. No. 116-
911. 

be that it is, in first order, independent of the cross 
sections involved, and that the low energy pulses in 
the energy spectra are infrequent. These features should 
allow7 the application of the detector for accurate ab
solute neutron flux measurements. The range in which 
the detector can be favorably employed for absolute-
flux measurements can be extended by using larger 
sizes and shorter channels as well as a scintillator with 
a higher hydrogen density. 
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FIG. III-7-2. Energy Spectra for 1.0 an 5.4 MeV Neutrons. 
ANL Neg. No. 116-912. 
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FIG. III-7-3. Yield Ratio of the Second Neutron Group in 
the Reaction 7Li(p,n)7Be. ANL Neg. No. 116-910. 
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A great variety of experiments using short bursts of 
neutrons in scattering, absorbing and fissionable media, 
generally referred to as "pulsed neutron" work, has 
been reported over a period of more than 20 years. 
The aim of much of the earlier work was the general 
one of developing, or improving, theoretical descrip
tions of the underlying processes in terms of measured 
observables. More recently, a number of facilities pro
viding strong repetitive neutron bursts have been de
voted to the specific task of the precise measurement 
of neutron energy spectra generated in burst-stimulated 
assemblies by the time-of-flight (TOF) method. With 
clean assemblies of simple geometry, such spectrum 
measurements can be compared with calculations based 
on cross section sets such as ENDF/B, and thus pro
vide a valuable tool for the resolution of certain dis
crepancies. On the other hand, measurements made 
with more complex, realistic mock-ups of fast reactor 
cores are of considerable direct interest in connection 
with the prediction of various aspects of reactor per
formance. The TOF facility now- nearing completion 
at ANL is an installation of the latter type. 

The measurement of fast reactor neutron energy 
spectra has also been pursued by other methods, some 
of which have been developed at ANL to a high state 
of sophistication. However, it has been recognized for 
some time that no single method can adequately cover 
the wide range of energies represented in fast reactor 
spectra. Thus, proton recoil proportional counter spec
trometry is intrinsically limited to the energy range 
from about 1 keV to 2 MeV. In the high MeV region, 
a variety of schemes have been applied with varying 
success, but generally with modest energy resolution. 
A new method, capable in principle of effecting some 
improvements within this difficult energy regime, is 
discussed in Paper 111-12. Below 1 keV, only the TOF 
method can be applied. I t may be averred, however, 
that the spectrum measured by burst-stimulation of a 
subcritical assembly differs from the spectrum one 
would find in the same assembly at criticality, and 
that the inference of the critical spectrum from the 
burst response spectrum may encounter, in some cases, 
certain theoretical difficulties. In principle, the critical 
spectrum below 1 keV can also be measured by means 

* Reactor Analysis and Safety Division, Argonne National 
Laboratory. 

of a chopper, but practically this would require a neu
tron flux level many orders of magnitude higher than 
the level available from a critical assembly. Similarly, 
the burst-stimulated TOF spectrum above 1 MeV be
comes difficult to determine with practically feasible 
flight paths and detectors. 

A TOF system for burst-stimulated assembly neu
tron energy spectrum measurement has three main 
components: (a) a strong source of short neutron bursts, 
usually provided by an accelerator whose target is 
located on a snout projecting well into the assembly so 
as to irradiate it effectively with neutrons; (b) the 
assembly, including control instrumentation, shielding 
etc., (c) a re-entrant channel to the center of the as
sembly, facing an evacuated flight tube of 50-200 m 
length, at whose far end one or several fast-responding, 
precisely calibrated neutron detectors are installed. The 
accelerator is adjusted to provide pulses of 0.05 to 2 
^sec length, at typical repetition rates of 0.5 to 5 kHz; 

• each such pulse starts a clock oscillator and the signal 
from the neutron detector stops the clock, whence the 
flight time can be directly stored in a digital memory. 
The flight time distribution is thus gradually accumu
lated in a running time which may vary from several 
hours to days. 

While this data acquisition scheme is very straight
forward, the extraction of the neutron energy distribu
tion from the rawr data involves a highly complex proc
essing program, requiring a number of ancillary meas
urements. The difficulty of this effort is illustrated by a 
detailed enumeration of processing steps: 

(1) Correction for limited acquisition capability 
(preemption of acquisition by early arrivals or "spec
trum transmission" effect) and for various electronic 
dead-time effects. 

(2) Subtraction of detector gamma background; sub
traction of random neutron background and time-
correlated neutron background. The latter must gen
erally be measured in a separate run during which the 
flight tube is blocked by a scattering plug. Other back
grounds can be dealt with through concurrent meas
urements. 

(3) Deconvolution of the effect of the assembly die 
away and finite duration of the burst, in conjunction 
with the transformation from flight time to neutron 
energy. Deconvolution is likewise required for detectors 
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whose response has a widely distributed time delay 
(such as large boron-loaded liquid scintillators). Both 
of these tune distributions must be known with suffi
cient precision through ancillary measurements and 
tend to be energy-dependent. 

(4) The resultant delta function detector response 
distribution is now adjusted for the energy dependence 
of detection efficiency, which yields the TOF neutron 
energy distribution of the burst-stimulated assembly. 

(5) A correction, small for energies below 1 MeV but 
large and increasingly uncertain in the MeV region, 
must be applied for the re-entrant channel effect. Both 
semi-empirical and purely theoretical formulations for 
this correction have been proposed. 

(6) By applying a transformation, the resultant 
burst-response spectrum allows the inference of the 
steady-state critical neutron energy distribution at the 
core center (the feasibility of this step may be somewhat 
questionable in certain cases, as mentioned above). 

This list of processing steps clearly shows the need 
for statistical precision ot a high order, not only in the 
TOP acquisition but also in the ancillary data. The 
deconvolution process is subject to the cumulative 
errors of iteration or matrix inversion. Deconvolution 
becomes more uncertain with increasing ratio of dic
away period to neutron flight time and therefore with 
increasing neutron energy, decreasing flight path, and 
increasing assembly size and reactivity; likewise, the 
theoretical basis of deconvolution is challenged b}r 

assembly configurations which feature a dieaway with 
a w eak fundamental mode. 

The practical design of an experimental facility thus 
must take a number of conflicting requirements into 
account, to which, for the specific case of the ANL 
installation, one important further requirement is 
added: since other commitments of the ZPR-6 assem
bly (which forms part of the TOF system) militate 
against inaccessibility intervals of more than a few days, 
TOF data acquisition is limited a priori to a certain 
maximum core activation, proportional to burst source 
strength and running time. This limitation precludes 
the choice of extremely strong neutron bursts and long 
flight tubes, espoused in a number of existing TOF sys
tems as the most straightforward means of alleviating 
the deconvolution problem. Accordingly, the ANL fa
cility was designed to use a proton (or deutcron) accel
erator which provides neutron bursts through (p, n) or 
(d,n) reactions; for back-up, an electron LIN AC of 
modest energy (20 MeV) is also available. These sources, 
,hile providing a burst strength which keeps core ac-
ivation within permissible levels over a few hours 

running time, also avoid certain problems resulting 
from the high gamma radiation intensity generated by 
high-current LINAC sources developing 80-100 MeV, 

which have been used in similar installations elsewhere. 
At the same time, the maximum flight path of the 
ANL facility was chosen to be 100 m. Other details of 
the ANL TOF system are described in Paper III-9. 

The cores which will be studied by means of this 
system will include some relatively large configurations, 
featuring dicaway periods of the order of 20 Msec; for 
comparison, it may be noted that the 100 m flight time 
of a 1 MeV neutron amounts of 7.3 MSOC. The successful 
determination of neutron spectra generated by such 
assemblies with the described system evidently depends 
very strongly on the deconvolution procedure. At pres
ent a number of such unfolding schemes, based on 
somewhat different reasoning, are in use. The problem 
requires further study, particularly with regard to the 
effect of the energy dependence of the dicaway; con
sequently, a modest experimental program which will 
provide a set of "template" measurements of well-
distributed neutron spectra, obtained with identical 
detectors and widely differing flight paths, has been 
planned, in collaboration with Gulf General Atomic 
(GGA). Deconvolution of these measurements should 
reveal, in particular, the effect of data statistical error 
on processed result error. 

To extract the maximum information for a given 
amount of core activation calls for emphasis on con
current rather than sequential measurement. Detection 
devices which are designed to allow concurrent meas
urement of dieaway and gamma background are de
scribed in Paper 111-10. In order to permit simultaneous 
acquisition from a number of detection channels, in
cluding multiple acquisition in certain channels (i.e. 
registration of more than the first detected neutron or 
other event), a processing facility using CAM AC inter
faces had been provided. The CAMAC unit is described 
in Paper I I I - l l . 

A neutron detection system which offers very high 
detection efficiency, together with acceptable time re
sponse dispersion, was chosen for initial deployment: 
four 10B-loaded liquid scintillator vials of 600 cm2 com
bined area and 2.5 cm depth, each coupled to a photo-
multiplier of type RCA-4525. The dependence of 
detection efficiency, as well as detection delay distribu
tion, on incident neutron energy is being determined by 
means of monoenergetic neutrons generated in suitable 
thin targets (see Paper 111-13). The energy range 
covered by this w ork extends from 5 kcV to 5 MeV. A 
continuous energy calibration over the full range, 100 
eV through 5 MeV, w ill be obtained by intercomparison 
with another detector, incorporating a 6Li-loaded glass 
scintillator, whose response w ill be determined by meas
uring it in a known spectrum provided by GGA. In 
this calibration another standard detector, a 3Hc high-
pressure gas scintillator, will also be used. For this latter 
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detector, efficiency can be expected to follow quite 
closely the rather w ell-know n cross section, w hereas the 
detection efficiencies of 6Li and 10B-loadcd scintillators 
deviate strongly from the absorption cross sections of 
these respective nuclides as the latter fall to a level 
comparable with scattering cross sections of other 
nuclides present in the scintillator. 

An important aspect of the optimum operation of the 
ANL system, in which, as described above, neutron 

A facility is being installed to permit neutron spec
trum measurements by the time-of-flight (TOF) tech
nique to be made on LMFBR type assemblies in ZPR-6. 
In concept, bursts of charged particles arc accelerated 
onto suitable neutron-producing targets located in or 
near the central core zone of the assembly. A re-entrant 
hole oriented 90 deg from the charged-partiele entrant 
hole is used to extract neutrons from the assembly and 
introduce them into an evacuated flight tube leading 
to detector stations located at 50 and 100 m from the 
reactor cell. The layout of the facility is shown in Fig. 
III-9-1. 

NEUTRON SOURCE SYSTEM 

The neutron source system consists of a charged-
partiele accelerator, a charged-partiele beam transport 
system, and a neutron-producing target. Protons or 
deuterons can be accelerated to energies of up to 8 
MeV by the Fast Neutron Generator (FNG).1 Beam 
currents of up to 1 mA during the pulse can be pro
vided by a new ion source to be installed in the FNG, 
providing average currents on target of a few micro
amperes with the pulse widths and repetition rates 
planned. The beam enters the transport system, shown 
schematically in Fig. III-9-2, where it is energy ana
lyzed and steered by the 90 deg magnet (Bl) and fo
cused on an aperture (A). The centerline of the FNG 
and the plane of Bl are 168 cm lower than the center-
line of the ZPR-6 core; hence, a pair of 30 deg, double 
focusing, mass-energy product 12, bending magnets 
(B2, B3) are provided to raise the beam. In addition to 
the focusing action of the bending magnets, a pair of 
quadrupole doublets (Ql, Q2) arc required to produce 

* Reactor Analysis and Safety Division, Aigonne National 
Laboratory. 

bursts are generated by heavy charged particle reac
tions, is the total neutron yield, as well as energy and 
angular distribution, resulting from thick targets suit
able for incorporation in the restricted space available 
for the target snout structure. As such yields have been 
measured only up to 3 MeV, a series of measurements 
with beryllium and lithium targets, and with both pro
tons and deuterons of up to 7.5 MeV energy, have been 
started; preliminary results arc reported in Paper III-14. 

the desired beam spot on target. As an aid in aligning 
and focusing the beam, three quartz plates (V1-V3) 
viewed remotely by closed circuit television may be 
inserted into the beam. 

The neutron-producing target will consist of cither 
thick natural lithium contained by a copper backing 
or a thick beryllium disk (see Paper 111-14). The target 
is located at the end of the target probe (Fig. III-9-3) 
which is inserted into a 5.5 cm square side-entry channel 
in the ZPR-6 matrix. The target is cooled by circulating 
liquid Freon 113 behind the target disk. The target 
disk forms the bottom of a Faraday cup for measuring 
the beam current, and hence the beam power, on target. 
A scaled stainless steel sheath is provided around the 
target drift tube in the matrix as a backup barrier 
against any leakage of contaminants from the reactor 
into the source vacuum system. 

The source line is evacuated to a pressure between 
10~5 and 10~6 torr by the vacuum pumps shown in 
Fig. III-9-2 as well as by those connected to the FNG. 
A scries of vacuum gate valves (G1-G7) is used for 
vacuum control, and more importantly, to provide 
containment upon the occurrence of an abnormal con
dition in the reactor cell. Since the source tube must 
penetrate the 1.2 m thick cell wall, a pair of fast-acting 
electro-pncumatically operated gate valves (G2, G3) 
which are designed (as a pair) to withstand the same 
blast and temperature-pressure conditions as the cell 
wall2 is provided. Valves Gl and G6 act to isolate the 
transport room section of the source tube from all 
vacuum pumps as a further safeguard against the r< 
lease of contaminants. The interlock and control sy; 
terns for these valves are described later. 

Personnel shielding from the fast neutrons and 
gamma rays produced along the source tube by scat-
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ered charged particles is provided by a tunnel of 
stacked concrete blocks along the entire length of the 
transport room. The shielding is as massive as the 
available room would allow due to the anticipated use 

of a stronger source in the future. Labryinths are pro
vided to allow easy access to cither side of the tunnel. 
The 1 m space between the steel confinement shell and 
concrete cell wall contains no shielding at present, but 
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design studies have been made for shielding in this area 
should it be found necessary. 

NEUTRON FLIGHT SYSTEM 

A schematic of the neutron flight tube is shown in 
Fig. III-9-4. A leakage path for neutrons from the point 
of interest in the core is provided by voiding the back 
section of the central matrix tube (or tubes) to form 
the re-entrant hole. Most of the neutron flight path 
consists of sections of pipe evacuated to pressures be
tween 10-3 and 5 X 10~2 torr. In order to accommodate 
the large detector array (33 cm diagonal dimension) 
necessary for the high detection efficiency required in 
the ZPR-6 measurements (see Paper III-8), the pipe 
sections have a 13 cm i.d. between Cl and G10, a 29 
cm i.d. between G10 and C2, a 59 cm i.d. between C2 
and W4, and a 90 cm i.d. betw een 50 and 100 m. Each 
section of pipe is terminated by thin molybdenum end 
windows (W1-W4); 50 M thickness being used for 

W1-W3 (13 cm diam) and 250 n thickness being used 
for W4 (41 cm diam). Molybdenum wras chosen rather 
than the more commonly used mylar for its added 
strength in the large window and for its substantially 
lower average scattering cross section (which is mag
nified by the decreased thickness necessary for equal 
strength in the smaller windows). For measurements at 
100 m a section of pipe is inserted at 50 m and the 
window and detector are moved to 100 m. Vacuum 
control is effected through the use of valves GS-G14. 
As in the case of the source line, gate valves GS and G9 
provide cell containment and gate valve G10 isolates 
the confinement shell volume from the external drift 
tube. The concrete block detector stations at 50 and 
100 m are heated and air conditioned to provide -
stable environment for the detectors and associate' 
electronics. 

Neutron beam collimation is provided by a series of 
collimators C1-C3 and the cell wall penetration. Pres-
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ent plans call for the collimators (fabrication has not 
begun) to be made of a material such as boratcd poly
ethylene. All will accommodate the largest solid angle 
allow ed by the flight tube diameters, with inserts being-
used for smaller solid angles (smaller detectors and/or 
smaller spot viewed at the bottom of the re-entrant 
hole). Collimator Cl plus the detector actually define 
the solid angle, while collimators C2 and C3 function 
as anti-scattering baffles. Collimators C2 and C3 are 
contained in removable sections of the flight tube. 

The air gap in the flight path between G9 and GlO 
is provided to facilitate the insertion of various neutron 
and gamma-ray filters and to make possible neutron 
measurements at short flight paths (sec Paper 111-12). 
Various filters are necessary during both spectrum and 
background accumulations. A thin boron or a thin 
lithium hydride filter is used during spectrum measure
ments to remove those low energy neutrons from the 
beam whose flight times are so long as to overlap the 
flight time of fast neutrons from the next burst. During 
background measurements [at least until a concurrent 
background determination can be made (sec Paper 
111-10)], thick filters such as polyethylene and lead 
must be inserted into the beam to remove the neutrons 
and the gamma rays, respectively. A remotely operated 
mechanism for inserting the filters will be provided. 

INTERLOCK AND CONTROL SYSTEM 

An extensive interlock and control system has been 
designed to permit the safe and efficient performance 
of time-of-flight neutron spectrum measurements. The 

-cell-valve interlock system provides those automatic 
functions necessary to supplement actions of the re-
,ctor operators in maintaining cell containment. Such 

parameters as cell temperature and pressure, cell-valve 
pneumatic system pressures, source and drift tube 
vacuums, and reactor control power and table position 

are monitored, and a value outside the "normal" range 
results in the immediate closing of the appropriate 
valves. The interlock system is based on the principle 
of redundancy, and redundant pneumatic systems are 
supplied for the cell-valves. 

The FNG interlock and personnel warning system is 
designed basically to provide for automatic protection 
of personnel. Access door interlocks are provided at all 
entry points into potentially high radiation areas, and 
beam scram buttons are located at strategic points. 
Combination fast neutron and gamma-ray monitors 
consisting of Pilot B scintillator coupled to photomul-
tiplier tubes are located in normally occupied areas 
adjacent to exclusion areas. High level trips m the FNG 
beam interlock chain will be set at appropriate settings 
to prevent excessive radiation exposure. The FNG inter
lock system also functions to protect the valves and 
target from beam burning by monitoring valve gate 
position, beam current on target, and target cooling. 
Any abnormal condition will result m the insertion of 
tw o independent beam stopping devices into the source 
tube. The personnel warning system is designed to give 
audible and visual warning that a charged particle 
beam can be, or is being, introduced into an exclusion 
area. The control system serves to monitor and operate 
those portions of the TOF system not directly related 
to containment or personnel safety. 

PRESENT STATUS OF THE TOF FACILITY 

At the present time most of the major components 
of the source and flight systems have been installed 
and partially tested. Major design work has yet to be 
completed for neutron collimators and filters. The inter
lock and control system is in the final stage of fabrica
tion and will require an extensive installation and test
ing effort. A continuation of the primary neutron 
detection system calibration (see Paper 111-10) as well as 
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work on related on-line detection systems (sec Paper 
111-13) will be required. Initial testing of the complete 
facility is expected to begin early in 1972 with the 
ZPR-6 reactor in a "halves-apart" (probably unloaded) 
configuration. Thereafter, initial neutron spectrum 
measurements will be initiated at the earliest time that 
ZPR-6 scheduling will allow. 

INTRODUCTION 

The ANL time-of-flight (TOF) neutron measurement 
facility, described in Papers III-S and III-9, includes 
major components which have other scheduled commit
ments. Neutron spectrum measurements must there
fore be carried out in such a way as to extract a maxi
mum amount of information per unit of assembly 
activation (as well as per unit time). 

As described in Paper III-S, processing of the neu
tron energy spectrum from the raw TOF acquisition 
requires a number of precise ancillary measurements; 
specifically, various backgrounds and "dicaway". Some 
of these measurements arc usually made sequentially, 
partly because acquisition capability of available elec
tronics may be limited and partly to compensate for 
characteristics of available detectors by varying fluence 
conditions. In view of the time and core activation 
limitation, a high-capacity acquisition system w as pro
vided for the ANL system, and a number of special 
detection devices as well as electronic processing tech
niques have been designed to allow the acquisition of 
virtually all processing parameters concurrently with 
the TOF acquisition. These devices arc briefly described 
in this paper—first the channels used for dicaway meas
urement, and then those used for background measure
ment. The main TOF detection system lias ahead}' 
been described in Paper III-S. 

IN-CORE FISSION CHAMBERS 

The "dieaway" shape is customarily measured by 
in-core fission chambers. With chambers of conven
tional design, this entails a separate run at reduced 
burst strength to avoid overloading; even so, the initial 
part of the burst profile may be rendered unreadable 
through gamma event pileup (particularly when an 
electron accelerator is used to generate the burst). In 
view of the energy dependence of dicaway shape, it is 
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expedient to use at least two different chambers, say 
one incorporating 235U-coatcd foils and the other 23SU-
coated foils. Various considerations apply to the best 
location of the chambers; however it is clear that a 
location which samples the same neutron population 
that is viewed by the flight tube detectors considerably 
simplifies interpretation. Accordingly, a double fission 
chamber was designed to fit into the standard modular 
drawer of the assembly, and is intended to be located 
at the bottom of the re-entrant channel. In that loca
tion, pileup effects must be expected to be particularly 
severe. However, it is possible to reduce pileup effects 
by making chamber dimensions, such as plate spacing, 
as small as possible. On one hand this reduces the 
average amount of ionization deposited within the 
chamber by the lightly ionizing Compton recoil elec
trons in comparison with heavily ionizing fission frag
ments; on the other hand the collection time is evidently 
inversely proportional to the plate spacing. In practice 
it is expedient to make plate spacing of the order of 1 
mm and then adjust the gas pressure so as to optimize 
the fission-to-gamma background and fission-to-ampli-
fier input noise signal strength ratio. The effect of 
pulse length on pileup may be judged from the following-
consideration: suppose that the channel discriminator 
is biased to accept sixfold pileup of average gamma 
events in the chamber. Then quasi-rectangular pulses 
of 20 nscc width will result in a pileup detection 
probability of 3.6% at a random gamma event rate 
of 108/scc, whereas 40 nscc pulses, which ordinarily 
would still be considered very short for a fission 
chamber, increase the background detection probability 
to 16%. While these arc only crude estimates, the 
illustrate the need for the shortest possible collcctio 
time, if such chambers are to be useful in on-line dic
away acquisition. 

The double fission chamber, shown in Fig. Ill-10-1, 
was accordingly designed with millimeter plate spacing; 
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FIG. III-10-1. Double Fission Chamber. Two Diagonal Cuts are shown, A-A' and B-B'. Plates P are Soldered into Signal (Plus 
High Voltage) Leads at one Coiner A and Clamped in Slotted Ceramic Washers I at both Corners B. Fissionable Coatings are Ap
plied to Two 0 004 in. Thick Aluminum Plates F, Grounded, and Clamped Back-to-Back between Washers I. Solid Copper-Sheated 
Signal Transmission Lines L are Attached to Ceramic Feodthrough Insulators through Sleeves H Attached to the Chamber Body. 
ANL Neg. No. 116-1059. 

at the same time the coated area diameter was made 
relatively large (32 mm) so that the chamber could sam
ple the whole bottom of the channel. To avoid biasing 
the neutron spectrum, the amount of structural stain
less steel was minimized, while the chamber shell was 
designed to hold 3 atm over-pressure. With pure meth
ane filling, a collection time of 12 to 15 nscc—hence 
pulse length well within 20 nscc—is obtained at 1.8 kV. 
Accordingly the insulation is designed for 2.5 kV and 
the plates are clamped in split ceramic washers. 

To maintain a rise-time of the order of 5 nscc and 
minimize attenuation as well as noise pickup, the cham
ber signal output is conveyed to two 200 MHz ampli
fiers via solid-sheathed, 0.25 in. o.d., teflon-insulated 
transmission lines. The use of such semi-flexible lines in 
lieu of braided cable for various core instrumentation 
systems would seem to be generally advantageous (and 
particularly useful when in-core temperatures up to a 
few hundred degrees Centigrade are encountered). Per
formance data necessarily await initial tests of the TOF 
system. 

BACKGROUND MEASUREMENTS 

A difficult TOF problem arises from the presence of 
burst-correlated background effects. In particular, a 

ibstantial correlated neutron back-ground is observed 
i some existing TOF installations. This effect is found 

to be associated with neutrons reaching the detector 
along paths at least partly external to the flight tube 
and can therefore be measured by plugging the latter 
with a scatterer located near the assembly. Since the 

plug transmits gamma radiation in the flight channel, a 
single background run subsequent to the data run can, 
in principle, determine all backgrounds. To scale the 
subtraction, it is expedient to choose burst intervals 
somewhat longer than the arrival time at the detector 
of the slowest neutrons created in the burst and assign 
the interval between this arrival time and the next burst 
to quasi-continuous background acquisition. 

Neutrons which reach the detector via scattering but 
originate in a burst must necessarily leak through the 
containment and shielding surrounding the assembly 
and/or accelerator. Noting, in this connection, that the 
shielding structure of ZPR-6 appears to be considerably 
heavier than shields provided in some other installa
tions, one may reasonably expect a correspondingly 
weaker correlated neutron background which might 
then be reduced to insignificance with some additional 
collimation and shielding. The continuous neutron 
background, due to delayed neutrons, spontaneous fis
sion, and local (cosmic radiation and environmental) 
neutrons, can be subtracted as described above, by a 
background acquisition which is interleaved with the 
burst acquisition. 

Background gamma radiation also features a burst-
correlated component, consisting of a delayed replica of 
the dicaway and a tail due to fast-decaying isomeric 
levels activated in the core. In principle, gamma back
ground need not interfere with neutron acquisition if a 
neutron detector with sufficiently strong gamma rejec
tion capability (yet high neutron detection efficiency 
over the wide energy range of interest) can be devised. 
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FIG. III-10-2. Gamma Detector. S, Plastic Scintillator Slab (20 Each, 0.100 in. Thick); B, Light Baffle (Aluminized Mylar, 0 002 
in. Thick); L, Light Pipe (UVT Acrylic); P, Photomultiplier (RCA-8575, 2 in. Diam.). In the Drawing, Photomultipliers, Light Pipes 
and Detector are Slightly Separated, for Clarity; in the Assembled Package, These Components are Optically Coupled with Dow 
Silicone Grease and Closely Spaced through Clamping in a Frame. ANL Neg. No. 116-1058. 

At present such a detector does not exist. A certain de
gree of gamma rejection is available in liquid scintilla
tors by use of electronic pulse shape discrimination. 
However, differences in pulse shape for liquid organic 
scintillators which satisfy the neutron detection effi
ciency requirement are rather small, while the number 
of photoelectrons released by the average neutron in
teraction in the scintillator is only modest. Conse
quently, shape discrimination is subject to considerable 
statistical broadening which results in the rejection of a 
significant number of valid (neutron-generated) events 
when the channel is adjusted to reject gamma events to 
a high degree, or conversely, acceptance of a significant 
gamma background with substantially full neutron ac
ceptance. (The latter modus operandi is preferable, since 
neutron rejection tends to vary with neutron energy and 
thus would otherwise bias the spectrum.) A shape 
analyzer of advanced design, provided for the ANL 
TOF system, has been tested extensively with different 
scintillators, photomultipliers, and sources. Efforts are 
continuing to improve the performance of this system, 
especially through procurement of improved scintilla
tors; however, a number of remaining problems, such as 
the long-term stability of the channel and the correction 
of the acquisition for certain dead-time effects intro
duced by electronic processing, can be solved only 
through direct experience in actual TOF measurements. 
While this may require separate background acquisition 
runs—at least in initial measurements—another chan
nel, described below, which rejects neutrons to a high 
degree, has been designed to acquire pure gamma back
ground concurrently, thus providing information through 
which remaining gamma background in the acquisition 
channel can be cleanly subtracted. 

This detector, shown in Fig. IH-10-2, consists of a 
stack of plastic scintillator slabs facing the flight tube. 
Alternate slabs are coupled to one of the two lateral 
photomultipliers and slabs are mutually optically iso
lated through a ribbon of aluminum-coated Mylar which 

is wound through the stack as depicted in the figure. 
Slab and Mylar foil thickness arc designed to correspond 
to the range of an 8 MeV recoil proton, which is also 
equivalent to the nominal range of a 40 keV electron. 
The bulk of Compton electrons released in the stack 
through gamma radiation will therefore generate light 
in at least two slabs, whereas all but an insignificant 
fraction of input neutrons release light in a single slab 
only. A fast coincidence requirement between photo
multipliers thus produces a high degree of discrimina
tion against neutron-generated events, as well as against 
photomultiplier noise. Since the plastic scintillator has 
a light decay of the order of nanoseconds, a coincidence 
resolving time of 5 nscc is practical. Preliminary trials 
of this system with a G0Co source and an americium-
beryllium neutron source demonstrated a neutron dis
crimination of about 2 X 103 at 60 to 80 % gamma de
tection efficiency. 

The fabricated detector has a depth of 2.5 cm and an 
effective area of 60 cm2, compared with the main de
tectors of combined area of about 600 cm2 at the same 
depth. Installed about 1 m behind the main detection 
system, the slab detector will not interfere with neutron 
detection. The relative gamma signal strength of slab 
and main detectors can be assayed by a single run with 
scattering plug inserted, and checked at any time with 
a gamma source. If correlated neutron background can 
be sufficiently reduced, as discussed above, all necessary 
acquisitions can thereafter be done concurrently. 

I t may be added that a multislab detector of the type 
described can, in principle, be operated also in anticoin
cidence mode, thus rejecting gamma events while re
taining neutron events. This unfortunately also retaL— 
photomultiplier noise, and thus calls for a higher bia 
However, the strong light attcntuation resulting from 
transmission along the narrow (0.10 in.) slab militates 
against such a high bias, as a very substantial fraction of 
detections release only one or two photoelectrons. 
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C. E. COHN and S. J. RTJDNICK* 

CAMAC crate controllers have been built for the 
Systems SEL-S40MP and Honeywell DDP-24 com
puters. The former is intended for use with the time-of-
flight experiments, while the latter is intended for use 
in conjunction with foil-counting equipment. These 
controllers are highly flexible and efficient without 
excessive hardware complication and include some of 
the special features of a previous Argonne design.2 

On the SEL-840MP, a command (CEU) instruction 
is used to set up CAMAC operations. Its command word 
carries all bits needed to specify station number (N), 
sub-address (A) and function (F). These bits arc saved 
in flip-flop registers until altered by a subsequent com
mand word. If the specified CAMAC function is a 
control command (F8 = 1) a dataway operation is initi
ated immediately. The events in the dataway operation 
are timed by clock pulses supplied by the computer at a 
frequency of two per 1.75 /̂ sec memory cycle. 

On the DDP-24, the Output Control Pulse (OCP) in
struction is used to set up CAMAC operations. Its 15-
bit address field specifies N, A and F. A one in the high-
order address bit identifies an OCP as being CAMAC-
directed, as no other OCP carries that bit. The N, A and 
F bits are saved in flip-flop registers until altered by a 
subsequent CAMAC OCP. If the specified CAMAC 
function is a control command a dataway operation is 
again initiated immediately. The events in the dataway 
operation occur at 1-Msec intervals as timed by the 
1-MHz computer clock. For both computers the 
CAMAC-specified minima for the duration of each 
phase are comfortably exceeded without delaying the 
computer. 

For both computers, the possibility of datawray op
erations directed to more than one module is provided 
by a 23-bit N register which is activated whenever the 
N field of a CAMAC command is zero. CEU or OCP 
instructions can control the initialize (Z), clear (C), 
and inhibit (I) signals. Z is also developed whenever the 
computer is cleared. 

* Electronics Division, Argonne National Laboratory. 

A dataway write operation is set up by a CEU or 
OCP specifying a write function (F16 = 1, FS = 0). 
The actual operation is later initiated by an output in
struction. The data from the computer are strobed into 
a data register connected to the write (W) lines, and a 
dataway operation is begun. Similarly, a read operation 
is set up by a read function (F16 = FS = 0). A dataway 
operation is initiated by an input instruction, and the 
computer acquires data from the read (R) lines at Si 
strobe time. An immediate ready response is given to 
the computer on every CAMAC-directed command, in
put, or output instruction. 

During each dataway operation the status response (Q) 
line is interrogated at Si time. The result may later be 
examined by a test or sense instruction. On the SEL-
840MP, provisions are made to initiate a dataway control 
operation and then test the Q line, all with one test 
(TEU) instruction. 

On the SEL-S40MP, any look-at-mc (L) signal initi
ates a computer interrupt at one level. The station 
number of the module initiating the L signal is entered 
in a special L register, and the remaining L lines are 
locked out until the interrupt has been serviced. If two 
L signals arrive simultaneously, the higher-numbered 
module takes priority. The interrupt-servicing routine 
reads the L register as one of its first operations, and 
uses the result to branch to the routine that services the 
module originating the interrupt. This saves time by 
making it unnecessary to query a number of modules 
to determine the interrupt origin. The DDP-24, on the 
other hand, has enough interrupt levels available so 
that each L line can be connected to a separate level. 
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EXISTENCE AND UNIQUENESS OF LEAKAGE SPECTRA 

Measurement of neutron spectra have been attempted 
by the pulsed neutron critical assembly time-of-flight 
(TOF) method at a number of Laboratories. In the data 
analysis of such TOF experiments, a diverse variety of 
assumptions have been introduced.1 Consequently, 
experimental results depend crucially upon these 
assumptions. Hence, quantitative TOF measurements 
of leakage spectra are not possible unless the validity of 
such assumptions is tested and any limitation of the 
method thereby defined. 

Fortunately the TOF method is amenable to intro
spection. One need only change the time-dependent 
excitation function driving the sub-critical assembly and 
examine the resulting effect upon the neutron spec
trum. As large a change in excitation function as possi
ble should be introduced, within the bounds and con
venience of experimental capabilities. Comparison of 
two or more of these spectral measurements will provide 
conclusive evidence for or against the existence and 
uniqueness of a single neutron leakage spectrum that is 
characteristic of the given critical assembly.* More
over, the adequacy and accuracy of data analysis, as 
well as any simplifying assumptions so entailed, are 
simultaneously tested by this process. From still 
another viewpoint, one can anticipate that this proce
dure will eventually define an upper energy limit of the 
domain of validity of the TOF measurements. 

HIGH ENERGY TOF MEASUREMENTS 

Given a neutron detector of fast response, high 
energy TOF neutron experiments may be feasible using 
reduced flight paths. Measurements made as close as 
8-10 m would be extremely advantageous in view of 
anticipated intensity problems. These measurements 
would require a good detector response to high energy 
neutrons, but negligible response to low energy neutrons 
and gamma-rays. Such a detector has recently evolved 
from a 3He gas scintillator which has been developed 
for low energy TOF experiments.2 With a high pressure 
filling of 4He instead of 3He, this detection system pro
vides a ver}' fast high energy response (rise time ~ 3 
nsec) and possesses virtually no sensitivity below a few-
hundred keV (see Paper III-15). 

* The relation between this "hopefully" unique leakage 
spectrum and the in-core equilibrium spectrum attained at 
power (in the same ciitical assembly) will not be considered 
here. 

A preliminary, albeit naive, description of the data 
analysis for in-close TOF experiments with this detector 
is considered below. As with other TOF measurements, 
it is imperative that one test the validity of experi
mental results by introducing more than one excitation 
function, as has already been described above. 

Let M{t) be the time dependent response of a de
tector placed at a distance L from a pulsed critical 
assembly. Furthermore, let P(E,t) be the neutron 
population function of energy E and time t. Hence 
neutrons of energy E will be detected at a tune which is 
delayed by the time-of-flight r, given by 

A = 

A 
E' 
MoL2 

( la ) 

( lb ) 

where Mo is the neutron rest mass. Consequently, the 
neutron population P(E,t — T) gives rise to the ob
served response M(t) for the TOF detector at a dis
tance L. 

If o-(E) is the detector reaction cross section per 
nucleon and ./V the total number of nuclei in the sensi
tive volume of the detector, then 

M(t) =N f P(Z,t- T)C($) d$. 
J Alt* 

(2) 

The lower limit in Eq. (2) implies that neutrons de
tected at a time t (after the pulse) must possess energies 
greater than that required by the flight time, i.e. 
* > A/t2. 

Expanding the neutron population P(f,£ — r) in a 
Taylor series about r, one has 

P ( f , « - r ) = P({,0) + 
dP 
dt (t-r) + (3) 

Let us assume that a value of t exists, say t0, such that 
for all t < to, the neutron population is stationary, that 
is, 

P(S,t- r) « P ( £ , 0 ) , t<to (4) 

for all possible neutron energies £. We will subsequently 
return to an examination of this assumption. Using 
Eq. ( 4 ) i n E q . (2), 

M{t) =N \ P(f,0)<r({) df, t < U. (5) 

Differentiation yields 
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Since P(E,0) can be identified as the leakage neutron 
spectrum, Eq. (6) provides 

that is, the desired leakage spectrum is related to the 
derivative of the experimental data (a not unusual 
relation) and E is defined by Eqs. (la, b), viz. E = 
A/t\ 

The validity of this treatment depends on the sta

tionary assumption introduced in Eq. (4). Neglect of 
higher order expansion terms implies that the change in 
neutron population is small compared with the popula

tion itself, in the region i < to ■ This assumption is 
obviously not true for very early neutron generations 
in pulsed neutron TOF experiments. However, given 

One of the critical pieces of information required for 
the conversion of timeofflight (TOF) data into neu

tron energy distributions is the energy dependence of 
detector response. As discussed in Paper IIIS the ANL 
TOF system is designed to cover a range from 50100 eV 
through 12 MeV, with the highest available detection 
efficiency. To provide an energy calibration of adequate 
precision and detail over this range is clearly a difficult 
and timeconsuming undertaking. 

The detectors which best satisfy the indicated require

ment of high efficiency over a wide energy range, to

gether with the requirement of fast response, are 
lithium or boronloaded scintillators. The large cross 
section of 10B or 6Li in the eV region tends to make the 
detection efficiency follow the loading up to 1 to 10 
keV, where cross sections of other nuclides present in the 
scintillator or supporting structure become comparable. 
In particular, strong resonances (e.g., 23Na) can, in 
principle, result in a dip or cusp of the detection effi

ciency. For that reason, quartz vials are preferable to 
glass vials for liquid scintillators. A number of de

tectors of similar construction, arranged in a group, will 
likewise exhibit an energy response slightly different 
from that of a single detector. Thus a convincing final 
calibration can only be made with the detectors actually 
installed in the TOF facility, cither by providing a 

some degree of flexibility in selecting excitation func

tions, it may well be possible to drive critical assemblies 
so that the neutron population is approximately sta

tionary in a time interval, U < t < to ■ (Here t, > 0 
is the time required for the neutron population to reach 
a stationary value.) Under such conditions, one could 
attempt to unfold Eq. (2) directly for the interval 
ti < t < to ■ On the other hand, if t% is small (i.e. U « 
to), higher order correction terms for Eq. (6) may 
suffice. 
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known spectrum or by interchanging a "standard" 
detector of known response with the detector which is 
to be calibrated in the same spectrum. This can further 
be supplemented by Monte Carlo calculations of the 
detector response and/or standard detector response 
and with reruns with a number of computed spectra 
derived from relatively simple structures of clean ma

terials. 
Since the ZPR6 critical assembly incorporated in 

the ANL TOF facility is committed to other programs, 
such extensive calibrations, actually carried out at a 
number of similar installations, would be impractical 
at ANL. Instead, the calibration, now in progress, is 
being sought in three steps: (a) calibration of a number 
of detectors by means of monoenergetic neutrons using 
A(p,n)B reactions (where A = target nuclide and 
B = nuclide resulting from the reaction) with the Fast 
Neutron Generator (FNG); (b) intcrcalibration of 
several detectors using the Gulf Radiation Technology 
facility; (c) a final intcrcomparison of detectors in the 
course of actual measurements for which certain pio

visions have been made. In this report, the problems 
arising in connection with (p,n) reaction neutrons are 
specifically considered, with particular emphasis on the 
use of scandium targets. 

In a detector calibration with A(p,n)B neutrons the 
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proton energy and current delivered to the target are 
readily measured with very good precision, while the 
detector counts are equally readily accumulated over 
a fixed time. In principle, the number of neutrons 
incident on the detector can be computed from the 
kinematics of the reaction, threshold energy, target 
thickness and reaction cross section. While some of 
these required parameters may be available, target 
thickness is generally difficult to infer or measure with 
the required precision, and may well change during the 
run. A second method is to compare runs made with the 
detector and runs made with some standard detector 
in clearly defined geometry. For example, a well-
calibrated activation bath has been used in 4ir geometry 
(surrounding a target snout), as briefly described in 
Paper 111-14. Even if vanadium rather than manga
nese is used in such a bath, however, this procedure is 
clearly very time-consuming when a large number of 
calibrations is required. 

A widely used means of securing a detector calibration 
is to substitute a standard detector at every energy 
point. Most frequently, Hanson-McKibben "long 
counters" are used for that purpose. Since long counters 
are designed to respond with nearly uniform efficiency 
over a wide range of neutron energies, an approximate 
calibration is readily effected, however, in attempting 
to make the calibration more precise, one finds that the 
efficiency of standard long counters tends to decline 
in the MeV region and is somew hat uncertain elsew here. 
Monte Carlo calculations as well as measurements of 
counter efficiency have been reported but do not agree. 
Even over a limited energy range, however, one must 
be careful to shield against room return, to which these 
counters are unavoidably sensitive. To intercept an 
effectively monoenergetic neutron beam, a standard 
long counter of 12 in. diam must be placed at a con
siderable distance from the target; on the other hand, 
the ratio of room return neutrons to target neutrons 
increases with this distance. 

Another frequently used means of calibration is a 
fission chamber of parallel plate construction. The 
precisely defined response time of such chambers allow s 
discrimination against room return by nanosecond 
coincidence gating; neutron energy dependence of the 
fission chamber efficiency can be inferred from the well-
known fission cross section. In practice, however, the 
small area and weak intrinsic efficiency of such fission 
chambers calls for a location close to the target, with 
consequent strong sensitivity to small errors in the 
precise geometry, target spot size and neutron energy/ 
angle distribution. 

Over a limited neutron energy range, a very precise 
calibration is possible, in principle, through associated 
particle detection and coincidence, the associated 

particle being the recoiling product nucleus B in the 
A{p,n)B reaction. The chief difficulty in making this 
method practical is the very low count rate due to the 
geometric restriction of two small solid angles as well 
as the requirement of a target thin enough to allow the 
recoil particle to escape. 

Yet another calibration method depends on infer
ence of the number of neutrons which have been emitted 
over a certain measurement interval from a subsequent 
determination of induced target activity. If no inter
fering activities are present in the target or backing, 
detector efficiency can be directly computed from the 
total number of target reactions and the kinematics re
lations, discussed below. To make the scheme practical, 
one further requires a reasonably strong (p,n) cross 
section, while the induced activity should have a suita
bly short half-life and result in emission of readily de
tected particles or radiation. If the decay scheme is 
precise^ known and the activity counter can be cali
brated, the detector efficiency can be placed on an 
absolute scale. 

A critical comparison of the different schemes de
scribed above reveals the last-mentioned method to 
have the strongest potential for precision, provided a 
suitable target nuclide can be found. The various condi
tions which must be satisfied restrict the choice to a 
small number of relatively light nuclei, of which 45Sc 
has the most favorable combination of properties. The 
3 h positron emitter, 45Ti, is readily counted; 45Sc has no 
other isotopes and features a high melting point, allow
ing fabrication of stable, clean targets by electron beam 
evaporation on a tantalum substrate (from which no 
(p,n) reactions result at proton energies within a few 
MeV of the scandium threshold). A property of 45Sc 
which is particularly useful for calibration purposes is 
the relatively large mass, resulting in favorable kine
matics as discussed below, or, in practical terms, small 
energy dispersion with angle and a lowr "single energy" 
(SE) threshold. Thus, monoenergetic neutrons can be 
delivered at less than 10 keV to a detector subtending 
an appreciable solid angle at the target. While extensive 
kinematics computations and tables are available for 
45Sc, it may be useful to provide here a brief discussion 
of energy and angular distributions resulting from the 
basic kinematic relation (non-relativistic) 

z = cos 8 ± (x2 - 1 + cos2 d)m, 

z = En/hEp , 
x2 = g(Ep - Et)/hEp, 
gr"1= mAmB/(mA + mp){mB + ran), 
h = mpmn/(mp + mA)2, 

Et = —Q(mA + mp)/mA . 

(1) 

(2) 
(3) 
(4) 
(5) 
(6) 
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In these definitions A and B denote, as above, target 
and product nuclei while subscripts p and n refer to 
proton and neutron, respectively; m denotes mass, 
E = energy, and — Q = reaction threshold in the center 
of mass system. Eq (1) is plotted in Fig. III-13-1; the 
vertical distance between heavy lines in that figure 
bounds all values of z which are intercepted by a solid 
angle on the beam axis having half-aperture 8. The value 
of 8 chosen for this illustration is rather large; for a small 
solid angle the lower bound lies close to the upper 
bound, whence there is an appreciable region between 
x = sin 8 and x = 1, where two neutron energy groups 
appear, x = 1 is defined as the "single energy" (SE) 
threshold. 

For "°Sc the mass scaling constant g is evidently quite 
close to unity while the constant h is very small, with 
the result that x begins to exceed unity at proton 
energies E'p quite close to the reaction threshold 
Et(E'P - f t ~ 5 X 10_ 4P ()- Beyond that point, only 
the + sign in Eq (1) applies, neutron emission rapidly 
approaches isotropy, and the dispersion in energy of 
neutrons incident on the detector resulting from finite 
detector aperture decreases rapidly (as 1/x). 

The number of neutrons, dn, emitted into the differ
ential solid angle dti = d/x/2, y. = cos 9, is readily found 
from the kinematics, 

^ n f r h + V * - ! + / . » ] ' ( ? ) 

2 xs/x1 - 1 + fi2 

where 

n = Niuait/eA, 
where i = proton current, t = duration of measure
ment, a = A(p,n)B cross section at incident proton 
energ}r Ep, A = atomic weight of target nucleus, 
e = 1.6 X 10"19 C, JV = 6.02 X 1023, and w = target 
thickness in g/cm. The fraction of neutrons, An/n, 
delivered to the detector* within half-aperture 8 is 
readily found by integration, 

An = l/1 + sm^_cose A-T^V ( 8 ) 
n 2 \ x V x } 

Note that Eq (8) applies only above the SE threshold 
defined by x = 1; at that threshold, a cosine distribu
tion (An/n — sin2 8) obtains, i.e., all neutrons are 
emitted into the forward hemisphere. For large values 
of x (reached by scandium targets at proton energies 

>se to threshold, as discussed above) Eq (8) can be 
panded in the form 

* Angular distribution due to resonances in the compound 
nucleus is neglected in this discussion. 

0 SIN © 1 
X - — 

FIG. III-13-1. Universal Kinematic Relation between 
Proton and Neutron Velocities in (p,n) Reactions. Quantities 
Plotted are Defined in the Text, Eqs. (1) through (6). Vertical 
Distance Bounded by Heavy Lines is Proportional to the Range 
of Neutron Velocities Delivered within a Solid Angle of Half-
Aperture 0, Aligned on the Proton Velocity Vector (a Rather 
Large Aperture is Shown, for Illustration). At High Proton 
Velocities, x » 1, the Neutron Velocity Lower Bound Ap
proaches x + cos B. ANL Neg. No. 116-1078. 

An _ 1 — cos 8 sin2 8 
H 2 ~2aT 

-i ( 8 ) , , cos 6 . cos 8 sin 8 . 

which indeed describes an isotropic distribution with a 
small, rapidly decreasing correction term. As a conse
quence, the fraction of generated neutrons which reaches 
the detector is virtually constant over most of the 
energy range embraced by the calibration. 

To calibrate a detector with nominally monoenergetic 
neutrons, it is necessary to limit the subtended solid 
angle in order to keep the energy spread within a certain 
bound. I t is readily seen that the energy distribution 
resulting from the detector aperture is uniform: 

dn(z)/n = zdz/2x, (9) 
whence 

dn(En)/n = ^ [ghEP(EP - Et)Tw. (10) 
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E n , MeV 

FIG. III-13-2. Fractional Neutron Yield and Energy Resolu
tion of Scandium and Lithium Targets for 13 cm Diam. Detec
tors, 50 and 100 cm on Beam Axis from a Point Target. Solid 
Lines: Fractional Yield, Eq (8); Broken Lines: Energy Resolu
tion (Emax — Em,„)/Emax . Note Almost Constant Yield for the 
Scandium Target, Indicating Quasi-Isotropic Angular Distri
bution. ANL Neg. No. 116-1071. 

Now let r = 2Az/z = AEJEn represent the energy 
bound, say r = 0.01; then the corresponding half-
aperture cosine becomes 

cos 8 = {{x + 1)(1 - r)2 - (x - 1)]/2(1 - r) (11) 

and the fraction of neutrons accepted by the detector 
is readily seen to be 

An/n= ( x + l ) 2 ^ - ( l - 0 . (12) 

Eq. 12 demonstrates the interesting fact that for a 
geometry which secures a certain acceptable energy 
spread r of neutrons incident on the detector, a heavier 
mass (large a;) target such as scandium actually pro
duces a higher fractional input An/n than a lighter 
target, even though the light target tends to concen
trate neutrons in the forward hemisphere (in contrast to 
the virtually isotropic emission pattern of the heavier 
target). 

As a practical illustration, the fractional neutron 
yield An/n and energy resolution AEn/E„ = (Enmax — 
Enmm)/Enmax pertaining to a 5 in. diam detector of 

shallow depth, located at 50 and at 100 cm from scan
dium or lithium targets, has been plotted in Fig. III-
13-2. I t is apparent from this plot that a required resolu
tion of 1 % can be obtained at a distance of 50 cm from a 
scandium target over virtually the full useful energy 
range of 10 to 350 keV depicted, whereas the lithium 
target at the same distance exhibits acceptable energy 
definition only above 220 keV. In an actual calibration, 
to be sure, the accelerator energy spread and target 
thickness effect tend to increase the resolution con
siderably near 10 keV; the accelerator for example 
introduces several keV spread through klystron bunch
ing. The cross section, determining the actual neutron 
yield, fluctuates strongly for 45Sc owing to the level 
structure of the compound nucleus 46Ti, but runs con
siderably smoother (and higher) for 6Li. 

In the practical execution of calibration measure
ments, the presence of machine gamma and neutron 
background requires TOF acquisition with machine 
operation in bunched mode. A gamma flash is always 
obtained from Coulomb excitation in the tantalum 
target backing; in addition, stray neutron and proton 
interactions, etc., result in quasi-constant neutron as 
well as gamma backgrounds. With readily available 
electronic processing systems having a few hundred 
psec time resolution and a machine bunching width of a 
few nsec, the initial gamma flash is very easily separated 
from the (p,n) neutron group (recalling that the 50 cm 
flight time of 250 keV neutrons amounts to 72 nsec). 
At the same time, the quasi-continuous background is 
readily subtracted from the TOF spectrum and low 
energy neutron groups resulting from excited states 
can likewise be identified. Thus a highly precise means 
of detector calibration at discrete energies from 10 keV 
to 2 or more MeV is available through the use of scan
dium targets and a high-current, sharply bunched 
proton accelerator such as the ANL FNG. Since the 
45Ti decay scheme is rather precisely known while the 
target counting equipment (a 2-w beta proportional 
counter or a Nal-Tl crystal) is readily calibrated on an 
absolute basis, the detector calibration can be made 
absolute as well as relative with very good accuracy 
once the angular distribution of emitted neutrons has 
been determined. Detectors which have been calibrated 
in this way and whose performance has been stabilized 
can serve a useful purpose in the approximate, but 
rapid, calibration of neutron sources of reasonably well-
known spectra (e.g., fission sources). 
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The total neutron yield from thick targets irradiated 
with charged particles is a matter of some interest in 
experiments where intense sources of neutrons, par

ticularly short neutron bursts, arc required. While the 
principal aim is often to secure the highest possible 
neutron yield, other factors such as energy and angular 
distributions of emitted neutrons may also be impor

tant considerations. From known thin target cross 
sections, as well as older compilations and surveys,1"4 

it appears that target nuclides which produce the best 
neutron yields under proton or deuteron irradiation in

clude 2H, 3H, 7Li, 9Be and 12C. Of these, the highest 
potential 3'ields are available from beryllium and 
lithium. These nuclides are also rcadity fabricated 
into targets suitable for insertion into the ZPR6 as

sembly in the TOF neutron spectrum measurement 
system described in Papers IIIS through I I I  l l . In 
that system, the choice of target and bombarding 
particle which provide the largest neutron burst jrield 
is somewhat dependent on the beam transport, limited 
at present to deuteron energies less than the maximum 
available from the Fast Neutron Generator (FNG). To 
determine whether redesign of certain beam transport 
components would be warranted, thick target neutron 
yield measurements of beryllium and lithium targets 
for energies up to 7.5 MeV were initiated after a litera

ture survey disclosed that such measurements were not 
available. For Li(p,?i)Be, the cross section is relatively 
well known as a function of proton energy, hence the 
thick target yield can be computed with the further 
aid of dE/dx data.5 Moreover, the neutron energy dis

tribution observed at a given angle can be computed 
similarly, on the basis of the reasonable assumption 
that scattering and straggling effects can be neglected 
for protons. Similar cross sections for the other reac

tions surveyed are, however, not available over the 
energy range of interest. 

A preliminary investigation of the total yield was 
made w ith a vanadium bath. A thick target located at 
the end of a slender snout w as inserted into a reentrant 
hole in the bath whose contents were continuously 
circulated through an online counter. The overall de

tection efficiency of this system can be determined b}r 

replacing the target snout with a standard source. 
Bath transmission of the relatively strong neutron 
component above 5 MeV is probably the greatest un

certainty attached to these preliminary measurements, 
shown in Figs. III141 and III142. Corrections evi
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dently require knowledge of the energy distribution of 
the emitted neutrons. The figures also show a con
siderably larger number of points obtained by means 
of a large w;ax castle surrounding the target; a group of 
BF3 counters inserted into the moderator stack yielded 
a strong counting rate, but the calibration of this sys
tem with standard sources again is somewhat uncer
tain due to relatively important neutron angle and 
energy distribution effects. 

A measurement of the energy distribution as a func
tion of angle was thus initiated, using TOF processing 
of events detected in a high-pressure 4He scintillator 
described in Paper 111-15. Five angles, 0, 40, 80, 120, 
and 150 deg, were chosen. For incident neutron energies 
below 0.5 MeV the detection efficiency of the gas 
scintillator begins to deviate from the adjusted 4He 
scattering cross section and goes to zero as the energy 
of helium recoils is reduced below the channel thresh
old. Therefore, similar measurements were also made 
with a 6Li-loaded glass scintillator whose response 
function rises at low energies. A further set of measure
ments is planned with a 3He gas scintillator. A very 
precise calibration, described in Paper III-13, of the 
energy response of these various detectors (which are 
also used in the TOF measurement) is currently in 
progress. 

The spectra thus computed from the data by folding 
in detection efficiencies are still only relative, whereas 
absolute yields are required for the determination of 
the best choice of particle and target. Consequently, 
Solid State Track Recorder (SSTR)6 detection systems 
have been deployed to determine the absolute neutron 
flux at the five reference angles listed above, using 
Makrofol SSTR and asymptotically thick 238U and 
232Th source foils. The ANL automatic track scanning 
system7'8 was used for absolute counting of fission 
tracks released in exposures over fixed tune intervals 
during which the proton current was accurately inte
grated. The computer code SIGBAR9 will be used to 
calculate the convolution integral of the neutron energy 
spectrum observed at a certain angle and the fission 

The advantages of a 3He gas scintillator in pulsed 
critical assembly time-of-flight (TOF) measurements 
have already been discussed.1 For recent neutron yield 
measurements (see Paper 111-14), the versatility of 
this detection system has been extended by utilizing 

cross section of the source foil, yielding a number which 
will provide an absolute scale for each detector spec
trum measurement by comparison with the SSTR 
track count. Use of two different source foils, 238U and 
232Th, permits a cross-check through data redundancy. 

The final step is an integration over the measured 
neutron spectrum, fit of a Legendre polynomial series 
to the plot of integrated neutron emission per unit 
solid angle versus cosine of the angle of observation, 
and finally an integration over 47r. The data thus ob
tained will not only give the total neutron yield as a 
function of bombarding energy, but also provide a 
picture of the angular and energy distribution of these 
neutrons, a matter of importance in connection with 
the choice of the optimum entrance depth of the target 
into the subcritical assembly. 
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high pressure fillings of ordinary helium,* i.e. 4He. In 
this manner the gas scintillator serves as a 4He recoil 
detector for high energy neutrons, with virtually no 

* Small admixtures of xenon are also introduced to enhance 
scintillation light output. 

I l l - 1 5 . H i g h P r e s s u r e 4He G a s S c i n t i l l a t o r for MeV 
N e u t r o n T i m e - o f - F l i g h t M e a s u r e m e n t s 
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sensitivity below a few hundred keV Hence the 4He 
recoil gas scmtillatoi compliments the 1/v sensitivity 
attained with 3He fillings Fast response and low gamma 
sensitivity are common advantages which accrue for 
either mode of operation of the gas scintillator1 

Typical TOF spectra measured with the 4He recoil 
gas scintillator using the Fast Neution Generatoi 
(FNG) facility arc shown in Figs HI-15-1 and III-
15-2 Figure HI-15-1 depicts data obtained from the 
7Li(d,n) reaction at 7 5 MeV, while Fig IH-15-2 pie-
sents data from the 9Bc(d,n) reaction at 7 5 MeV 
Both spectra were obtained at 0 deg (l e in the forward 
direction) with a 2 m flight path The gas scintillator 
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FIG HI-15-1 4He Recoil Gas Scintillator Time of-Fhght 
Neutron Spectrum from the 7Li(d,m) Reaction at 7 5 MeV 
Data were Obtained with a 2 m Flight Path at 0 Deg Using a 
Time Width of 0 989 ns per Channel ANL Neg No 116-875 
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FIG IH-15-2 <He Recoil Gas Scintillator Time-of-Fhght 
Neution Spectrum from the 9Be(<2,n.) Reaction at 7 5 MeV, 
Data were Obtained with a 2 m Flight Path at 0 Deg Using a 
Time Width of 0 989 ns per Channel ANL Neg No 116-876 

was filled with a mixture of approximately 25 psi xenon 
and 500 psi 4He The corresponding neutron energy 
range covered is roughly 0 5-20 0 MeV The presence 
of structure m these high energy TOF spectra is evi
dent Time resolution of these measurements is roughly 
4 ns (FWHM) as estmiated from the gamma flash 
peak m the neighborhood of channel 50. 
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INTRODUCTION 

A polarity-con elation noise-analysis system has 
been implemented on the SEL-S40 computer I t is 
similai in many lespects to the system developed by 
Lehto,1 but has some improved featuies Like the Lehto 
system, it takes as a point of departuie a system that 
was previously implemented by the author2 on a DDP-
24 computer. 

DATA ACQUISITION 

As in the Lehto system, the polarity data are formed 
in discriminators usmg integrated circuit comparator. 
The polarity bits are collected in a word-formmg buffer 
w hose logic is based on the DDP-24 system The main 
diffeience from that system is the organization of the 
bits as transmitted to the computer In the DDP-24 
system, one woid at a time was transmitted to the com-
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puter, containing 12 data bits from one detector inter
laced with 12 data bits from the other detector. How
ever, the present system transmits two words at a time 
to the computer via the block transfer control. One 
word contains 24 bits of data from one detector while 
the second word contains the contemporaneous 24 
data bits from the other detector. Thus, data words 
from the two detectors alternate in memory. The buffer 
was implemented with RTL logic, with a sampling 
interval of 0.5 jusec. 

The buffer interface also makes provision for moni
toring the discriminator bias and correcting the cor-
relogram for it. The principle of polarity correlation 
assumes that the discriminator threshold corresponds 
to the mean level of Gaussian noise, so that zero and 
one bits are equiprobable. If the discriminator setting 
deviates from this level, the correlogram must be cor
rected. (The first-order correction is a constant term.)3 

r> Use of the computer to keep track of the frequencies 
of zero and one bits in the data would be prohibitive 
in computation time. Therefore, that accounting is 
done externally via three pulse outputs from the buffer. 

2 "-

I'H 1 1 1 1 1 
0 80 160 240 320 400 480 

LAG. M1CR0SEC 
FIG. III-16-1. Typical Polarity Correlogram from ZPR-9. 

ANL Neg. No. 116-758. 

One of these outputs delivers continuous clock pulses 
at the sampling rate, while the other two deliver those 
clock pulses gated with the polarity data from each 
detector. That is, a pulse is transmitted when the sam
pled polarity bit is a one, and no pulse is transmitted 
when the polarity bit is a zero. 

These pulses arc counted in three of the 24-bit binary 
general-purpose data scalers attached to the SEL-S40. 
These scalers are read out and reset periodically by the 
computer. The hookup is arranged so that the three 
scalers start and stop counting simultaneously. 

The scaler data are used in two ways by the com
puter. During a setup mode that precedes actual data 
taking, a bias pointer is displayed on the CRT screen. 
This is a line segment with its origin at the center of 
the screen. Its z-component is proportional to the bias 
in the data from one detector (i.e., the excess of ones 
over half the total samplings) while the ^/-component 
is proportional to the bias from the second detector 
The experimenter manually adjusts the discriminators 
to shrink the pointer to a minimum. 

During data taking, the computer reads the scalers 
after the calculation of every Mth correlogram point. 
The data are saved for later correction of the results 
and are also used to produce a bias pointer that is 
superimposed on the display of the developing cor
relogram. Through this, the experimenter may check 
for discriminator drift or detector malfunction. 

DATA PROCESSING 

As in the Lehto system, the lagged products are 
taken one w ord of bits at a time by use of the exclusive-
or instruction. However, the bits resulting from the 
use of this instruction are not counted by program
ming. Instead, hardware provisions were made to do 
this counting more rapidly. These provisions consist of 
a 24-bit shift register and a 24-bit binary scaler in
cluded in the buffer interface chasis. After the cxclu-
sive-or instruction is executed, an accumulator-output-
to-peripheral (AOP) instruction dumps the result into 
the shift register. Then, independent of the computer, 
the word is shifted out of the register, and the one-bits 
that come through are counted in the scaler. After all 
lagged products for a given correlogram point have 
been done, the scaler is read and reset. 

Unlike the Lehto system, time is not taken to invert 
the data words from one counter before taking the 
lagged products. As a result, the scaler contents are 
equal to a quantity given by the correct sum subtracted 
from the maximum possible count (i.e., 24 times the 
number of exclusive-or operations). Account is taken 
of this in processing the data. 

A loop cycle for retrieving and positioning the data 
words, performing the exclusive-or operation and dump-
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ing the result to the shift legistcr takes an average of 
16 memory cycles or 28 ^scc, corresponding to two-
thirds cycle or 1.17 pscc per bit pair, plus overhead. 
This is a major improvement over the DDP-24 system, 
which took 2 cycles or 10 MSCC per bit pair plus con
siderably more overhead. The present scheme increases 
in efficiency as the computer word length increases, 
since the various steps take no longer time for a longer 
word than for a shorter word. 

An important refinement in this system is that only 
one lag point is calculated from each string of data. 
That is, a new string of data is read in for the calcula
tion of another lag point. That is done to improve the 
statistical properties of the correlogram. Dragt4 has 
pointed out that adjacent correlogram points taken 
from the same data string are themselves correlated. 
This can lead to difficulty in the interpretation of least-
squares fits. With this system, on the other hand, all 
correlogram points arc statistically independent and 
each contributes unique information.-1' For this reason, 
the correlogram is calculated at every lag point instead 
of at just certain lag points as was done on the DDP-24. 
(This type of operation would have been prohibitive on 
the DDP-24 due to overhead considerations.) After all 
lag points for one data string have been calculated, the 
display of the correlogram on the CRT is updated. 

Operating in this way docs not slow the process 
markedly, since read-in time for a bit pair is only 13 % 
of the calculation time. The reading is done on a cycle-
steal basis. Two data areas are provided in memory, 
one being filled while the other is being processed. 

Figure IH-16-1 shows a typical correlation function. 

* The scaler system desciibed by Lehto also has this desira
ble property. 

A system consisting of a detector signal amplifier, 
polarity sampler and associated gating circuitry has 
been designed and tested in a fast reactor application 
',o do noise studies by polarity correlation techniques. 
system versatility and accurate signal processing were 
emphasized. Noise studies and reactivity measurements 
have been done with this equipment utilizing the cross 
correlation and low frequency coherence techniques. 

This was obtained from the FTR-3 assembly on the 
ZPR-9 fast critical. The measurement was made near 
critical. The plastic scintillators used as detectors for 
the previous system were replaced with Nuclear Enter
prises NE105 glass scintillators. These were each 1% 
in. in diam and 1 in. long and contained about 4.5 g of 
7Li. The measurement shown was done near critical 
and took approximately one hour. The results were 
fitted to a single decaying exponential plus a constant, 
yielding a time constant of 335 ± 1 1 yusec. Measure
ments w ere also attempted in various further subcriti-
cal states. Such operation, however, was marginal be
cause the low er event rate in the detectors did not cause 
enough pulse pile up to produce the Gaussian signal 
required for polarity correlation. Furthermore, as 
pointed out by Lehto and Goin5 polarity correlation 
apparently does not make as efficient use of the data 
as full-amplitude cross-correlation measurements. 
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Reactor transfer functions, decay constants, and 
reactivity have, until recently, been measured by full-
amplitude analysis of a properly derived analog signal 
or by various pulse counting techniques. The most at
tractive method has been the cross power spectral 
density (CPSD) technique1,2 which involves filtering, 
multiplication, and integration of two detector outputs 
to derive a quantity proportional to the correlated 
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signal power per unit bandwidth. The equivalent ex
periment in the time domain requires digitizing the 
analog signals and multiplying the resulting time series 
point by point. The process is repeated with one signal 
delayed with respect to the other, for various delay 
times, to generate the cross correlation function. Shape 
analysis of these functions yields kinetic information 
about the reactor and its components. 

More recently, similar two-detector experiments 
have been done by polarity-sampling techniques3-5 to 
derive the kinetic information. Polarity sampling in
volves the coarse quantization of an analog signal into 
two bits, representing the positive and negative states. 
Averaging consists of totaling the occurrences of like 
bits and dividing by the total number of samples to 
get a quantity R(t). This is equivalent to conducting 
an "exclusive-or" operation on the time series of bits, 
summing the outputs, and dividing by the total num
ber of samples. The correlation (coherence) is then 
given by5,6 

P(t) = sin | j £(«)]. 

The polarity cross correlation function is calculated 
by delaying one time series as in the full amplitude 
experiment and averaging. The result is equivalent to 
the cross correlation function calculated by conven
tional methods; this method has the advantages of 
simplicity, requires less equipment, and permits a 
considerable reduction in computer time. On the nega
tive side, reducing the level of quantization also reduces 
precision and available dynamic range, the limit being 
one decade in a two-bit quantization scheme.7,8 

Seifritz has applied polarity sampling techniques to 
band pass filtered detector signals to measure the fre
quency coherence function given by 

The <£s are the one and two detector spectral densities 
as indicated by the subscripts. 

A variation of this experiment was developed by 
Seifritz5 to measure reactivities in fast reactors. The 
signals from the detectors were low-pass filtered, and 
the reactivity-related amplitude of the low frequency 
coherence function was sampled by the polarity-cor
relation technique. 

Application of these polarity-sampling and calcula-
tional techniques places different requirements on the 
equipment and its quality. For instance, to attain the 
required delays of several to hundreds of microseconds 
in a fast reactor experiment, it is impractical to use 
delay lines in the calculation of the polarity-correlation 
function. The delays, "exclusive-or," and summing, 

arc more efficiently done with an on-line computer. 
For the frequency coherence function and reactivity 
measurements, the computer is unnecessary since the 
measurements can be done by replacing the computer 
with an "ex-or" gate and scaler. 

The requirements placed on the instrumentation are 
the most severe for the low-frequency coherence func
tion measurement. Any interference such as line hum 
appearing in both channels would contribute to the 
correlation coefficient and yield biased results. The pres
ence of line interference is not as severe in the other 
two polarity correlation experiments, particularly in 
fast-reactor applications. Any such interference is well 
removed from the frequencies of interest and is easily 
separated in the frequency coherence function measure
ment. In the correlation measurement the time scale 
is usually short enough so that bias from low-frequency 
interference appears as a constant that can be corrected 
for. In spite of this, even the smallest amount of bias is 
undesirable and considerable care is required in in
strument design. 

At Argonne National Laboratory, a system has been 
designed and tested in a fast-reactor application to do 
the three polarity correlation experiments. The systems 
of Cohn and Seifritz have been used as a point of de
parture for the design of a preamplifier, main-amplifier, 
polarity sampler, sign comparator, and computer 
interface. An improved polarity correlation algorithm 
has also been written which utilizes the "ex-or" instruc
tions of the Zero Power Plutonium Reactor's on-line 
SEL 840 computer. Particular attention has been given 
to elimination of any common-mode nonreactor noise 
and to system versatility. 

SYSTEM DESCRIPTION 

The system is shown schematically in Fig. III-17-1. 
The preamplifiers are current sensitive. The detectors 
used in the critical-facility program are photomulti
pliers viewing plastic scintillators. The differential 
amplifiers have a variable gain of 10 to 1000 w ith high 
common-mode rejection, and have high pass (3 Hz) 
and adjustable low pass (159 Hz to ~100 kc) filters 
at their inputs. These filters are used for the low-fre
quency-coherence-function reactivity measurements, 
which require limited-bandwidth signals,5 that is 
A, « w « 0.1 ae[(l - $)2 + Qmax\1!\ where ac is the 
prompt neutron decay constant at delayed critical, $ is 
the reactivity in dollars, and Qmax is the ratio of cor
related to uncorrclated noise contributions. The dis
criminators, exclusive-or circuit, and shift registers an 
made up of commercially available integrated circuit: 
and logic elements. The discriminator thresholds of 
the polarity sampler are normally set at zero volts and 
are connected so that their outputs go positive when 
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FIG. III-17-1. Schematic of Polarity Correlation Equipment. ANL-ID-10S-A11724. 

the input signal exceeds the threshold in the positive 
direction. The exclusive-or circuit is driven by the 
polarity samplers and its output goes positive only 
when the state of both inputs is the same and is zero 
when the two inputs are different. 

The "ex-or" output is used to instruct the reversing 
scaler to count clock pulses up or down depending on 
the phase of the inputs. The "cx-or" gate and reversing 
scaler are used in reactivity measurements by the low-
frequency-coherence function method. They would 
also be used in the frequency coherence function meas
urements along with band-pass filters.* 

The correlation functions are calculated on line 
using the shift registers to input data to the computer. 

INSTRUMENTATION 

The preamplifier is shown schematically in Fig. 
Ill-17-2. The circuit is a current-sensitive configuration 
and uses a field-effect transistor, Qi, in the first stage. 
Transistors Q2 and Q3 are cascode connected. Transistor 
Q4 is a current source whose output impedance, in 
parallel with the output impedance of Q4, and the in
put impedance of Q5, comprise the collector load im
pedance of Q3. Transistor Q6 is an emitter follower that 
drives the complmientary emitter follower consisting of 
Q6 and Q7. The gain of the amplifier is determined by 
feedback resistor Rs , and may be expressed as Eo = 
ilnRf . Capacitor C/ provides high frequency roll-off. 

Zener diodes CR-1 and CR-2 are used in the bias 
network of Q3 and Q4 to prevent stages Q3 and Q4 from 
amplifying 60 Hz hum that may be present on the ±24 
V supply lines. 

* The system as built has not yet been equipped with band
pass niters, but could be if the need should arise. The frequency 
coherence function measurement is mentioned for complete
ness and the capability does exist with the addition of the fil
ters. 

The preamplifier has a differential output with re
spect to ground that is derived at the connector side of 
Ri and i?2-

The output of the preamplifier drives the differential 
band-limiting amplifier shown schematically in Fig. 
IH-17-3. This amplifer has a differential input stage 
that is used to reject common-mode 60 Hz hum that 
may be picked up on the cables that connect the pre
amplifier to the band limiting amplifier. The differential 
input stage is comprised of transistors Qi and Q2, whose 
outputs drive the unity gain differential amplifier A-l. 
Gain stages A-2 and A-3 are feedback amplifiers having 
a combined gain of 1000 maximum, with provisions for 
fine and coarse gain control. 

The upper roll-off frequency of the band limiting 
amplifier is determined by the feedback capacitance 
shunted around amplifer stage A-3. This capacitance is 
switch controlled so that the upper 3 dB roll off fre
quency can be varied from 15.9 kHz to 159 Hz in five 
steps. A sixth switch position removes all feedback 
capacitance providing an upper 3 dB bandwidth in 
excess of 90 kHz. 

The amplifier has a fixed low-frequency roll-off at 
approximately 3 Hz. The polarity sampling circuit 
shown in Fig. IH-17-4 is comprised of an input dis
criminator section and a logic gating section. The input 
discriminator section uses type 741 operational ampli
fiers to limit the input signal and to set the bias levels 
for the 710 discriminators. The outputs of the dis
criminators drive TTL logic gates that are connected 
in a fashion that exclusive-ors the outputs of the x and 
y discriminators. 

SHIFT REGISTER AND COMPUTER 1/0 SYSTEM 

The shift register and I/O system are shown sche
matically in Fig. III-17-5. The data from the discrimi-
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A, IN 

ALL CAPACITORS IN 
MICRO FARADS UNLESS 
SPECIFIED. 

FIG. III-17-2. Schematic of the Charge Sensitive Preamplifier. ANL-ID-10S-A11725. 

nators are collected in two 24-bit shift registers in a 
single module. The data are then transmitted through 
a remote computer I/O terminal designed for collecting 
experimental data. 

Data from each trigger circuit are gated into one of 
the shift registers in the shift register module by a 
variable frequency clock. At every 24</i clock pulse, a 
computer input channel is enabled and the data in 
shifter register 1 are read into the computer in parallel. 
The signal that these data have been accepted is used 
to gate shift register 2 to the computer. The entire 
reading cycle (~20 ^sec) is completed before the next 
clock pulse arrives, ensuring uninterrupted collection 
of data. 

In addition to storing data, shift register 1 is used to 
time the computer input as follows: 

The signal that the computer has read the data in 
shift register 1 is used to set the first bit of that register 
to 0 and the remaining bits to 1. Twenty-four clock 
pulses later this 0 bit is shifted out of the register into a 
flip flop in the remote I/O terminal, which enables the 
computer input channel and restarts the read cycle. 

Figure HI-17-5 also shows the details of the tuning 
and control logic. All logic elements and control lines 
with the exception of the shift registers are an integral 
part of the remote I/O system. The I/O system is also 
used to provide a synchronized 500 Hz square wrave to 
the shift registers for S}'stem and computer checkout. 

PROGRAMMING TECHNIQUES FOR POLARITY NOISE 
CORRELATION 

The programming techniques used here take ad
vantage of some of the hardware features of the SEL 
840 MP computer. Specifically, the hardware exclusive-
or instruction is used to obtain the correlation function 
24 bits at a time, and the three index registers are used 
to speed the counting of the correlated and uncorrected 
bits. 

Briefly, the procedure involves accumulating x plus % 
words of data from each counter, where x is the numbei 
of bits desired for accumulation in one pass divided by 
24, and y is the number of delays needed, divided by 24. 
For discussion purposes, assume that x is 1 and we want 
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to have 24 delays. Two words are then inputed from 
each counter. 

To determine the cross correlation function, the first 
word from counter number one is inverted (i.e., one 
bits are made zero bits and zero bits are made one bits); 
then the first and second words from the counter num
ber two are loaded into the "A" and " B " hardware 
accumulators, respectively. Next, the inverted first 
word from counter number one is "exclusive-or"ed with 
the contents of the "A" accumulator leaving ones for 
correlation and zeros for noncorrelation for delay time 
r = 0. This bit pattern is stored in a product table; 
the "A" accumulator is restored to the first word from 
counter number two; a full-logic left shift of one bit is 
done (which brings the high order bit from the " B " 
accumulator into the low order bit of the "A" accumu
lator; the contents of "A" are stored in memory, and 
the inverted first word from counter number one is 
"exclusive-or"ed with the "A" accumulator. This gives 
the correlation for r = 1, which is stored in the product 
table. The "A" accumulator is restored, a full-logic 
shift is repeated, and so on. This procedure continues 
until 24 shifts and exclusive-ors have been accomplished. 

Summing the bits is accomplished by use of a 256 
word table that contains the sum of + 1 for all the one 
bits and — 1 for all the zero bits of the octal address of 
each word of the table (with the beginning of the table 
at location 0). The first word of the table is —8, the 
second word is — 7, etc., and the last word is + 8 . To 
find the correlation, the word in the product table is 
split into three eight-bit parts which are transferred to 
index registers, from which they point to the word in 
the table that contains the sum of those eight bits. 
The three values are added to a sum table (one entry 
for each delay time T), which is passed to a FORTRAN 
subroutine for print and display. 

To complete the cross correlation, the reverse of the 
above procedure is applied. That is, the first word from 
counter number two is inverted, the two words from 
counter one are loaded into the "A" and " B " accumu
lators, and the same procedure is followed. 

Autocorrelation follows the same pattern except that 

the inverted first word is "exdusive-or"ed with itself 
for T = 0, etc. 

This technique requires ~ 8 ^sec per bit per number 
of delays for cross correlation, and half that for auto
correlation. 

In addition to cross- and autocorrelation programs 
that obtain the correlation function for all delay times 
between 0 and 23, and between 0 and 95, another pro
gram is in use that obtains the values for T = 0, 1, 3, 
6, 10, etc. up to 300.' This program is designed to take 
data on an interrupt basis so that while the process of 
correlating one batch of data is being carried out, the 
next batch of data is being taken. 

APPLICATIONS 

The polarity correlation system has been tested in a 
fast reactor application in the Zero Power Plutonium 
Reactor, Assembly 2. Measurements of the correlation 
functions at critical and at several subcritical levels 
have been made. In addition, reactivity measurements 
have been made by the low-frequency coherence-func
tion method. Satisfactory results have been obtained 
in these measurements. 

The system is currently being integrated into the 
ZPPR experimental system and will be used as a sup
plemental reactivity measurement method in support 
of the LMFBR program. 
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11118. RealTime Counting Techniques for Determining Absolute Fission Rates and 
Reaction Rate Distr ibutions in Zero Power Critical Assemblies 

A. B. LONG 

I. INTRODUCTION 

Reaction rate measurements within fast critical as

semblies form a fundamental part of any experimental 
reactor program. Current techniques employed in these 
measurements include foil activations, thermolumines

cent dosimetry, track recording, and the use of count

ers. Each of these techniques has specific applications 
and also has inherent advantages and disadvantages 
when compared with the other techniques. This report 
will limit itself to a discussion of the experimental 
methods used to accumulate and analyze reaction rates 
measured by counters in ZPR6 and ZPR9. 

Counters provide the only means for realtime ac

cumulation of data and are, therefore, the only tech

nique suitable for timedependent applications. They 
also afford the experimenter the opportunity to interact 
directly Avith the accumulation of data. Through the 
use of suitable experimental equipment, it is possible 
to accumulate and analyze the data at the time of its 
acquisition so that the experimenter can judge the 
quality of the results and make decisions affecting 
further acquisition of data. 

II. DESCRIPTION OP THE EXPERIMENTAL EQUIPMENT 

A. FISSION DETECTORS 

Fission rate measurements are made with Kirntype 
counters.1 These detectors are cylindrical gasflow 
counters with parallelplate configuration. Currently, 
a large counter with a diameter of 5.3 cm and a length 
of 2.5 cm is used for absolute measurements, and a 
smaller counter having a diameter of 2.5 cm and a 
length of 1.5 cm is used for traverse measurements. 
In both counters the fissionable material is deposited 
on a polished metallic disk that serves as both the 
front of the detector and the cathode. Another disk 
which serves as the anode is located at a distance of 
0.5 to 0.7 cm from the source and is positioned coaxi

ally and parallel to the source. With a bias of 100 V 
between the two plates and an inert atmosphere of 
90% argon and 10% methane within the detector, 
good separation is obtained between the pulse heights 
produced by fission fragments and those produced by 

phas and background gammas and neutrons. The 
iader is referred to Ref. 1 for a more detailed descrip

tion of the counter. 
Fission rates of different materials can be measured 

by one Kirn counter simply by interchanging source 
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disks. These sources consist of fissionable material 
electrolytically deposited on a 3.SS cm2 area in the 
case of the larger Kirn counters and on a 2.85 cm2 area 
in the case of the smaller (traverse) Kirn counters. In 
order to reduce the energy lost by fission fragments 
emitted along paths that are nearly parallel to the 
source disk, the source disks are made of highly pol

ished stainless steel and the fissionable material is de

posited to a thickness of only 20 /zg/cm2. 
Currently, high purity sources of 235TJ, 238U, 239Pu 

and 240Pu are available for fission counting in either 
size Kirn counter. Using these isotopic concentrations 
and knowing the halflife of each isotope plus its 
branching ratio, the masses of the foils are derived 
from absolute alpha counting. Uncertainties in the 
masses will be due to counting errors, errors in the 
halflives of the isotopes and uncertainties in the iso

topic determinations. The effect of these uncertainties 
upon absolute fissionrate measurements is considered 
in Section IIIA of this report. 
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B. 10B ALPHA DETECTORS 

Capture rates in 10B are measured with a back-to-
back cylindrical gas-flow proportional counter designed 
by L. S. Beller.2 The detector is 5.6 cm long and has a 
diameter of 1.3 cm. I t is divided along its length to 
form two half-cylinders; one-half contains a deposit of 
10B on a source plate and the other half contains a 
blank plate. The source and blank are placed on op
posite sides of the divider wall and they cover an area 
5.3 cm long by 1.0 cm wide. The reader is referred to 
Ref. 2 for a more detailed description of the counter. 

The boron is 96.5 % 10B and 3.5 % n B deposited to a 
thickness of approximately 15 /ug/cm2. The absolute 
boron mass has not been determined., The blank half 
of the detector is used to correct the 10B data 
for gamma and neutron background. To date, the best 
ratio of signal-to-background in a zero-power critical 
assembly has been obtained with an applied bias of 
500 V and a gas flow of 90 % argon and 10% CO2 (see 
Paper 111-20). A typical 10B and background spectrum 
recorded in a zero power critical assembly is shown in 
Fig. III-18-1. 

C. ELECTRONICS 

A schematic diagram of the electronics used to re
cord count-rate and pulse-height information is shown 
in Fig. III-18-2. The bias supply (high voltage) and 
preamplifier are conventional units. The amplifier is 
an Ortec Model 486 combination amplifier and single-
channel analyzer. This unit offers the advantage of a 
fixed dead-time for pulses of all sizes because the dead-
tune is generated for 1.8 /zsec after the peak of the 
pulse is detected. As a result, accurate dead-time cor
rections can be made for count rates obtained from the 
output of this single-channel analyzer. 

In order to correct for background and pulse-pile-up 
errors, the pulse height spectrum from the counters is 
recorded using a Northern Scientific analog-to-digital 
converter in conjunction with an SEL-S40 computer. 
Only those pulses whose height exceeds the lower 
level discriminator are recorded through the require
ment of a coincidence between the amplifier and the 
single-channel analyzer signals. A delay amplifier is 
required to adjust the timing requirements for this 
coincidence. No dead-time correction is made for these 
pulse-height data since it is only used in a relative 
sense to correct the absolute count rates obtained from 
the single channel analyzer. 

D. TRAVERSE EQUIPMENT 

Traverses are made within critical assemblies by 
moving a detector through a hole at the appropriate 
location within the assembly. For radial traverses, the 
current practice is to introduce a 2.8 cm diam hole ex
tending from the outer edge of the matrix along row 
23 in the stationary half to the desired depth in the 
core; special plates are used. The counter is then placed 
at the end of a long tube and is traversed through the 
hole using the radial sample changer mechanism. Ax
ial traverses are performed by removing the normal 
reactor drawer at the appropriate position and insert
ing a special "L"-shaped drawer; this special drawer 
has a 2.5 x 2.6 cm axial hole at one corner extending 
along the entire length. The counter is placed in a 
small movable drawer Avhich fits into the 2.6 cm square 
hole in the "L"-shaped drawer; the counter can be 
moved to any position along the length of the "L" 
drawer using a servo motor. 

The choise of materials to be loaded around the 
radial or axial traverse hole is determined by the spe-
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cific experiment which is being performed. However, 
the immediate configuration of stainless steel around 
the detector due to the detector holder will be un
changed from one measurement to the next and is 
shown in Fig. III-1S-3. 

III. ANALYTICAL TECHNIQUES USED IN THE 
PROCESSING OF COUNTER DATA FROM 

ZERO POWER CRITICAL ASSEMBLIES 

A. DETERMINATION OF ABSOLUTE FISSION RATES 

I t is possible to determine absolute fission rates from 
counting and pulse-height distribution data obtained 
from Kirn counters. Section II of this paper describes 
the experimental equipment used to measure count-
rate data and how to correct it for dead-time. From 
these corrected count-rate data, the absolute fission 
rate may be extracted if corrections can be made for 
background, detector efficiency, and if the absolute 
mass of the foil is known. 

Consider first the corrections for background and 
for detector efficiency. Kirn states in Rcf. 1 that the 
efficiency of a counter of his design is 99.9 % for fission 
events if the foil is only 20 ^g/cm2. The small loss in 
efficiency is due to the few events in which the fission 
fragments are emitted parallel to the foil surface and 
not enough ionization is produced within the chamber 
to be detected as a fission event. As the angle of emis
sion with respect to the foil surface becomes larger, 
energy lost by the fragment also increases. There 
xists, therefore, a small solid angle of emission for 
I'hich the fragment is either not detected at all or, if 

it is detected, it falls into the background. Theoretical 
calculations of this low-energy tail have been per
formed for detectors having much less efficient con-
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figurations than the Kirn counter; these calculations 
are in good agreement with experimental results.3 Thus, 
it is felt that the shape of the low-energy tail which 
is present in Kirn counter measurements (see Fig. 
III-1S-4) can be accurately predicted. 

The correction for the low-energy tail is performed 
by a computer code w hich fits a third-order polynomial 
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curve to the data points that fall around the minimum 
count. The number of points fitted is equal to 20% of 
the channels between channel zero and the channel in 
which the first peak occurs (12 channels were fitted in 
the example shown in Fig. IIIlS4). The minimum 
value of this curve, CTVL, and the channel in which 
it occurs, CHVL, are determined by the code. The 
number of fissions which produce events below the 
valley channel, CHVL, is set equal to the product of 
CTVL and CHVL. The tail correction factor, TCF, 
used to correct absolute countrate data is then given 
by 

mnv  TCABVL + CTVL X CHVL m 
TOTAL ' U ; 

where 
'TOTAL = the total number of counts recorded 

in the fission spectrum 
TCABVL = the total number of counts recorded 

in the fission spectrum above the val

ley channel 
CHVL = the channel in which the fitted curve 

has a minimum 
CTVL = the value of the fitted curve at the 

minimum. 
Due to the presence of some background events in 

the counts recorded for the valley channel, the esti

mate for the number of fissions in the lowenergy tail 
is probably too large. However, since this number is 
generally less than 0.5 % of the total fissions, the error 
is small when compared with other uncertainties. An 
experimental error for the tail correction factor is cal

culated assuming that there is no uncertainty in the 
valley channel, and that the other quantities in Eq. 1 
are independent and have statistical errors equal to 
the square root of their values. This error is given by 

2 1 
"TOP T0TAL2 

■ (TCABVL + CHVL2 X CTVL ( 2 ) 

+ TCF2 X TOTAL). 

The other source of uncertainty in the determination 
of absolute fission rates is the uncertainty in the abso

lute mass of the fission foil. Typical uncertainties in 
foil mass run as high as 2 % for 235U foils and as low as 
0.4% for 239Pu foils. These errors reflect counting er

rors, uncertainties in halflife and branching ratios, 
and errors in isotopic analysis; they do not include any 
indication of systematic errors. Fortunately, most ab

solute fission rates are reported relative to another 
absolute fission rate. For such ratios of two absolute 
measurements, small common errors in tail correction 
techniques, detector efficiency and foil mass cancel out. 

B . ACCUMULATION AND ANALYSIS OF REACTION RATE 

DATA FROM ZERO P O W E R CRITICAL ASSEMBLIES 

The computer code TRVS has been developed to 
accumulate, display, and analyze reactionrate dis

tribution data making use of the SELS40 computer 
associated with the zero power critical assemblies. This 
code is one of the submodules in the integrated sys

tem for online computer acquisition of data from 
ZPR6 and ZPR9 (see Paper III19). 

Counter data are accumulated as a function of de

tector positions within the reactor by making use of 
the electronics discussed in Section IIC and the on

line peripheral scalers which are interfaced with the 
computer. Any combination of the following three 
options may be selected for accumulating these data: 

1. Record only one scaler [SCAL(/)]. 
2. Correct the count rates in one scaler [SCAL(/)] 

with those recorded in another scaler [SCAL(«/)]. 
3. Normalize the results of one or two scalers with 

the value of a third scaler fSCAL(if)]. 
These options may be expressed by one equation 
where, depending on the option selected, scaler J may 
be present or replaced by zero and scaler K may be 
present or replaced by a one: 

[SCAL(7)  SCAL(./)]/SCAL(#). (3) 

Following the accumulation of data by the selected 
peripheral scalers, TRVS is called to store this informa

tion plus the position of the detector during the meas

urement.,. The data which have been accumulated at 
different positions up to this time are all presented on 
a visual graphic display unit. If previous measure

ments have been made at the present detector loca

tion, a comparison of the results with the present data 
is made to check for reproducibility. After evaluating 
these results the experimenter can decide upon his 
next measurement. 

Upon completion of the traverse, the results are cor

rected for deadtime and, if appropriate, for back

ground in the tail. This last correction is only applica

ble to Kirn counter fission rate measurements and can 
be avoided if relative counting is acceptable. To avoid 
the correction, the lower level discriminator of the 
single channel analyzer must be set above background. 
However, since this tends to place the discriminator 
in a region of relatively high countrate where a small 
drift would produce noticeable error, and because it 
destroys the possibility of absolute counting, the cur

rent policy has been to take fission counter data wit! 
the discriminator set just below the valley as shown ii 
Fig. IIIlS4. The data are then corrected by TRVS 
for the tail background by recording pulse height 
spectra at a number of different positions along the 
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traverse. These spectra are analyzed to determine the 
correction factors and in turn entered into TRVS.. 
The code fits a straight line to them as a function of 
detector position and then corrects the counter data 
for the background tail as a function of position. 

IV. SYSTEMATIC ERRORS ASSOCIATED W'ITH 
EXPERIMENTAL MEASUREMENTS OF 

REACTION RATES BY COUNTERS 

During the FTR-3 Phase B Critical Experiments 
Program carried out on ZPR-9, a series of measure
ments were made to determine the systematic errors 
introduced by neutron streaming and counter pertur
bations on measured reaction rate distributions.4 In 
those measurements the effect of neutron streaming 
down the traverse tube (approximate cross section, 6 
cm2) was investigated by placing a 2.5 cm long by 2.5 
cm diam. stainless steel plug 3.8 cm in front of the fis
sion detector. Stainless steel of this thickness had an 
attenuation of approximately 0.6 for the mean energy 
neutrons in the assembly. The effect of the plug on 
the measured 239Pu(n,/) and 238U(n,/) fission rate dis
tributions was masked by the statistical uncertainty 
of the data. Consequently, the effects of streaming for 
this size traverse tube appears to be less than 7 %. The 
effect of the finite size of the counter on the measured 
reaction rates (i.e., the difference between the neutron 
spectrum at the counter position with and without the 
counter and traverse hole) was investigated by per
forming 238U(?i,/) foil irradiations between plates along 
the same path as the counter was traversed, except 
that neither the traverse hole nor the counter was 
present. Of the principle reaction rates in a ZPR plate 
mockup of an LMFBR core, 238U fast fission is most 
strongly spatially dependent within the plate cell. The 

INTRODUCTION 

An integrated system for on-line computer acquisi
tion of experimental data utilizing an SEL-840 Com-
nuter has been developed to facilitate accumulation of 

ata simultaneously from the ANL ZPR-6 and ZPR-9 
ero-power critical facilities. The system operates in a 

"real time mode," which means that the computer 
keeps accurate track of time and is able, where neces
sary, to precisely control the duration of time for which 
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238U(n,/) counter was not able to resolve any of the fine 
structure in the fission rates due to the heterogeneous 
drawer loading; however, the foils clearly measured 
this structure. The results indicate that at least in the 
case of 238U(n,/) reaction rate measurements, the user 
of the counter data must be aware that the counter 
data represent average special response over a signif
icant volume of the drawer. For this reason the user 
must be careful when comparing calculated reaction 
rate distributions with distributions measured either 
by foils or by counters. 

The reader is referred to Paper II-7 for a description 
of the procedures used to calculate reaction rate dis
tribution for the FTR-3 Phase B Critical Experiments 
Program. In addition, a 239Pu(?i,/) foil irradiation is 
being planned for the current FTR-EMC experi
mental program. This will closely duplicate counter 
measurements which have already been performed. A 
comparison of these two measurements will yield more 
information about the effects of streaming and counter 
perturbations. 
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a peripheral device accumulates data. The system also 
performs "time swapping" among as many as three 
different control terminals. A control terminal may be 
used to control the integrated system and to perform 
limited data input and output. The term "time swap
ping" is used to indicate that the central processor will 
execute a short program requested by one control 
terminal and then proceed to the requirements of the 
next control terminal. The frequency with which this 
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"time swapping" occurs is determined by the require
ments of the various control terminals; however, none 
of the data processing programs accessible within the 
integrated system require more than a few minutes 
for execution, so that access to the computer from any 
control terminal will not be delayed significantly. The 
integrated system consists of a master control pro
gram module and many submodules written in Assem
bly Language and Fortran. The control module resides 
permanently within the core and it serves as the basic 
unit for control of the peripheral data accumulation 
devices, for control of the program submodules, and 
for storage and retrieval of all data. On the other hand, 
the program submodules are stored on the disc unit 
and are only brought into the computer when needed 
for a specific calculation or the accumulation of data 
by a particular peripheral device. Once the program 
module has completed its task it returns control to the 
master control-module and exits, leaving the computer 
free for a different use. When the master control mod
ule ascertains that a given peripheral device that is 
accumulating data (e.g., a scaler) has run for the de
sired length of time, it will read the data from the 
device and store it in a dedicated location. 

By using one master program control module and 
many submodules it is possible to have a larger or 
more flexible system for acquisition and analysis of 
data. In addition, since the control module is able to 
run the peripheral data accumulation devices inde
pendent of other computer operations, it is possible 
for one submodule to be analyzing data while the 
peripheral devices are recording data under command 
of the control module. 

MASTER PROGRAM CONTROL MODULE 

The master program control module performs three 
functions which arc described separately in the follow
ing: 

REAL TIME OPERATION OF DATA ACCUMULATION 

P E R I P H E R A L S 

The real time control of the peripheral data record
ing devices is done by the control module on an inter
rupt basis. Once every one-tenth of a second the 
highest-priority computer interrupt is generated. This 
interrupt causes the control module to check each 
peripheral data accumulation device in turn to see if 
it has run for the desired length of time. If it has, the 
appropriate action is taken at that instant to read the 
data from the device, restart the unit if another itera
tion is required, or to stop the unit if all data acquisi
tion is finished. The interrupt routine is then ended 
and the computer returns to whatever it was doing 
before the interrupt occurred. The whole sequence oc
curs in much less than a millcscond. 

CONTROL OF ACCESS TO THE COMPUTER FROM THE 
DIFFERENT CONTROL TERMINALS AND 

HANDLING OF THE PROGRAM 
SUBMODULES 

In addition to checking the peripheral data accumu
lation devices during each interrupt, the control mod
ule also checks to determine if any control terminal has 
requested to be acknowledged. If such a request is 
made, the request is recognized during the interrupt 
routine and then when the computer is free the control 
terminal is acknowledged. Once acknowledged, the 
operator at that control terminal may request the con
trol module to call in any one of the submodules. Con
trol of the computer is then transferred to this submod
ule until it has finished performing its task. Following 
completion of the task, the control module again re
gains control and checks to determine if any of the 
other control terminals have requested to be acknowl
edged before returning to check the original terminal. 
For this reason each control terminal has equal access 
to the computer on a time-swapping basis. Throughout 
the whole process, the real-time control of the periph
eral data recording devices continues on an interrupt 
basis. 

STORAGE AND RETRIEVAL OF DATA 

In order to permit different types of data to be 
intermixed and stored in one device, a standard stor
age and retrieval routine, INOT, was developed. This 
routine" was incorporated into the control module and 
is therefore always in residence within the core. I t 
can be called by any of the submodules or directly by 
the operator. Once called, it permits the operator to 
select the disc, magnetic tape, or paper tape as the 
device in which the data is to be stored or from which 
it is to be retrieved. 

Each set of data recorded by the integrated system 
is composed of two records. The first record consists of 
sixty-four words of integer data used to identify and 
describe the second record. The first five words which 
uniquely define each data set consist respectively of 
the month, date, year on which the data was recorded, 
the number of the data set taken on that day, and the 
reactor on which the data were taken. The second rec
ord contains the actual data; its length, structure, and 
format are defined by specific words in the identifica
tion record. All the data are stored in binary form 
which saves both storage space and translation time 
and simplifies the process of intermixing integer, float
ing point, and double-precision values. 

Before a data set is stored on either the disc or mag 
netic tape, the identification of all data sets previously 
stored on that unit are compared with the identifica
tion of the new data set. If an existing data set is found 
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with the same identification numbers, the storage is 
terminated until the identification numbers of the new 
data set are changed. This procedure assures that each 
data set in a given storage unit is uniquely defined and 
thereby retrieveable through the designation of its 
identification numbers. 

As an additional safety precaution different mag
netic tape transports and different sections of the disc 
unit are assigned to the different reactors by the con
trol module. A given control terminal must initially be 
assigned to a specific reactor and from then on the 
operator at that terminal will have access only to the 
storage areas allocated to that reactor. Furthermore, 
all data stored from the assigned control terminal will 
automatically bear the appropriate reactor identifica
tion number. Before any data can be retrieved by the 
assigned control terminal, the reactor identification 
number for that data set will be compared to see that 
it agrees with the reactor number to which the termi
nal is assigned. 

PROGRAM SUBMODULES 

GENERAL COMMENTS 
A program submodule is designed to perform a spe

cific function. When the operator needs this function 
to be performed he requests the master program con
trol module to call in the appropriate submodule from 
the disc. Control of the computer is then transferred 
to that submodule until it has finished its task. This 
section contains a brief description of the submodules 
which have been or are in the process or being imple
mented. 

Basically each of the submodules is involved with 
acquiring and/or analyzing data which have been re
corded on-line from the reactors. The peripheral data 
acquisition devices that arc currently used by the in
tegrated system arc: 

1. Four 100 MHz, 24-bit scalers (CAMAC inter
face). These are used for fission or capture-rate 
measurements. 

2. Four 10 MHz, 24-bit scalers. These are used for 
scaling the outputs of the voltage-to-frequcncy 
converters used in flux level or noise measure
ments. 

3. Four 10 MHz, 24-bit reversible scalers. These 
are used for rod position indicators. 

4. Two 1024 channel analog-to-digital converters 
(CAMAC interface). These are used for recording 
pulse-height spectra from counters. 

5. One thirty channel thermocouple interface 
(CAMAC interface). This unit has not yet been 
installed; however, it will be used to determine 
the reactor core temperature for the purpose of 
reactivity connections. 

All of these devices are controlled in a real-time sense 
by the master program control module. Once they are 
started by a submodule they will run independently 
or on an interrupt basis until the control module de
termines that they have run for the required length of 
time and the required number of iterations. During 
such operation the computer is free to perform some 
other function. 

NOIS ACCUMULATION AND ANALYSIS OF NOISE 

DATA BY T H E COHN OR ALBRECHT METHODS 

This submodule is designed to acquire and to ana
lyze noise data from both Cohn1 and Albrecht2 type 
noise detectors. Initially the module is called to start 
data acquisition for up to thirty one-minute counting 
periods. Once the scalers have been started, the control 
module regains command of the computer until the 
counting period is finished. 

Following the acquisition of data, this submodule 
determines the coherence of the noise data directly 
from a scaler value in the case of Albrecht's method 
and by interpolation from a table of coherence versus 
the ratio of two scalers in the case of Cohn's method. 
If the coherence is for a subcritical reactor configura
tion, the code then uses the measured values for the 
critical and subcritical coherence to determine the sub-
criticality of the reactor expressed in inhours. These 
data are corrected for core temperature and the results 
can be stored for comparison with additional measure
ments. The statistical error associated with the results 
is determined from the standard deviation of the co
herence values derived from the different one minute 
counts. 

RDRl AND RDR2—ACCUMULATION AND ANALYSIS OF 

ROD-DROP DATA 

The acquisition and analysis of subcriticality data 
by the rod-drop technique is performed by two sepa
rate submodules because of the limitation in memory 
size. The submodule RDRl is used to acquire data 
from as many as three independent flux channels: a 
flux channel provides a pulse frequency proportional 
to flux level. Up to 2150 flux data points may be re
corded for each flux channel and the counting time for 
these points can be choosen to be any multiple of 0.1 
sec. The operator has complete control of when data 
collection begins and when it ends. Before starting 
collection, he may initiate a test command which 
records and prints out one datum point from each flux 
channel as a test that the channel is operating. Then 
during the actual collection of data, R D R l prints out 
the last data point recorded from each flux channel 
every fifteen seconds. Finally, after data collection is 
complete the operator has the option to store the data 
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from each flux channel on disc, magnetic tape, or 
paper tape. 

The analysis of the rod-drop data is done by the 
submodule RDR2. The operator specifies the identifi
cation numbers and storage location of the delayed 
neutron data set and the rod-drop data set to be used 
in the calculations. The submodule then performs the 
inverse kinetics analysis using the algorithm developed 
by Cohn.3 The resulting initial and final subcriticality 
are connected for the core temperature and can be 
stored for comparison with additional measurements. 

RCAl AND RCA2 ACCUMULATION AND ANALYSIS OF 

ROD CALIBRATION DATA 

The acquisition and analysis of rod calibration data 
are performed by two separate submodules, RCAl 
and RCA2. The submodule RCAl is similar to R D R l 
except that flux data arc recorded from one channel as 
a function of rod position or time. In this case only 
1000 data points may be recorded; however, each 
datum point consists of the flux level and the rod posi
tion or the time. The counting time for these points 
can be choosen to be any multiple of 0.1 sec. The op
erator has complete control of when data collection 
begins and when it ends; the operator also is free to 
start and stop rod motion at any time during data col
lection. Following this, the operator may store the 
data on disc, magnetic tape, or paper tape. 

The analysis of the rod calibration data is performed 
by RCA2 in a manner analogous to the anatysis of rod 
drop data by RDR2. However, in this case the rod 
worth as a function of position or time is generated for 
the operator. 

SCAL ACCUMULATION OF SCALER COUNTS 

The accumulation of count rate data by the four 
CAMAC scalers is controlled by the submodule SCAL. 
The operator may select any combination of these four 
scalers and start them simultaneously. The counting 
time can be any multiple of 0.1 sec and up to nine rep
etitions may be specified. Once the scalers are started, 
the control module regains command of the computer 
until the counting period for a given scaler is finished 
Upon completion of its counting, a scaler will recall 
SCAL when the computer is free. The total counts for 
each repetition will be printed out and then the aver
age count rate will be calculated from these counts, 
along with its error. 

TRVS ACCUMULATION AND ANALYSIS OF FISSION OR 

CAPTURE RATE DISTRIBUTIONS USING A MOVABLE 

COUNTER 

The submodule TRVS was developed to accumulate, 
display, and correct reaction rate distribution data ob
tained from a movable counter. After the count rate 

data have been accumulated at a given reactor posi
tion by SCAL, the submodule TRVS is called to cor
rect and store these data. Any combination of 
the following three options may be selected: 

1. Record only one scaler 
2. Correct the count rate of one scaler with that of 

another scaler 
3. Normalize the results of one or two scalers with 

the value of a third scaler. 
All data collected are graphically displayed, and if 
data were previously recorded at the current position 
a comparison is made to check for reproducibility. The 
cumulative results arc then stored on disc and com
puter control is returned to the control module until 
the next traverse point is recorded. 

Upon completion of the traverse, all data points 
may be corrected for alpha and neutron background as 
a function of position. The final results are then listed 
and can be stored as a data set on disc, magnetic tape, 
or paper tape. 

ADCA ACCUMULATION AND ANALYSIS OF P U L S E -

H E I G H T DATA 

The submodule ADCA was originally developed to 
read, display, list, and store pulse-height spectra re
corded by most types of multi-channel analyzers. In 
addition, provision was made to calculate the "tail-
connection factor" used in absolute fission rate meas
urements (see Paper HI-IS) from certain pulse-height 
data. Currently, this submodule is undergoing revision 
to allow it to initiate the accumulation of pulse-height 
data on-line by the two 1024 channel ADCs which 
have just been acquired. 

LLPT LINEAR OR SEMI-LOGARITHMIC PLOTTING OF 

P U L S E - H E I G H T DATA 

The submodule LLPT is used to plot pulse-height 
spectra stored on disc, magnetic tape, or paper tape in 
the standard data set format by ADCA. Plotting is 
done on the calcomp plotter. The operator may select 
a linear or semi-logarithmic scale. One or more spectra 
may be plotted on the same graph using symbols or a 
straight line between points. 

PLANS FOR ADDITIONAL SUBMODULES 

Because of the modular structure of the integrated 
system, additional submodules may be easily added 
when new computer activities are required. At the 
present time programming is being planned for sub-
modules to record and analyze: 

1. Sample worth measurements 
2. Doppler measurements 
3. Excess reactivity 
4. Alpha-impactor spectra. 

These planned submodules will take advantage of 
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existing scalers, ADCs, and temperature recorders that 
are already interfaced with the computer. 
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INTRODUCTION 

The boron reaction rate is one of the important spec
tral indexes in physics studies of fast reactors. The de
velopment of techniques for measuring boron reaction 
rates began more than three decades ago.1 However, the 
adaptation of techniques which are suitable for thermal 
reactor environments to fast reactor studies has not 
been adequately investigated. 

The boron reaction rate is usually determined by 
measuring the ionization created in a gas-filled counter 
by the reaction 

n + 10B -» 4 He + 7Li + Q, (1) 

where Q is 2.34 or 2.78 McV. The low cr Q value is asso
ciated with disintegrations leading to the first excited 
state of 7Li at 0.44 MeV, while the higher value is as
sociated with decays to the ground state. Boron may be 
present in a chamber either as a constituent of the 
counter gas (most frequently as BF3) or in the form of a 
solid radiator in contact with the counter gas. The rela
tive advantages and disadvantages of each type of 
chamber for fast reactor measurements are considered. 

BF3 COUNTERS 

The desirable features of a BF3 counter are its rather 
simple construction, the small slope of the plateau 
(number of pulses at low amplitude in the pulse-height 
distribution relative to the total number) and the pre
cision with which the amount of boron (the pressure of 
the filling) can be determined. Technique developments 
have aimed at modifying the electrical characteristics of 
a counter so as to obtain the best plateau while at the 
same time limiting the sensitive volume to a well-defined 
region. For a counter operated as an ionization chamber, 
the above goals are easily realized. However, for most 
fast-reactor applications, noise considerations limit the 
useful operating region to the proportional mode. For 
operation in this mode, it is more difficult to establish a 
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well-defined sensitive volume and maintain a plateau 
w ith a small slope. The problem is one of determining 
the best method of introducing a central wire into the 
counter body so that the electric field along the wire is 
uniform and the field lines are directed radially outward 
everywhere. Small changes in the electric field along the 
wire worsen the response significantly because multipli
cation is a sensitive function of the field. If the field lines 
are bowed at the ends of the counter, the electrical vol
ume of the counter (the volume in which an electron will 
reach the multiplication region near the central wire) is 
different from the mechanical volume. If these volume 
changes arc not known, an uncertainty is introduced in 
the determination of the absolute boron reaction rate. 
Typically, the sensitive region is defined by the use of 
guard electrodes or field tubes which are maintained at 
the same potential as the anode and extend about one 
cathode radius into the counter from the end high-volt
age seals.1 Figure IH-20-1 shows the pulse-height dis
tribution from a small counter constructed in this 
fashion when it is placed in a thermal flux. The counter 
has a sensitive length of 2.000 in., a cathode diameter of 
0.625 in. and is filled with one atm enriched BF3. The 
upturn in the distribution at low energy is introduced 
by the detection of fast electrons produced by gamma 
interactions in the wall material. Most of the low pulse-
height events result from (n,a) reactions taking place 
near the end of the sensitive region, where the multipli
cation is low, or outside the sensitive region with one of 
the reaction products entering the sensitive region and 
depositing only a portion of its energy. If such a counter 
is to be useful for absolute counting, corrections for 
events emanating from the ends and for the difference 
between the mechanical and electrical volume have to 
be made. The counter chosen as an example is rather 
small, but intensity and spatial resolution considera
tions limit one to small counters. 

More sophisticated techniques have been used to 
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with Modified Ends in a Thermal Flux. ANL Neg. No. 116-883 
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shape the electric field and define the sensitive volume. 
An early technique was the placement of two disks of 
semiconducting material at the ends of the sensitive 
volume to establish a field that has the same radial vari
ation as the field in the central region of the counter.1 

With this design events from outside the sensitive region 
are prevented from entering this region. Proportional 
counters have also been constructed with intermediate 
potential electrodes to shape the field.2 Both of these 
techniques are only well suited to inconveniently large 
counters, if their use is directed to incore measurements. 
Recently, a simple method has been found to produce 
cylindrical counters with well-defined sensitive volumes 
and with reduced end-associated distortion.3 The 
method was discovered during a careful investigation 
of the effect on proton-recoil proportional-counter re

sponse functions of the distortion of internal field lines 
near the ends of the sensitive region. I t was found that 
the response of a counter may be significantly improved 
by decreasing the diameter of the cathode over the end 
region. Because the modification is so simple, it may be 
applied to any size counter. A close to optimum choice 
for boron counters is for the cathode diameter over the 
end region to be one-half the value over the central 
region when the field tube diameter is ten times the 
anode diameter. Decreasing the end size also has the 
beneficial effect that fewer end-originating events enter 
the sensitive region. Furthermore, because the sensitive 
region is well defined, analytical track-length probabil
ity functions can be used to correct for the effect.4 The 
biggest uncertainties in the determination of the in
fluence of end events arc introduced by uncertainties in 
the range-energy and energy-loss data for alpha parti
cles and lithium ions in BF3. Figure IH-20-2 shows the 
response of the same sized BF3 counter described pre
viously and with the same filling, but having the end 
modification. The significant lessening in the number of 
low pulse-height events with the attendant improve
ment in the plateau is readily apparent. Less than 2 % 
of the events produce pulse heights that fall below chan
nel twenty. Thus, this simple technique permits the con
struction of small counters w ith good response. 

The response of a BF3 counter in a fast flux will be 
somewhat poorer than that in a thermal flux because of 
the detection of boron and fluorine recoils from elastic 
neutron scattering. How well the boron reaction rate 
can be determined with BF3 counters is a function of 
the neutron spectrum. Figure HI-20-3 shows the re
sponse of the same modified BF3 counter in the central 
spectrum of ZPR-6 Assembly 7—a large LMFBR 
singlc-core-zone critical assembly fueled with plutonium 
(sec Paper 11-11). The increase in the relative number 
of low-energy events is introduced by the detection of 
the recoils. (The fast electrons from gamma interactions 
extend only over the first few channels.) The dashed 
line is a calculation of the recoil distribution. In the cal
culation, the measured neutron spectral shape for this 
core was normalized to reproduce the measured boron 
reaction rate. The normalized neutron spectrum, to
gether with measured elastic scattering cross sections, 
were then used to obtain the resulting energy distribu
tion of the recoils. The uncertainities in the cross sec
tions arc rather large and no attempt was made to in
clude differences in W (average energy to create an ion 
pair) for alphas, lithium ions, and boron and fluorine 
recoils.3 The dot-dashed line results from subtracting 
out the recoil contribution. The resulting distribution is 
quite similar to that observed in a thermal flux. In gen
eral, the harder the neutron spectrum, the greater will 
be the influence of the recoil distribution on the response 
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of the counter. There is no way of removing the recoil 
contribution to the pulse-height distribution by elec
tronic techniques, such as rise-time discrimination or by 
making measurements with different 10B enrichments, 
since the 10B and "B clastic scattering cross sections are 
considerably different.0 

Even with the somewhat worsened response, a BF3 
counter can be used to determine reaction rates in a fast 
reactor. Only events beyond the valley (about channel 
23 on Fig. HI-20-3) arc summed to determine a relative 
reaction rate. The advantage of using a modified end 
counter (one for which the number of boron reaction 
product events producing low pulse heights is small) is 
apparent. The absolute boron reaction rate may be 
determined by matching the fast spectrum response to 
a thermal response and obtaining the contribution to 
the distribution from events below the cutoff. Since 
changes in the kinetic energy of the reaction products 
introduced by differences in the incident neutron energy 
for thermal and fast spectra arc small for a typical fast 
reactor spectrum, the fast spectrum response with the 
recoil contribution subtracted out is almost identical 
w ith the thermal response. 

A different problem associated with the use ol BF3 
counters in a fast reactor is that oftentimes their sensi
tivity is too high. For example, the boron counter de
scribed previously contains about 5 mg of I0B in the 
sensitive legion, whereas count-rate considerations indi
cate that about }io of that amount would be more satis
factory. If the sensitivity is reduced by significantly 
reducing the pressure or size, wall-and-end effects be
come important and the plateau deteriorates rapidly. 
One possible solution may be to use a high atomic-
weight buffer gas such as krypton which would allow a 
small amount of boron to be in the sensitive region while 
still keeping the track lengths short and thus maintain
ing good counter response. A high atomic-weight gas is 
needed to prevent significant worsening of the response 
from its recoil distribution. Because the maximum recoil 
energy Er max a nucleus of atomic weight A can icccivc 
in an clastic collision is 

IT — l? 4A 
(A + l)2 (2 ) 

where En is the incident neutron energy, the heavy-gas 
recoils will only be in the first few channels of the pulse-
height distribution. 

SOLID RADIATOR COUNTERS 

Boron reaction rates can also be measured w ith solid 
•adiator counters. These counters may be small in size 
and have low sensitivity. One reason solid radiator 
chambers have been popular in thermal reactor instru
mentation is that it is possible to provide gamma com-
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FIG. III-20-4 Pulse-Height Spectra from a Back-to-Back 
Boron Counter in a Thermal Neutron Flux and in a FastNeu-
tion Flux for an Argon-Carbon-Dioxide Flow Gas Mixture and 
an Argon-Methane Mi\lme. ANL Neg. No 116-962. 

pensation by using an identical chamber without the 
radiator. In a similar fashion, the influence of elastic 
scattering recoils from the counter gas, when the counter 
is placed in a fast flux, may be subtracted out by using a 
blank chamber. A disadvantage of a solid radiator 
chamber is that if absolute reaction rates are to be deter
mined, it is necessary to calibrate the counter since it is 
not possible to directly determine very accurately the 
amount of boron in the radiator. 

Small back-to-back proportional counters have been 
developed for boron reaction-rate measurements.7 Each 
counter is a half cylinder. The boron solid radiator, 
which is typically about 15 ^g/cm2 is deposited on one 
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side of the central plane. The other counter is a blank. 
Both counters arc operated as flow counters. 

The response for a solid radiator chamber in a thermal 
flux is shown as a solid line in Fig. IH-20-4. The flow 
gas was a mixture of argon and 2 % carbon dioxide. The 
peak between channels 30 and 40 is produced by 7Li 
recoils. Because the track lengths of these recoils arc 
short compared with the counter dimensions and be
cause the average energy loss in the boron film is small, 
the pulse-height distribution shows a well-defined peak. 
The alpha particles, w hose track lengths are comparable 
to the counter dimensions, produce a pulse-height dis
tribution that is spread out because of track-length 
truncations by the walls and multiplication differences 
depending on track orientation. The upturn in the dis
tribution below channel 5 results from the gamma ray 
sensitivity of the counter. The plateau for this type 
counter is somewhat worse than that for a comparable 
sized BF3 counter. 

When the counter is placed in a fast flux, the pulse-
height distribution contains a contribution from the 
elastic scattering recoil distribution of components of 
the flow gas. Figure IH-20-4 shows pulse-height distri
butions in a fast flux for two cliffcrcnt flow gases—a 
mixture of argon and 10% methane (P-10) and a mix
ture of argon and 2 % carbon dioxide. The fast neutron 
enviionmcnt was that near the front of a block of de
pleted uranium with a natural uranium front face.8 The 
block (a Sncll block) was driven by thermal neutrons 
obtained from the leakage face of a thermal reactor. The 
neutron spectrum within the block is similar to that in a 
fast reactor. However, the relative number of high 
energy neutrons is less in the Sncll block compared with 
a representative fast-reactor central neutron spectrum. 
Above the low side of the 7Li-rccoil peak the responses 
in a fast flux for both gas fillings are almost identical 
with the response in a thermal flux. Below this point the 
dependence of the shapes of the pulse-height distribu
tions on the flow gas is evident. Proton recoils dominate 
the recoil distribution at lower energies for the P-10 gas 
because of the large elastic scattering cross section of 
hydrogen and the ability of the proton recoil to assume 
the full neutron energy. The response with the argon-
carbon-dioxide mixture is significantly better for reac
tion rate determinations. Although the need to avoid 
any light component in the flow gas should be apparent, 
the pulse-height distributions for the two gas mixtures 
are shown here to emphasize the point. 

The capabilities of BF3 counters and solid radiator 
counters to provide relative boron reaction rates are 

about the same. Even though the recoil contribution to 
the pulse-height distribution can be subtracted from 
data taken with a solid-radiator chamber, changes in 
gain and differences in the characteristics of the boron 
and blank chambers introduce as much uncertainty in 
the determination of the reaction rate as using a thermal 
response to correct for the recoil contribution when a 
BF3 counter is used. To make absolute measurements 
one would have to calibrate the solid radiator chamber 
using, for example, a BF3 chamber as the standard. The 
calibration would best be made in a fast neutron en
vironment similar to that in a fast reactor. Differences 
in the relative amount of perturbation of the neutron 
held introduced by differences in construction of the 
BF 3 and solid-radiator chambers cannot be assumed to 
be the same for fast and thermal fluxes. Experience with 
plate chambers to provide relative boron reaction rates 
is described elsewhere (sec Paper II-3). 

CONCLUSION 

The advantages and disadvantages of using BF 3 
counters and solid-radiator counters for determining-
boron reaction rates in fast reactors have been indi
cated. Both counters arc capable of comparable accu
racy for relative measurements. However, the BF3 
counter has some inherent advantages for absolute de
terminations. At the present time too high a sensitivity 
of BF3 counters has limited their use in fast reactor 
studies. 
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111-21. M e a s u r e m e n t of F a s t N e u t r o n F l u x w i t h a 
L i t h i u m - D r i f t e d G e r m a n i u m D e t e c t o r 

D. L. SMITH 

INTRODUCTION 

Lithium drifted germanium [Ge(Li)] detectors arc 
used extensively for gamma ray measurements because 
in many applications the excellent energy resolution 
obtainable with these detectors more than compensates 
for their relatively low efficiency. The characteristic 
pulse height spectra observed in fast neutron bombard
ment of Ge(Li) detectors have been investigated and 
various fast neutron cross sections for germanium have 
been reported.1"3 The available information indicates 
that Ge(Li) detcctois might prove useful for measure
ments of neutron flux. This possibility was explored 
during the past year and the findings are reported here. 

CONCEPT 

If a Gc(Li) detector is bombarded by ncutions with 
sufficient energy to excite low-lying states of the ger
manium isotopes, lines arc observed in the pulse-height 
spectra which can be identified mainly as the full-energy 
peaks of gamma rays produced by the (ii,n'y) process. 
Recoil of bombarded germanium atoms is responsible 
for the observed broadening of these lines with increased 
neutron energy. 

When the neutron bombarding energy exceeds 694 
keV, a very prominent line is observed in the spectrum 
at a pulse-height equivalent of 694 keV of gamma-ray 
energy. This line corresponds to excitation of the 0+ 

first excited state in 72Gc by inelastic scattering and its 
subsequent decay to the ground-state by the unique 
mode of emitting a 0+ —> 0+ conversion electron with a 
0.3 /usee half-life. The prominence of this line is ex
plained by the fact that most of these internal conver
sion electrons lose all of their energy to ionization within 
the detector whereas the inelastic gamma rays which 
gcneiate the other full-energy lines in the spectrum are 
much less likely to deposit all of their energy within the 
detector. The net yield (background subtracted) of 
events in the 694 keV peak is directly proportional to 
the integrated neutron flux. Neutron flux measurements 
with a calibrated Go(Li) detector seems feasible for 
monoencrgetic beams or beams with known energy 
distributions. 

EXPERIMENTAL MEASUREMENTS 

Figure HI-21-1 is a schematic diagram of the appa
ratus set up to calibrate a 4.2 cm2 planar Gc(Li) detector 
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FIG. III-21-2. Relative Efficiency of a 4 2 cm2 Planar Ge(Li) Detector for Neutron Flux Measurements by Means of the 72Ge 794-
keV Internal Conveision Electron Transition. The Three Different Data Point Symbols Distinguish Measuiements Made with Dif
ferent Neutron Eneigy Resolutions ANL Neg. No. 116-789. 

for neutron flux measurement via detection of 72Gc 694-
keV internal conversion electrons. I t was decided to 
calibrate relative to the 235U(?i,/) cross section by using 
a low mass fission counter. Systematic background er
rors were minimized by placing the fission counter very 
close to the target and carefully shielding the Gc(Li) 
detector. Monocnorgetic neutron beams were generated 
via the 7Li(p ,n)7Be reaction bjr bombarding targets of 
lithium metal on a tantalum cup with direct current 
proton beams from the Fast Neutron Generator. The 
germanium detector viewed the neutron source at zero 
degrees through a tapered collimator. The 0.3 M&CC half 
life of the 694-keV state in 7-'Gc precluded background 
reduction by timc-of-flight techniques so it was neces
sary to rely on shielding. Measurements were made at 
each energy with the collimator hole entirely plugged to 
determine leakage through the shield. Corrections were 
applied to the data for neutrons from bare tantalum 
cups and for second group neutrons from the • 
7Li(p,n)7Bc*. 

The uranium foil used in the fission counter was 
calibrated from chemical and mass analysis data and 
measurement of the alpha activity. The evaluated 
235U(n,/) cross sections prepared by W. Hart were used 
in the present work.4 The solid angle subtended by the 
germanium detector was calculated from the target 
distance of 103.7 in. and the front face area of the de
tector. This solid angle was not limited by the collimator 
and amounted to 5.1 X 10~5 sr. 

RESULTS 

The measured relative efficiency data is presented in 
Fig. IH-21-2. The structure below 1300 keV agrees with 
the observations of Lister and Smith.2 Less structure is 
observed at higher neutron energies, which is favorable 
for the proposed application. The calculated absolute 
efficiency (ratio of detected events to incident neutrons) 
for the Gc(Li) detector used was 0.13% at 1900 keV. 
The following qualitative observations were also made 
during the course of this work. 

1. The efficiency of the Gc(Li) detector was moni
tored by detecting gamma rays from a 137Cs source 
placed near the detector in a fixed position and was 
found to be stable with time and insensitive to applied 
detector bias voltage. 

2. The detector did not suffer noticeable deteriora
tion in performance during the experiment as a result of 
fast neutron bombardment. 
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111-22. C o m p a r i s o n o f A b s o l u t e F i s s i o n a n d C a p t u r e R a t e s 
M e a s u r e d w i t h F o i l s a n d F i s s i o n C h a m b e r s 

R. 0. VOSBUEGH, D. W. MADDISON and R. .J. FORRESTER 

Activated foil spectrum analysis at ZPPR is done by 
an automated system employing Ge(Li) detectors. This 
system is described in Ref. 1. Calibration of the Ge(Li) 
detectors employs standard sources to obtain efficiency 
versus energy curves.2 The ZPPR spectrum analysis 
technique does not entail gross counting but depends on 
counting specific peaks in determining the activity of a 
foil. This implies that the decay scheme, yield data and 
branching ratios must be known for the isotope in 
question. An alternate method, employing simultaneous 
irradiation of a counting foil and an absolute fission 
chamber, can be used to calibrate the foil counting 
system. 

TABLE III-22-I. FOIL/CHAMBER COMPARISONS 

Experiment 

«8U (n,y) foil 
versus 

235U (n,f) cham
ber (in AFSR 
thermal col
umn) 

23»Pu (n,f) foil 
versus 

239Pu (n,f) cham
ber (in ZPPR 
Core 2) 

Foil 

1.12 X 106 

captures / 
gm-sec 

3 .13X10 6 f i s -
sions/gm-
sec 

Chamber 

23.03 fiss/gm-sec 
=> 1.10 X 105 

captures/gm-
scc 

3.20 X 10° fissions/ 
gm-sec 

Ratio, 
Foil/ 

Cham
ber 

1.018 

0.978 

FIG. III-22-2. Spherical Back-to-Back Fissiion Chambers. 
ANL-ID-103-11688. 
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FIG. III-22-1. Thin Wall Gas Flow Counter. ANL-lD-103-9162. 
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TABLE III-22-II . DATA FOR CONVERSION OF 2 3 6U(n,/) 
TO 238U(ra,y) 

Quantity 

C/25 
gmM a t 20°C 
"ciS 
gcnM a t 20°C 

Value 

587.4 b 
0.9781 
2.73 b 
1.002 

a The Westcott g factor. 
No te . This gives a calculated value of <rc$/<r/5 = 4 761 X 

10-' . 

If a foil and an absolute fission chamber containing 
the same principle isotope arc irradiated in identical 
flux, then both should yield the same reaction rates upon 
analysis. If the fission chamber is indeed absolute and 
the nucleur data used in the foil counting reduction 
process are assumed accurate, then the spectrum analy
sis detector efficiency can be determined. Conversely, if 
the efficiency of the analysis systems is known accu
rately, this method provides a check on the nucleur data 
used in the foil data reduction technique. 

Preliminary measurements include (a) 238U foil with 
a 235Q fission chamber in the Argonnc Fast Source Reac
tor (AFSR) thermal column, and (b) a 239Pu foil with a 

INTRODUCTION 

In the course of work on the Applied Physics Divi
sion programs, three useful electronic techniques were 
developed. 

OSCILLOSCOPE TEST METHOD FOR LOGIC ELEMENTS1 

A very revealing test on digital logic elements may 
be performed with the aid of an oscilloscope. The 
method consists in applying to the clement input a 
sawtooth waveform running between the logic-0 and 
logic-1 levels, derived from the oscilloscope's time base. 
The output of the clement is connected to the oscillo
scope's signal input. In that manner, the dc transfer 
characteristic of the element is displayed on the screen, 
allowing the dc noise margins and other switching 
properties to be examined. 

Any oscilloscope is suitable that has a dc amplifier 
for the signal and allows a sawtooth voltage from the 
time base to be taken externally.* That sawtooth 

* Care should be taken to asccitain tha t the oscilloscope's 

239Pu fission chamber in the fast spectrum of ZPjfii, 
Core 2. The chamber used in the AFSR thermal column 
is shown in Fig. III-22-1; the chamber used in AFSR is 
shown in Fig. III-22-2. Both fission chambers are gas-
flow, parallel-plate type, with the latter being the 
standard back-to-back chamber used in fission ratio 
measurements in ZPPR. 

Results of the preliminary measurements are given in 
Table III-22-I. The data used to derive the capture rate 
of 238U from the 235U fission chamber measurement are 
given in Table III-22-II. The error associated with both 
the foil and chamber measurement is 1.5%. Further 
comparisons between foil and fission chamber reaction 
rates in both thermal and fast neutron fiuences are 
planned. 
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must be processed by suitable external circuitry to 
bring it to the right voltage range. The sweep is set to 
an auto-triggering or free-running mode. It should be 
run at a moderate speed, in the milli-second range, to 
insure that the pattern seen is representative of the 
element's dc characteristic unperturbed by speedup 
capacitors, storage delays, or other dynamic effects. 

For testing a gate or inverter, the processed saw tooth 
is applied to one of the inputs. The remaining inputs 
arc connected to a logic-1 voltage for an AND or 
NAND gate, or to a logic-0 voltage for an OR or NOR 
gate, so the sawtooth will not be inhibited from sw itch
ing the gate. The pattern should be observed both with 
and without a load corresponding to the maximum 
fanout connected to the gate output. 

The cross-coupled gates that form a flip-flop mav 
also be tested by this method if the flip-flop has < 
set and reset inputs. One of the dc inputs is activate 
preventing its associated gate from inhibiting switching 

sawtooth output does not carry any extraneous transients t h a t 
could damage the element under test . 

111-23. Mi sce l l aneous E lec t ron i c T e c h n i q u e s 

C. E. COHN 

/ 



23. Cohn 389 

of the other gate. The sawtooth is applied to the other 
dc input, and the desired pattern will be found at one 
of the outputs. 

Figure III-23-1 was obtained with this scheme ap
plied to a discrete-component NAND gate in the 
Honcywell-CCD "S-PAC" scries, having logic levels of 
0 and —6 V. A Tektronix 545 oscilloscope was used 
with a Type 0 operational-amplifier plug-in. The 140 V 
positive sweep output from the oscilloscope was at
tenuated by a factor of —20 in one of the operational 
amplifiers in the plug-in. The resulting 7 V negative 
sawtooth, shown in Fig. III-23-la, was applied to the 
gate input. 

Figure III-23-lb shows the output of the gate with 
no load, while Fig. III-23-lc shows the output with a 
load equivalent to maximum fanout. I t can be readily 
seen that the gate's specified noise margin of 
amply met under both conditions. 

Vis 

A SOLID-STATE IMPROVEMENT ON THE VR TUBE 

The familiar VR tube, used in much vacuum-tube 
equipment, is not nearly a perfect constant-voltage 
element. Modern solid-state components having 
greatly improved properties can provide a low-cost 
substitute for this device. This makes possible a gain in 
performance for older but still useful equipment. 

The simple Zencr diode docs not qualify as an im
provement on the VR tube since the regulation of the 
Zencr is no better and its noise production is considera
bly worse. Furthermore, Zeners with the necessary 
voltage and power ratings arc inordinately expensive. 

However, considerably improved performance may 
be had from the "amplified Zencr" circuit shown in 
Fig. III-23-2. Here the Zencr diode Z passes only 
the base current of the common-emitter power transistor 
T, so it need handle only a small fraction of the total 
circuit power. Voltage fluctuations appear substantially 
unattenuated across the emitter-base junction of the 
transistor, varying the collector current so as to com
pensate the fluctuations. Since a given change in col
lector current is accompanied by a much smaller change 
in Zcner current, the effective impedance of the Zencr 
is greatly lowered. 

In the practical circuit, Z is a low -power Zener diode 
of the appropriate voltage. (The Sarkcs-Tarzian VR 
scries of low-cost Zeners covers the voltage range of 
VR tubes.) T is a power transistor (NPN shown) with 
adequate ratings (e.g., Motorola M.I400). The capacitor 
across the Zener filters out its noise. (Capacitors of this 
:ize cannot be used with All tubes because they give 
•ise to oscillations.)2 

The transistor base current is low enough that a 
typical Zener diode will operate very close to its knee, 
in a region of rather unfavorable characteristics. There
fore, the resistor R is provided to increase the Zener 

0 — 

Fio rITI-23-l a Sawtooth Applied to Input of Gate under 
Test b Gate Output with no Load c Gate Output with Load 
Equivalent to Maximum Fanout. All Traces have 2v/div Verti
cally and 1 ms/div Hoi izontally. ANL Neg No 116-229. 

lO^F 

FIG IIf-23-2 Solid-State Constant-Voltage Cacuit ANL 
Neg. No 116-598. 
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FIG. III-23-3 Leakage-Current Test Ciicuit. ANL Neg. 
No 116-646. 

current to a more reasonable level. Its value is not 
critical; a few hundred ohms is typical for the Sarkcs-
Tarzian Zeners operating with silicon NPN power 
transistors. 

Application of this circuit to a typical regulated 
power supply reduced output ripple from 5 mV to 
much less than 1 mV including noise. 

DETECTING FAULTS IN GROUNDED EQUIPMENT 

The now-familiar three-prong ac line plug and re
ceptacle combination removed the hazard of equipment 
ground faults. By the same token, though, substantial 
fault currents can flow undetected. Such currents can 
degrade the operation of sensitive equipment, produce 
a shock hazard if an ungrounded outlet should happen 
to be used, and indicate impending failure of the 
equipment. Therefore, it is good preventive mainte
nance to check equipment periodically for ground 
faults. This can be easily done with a leakage-current 
tester used in the arrangement shown in Fig. III-23-3. 

Here the plug is inserted into a well-grounded three-
prong outlet, while the receptacle supplies power to the 
equipment under test, which is isolated from ground. 
The leak age-current tester then reads the current 
flowing through the ground wire. Readings should be 
taken with the DPDT toggle switch in both positions, 
since some faults might appear only when a particular 
side of the line is hot. 
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111-24. C o m p u t e r i z e d A c c o u n t i n g S y s t e m fo r Z P P R , Z P R - 6 a n d Z P R - 9 
N o n - F i s s i l e M a t e r i a l I n v e n t o r y 

A. B. LONG 

A computerized accounting system has been de
veloped to maintain an up-to-date and unified inven
tory of all non-fissile materials (plates and rods) used 
in the Applied Physics (AP) Division critical facilities 
in Illinois and Idaho. The system permits rapid and 
accurate assessments of the quantity, description, and 
location (in storage in Illinois, in storage in Idaho, in 
ZPR-6, etc.) of all materials and, therefore, greatly 
facilitates the planning and coordination of experi
ments on the three AP critical facilities. 

The accounting system involves storing all non-fissile 
reactor materials in controlled inventory areas both at 
ZPPR (Idaho) and ZPR-6 and ZPR-9 (Illinois) when 
these materials are not being used in the critical 
assemblies. A standard size storage bin and a uniform 
technique for packing the materials within the bins 
has also been adopted so that the quantity of plate 
material can be determined from the number of fully 

packed bins and the amount of material in the re
maining partially packed bin. 

Whenever a material is removed from or returned to 
a controlled inventory area, the transaction is re
corded. Included in this record arc the following pieces 
of information: 

1. A four-letter code name which specifies the type 
of material involved in the transaction. Those 
materials which look physically alike have been 
color-coded to permit personnel to distinguish 
each type. 

2. The length, height and width of the material 
expressed in dimensions which are multiples of 
V&i in. 

3. The number of pieces of this size material whicl 
are involved in the transaction. This number 
may be expressed cither as a piece count or it 



25. De Volpi 391 

may be expressed in units or partial units of the 
standard storage bin. 

4. A fourletter code name which specifies the area 
from which the material came or from which it is 
being taken. 

5. A fourletter code name which specifics the in

ventory area into which the material is being 
brought or to which it is going. 

6. The initials of the person responsible for the trans

action. 
7. The date of the transaction. 
Periodically the transaction records arc collected 

from all inventory areas and transcribed to cards which 
are then processed by a computer code on the SEL840. 
The code reads the past summary of the inventory 
from magnetic tape and stores the information on the 
disc so that the summary for each material is directly 
accessible from the computer. The code then processes 
the transaction records, making the appropriate changes 

in the inventory summaries stored on the disc. Follow

ing this, the new inventory for each of the inventory 
areas and each of the critical assemblies is listed. 
Finally, the code reads the updated inventory sum

maries from the disc and stores them after the previous 
inventory summaries on the magnetic tape. Through

out the procedures, the computer checks to see that 
the total inventory for a given size material is equal to 
the sum of the inventories for that material in each of 
the separate storage and user areas. If a discrepancy 
should be detected, the code could be rerun starting 
again with the previous inventory summaries. This 
procedure ensures that no computerrelated errors 
develop in the inventory records. 

As a result of establishing controlled inventory areas 
and of routinely using the computer to process the 
transaction records, it has been possible to maintain an 
accurate inventory of the nonfissile materials associ

ated with the zero pow or critical assemblies. 

I l l  2 5 . D e v e l o p m e n t s i n A n a l y s i s of F a s t N e u t r o n D a t a 

A. D E VOLPI 

The fast neutron hodoscopc is a transient fuel move

ment detection system installed at TREAT reactor. 
Development of the hodoscopc was carried out for the 
reactor safety program. One of the development 
phases which has required extensive use of the Applied 
Physics Division computer facilities is the analysis of 
the output data. 

In the early stages of the hodoscopc a series of pic

tures ("hodographs") were produced on microfilm 
through the DD80 facilities of the CDC3600. To de

velop dynamic presentations the hodographs will ulti

mately be presented on the CRT display coupled to a 
PDP11 computer. 

In the course of data evaluation it has been found 
for certain transients that the hodograph data repre

sentation was inadequate. In some cases, highly non

linear deficiencies of the detection system destroyed the 
value of important features of the pictures; in other 
cases, the fuel movements were too small for recogni

tion by crude visual rendition. 
As a result of these limitations, a plotting capability 

las been programmed for the Applied Physics Division 
JEL840 computers. The first step in the procedure 

was to render the CDC3600 data into a compact form 
on 7track magnetic tape. By suppressing redundant 
data, the computed results were compressed into 11 
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words for each cycle of the transient, equivalent to 
one record. Magnetic tape read time was thus reduced 
to about V/i sec per cycle. 

The program designed in Fortran IV for the SEL-840 
is called TIMEPLOT. It reads the magnetic tape 
input data, converts the data to suitable form, and with 
other controls delivers a plot of the time history of an 
array of detectors. Figure III-25-1 is an example. 

Axes and labeling information can be read in either 
by card or teletype. From an array of 334 detectors, 
up to 11 can be chosen for simultaneous plotting using 
the standard symbol table. 

Various tests are included in the program to exclude 
spurious data from being plotted. Plots in linear or 
semi-log scales may be called. Several data points (or 
records) may be averaged together into a single plotted 
point to reduce the symbol plotting density. I t is possi
ble to interconnect the symbols with an interpolation 
option. Most of the plotting options arc controllable 
through front panel sense switches. Unattended over-

INTRODTJCTION 

The discs and magnetic tapes attached to our SEL-
840 computers arc connected through dircct-memory-
access (DMA)* channels. In theory, DMA is supposed 
to increase throughput by overlapping input/output 
with computation. However, certain aspects of the 
simple software system supplied by the manufacturer 
prevented these benefits from being realized in prac
tice. The existing routines were altered to make avail
able the full power of the DMA for output operations. 

In the simple operating system used with the SEL-
840 computers, programs communicate with peripherals 
by calls to input/output subroutines. Each such call 
passes the starting address of a data buffer area in 
memory and a count of words to be transmitted. The 
routine passes these parameters to the DMA channel 
and then commands the peripheral to initiate the input 
or output operation under DMA control. At this point, 
no further central-processor action is required to keep 
the operation going. Thus, in principle the subroutine 
could immediately return to the calling program, al-

* Called "Block Transfer Contiol" (BTC) in SEL-840 
nomenclature. 

night plotting is possible through automatic card feed-in 
of the control parameters and automatic rewind and 
manipulation of the magnetic tape. 

A major feature of the program is the ability to 
store data up to a central point and then to apply that 
data in normalizing the remaining portions of the 
transient. This procedure produces an efficiency nor
malization and also is effective in removing most of 
the consequences of the non-linear deficiencies. The 
resulting plots, such as Fig. HI-25-1, may be arranged 
in any combination of rows or columns. The data in 
Fig. HI-25-1 represent part of the outcome of a high 
power transient (1317) in which the fuel cladding did 
not fail. Thus the various deflections observable arc a 
record of the fuel motion within the single pin. In this 
example, the fuel initially expanded upward past the 
top rows (detectors 13 and 62). While some of these 
inside movements may be noticed in the hodographs, 
the quantitative details of the fuel passage and oscilla
tion cannot be determined without these timcplots. 

lowing the latter to go on w ith its tasks while the input 
or output operation proceeds automatically, pre-empt
ing an occasional memory cycle for data transfer. For a 
variety of reasons, though, this efficient procedure is 
not feasible. 

For output operations, one reason is the possibility 
that the calling program, in entering data into its 
buffer area for the next output operation, will over
write the data for the current operation before it has 
been transmitted to the peripheral. The existing sub
routines prevent that by deferring the return to the 
calling program until the output operation is complete. 
Clearly, such deferral nullifies the value of the DMA, 
making the system throughput no better than that 
using just ordinary programmed data transfers. 

The usefulness of the DMA may be realized at the 
cost of a small amount of core by providing the output 
subroutine with its own internal buffer area. The data 
to be output arc moved to this buffer before output is 
commenced, and the DMA channel is addressed to it 
Then there is no need for the contents of the calling 
program's buffer, so control may return directly to the 
calling program, which may modify the contents of its 
buffer immediately. The desired overlap of computa-

I I I - 2 6 . I m p r o v i n g t h e E f f i c i e n c y of C o m p u t e r O u t p u t O p e r a t i o n s 
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C. E. COHN 



26. Cohn 393 

CODING 
FOR OTHER 
OPERATIONS 

YES 

SET USER'S 
BUFFER AS 
DMA ADDRESS 

SET INTERNAL 
BUFFER AS 
DMA ADDRESS 

RESET FLAG SET FLAG 

MOVE DATA 
TO INTERNAL 

BUFFER 

(RETURNJ 

FIG. III-26-1. Output RoutineTfor a Device that Does Not Check Parity after Writing (e.g. Disc); ANL Neg. No. 116-593. 

tion and output is thus achieved. The time required to 
move the data to the internal buffer is normally a small 
fraction of the time required for the whole output 
operation, and thus does not detract appreciably from 
the gain in throughput. 

I t is clearly wasteful of core to provide a buffer 
area large enough for any conceivable requirement. 
Rather, the area should be just large enough for the 
record length most commonly employed, with longer 
records being handled the old way. A buffer was pro-
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CODING 
FOR OTHER 
OPERATIONS 

RESET FLAG I 

YES 
X 

SET FLAG 2 

SET USER'S 
BUFFER AS 

DMA ADDRESS 
X 

SET INTERNAL 
BUFFER AS 

DMA ADDRESS 

RESET FLAG I 
X 

SET FLAG I 

MOVE DATA 
TO INTERNAL 
BUFFER 

Y \ 

BACKSPACE 
AND ERASE 

RESET -

YES 

SIGNAL 
ERROR 

RESET FLAG 2 

FIG. III-26-2. Output Routine for a Device that Does Check Parity after Writing (e.g. Magnetic Tape). ANL Neg. No. 116-594-

vided only large enough for a card image on the mag 
nctic tape and one sector on the disc. 

Disc OPERATIONS 

Figure IH-26-1 shows the flowchart for the disc 
subroutine operating in this way. On entry, the sub

routine examines the word count to see if its internal 
buffer will accommodate the record. If so, the DMA 
channel is addressed to the internal buffer and a flag 
is set. Prior to actually moving data, the routine must 
wait until any previous write operation has completed 
in order to avoid disturbing the existing internal buffer 
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contents before they have been transmitted. If the 
internal buffer will not accommodate the record, the 
DMA channel is addressed to the calling program's 
buffer and the flag is reset. After a check that the periph
eral and channel are available, the output operation is 
initiated. Then, if the flag is set, return to the calling 
program is immediate; but if the flag is reset, return is 
deferred until the output operation is complete. 

MAGNETIC-TAPE OPERATIONS 

Some peripherals require a check on the correctness 
of data transmission after an output operation is com
plete. (Parity checking of magnetic tape is typical.) 
This is another reason w hy conventional routines defer 
the return. However, that deferral can be avoided if 
the parity check is postponed until the next time the 
subroutine is entered. Figure 111-26 2 shows how that 
is done in the magnetic tape subroutine. 

On entry, if FLAGl is reset, a decision is made as 
before whether or not the internal buffer can accom
modate the data to be transferred. The channel address 
and FLAGl are formed accordingly. (It is not neces
sary here to check for completion of a previous write 
operation before moving data to the internal buffer 
because the program would not reach this point anyway 
if a previous operation were still in progress.) 

If the peripheral and channel arc available, the out
put operation is started. If FLAGl is set, the return 
to the calling program is immediate. On the other 
hand, if FLAGl is reset, the routine waits until the 
write operation is complete and then performs the 

The technique of precision efficiency calibration of 
Ge(Li) detectors for the ZPPR gamma-ray counting 
system1 has been described in Ref. 2. Further investi
gation and refinement of technique has reduced the 
relative error of the efficiencies between the Ge(Li) 
detectors of this system to less than ±0 .3%. The ab
solute error, based upon the absolute calibrations of 
the standard sources, has been reduced to ±1.25%. 
To achieve these results, careful attention has been 
paid to the geometrical relationships of the source and 

detector. Typical geometry places the sources about 
1.8 cm above the Ge(Li) detector, or about 1 cm above 
the cryostat. At these small distances, the finite thick-

parity check. If no error is found, the routine returns 
to the calling program. If an error is detected, the 
routine makes another attempt in the usual way. 

On a subsequent entry, FLAGl being set indicates 
that a postponed parity check is the first order of 
business. The routine then resets FLAGl, sets FLAG2, 
ascertains that the previous write operation has com
pleted, and checks the parity. If no error is found, the 
routine resets FLAG2 and goes back to set up the next 
operation. If an error is detected, further write at
tempts may be made, as the data that were to be 
written remain undisturbed in the internal buffer. 

INPUT CONSIDERATIONS 

Comparable exploitation of DMA for input is con
siderably more complicated. Obviously, an input sub
routine cannot return control to a calling program until 
the data needed by the latter are in hand. Therefore, 
input and computation can be overlapped only if the 
input routine continually reads one record ahead. 
This would require quite involved programming to 
handle correctly various situations such as backspace, 
rewind, end of file, and arbitrary sequences of reading 
and writing. Furthermore, the disc and tape routines 
handle a number of logical files and physical trans
ports respectively, and so would need an internal 
buffer area for each, greatly increasing the drain on 
core space. For this system, then it seemed a reasonable 
compromise to overlap computation with output but to 
forego overlapping w ith input. 

ness of the source, its diameter, and the reproducibility 
of the source position arc of major importance. The 
standard sources used for calibration are very thin 
(0.00025 cm), but the diameters are about 0.3 cm. The 
foil samples normally counted are 0.013 cm thick and 
have diameters from 0.8 to 1.3 cm. One must have 
available appropriate information in order to accurately 
determine the activities of these foils. For our par
ticular Ge(Li) detectors (~30 cm3), the efficiency 
changes 0.16 % for each 0.0025 cm vertical displace
ment from the standard position. Since the vertical 
reproducibility of the sample changer is ±0.004 cm 
for the vertical position, the calibration of ± 0 . 3 % 

111-27. G e ( L i ) D e t e c t o r C a l i b r a t i o n a n d D a t a C o r r e c t i o n fo r S m a l l S o u r c e - t o - D e t e c t o r 
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appears to be due primarily to this factor..The hori
zontal sensitivity of the efficiency is 0.006% for each 
0.0025 cm. Since the horizontal reproducibility is 
±0.03 cm, this effect can be ignored. The sample 
diameter, however, must be appropriately accounted 
for as well as the finite foil thickness. 

To obtain the correct activity results, assuming 
uniform distribution of the activity through the foil, 
gamma ray attenuation must be calculated, particu
larly for uranium foils and low energy gamma rays. A 
correction must also be applied for prompt gamma-ray 
coincidences. Consider two gamma rays: gamma 1 
followed promptly by gamma 2, as in the case of 
60Co. If the photo-peak of gamma 1 is of interest, one 
must consider the results of prompt coincidence with 
gamma 2. The total efficiency for the detection of 
gamma 2, however, must be considered since any de
tection of gamma 2 in prompt coincidence with the 
total-energy event of gamma 1 will remove the result
ing detector output from the gamma 1 photo-peak 
area. The same argument of course holds for the gamma 
2 photo-peak. At small source-to-dctector distances 
these coincidence losses are not small. For our particu
lar installation, the losses for 60Co prompt coincidence 
amount to 3.5 to 4.6%, depending on the particular 
detector used. Appropriate decay scheme information 
must, therefore, be available to make a proper assess
ment of the foil activities of interest. 

The absolute activity determinations are tied directly 
to the absolute standard source calibrations. We have 
a set of standard sources from the International Atomic 

Fission rate measurements with solid-state track 
recorders (SSTR) have already been placed on a 
precise absolute basis with manual scanning.1 A major 
inconvenience of the SSTR method is the manual 
counting of fission tracks, which is expensive, tedious, 
and time consuming. This drawback is clearly mani
fested in precision measurements, where counting sta
tistics require observation of large numbers of tracks 
for adequate precision.' Elimination of the human 
element is highly desirable in precise measurements, 
since this would permit the introduction of quantita
tive standards for track recognition. Such standards 
would obviate personal bias in manual track counting, 
which may otherwise perturb results. Consequently, 

Energy Agency (IAEA), but these sources are too hiKu 
in activity, and arc not completely defined geometrically 
to make them useful in direct calibration of the de
tectors. We have obtained our own sources for calibra
tion from an independent manufacturer and have made 
exhaustive comparisons . with the IAEA standards, 
usually using a large Nal detector at large source-to-
detector distances. Comparisons have also been made 
with some National Bureau of Standards (NBS) 
sources (60Co, 137Cs, and S4Mn). The results of these 
comparisons are excellent. The cross comparisons of 
the IAEA and NBS standards, by way of our own 
standard sources, have given results within the quoted 
errors (1.0-1.5%) for these standards, and in the case 
of 137Cs, the results were essentially identical (±0.2%). 
Because of the complex equipment involved to per
form accurate calibration of source strengths, we in
tend to continue to use standards from outside sup
pliers such as NBS and IAEA. I t w?ould be desirable, 
however, to have standard sources with better precision 
(±0.5%) available. 
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considerable interest exists in the automation of this 
task. 

A computer controlled microscope has been de
veloped2'3 and applied in automatic scanning of fission 
tracks in SSTR. Through a rigorous treatment of 
automatic scanning data it has been possible, for 
the first time, to attain precision and absolute accuracy 
rivaling that of manual scanning.4 The unique ability 
of the computer-controlled microscope to measure 
track area distributions permits introduction of a novr1 

concept; namely, the differential track area probabilit 
distribution, which enables invariant background sub 
traction. Experimental error introduced by this back
ground subtraction process is small. 
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In Makrofol polycarbonate resin, the track area 
distribution P{x) is found to be well represented by a 
Breit-Wigner resonance curve 

P{x) = a- p , (1) 
(s - c)» + \ 

while the background B(x) is well represented by a 
decreasing exponential function 

B(x) = 0e-y*. (2) 

The observed distribution from a given specimen is fit 
to the sum B{x) + P(x). Resulting parameter estimates 
(a, b, c, 0 and 7) are used to refine the background 
subtraction. 

The general validity of the paralyzable counter 
model5 for the accurate description of track overlap or 
pile-up has been established. The track density, po, 
observed in automatic track scanning can be expressed 
in terms of the true fission density, p, by the funda
mental transcendental relation 

po = VP exp (— avp). (3) 

Here a is the characteristic pile-up area and 77 is the 
optical efficiency for automatic track scanning; that is, 
the combined efficiency of both track registration and 
track etching. 

Absolute calibration of this system has been suc
cessfully executed for Makrofol SSTR with a known 
spontaneous fission source. A series of Makrofol SSTRs 
were given various exposures and the observed track 
densities were fitted to Eq. 3. The coefficients of the 
paralyzable counter model so obtained are n = 0.9804 
and a = 2.758 X 10~6 cm2, with error ~ 1 part in 10s 

being negligible relative to counting statistics. The 
domain of validity of this model lies in the region 
po ^ 105 tracks/cm2. 

The overall relative error in the number of fissions, 
F, obtained by automatic scanning can be written as 

where <r(J)/f is the relative error of the absolute fission 
rate of the calibration source, T is the number of ob
served tracks, and <£(«) represents the function 

of the dimensionless argument w = a*p. The depend-

FIG. III-28-1. Overall Relative Errors in Automatic Scan
ning, <r(F)/F, as a Function of Observed Tracks, T, for Track 
Densities po = 10" and 105. The <r(FM)/FM Curve Depicts the 
Corresponding Manual Track Scanning Relative Error as a 
Function of (Manually) Observed Tracks T. The Constant 
Relative Error Denoted by <r(f)/f Represents the Present Lim
iting Accuracy of Both Manual and Automatic Scanning and 
Corresponds to the Emission Rate Uncertainty of the 2,14Cni 
Spontaneous Fission Source. ANL Neg. No. 116-683. 

encc of automatic scanning error upon pileup arises 
through the function <j>(u). On this basis, it was found 
that manual and automatic fission trade scanning 
errors do not differ significantly. This conclusion can 
be inferred directly from Fig. III-28-1, which presents 
a comparison of manual and automatic fission track 
counting errors as a function of observed tracks T. 

Limitations due to effects of nonuniformity in fission 
track density have been estimated. Extension of these 
precise capabilities to mica solid-state track recorders 
has been attempted. In contrast with Makrofol, un
resolved difficulties have been encountered in the auto
matic scanning of mica. 
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INTRODUCTION 

An evaluation of the utility of using 7LiF thermo
luminescent dosimeter (TLD) rods ( 1 x 6 mm) to 
measure gamma ray absorbed doses in ZPPR resulted 
in the adoption of a general ionization theory which 
removed the cavity size restriction characteristic of 
the Bragg-Gray type cavity ionization theories.1 I t 
is therefore theoretically possible to relate the absorbed 
dose in a solid-state TLD cavity to the absorbed dose 
in the wall material irrespective of the cavity size, 
atomic number of the cavity material, or the compo
sition of the wall. The general ionization theory can be 
applied in the design of a dosimeter capsule to achieve 
a gamma-ray sensitive device which has a good energy 
response. The energy response can also be estimated 
for any capsule provided electron equilibrium is estab
lished in the sleeve and the gamma-ray spectrum is 
known. Based on this theory, it is possible to estimate 
the magnitude oi systematic errors inherent in dose 
measurements made within the critical assembly, 
provided TLD rods encased in different sleeve materials 
are calibrated with a standard 60Co source and then 
exposed to fast-reactor type gamma-ray spectra. 

THEORY 

If the composition of the TLD and the sleeve possess 
identical gamma-ray absorption coefficients as well as 
the same atomic stopping power for electrons, a matched 

TABLE III-29-I. M A S S STO PPING POW ER R A T I O S 
TO LiF FOR SELECTED M A T E R I A L S 

To, 
MeV 

0.15 
0.25 
0.4 
0.6 
1.00 
1.50 
2 00 

0 327 
0.754 
1 308 

RELATIVE 

Bf. 

Teflon Aluminum Iron Tantalum 

Laurence Theory 

0.9644 
0.9664 
0.9714 
0 9767 
0 9844 
0.9931 
0.9974 

0.8366 
0 9356 
0 9644 
0.9748 
0.9828 
0 9925 
0 9928 

0.3149 
0.6594 
0.9288 
0.9957 
1.0413 
1.0585 
1 0652 

0.0635 
0.1568 
0.3905 
0 6784 
1.0365 
1.2018 
1 2514 

Spencer-Attix Theory 

0.966 
0.980 
0 993 

0.961 
0.994 
1.028 

0.861 
1.027 
1 073 

— 
— 

cavity condition would exist. Under these conditions, 
the absorbed dose in the cavity would equal the ab
sorbed dose in the sleeve. In practice, the matched 
cavity concept cannot be used in designing dosimeters 
for measurements in criticals. Hence, it is necessary 
to evaluate the wall effect for each type of sleeve 
material. The response of the TLD cavity relative to 
a TLD for w hich there is no wall effect is given by 

W = (J^-\fz(T0), 
(Hen/P)c 

where the subscripts c and z refer to the TLD cavity 
and sleeve material respectively, /xCTlp is the mass 
energy absorption coefficient, and Bfz(To) is the mass 
stopping power ratio for a cavity relative to the sleeve 
based on the general ionization theory. Relative to 
the Spencer-Attix prescription for small cavities, 
BUTO) is1 

sfz(To) = (Z/A)c 

1 + 

(Z/A) 

d_ 
To 

+ AR.(To,A) 

7>.<T.,T)(|m-l) dT 

£c(A) VI 
J5,(A) l)\ 

+ a - d) [ H i w r 
\_{Hen/p)z{Z/A)c 

- 1 

where T0 is the initial energy of the electron, A is the 
electron energy for which a secondary electron would 
lose all of its energy at the location of formation, 
Rz(Ta ,T) is the ratio of the total electron fluencc to 
the primary electron fluence at an energy T, Bm(T) 
is the stopping power number per electron for in = c 
or z, Z is the atomic number, and A is the atomic mass. 
The weighting factor d is given by 

' " i* •"**// dx 

W'here 0 is the effective mass absorption coefficient for 
electrons having the maximum energy present in the 
wall or cavity and g is the mean chord length of elec
trons traversing the cavity. 

RESULTS 

Approximate values of pfz(T0) for teflon, aluminum, 
iron and tantalum sleeve materials relative to LiF based 
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IOOOI 

01 
01 01 10 

GAMMA RAY ENERGY (MeV) 
FIG. III-29-1. Mass Energy Absorption Coefficient Ratios of Selected Mateiials Relative to LiF. ANL-ID-108-A11870. 

on both the Laurence and Spencer-Attix theories2 arc 
listed in Table III-29-I. Figure IH-29-1 shows the 
energy dependence of several mass energy absorption 
coefficient ratios relative to LiF. These tabulated and 
plotted quantities can be used to evaluate the energy 
response of the dosimeter capsule. 

Gamma-ray induced excitation in dosimeter cap
sules containing extruded 7LiF rod cavities and differ
ent sleeve materials were measured. Several capsule 
types were irradiated in three gamma ray fields. Each 
field had a different characteristic spectrum. The TLD 
thcrmoluminescencc (TL) variation as a function of 
sleeve type, sleeve wall thickness, and gamma ray 
energy were recorded. These experiments tested the 
sensitivity of the measured TL upon the capsule 
configuration and exposure environment. They also 
allowed a preliminary evaluation of the ability to 

predict the change in TL for different sleeves using the 
general ionization theory. 

Table III-29-II lists the various materials, sleeve 
wall thicknesses, and gamma-ray sources used along 
with the resulting relative TL values. All of the TL 
values shown in Table III-29-II are reported relative 
to the 0.894 g/cm2 teflon sleeve. I t may be concluded 
from these data that when TLD rods with standard 
deviations of at least 5.8 % were used, the TL readouts 
were the same for individual sleeve materials, inde
pendent of the wall thickness selected for this study 
for each of the gamma-ray sources. Some of the TL 
values did vary between sources. I t must be noted 
that these results do not show that the TL values are 
independent of sleeve thickness in general. That is, the 
minimum wall thickness in each case was generally at 
least one-half the range of the most energetic electrons 
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TABLE III-29-II 

Sleeve Type 

Air 

B4C 

Teflon 

Al 

SS« 

Ta 

Sleeve 
Diameter, 

in 

CC 

y$ in plate 

0.250 
0 375 

0 1875 
0 250 
0 3125 

0 09375 
0 125 
0 1875 
0 250 
0 3125 

0 1875 

R E L A T I V E 'L iF R E S P O N S E 

Sleeve Wall Thickness 

in 

CO 

0 125 

0 098 
0 160 

0.066 
0 098 
0.129 

0 020 
0 035 
0.066 
0 098 
0 129 

0 074 

g/cm2 

» 

0 762 

0 548 
0 894 

0 453 
0 672 
0 885 

Av 

0.400 
0 700 
1 320 
1 959 
2 579 

Av 

3 120 

FOR SELECTED £ LEEVES AND G VMMA R A Y SOURCl .s 

TLD Response Relative to 0 894 g/cm2 Teflon Sleeve 

220Ra 

— 

— 

1 008 ± 0 086 
1 000 ± 0 085 

1.029 ± 0 087 
1 044 ± 0 089 
1.007 ± 0 085 
1.027 ± 0 087 

1.104 ± 0 094 
1 052 ± 0 089 
1 012 ± 0 086 
1 025 ± 0 087 
1 007 ± 0 085 
1.040 ± 0 088 

1 128 ± 0 096 

60Co 

1.064 ± 0 090 

0 990 ± 0.084 

1 015 ± 0 086 
1.000 ± 0 085 

1.057 ± 0 089 
1.035 ± 0 088 
1 008 ± 0 086 
1.035 ± 0 088 

1 063 ± 0 090 
1.027 ± 0 087 
1.057 ± 0 089 
1 039 ± 0 088 
1 040 ± 0 088 
1 045 ± 0 089 

1 285 ± 0.109 

ZPPR-2 

Loading 157 

— 

0 993 ± 0 084 
1 000 ± 0 085 

— 

1 027 ± 0 087 
1 125 ± 0 096 

1 067 ± 0 091 

1 073 ± 0 091 

1 624 ± 0 138 

Loading 158 

— 

0 896 ± 0 076 
1 000 ± 0 085 

— 

0 978 ± 0 083 

1 038 ± 0 088 

0 913 ± 0 078 

0 976 ± 0 083 
1 531 ± 0 130 

Type 304 stainless steel 

TABLE III-29-III THEORETICAL VND E X P E R I M E N T VL 
R A T I O S OF THC E F F E C T OF SLEEVE M \ T E R I V L ON 

THE CAVITY EXCITATION 

Sleeve 
Material 

Aluminum 
Iron 
Tan ta lum 

F 

Laurence 

1 004 
1 037 
1 289 

Spencer-
Attix 

(A = 81 8) 

1 041 
1 055 

T U / T L re/;,,,, 

1 033 ± 0 088 
1 045 ± 0 089 
1 285 ± 0 109 

generated in the wall by the incident gamma rays. 
Moreover, the maximum sleeve thicknesses were not 
great enough to significantly attenuate the major 
60Co or 226Ra gamma rays. This type of experiment will 
be performed again using TLDs with nominal standard 
deviations of 3 %. These data may show variations as a 
function of the sleeve w all thickness. 

A preliminary evaluation of the general ionization 
theory was made using the data in Table III-29-II. 
The response of a TLD in a capsule of wall material z 

relative to a TLD in a wrall material y is 

P _ (Hen/p)z Bfz(T0) 
( M » / P ) » Bfy(To) 

Thus thc ratio of thc TLD readouts for different sleeve 
materials should also equal F. Calculated F values 
were compared with thc measured TL ratios of TL2/ 
TLTccion (sec Table III-29-III). 

The experimental results are in agreement with the 
calculated F values for all three materials. I t should be 
noted that the accuracy in thc tantalum F value is 
w orse than for cither iron or aluminum since the nuclear 
parameters used to calculate Bfz for tantalum w ere not 
as precise. 

Thc utility of using stainless steel encased TLD 
dosimeters in ZPPR is reported in Paper 11-40. 
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INTRODUCTION 

If cooling requirements are to be correctly assessed 
and thermal stresses adequately predicted in thc design 
of an LMFBR, it is necessary to be able to determine 
thc amount of energy that will be deposited in various 
regions of thc reactor by gamma-ray interactions. 
Gamma heating measurements in thc ZPRs allow one 
to determine thc adequacy of calculational techniques 
and gamma-production cross section libraries and also 
provide gamma heating profiles for a particular design 
and for regions not amenable to calculation. 

Numerous devices have been developed for gamma-
ray dosimetry1: cavity ionization chambers, scintilla
tion detectors, chemical dosimeters, solid-state inte
grating dosimeters, solid-state electrical-conductivity 
dosimeters, photographic emulsions and calorimeters. 
However, thc particular environment of a fast reactor 
and operational considerations limit thc number of 
choices. Measurements must be made in a mixed 
neutron-gamma radiation field in moderate fluences and 
in a variety of materials in which thc gamma spectrum 
and neutron spectrum span broad energy ranges. I t is 
also desirable to perform simultaneous measurements 
in a number of locations with probes that introduce a 
minimum amount of perturbation. This report con
siders only one particular type of solid-state integrating 
dosimeter—the thermoluminescent dosimeter (TLD). 
At thc present time this type of dosimeter seems most 
promising for gamma-heating measurements because, 
of its small size, good sensitivity, broad dose range, 
low neutron sensitivity and advanced state of develop
ment. 

Thc principle of operation of a TLD is rather straight
forward. Thc TLD material contains a number of 
room-tempcraturc stable electron or hole traps which 
arc filled when ionizing radiation creates free electrons 
or holes. To read out the dosimeter thc material is 
heated, returning the electrons to thc conduction band. 
Thc transitions from thc conduction band to thc valence 
band result in emission of visible wavelength radiation; 
thc number and intensity arc related to thc material's 
exposure. 

Extensive developments in TLD materials and 
techniques in thc last ten years have produced a system 
that is applicable to a wide range of exposure conditions 
and one that is being increasingly employed for do

simetry.2 However, there arc two special areas of con
cern in thc application of TLD techniques to measuring 
gamma heating in fast reactors—thc neutron sensi
tivity of thc TLD material and the relationship betw een 
thc TLD response and thc heating in the particular 
material under consideration. Any TLD material 
shows some neutron sensitivity because recoil ions from 
clastic scattering, gamma rays from neutron capture 
or other reaction products create ionization in the 
material. Since we arc only interested in measuring-
gamma heating, neutron induced contributions to the 
TLD signal must be corrected for. With respect to 
thc second area of concern, thc relationship between 
thc TLD response and heating in thc material around 
thc TLD is a function of the composition of the TLD 
and of thc surrounding medium, size of thc TLD and 
thc gamma spectrum. A simple relationship independ
ent of gamma-ray energy exists only if the TLD 
material and surrounding medium arc the same. 
Since thc gamma spectra are usually unknown and 
since it is usually impossible to have both materials 
thc same, it is important to choose a TLD material 
which introduces thc least amount of uncertainty in 
the determination of gamma heating. 

TLD techniques have been applied to reactor studies 
and to other mixed environments, such as those en
countered in weapons testing. Stanford and Johnson 
used CaF2:Mn powder to measure gamma heating 
in a thermal critical facility.3 Consideration was given 
to thc two areas mentioned above. LiF powder was 
used to measure gamma heating4 as a function of 
position in a single cell at thc center of Zebra-6. There 
have been a number of measurements with CaF2:Mn 
hot-pressed chips to measure gamma doses near nu
clear rockets (see, for example, Ref. 5). Gibson and 
Stuctzcr have attempted to determine thc neutron 
sensitivities of various solid-state integrating gamma 
dosimeters and to evaluate these devices for gamma 
dosimetry in a nuclear reactor environment.6'7 Wingate, 
Tochilin and Goldstein have done a careful investiga
tion of thc response of LiF to neutrons and charged 
particles.8 LiF has been used for dose mappings, 
single-cell dose heterogeneity and blanket-reflector 
and reflector-core interface studies for thc EBR-II 
scries of ZPR-3 critical assemblies.9 An evaluation of 
7LiF for gamma ray dose measurements in ZPPR 
appears in Paper 11-40. 
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RELATION BETWEEN ABSORBED DOSE IN THE MEDIUM 
AND ABSORBED DOSE IN THE DOSIMETER MATERIAL 

Because of the importance of accurate measurements 
of absorbed dose in relating the effects of ionizing radia
tion on physical, chemical and biological systems, a 
considerable effort has gone into establishing the rela
tion betw een the absorbed dose in the medium, mEz, 
and the absorbed dose in the dosimeter material, mEd . 
Since the earliest radiation dosimeters were gas-filled 
chambers, attention was first centered in relating the 
absorbed dose in the gas (the product of the number 
of ion pairs formed per unit mass, mJ, and thc average 
energy, W, necessary to form an ion pair) to thc ab
sorbed dose in the medium. Gray10,11 derived the well 
known Bragg-Gray equation, 

mE, = jjEd=jwmJ, (1) 

where / is the ratio of the mass stopping power of the 
gas to that of thc wall for directly ionizing particles. 
Bragg12 had earlier indicated the relationship in a 
qualitative way. 

Gray's derivation assumed that (1) thc electron 
spectrum in the medium is not affected by thc cavity, 
(2) thc influence of gamma-ray interactions with thc 
cavity material is negligible, and (3) thc electrons 
lose energy continuously in interacting with the cavity 
material. For convenience Gray assumed that thc mass 
stopping power ratio for electrons was independent of 
energy. Laurence13 explicitly took into account thc 
energy dependence and averaged thc mass stopping 
power ratio over the equilibrium electron spectrum. 
However, even with this modification, the agreement 
between the predictions of cavity ionization theory and 
experiment was often poor. Pressure, cavity-size and 
wall-material effects not predicted by thc theory were 
realized. Burch14 and Spencer and Attix15 included 
discrete energy losses by electrons and were able to 
improve the agreement. However, since the first two 
assumptions were still made, thc theories were appli
cable only to cavities with dimensions considerably 
smaller than the electron ranges in the cavity material. 
This condition is not difficult to attain with gas-filled 
cavities, but is quite difficult to attain with solid- and 
liquid-state detectors. Burlin16 proposed modifications 
to the Spencer-Attix theory which remove the restric
tion on thc size of the cavity. The predictions of this 
more general theory have been compared with experi
mental results from solid-state dosimeters covering thc 
complete range of both cavity size and atomic number 
of the surrounding medium.17 In general, good agree
ment was found. A detailed description of cavity-
chamber theory is contained in Ref. 18. 

Although it is useful to realize the rather high degree 
of sophistication that cavity-ionization theory has at
tained, for our purposes certain simplifying assumptions 
may be made which make its predictions rather ap
parent. Since the reactor environment contains a gamma 
spectrum which extends over a broad energy range 
(and which is usually not known), wc are interested in 
the behavior of / as a function of energy. The ratio of 
cavity size to electron range moves from one extreme 
for low gamma-ray energies at which the size of thc 
cavity is large compared with the range of the electrons 
to thc other extreme at high gamma-ray energies 
at which thc size of thc cavity is small compared with 
the range of the electrons. In thc two regions the inter
action of gamma rays with matter are dominated by 
different processes—at low energies (below a few hun
dred kcV) thc photoelectric effect dominates while at 
high energies the Compton effect is more important. 
At low energies thc energy absorbed per unit mass of 
material is simply 

JE = NT^Jp, (2) 

where N is thc gamma fluence, Ty is thc gamma energy 
and Mra/p is thc mass energy-absorption coefficient. 
Since N and Ty arc the same for the cavity and sur
rounding material, the relation between thc absorbed 
dose in thc surrounding material and that in thc cavity 
material is 

JS. = !p^JEd. (3) 
VHen/PId 

For thc photoelectric effect, thc photoclectron has 
almost thc same energy as thc incident gamma-ray, 
and for thc above expression to hold it is assumed that 
a photoclectron created in thc cavity (surrounding 
material) deposits all its energy in the cavity (surround
ing material). At high gamma-ray energies thc ab
sorbed dose in each region will be proportional to thc 
mass stopping power for the material in the region, 
averaged over thc equilibrium electron distribution. 
For Compton scattering there is a distribution of 
electron energies, but a suitable averaging is per
formed10 if one simply chooses thc average electron 
energy, f, given by 19 

f = T% (Oaf*), (4) 

where T, is thc incident gamma-ray energy, ca is thc 
absorption cross section, and c is thc total cross sec
tion (scattering plus absorption) and takes the value 
of thc mass stopping power at that energy.16 For solid-
state dosimeters the inclusion of thc discrete nature 
of electron energy losses is of little consequence. Thc 
Burlin cavity ionization theory alluded to earlier links 
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the low and high energy domains in a reasonable 
(although inexact) way. 

As a specific example consider the surrounding 
medium to bo iron and thc solid-state dosimeter to be 
either LiF or CaF2:Mn—thc two most popular TLD 
materials. Figure IH-30-1 shows thc ratio of thc mass 
energy-absorption coefficients19 at thc incident gamma-
ray energy and mass stopping powers20,21 at thc average 
Compton energies. Thc large values of thc ratio of the 
mass energy-absorption coefficients at low energies 
arise because thc photoelectric cross section19 is pro
portional to ZA. At higher energies there is not much 
variation and thc values are close to unity. This is to 
be expected since the Compton cross section19 is pro
portion to Z and thc mass is approximately propor
tional to Z. Thc ideal dosimeter should have a ratio 
that is independent of energy. In practice thc effective 
Z of thc dosimeter and surrounding material should be 
kept as close as possible. 

Figures IH-30-2 and IH-30-3 show 1// for a LiF-Fe 
and a CaF2:Mn-Fc system, respectively. Thc curves 
arc obtained from thc curves shown in Fig. III-30-1 
with thc dashed lines indicating thc behavior in thc 
transition region for a reasonable size dosimeter as 
predicted by thc Burlin theory of cavity ionization. 

Since thc gamma-ray energy spectrum is usually not 
known in a reactor and since there can be a sizeable 
spectral dependence if thc dosimeter and surrounding 
material are not matched, it is important in ascertain
ing thc accuracy of gamma-heating measurements to 
investigate this effect for representative fast-reactor 
gamma-ray spectra. Figure HI-30-4 shows calculated 
gamma spectra for various regions (core, blanket and 
reflector) in a typical fast-breeder demonstration plant 
design.22 Thc calculations w ere done with tw cnty energy 
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Fio. III-30-1. Ratios of the Mass Energy-Absorption Coef-
icicnts of Iron to LiF and to CaF2:Mn as a Function of Energy 

and Ratios of the Mass Stopping Powers Calculated at the 
Average Energy of the Compton Electrons of Iron to LiF and 
to CaF2:Mn as a Function of Energy. AND Neg No. 116-1020. 
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FIG. III-30-2. Variation of 1// as a function of Energy for a 
LiF Dosimeter Surrounded by Iron. At Low Energies the Curve 
is Equal to the Ratio of the Mass Energy Absorption Coeffi
cients of Iron to LiF and at High Energies is Equal to the Ratio 
of the Mass Stopping Powers Calculated at the Average Energy 
of the Compton Electrons of Iron to LiF. The Dashed Line 
Indicates the Behavior in the Transition Region Predicted by 
Burhn's Cavity Ionization Theory. ANL Neg. No. 116-1021. 
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Fio III-30-3. Variation of 1// as a Function of Energy for 
a CaF2:Mn Dosimeter Surrounded by Iron. At Low Eneigies 
the Cuive is Equal to the Ratio of the Mass Energy Absorp
tion Coefficients of Iron to CaF2:Mn and at High Energies is 
Equal to the Ratio of the Mass Stopping Powers Calculated 
at the Average Energy of the Compton Electrons of Iron to 
CaF2:Mn. The Dashed Line Indicates the Behavior in the 
Transition Region Predicted by Burlin's Cavity Ionization 
Theory. ANL Neg. 116-1019. 

groups; the smooth lines on thc figure simply smooth 
out thc calculated histograms. Certain simplifying 
assumptions were made. The gamma source from 
fission was assumed to have the same spectral shape 
as that accompanying thc fission of 235TJ with thermal 
neutrons, irrespective of thc fissioning isotope. Further
more, thc material in each cell was homogenized, which 
leads to some difficulty in interpreting the low-energy 
part of the spectrum. At low energies the photoelectric 
effect is important. Since thc atomic numbers of thc 
materials in a cell are quite different, one can expect 
thc low-energy part of the spectrum to show some varia
tion throughout the cell. I t can be noted from the 
figure that in regions such as the core and blanket, 
which have a large amount of high-Z material, the low-
energy peak is located at about 0.5 MeV; however, in 
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F I G . IH-30-4. Calculated Gamma Spectra in the Core, 
Blanket , and Reflector of a Typical F a s t Breeder Demonstra
tion Reactor Design. ANL Neg. No. 116-1014. 

thc reflector, which contains mostly stainless steel and 
sodium, the low-energy peak is shifted to lower ener
gies—a region where thc spectral dependence of the 
dosimeter becomes important. 

If we require that the amount of material around 
the dosimeter (the material for which gamma heating 
is to be measured) is such that electron equilibrium is 
established, a suitable thickness is about 1 g/cm2, which 
corresponds to the range of a 2 MeV electron. To de
termine the effects of spectral sensitivity of the dosim
eter, the spectral-weighted average of 1/ / is given by 

I = S«k(l//,) exp[-Q«/p).*] ( 5 ) 
/ 2& exp [— (ji/p)tt] 

where 4>% is the gamma flux in group i and 1//, is the 
value of 1/ / at the average group energy, (M/P)> is the 
mass attenuation coefficient at the average group 
energy for the material around the dosimeter and t is 
the thickness of the material. The exponential term is 
included to take into account (to first approximation) 
attenuation of the gamma spectrum by material 
around the dosimeter. Table III-30-I contains average 
values of 1// for the three spectra shown in Fig. IH-
30-4 for LiF-Fe and CaF2:Mn-Fc systems. With a 
LiF-Fe system the spectral sensitivity can introduce a 
30% difference between the measured and true doses 
if a single average 1// value is used for all reactor re

gions; with a CaF2:Mn-Fc system, the difference 
amounts to 15 %. Almost all of thc difference between 
average 1// values for thc core, blanket or reflector is 
associated with thc shift of thc gamma peak in the 
reflector region to lower energies—a region in which 
thc spectral sensitivity of the dosimeters is important. 
I t is interesting to note that thc region w here there is a 
maximum effect is one of moderate average Z, the 
reflector. In a high-J? region, even though there is a 
gross mismatch of the average Z of thc region and 
that of thc dosimeter, thc high photoelectric cross 
section has led to thc attenuation of thc low-energy 
flux and thus thc influence of the low-energy region on 
the average 1// value is small. 

NEUTRON SENSITIVITIES OF TLD MATERIALS 

Any TLD material may be expected to show some 
neutron sensitivity. Thermal neutrons create ionization 
in the material either through charge-particle reactions 
suchasthc6Li(?i,a)3H in the LiF dosimeter or through 
gamma-producing reactions such as 25Mn(?z,7)20Mn in 
thc CaF2:Mn dosimeter. Fast neutrons will create 
ionization by producing heavy-ion recoils through clas
tic scattering. Thc heavy ions not only lose their energy 
in excitation and ionization of thc lattice ions but also 
in producing displacements of thc lattice ions and 
lattice vibrations. Since thc number of thermal neu
trons in a fast reactor is insignificant, we will mainly 
consider fast neutron sensitivities of TLD materials. 

Neutron sensitivities have been investigated for 
LiF(7,s,2j,24,26,26) CaF2 :Mn<7'27'28'29) and BeO(30). The 
experimental determination is not straightforward be
cause the neutrons arc always accompanied by gamma 
rays and oftentimes the gamma field dominates thc 
response.7,3 Furthermore, thc neutron response is in
fluenced by the material around thc dosimeter and care 
has not always been taken in determining this contri
bution to thc response. In general, the agreement 
between various determinations has been poor. Several 
rather interesting phenomena associated with neutron 
stimulation of TLD materials have been observed. LiF 
exposed to thermal neutrons has a different shaped 
glow curve than that resulting from gamma irradia
tion.8'26 As an aside, it may be noted that for BeO 
dosimeters readout by observing thermally stimulated 

TABLE III-30-I. SPECTRUM AVBKAOED V A L U E S OF 1 / / FOR A 
DOSIMETER SURROUNDED WITH IRON IN VARIOUS R E G I O N S 

OF A F A S T B R E E D E R REACTOR 

Region 

Core 
Blanket 
Reflector 

LiF-Fe 

0 987 
0.978 
1.283 

CaF2:Mn-Fe 

0.958 
0 954 
1.102 
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exoclectron emission, a relation has been found between 
peak location and linear energy transfer (LET) of thc 
ionizing particles; this phenomenon is being investi
gated for dosimetric application.31 Another interesting-
effect was thc observation by one group that thc com
bined thermoluminescent response of LiF dosimeters 
exposed in a gamma field only, and m a fast neutron 
field only, was greater than thc response of a single 
dosimeter exposed to both gamma and fast neutrons.23 

They hypothesized that thc gamma response was re
duced as a result of trap emptying by fast-neutron ir
radiation. I t was later found that thc results were spur
ious, being associated with thc encapsulation process.24,25 

With moderate neutron fiucnecs thc responses are 
additive; with high flucnecs it is possible to reduce the 
sensitivity by a combination of permanent and tempo
rary damage.33 

Thc only comprehensive study of neutron sensitivity 
was that made for LiF and thc findings will be re
viewed.8 These results also indicate what might be 
expected for other TLD materials. Figure II1-30-5 
shows thc measured and calculated neutron sensitivity 
of 7LiF (>99.9% 7Li) as a function of neutron energy. 
Thc calculation assumes that only clastic scattering is 
important. The slopes of thc calculated and measured 
curves arc similar; however, thc measured values arc 
lower by an order of magnitude and thc calculated peak 
docs not appear in thc measurement. The lower meas
ured values can be explained by thc LET dependence 
of thc response. Figure III-30-6 shows thc relative 
dose response versus thc LET of charged particles. 
The LET of electrons is usually about 1 kcV/^, whereas 
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Line is a Calculated Curve for Anthracene. The Figure is from 
Ref. 8. ANL Neg No. 116-1015. 

that for recoils have initial values of several hundred 
kcV/ju. Thc relative efficiency of LiF for recoils com
pared with that for electrons (generated by gamma 
interactions) might be 10% or less. This same type 
of LET dependence is seen in photographic films,, 
phosphate glass rods and organic phosphors such as 
anthracene. Thc dashed line in Fig. III-30-6 is a pre
diction for anthracene. One expects a variation with 
LET because of the dependence of the probability for 
recombination on ionization density and thus LET. 
Furthermore, since for a given energy, low LET par
ticles have considerably longer track lengths than high 
LET particles, thc number of available activator sites 
will be higher for low LET particles and this might be 
expected to influence the relative response. I t should 
also be noted that care must be taken in extrapolating 
to lower energies a curve through the measured values 
of thc sensitivity as a function of energy, because at 
lower energies it is increasingly difficult for thc recoils 
to lose energy by ionization and excitation. The energy 
is lost by elastic collisions resulting in lattice-ion dis
placements and lattice vibrations, and thus free elec
trons or holes arc not created.34'35 

Figure III-30-7 shows the measured and calculated 
neutron sensitivity of CaF2:Mn as a function of neu
tron energy. The calculation assumes that only clastic 
scattering is important in depositing energy. Thc scat
tering is assumed to be isotropic in the center of mass. 
Cross sections were obtained from Ref. 36. The indi
vidual contributions to thc calculated response from 
fluorine recoils and from calcium recoils are shown. 
Because the lighter fluorine recoil can assume more of 
thc incident neutron energy, its contribution dominates. 
Thc measured values represented by circles were ob
tained with monoencrgetic neutrons.7 The data are 
questionable because of problems with subtraction of 
gamma background. Thc same group measured ncu-
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FIG. III-30-7. Dose Per Unit Neutron Fluence for CaF2:Mn as a Function of Neutron Energy. The Upper Curve is the Calc 
lated Response and the Two Lower Curves Show the Contribution of Fluorine Recoils and Calcium Recoils. The Circles Represent 
Measured Values with Monoenergetic Neutron beams,7 the Square is the Measured Value with a Pu-Be Source and is Shown at 
the Average Neutron Energy of the Source27 and the Triangle Represents the Measured Value in the Fission Spectrum of the Oak 
Ridge Fast Burst Reactor and is Shown at the Average Neutron Energy.28 ANL Neg. No. 116-1016. 
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tron sensitivities of LiF and quoted values 10-20 times 
greater than those reported in Ref. 8. Thc high values 
arc inconsistent with the results of integral experiments. 
The point (square) at about 5 MeV was obtained with a 
plutonium-beryllium neutron source.27 A detailed de
scription of the experiment is lacking. The point 
(triangle) at about 1.5 MeV represents an exposure to 
fission neutrons at the Oak Ridge National Laboratory 
Fast Burst Reactor.23 A measurement under the same 
conditions with LiF yielded a result consistent with 
thc data shown in Fig. 5. I t is clear that additional 
integral measurements, as well as monoenergetic 
source measurements are needed for CaF2: Mn. 

In order to ascertain the extent of the uncertainty 
in a gamma-heating determination introduced by the 
neutron sensitivity of the TLD, it is necessary to con
sider the relative influences on thc response of thc 
gamma and neutron fields existing in a typical fast 
reactor. Recently, extensive reaction-rate measure
ments and gamma-heating rates in stainless steel 
(7LiF was thc TLD) were made for an engineering 
mockup of the Fast Flux Test Reactor.37 The relative 
neutron spectrum is known from proton-recoil measure
ments38 and calculations. Normalization may be ob
tained by requiring agreement with measured fission 
rates. The percentage neutron contribution to the 
TLD signal is probably most significant in a region 
near the center of thc core (thc neutron spectrum is 
also best known in this region). Thc spectrum was 
normalized to produce the measured 235U fission rate 
during the TLD exposure. The measured neutron 
sensitivity of 7LiF (Fig. III-30-5) was used to deter
mine the contribution due to thc neutrons. Figure 
III-30-S shows the dose contributed by the neutrons 
as a function of neutron group (each group is H 
lethargy unit wide). A cutoff of 100 kcV was used. 
This energy is near thc lower limit of thc measured 
ncution sensitivity. The sensitivity is dropping off 
rapidly and the results arc little affected by thc value 
of this cutoff as long as it is below a few hundred kcV. 
Thc neutron contribution to the signal amounted to 
10%. If one assumes that the relative sensitivity of 
CaF2:Mn as a function of LET is the same as that for 
LiF (Fig. III-30-6) and reduces the calculated neutron 
sensitivity by the appropriate amount thc neutron 
contribution to the TLD signal would be 5% if 
CaF2:Mn had been the dosimeter. Measurements in a 
fission spectrum show that CaF2:Mn is half as sensi
tive to fast neutrons as 7LiF, thus confirming that such 

reduction is reasonable.28 

CONCLUDING REMARKS 

Thc usefulness of TLD methods for gamma-heating 
determinations in fast reactors is to some extent 
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Fio III-30-8. Group-Averaged Relative Contributions to 
the LiF-Fe System Response for the Fast Flux Test Reactor 
Spectrum. ANL Neg No. 116-1018 

compromised by the spectral dependence of the re
sponse and by thc neutron sensitivity. I t is important 
to realize the extent of these effects if meaningful 
results arc to be obtained. Thc origins of these effects 
have been outlined and their extent indicated for 
particular dosimeter-surrounding material systems in 
representative fast-reactor environments. The need for 
continued experimentation and analysis was indicated. 
I t should be realized that the most popular TLD ma
terials at the present time were chosen because of their 
very high sensitivity and closeness to tissue response. 
These same TLD materials are not necessarily the most 
appropriate for gamma-heating measurements in fast 
reactors where high sensitivity is not as important and 
where one is interested in having a matched dosimeter-
surrounding medium where the surrounding medium 
usually has a significantly higher average Z than tissue. 
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111-31. A P r e c i s i o n R e m o t e C o n t r o l l e d E l e c t r o m e t e r fo r R e a c t o r P o w e r M e a s u r e m e n t s 

J M LAKSON 

INTRODUCTION 

Vanous icactoi experiments are performed at the 
ZPPR facility where the leactor power is measuied by 
using a neutron sensitive ionization chamber and an 
electrometei Because of the wide variety of measuie-
ments made at the facility, a precision, fast responding, 
low drift electrometer is rcquncd so that the same 
elcctiomctcr can be used for a variety of applications 
and experiments 

Commercially available electrometers that have been 
used in the past have, in general, had limited fiequency 
response, excessive drift oi noise, pooi lmcant\, oi a 
combination of thc above Because of these pioblems 
and thc fact that othci lequnements, such as I emote 
gain selection and zeroing, exist at the ZPPR faciht 
it was decided to develop an electrometei that w 
better suited for thc particulai requnemcnts at ZPPR 

In general, an electrometer was needed that would 
meet the following specifications 
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(1) Current ranges from 10 -3 to 10~10 amps full 
scale by range resistor change in 6 steps. Output volt
age of 10 V full scale on each range. 

(2) Input offset current of 10~13 amp maximum. 
(3) Output 10 to 90 % response time of 5 milliseconds 

or less on gain ranges of 10~5 through 10-7 amps, and 
30 milliseconds or less on gain ranges of 10~8 through 
10~10 amps—this output response to be obtained with 
input capacities as high as 1000 pfd. 

(4) Integral non-linearity less than 0.025% of full 
scale for outputs from 5 to 100 % of full output. 

(5) Output drift less than 0.025 % per 24 h at con
stant temperature. Short term drift less than 0.01 %, 
and drift due to temperature changes to be less than 
0.01 %/°C. 

(6) Remote gam selection and remote zeroing. 
(7) Provision for remote gain control by computer. 

BASIC CIRCUIT 

Because of the need for remote zeroing, thc over-all 
electrometer was designed in two sections as shown in 
Fig. III-31-1. 

The first section contains thc electrometer amplifier 

and is located in thc reactor cell. Thc second section 
contains a terminating amplifier and driver that has 
provision for gain and dc zero adjustment. The second 
section is located at the control room and is driven by 
thc remote electrometer via shielded differential lines. 

The gain ranges of thc electrometer are determined 
by thc shunt feedback resistors around thc electrometer 
amplifier. These resistors are selected by reed relays 
which arc controlled remotely by thc range selection 
circuitry of the terminating amplifier unit. Gain and 
zero offset adjustments arc made at the terminating 
amplifier by thc variable resistors shown in the feed
back and offset circuitry of the output driving amplifier. 

Thc range selection circuitry of thc terminating 
amplifier unit has a three line binary input so that the 
electrometer's gain ranges can also be selected remotely 
by computer control. 

DETAILED CIRCUIT DESCRIPTION 

Thc circuit diagram of the remote electrometer unit 
is shown in Fig. III-31-2. Thc electrometer amplifier is 
comprised of an Intcch A-127 operational amplifier 
and transistors Q3 and Q4. Transistors Q3 and Q4 arc 

REMOTE ELECTROMETER UNIT TERMINATING AMPLIFIER UNIT 

OUTPUTS 
-10 

VOLT -§)£ 
-§v°< - I 

VOLT 

GAIN SELECTION 

PUSH BUTTONS 

COMPUTER 
INPUT 

FIG. IH-31-1. Block Diagram of the Overall Electrometer System. ANL-ID-108-A11897. 
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ELECTROMETER 
DIFFERENTIAL 

FIG. III-31-2. Schematic Diagram of Remote Electrometer. ANL-103-A11820 Rev. 1. 
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DIFFERENTIAL 
INPUT FROM 
ELEC1ROMETE 

E>, THESE SWITCHES M£CHAN|CALY INT£P 
LOCKEO TOPRiVENT MORE THAN ONE 
SWITCH BEING DEPRESSED AT A TIME 

# SELECTED VALUE 
ALL RESISTORS IN OHMS 
ALL CAPACITORS N MICROFARADS 
ALL DiOOES IN1003 UNLESS OTHERWISE 

FIG. III-31-3. Schematic Diagram of Terminating Amplifier Unit. ANL-W8-AU881 Rev. 1. 
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the active elements comprising a unity gain power 
stage that is enclosed within the feedback loop of the 
over-all electrometer. 

The Intech amplifier is a relatively new design in 
modular operational amplifiers and, in its input stage, 
uses special junction field effect transistors that allow 
the amplifier to have very low noise and low voltage 
drift. This unit also has a maximum input bias current 
of 10-13 amps, which makes it very suitable for elec
trometer applications. In addition, the A-127 amplifier 
has an open loop gain of 100,000 and is designed so 
that it is short circuit stable, thus allowing a linear, 
stable electrometer design to be easily achieved. 

Transistors Qi and Q2 are connected as clamp diodes 
to protect the electrometer's input from damage if the 
unit is inadvertently connected to a charged cable. 
Transistors Qi and Q2 may be selected to have leakage 
currents as low as 10~14 amps. 

F I G . III-31-4A. Output Response on 10~5 Amp Range. Zero 
External Input Capacitance. Vertical Scale = 2 V/division. 
Horizontal Scale = 5 ms/division. 

F I G . III-31-4B. Output Response on 10~5 Amp Range. 1000 
pfd External Input Capacitance. Vertical Scale = 2 V/division. 
Horizontal Scale = 5 ms/division. 

Relays K-10 through K-80 control the resistor selec
tion contacts in the feedback loop of the amplifier. 

The over-all electrometer circuit is enclosed in an 
oven which maintains an inner temperature that is 
constant to ± 1 % for ambient temperature variations 
from (25 ± 10)°C, thus allowing the short and long 
term drift specifications to be met. 

Transistors Q5 through Q9 comprise the active ele
ments of the oven temperature regulating circuit and 
transistors Qi0and Qn provide power supply regulation. 
Transistors Qi2 through Qw are relay and lamp drivers 
that are turned on by signals from the terminating ma-
plifier unit. 

The circuit diagram of the terminating amplifier 
unit is shown in Fig. III-31-3. 

Amplifier A-l is connected in a unity gain differential 
configuration and is fed by the shielded differential line 
from the remote electrometer. This amplifier stage 
terminates the output of the remote electrometer and 
provides common mode rejection of hum and transient 
noise picked up on the cable linking the electrometer 
with the terminating unit. 

Amplifier A-2, in conjunction with the unity gain 
driver stage which is comprised of Qi and Q2, make up 
the output driving amplifier. The gain of this amplifier 
is separately adjustable for each gain range to com
pensate for the tolerances of the gain determining feed
back resistors of the remote electrometer. In addition, 
thc dc output of this amplifier may be adjusted sep
arately for each range to provide remote zeroing. The 
output of the driver stage drives a 10-to-l divider net
work so that a 0 to 1 V output is provided in addition 
to the 0 to 10 V output from the output driving stage. 

Relays K-l through K-0, control contacts that select 
the appropriate range-zeroing resistors and relays K-10 
through K-60 select the appropriate feedback resistors 
for the required gain. 

Logic gates 1, 3 and 6, in conjunction with the 9301 
Binary to decimal decoder, decodes the computer in
puts for computer controlled gain selection. 

Transistors Q3 through Q9 are relay and lamp drivers, 
and logic gates 4 and 5 provide driving signals for the 
relay drivers in the remote electrometer unit. 

OPERATING PERFORMANCE 

MEASURED RESPONSE TIMES 

The 10 to 90 % rise time of the electrometer system 
was measured by injecting a step of current at the in
put of the remote electrometer in the reactor cell, ther 
measuring the output wave form from the terminating 
amplifier in the control room. These measurements 
were performed with 0 and with 1000 pfd of input ca
pacity added to the input of the electrometer to simu
late the expected extremes of input capacity that might 
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be met in actual use. Photographs of the electrometer's 
response are shown in Figs. III-31-4 and III-31-5 for 
the 10 -5 and 10~10 amp ranges, respectively. In each 
case there is essentially no significant increase in rise 
time when the electrometer's input is loaded with 1000 
pfd of external capacity. 

NOISE 

The noise generated by the electrometer is very low, 
approximately 5 mV peak to peak with zero external 
input capacity on the 10~~10 range, and 30 mV peak to 
peak with 1000 pfd external on that range. The low 
noise generated by the unit is due almost entirely to 
the noise characteristics of the junction FETs used in 
the input of the A-127 amplifier. 

Photographs of output noise on the 10""10 range with 

F I G . III-31-5A. Output Response on 10~10 Amp Range. Zero 
xternal Input Capacitance. Vertical Scale = 2 V/division. 

Horizontal Scale = 20 ms/division. 
F I G . III-31-5B. Output Response on lO -10 Amp Range. 1000 

pfd External Input Capacitance. Vertical Scale = 2 V/division. 
Horizontal Scale = 20 ms/division. 

Larson. 413 

F I G . III-31-6A. Electrometer Output Noise on lO -10 Range 
with Zero External Input Capacitance. Output Voltage = 10 
V for 10~10 Amp Input. Vertical Scale = 5 mV/division. Hori
zontal Scale = 10 ms/division. 

F I G . I1I-31-6B. Electrometer Output Noise on 10~10 Range 
with 1000 pfd External Input Capacitance. Output Voltage = 
10 V for 10 -10 Amp Input . Vertical Scale = 10 mV/division. 
Horizontal Scale = 10 ms/division. 

0 and with 1000 pfd of input capacity are shown in 
Fig. III-31-6. 

DRIFT AND LINEARITY 

The measured short and long term dc output drift 
of the unit is less than 0.01 % of full scale. 

The integral non-linearity was measured at 0.025 % 
maximum which was the limit of the measuring ap
paratus. 

CONSTRUCTION 

A photograph of the remote electrometer and the 
terminating amplifier unit is shown in Fig. III-31-7. 
Both units are designed with standard 19 in. panels 
for rack or cabinet mounting. The zeroing potentiom-
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F I G . III-31-7. Photograph of Remote Electrometer and Terminating Amplifier Units . ANL-ID-103-A11902. 

eters of the terminating amplifier are panel mounted 
below their respective range selection push buttons 
and the push buttons are internally lighted to indicate 

the particular range selected. Indicator lights are also 
mounted on the panel of the remote electrometer to 
indicate the gain range in which the unit is operating. 

111-32. E f f e c t i v e n e s s of t h e D u a l H e a t e r T e m p e r a t u r e C o n t r o l S y s t e m 
i n t h e Z P P R R e a c t i v i t y D o p p l e r M e c h a n i s m 

J. M. GASIDLO, R. E. KAISER, D. P. PRUETT and J. C. YOUNG 

INTRODUCTION 

The heat lost from a ZPPR Doppler sample at ele
vated temperatures is removed from the reactor by air-
cooling the sample. In the past, very high coolant air 
flow rates were necessary to reduce to negligibly small 
values systematic reactivity effects caused by the heat 
loss. This meant the use of high-pressure air compres
sors with the attendant refrigerators, dryers, and 
finally a temperature regulating stage. The system 
described herein eliminates the entire expensive high 
pressure cooling air system by using a low pressure 
blower in conjunction with a dual heater system which 
is balanced to provide constant heat loss to the reactor 
system at all Doppler sample temperatures. 

DESIGN CONCEPT 

The Doppler sample in use at ZPPR is of the same 
basic design which has been developed in the Applied 
Physics Division at Argonne.12 An element consists of 
oxide pellets contained in a sealed tube with the sample 
heater wound around the outside of the tube. The 
Doppler capsule consists of the element supported in a 

small vacuum-tight silvered tube. The individual com
ponents and an assembled capsule are shown in Fig. 
III-32-1. The Doppler capsule is mounted in an oscilla
tor rod which provides the necessary vacuum and 
electrical connections for the element, paths for the 
sample cooling air, and trays for balance material to 
minimize reactivity swings when the rod is oscillated. 
The rod oscillates in the reactor through a guide tube 
and additional cooling air is passed between the rod and 
guide tube to reduce heat transfer from the rod to the 
reactor. 

The ZPPR Doppler equipment mounted in the re
actor for an experiment is shown schematically in Fig. 
III-32-2. The Doppler capsule cooling air enters the rod 
at the drive end and exhausts from the far end of the 
rod, beyond the airflow seal. With this design, the two 
air flow paths are never mixed and the impedance of 
each path is essentially constant for all rod positions. 
Therefore, the cooling air flow rate down each path 
constant for all rod positions. 

Cooling air flow is provided by a small axial fan 
blower which delivers from 20 to 80 CFM at a constant 
pressure difference of 2.5 psi. This provides a total flow 
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tilt 
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F I G . IH-32-1. Individual Components and an Assembled Z P P R Reactivi ty Doppler Capsule. ANL-103-A11731. 

rate down each path of ~ 2 5 CFM. By using the blower 
to pull cell air through the rod and exhausting the air 
from the blower directly into the cell temperature 
control system, the cell acts as a very large source of 
temperature-controlled air (68 ± 0.25°F) and the 
Doppler sample is not affected by the heat input of the 
blower. 

In the past, such a low coolant air flow rate would 
have been insufficient. The significant difference in the 
new system which allows the use of such low flow rates 
is the addition of the auxiliary heater which is wound 
around the Doppler capsule. This is shown in Fig. 
III-32-3. 

When an experiment is being performed, the blower 
is turned on and the auxiliary heater is set to deliver 
~150 % of the heat the Doppler capsule will lose at the 
highest sample temperature. The thermistor mounted 
on the end of the Doppler capsule in the cooling air 
path is used as a sensor for the auxiliary heater con-

-DOPPLER EQUIPMENT AND OSCILLATOR DRIVE 

r—DOPPLER CAPSULE 

\—OSCILLATOR GUIDE TUBE 

^ C O R E OUTLINE PISTON RING AIRFLOW SEAL 

DOPPLER CAPSULE 
COOLING AIR EXHAUST 

-ISOLATION AIR-FLOW 

-DOPPLER CAPSULE COOLING AIR FLOW 

J A 
'TO COOLING AIR BLOWER 

ISOLATION AIR EXHAUST 

F I G . III-32-2. Schematic of the Z P P R Reactivi ty Doppler 
Mechanism Mounted in the Reactor. ANL-103-A11967. 

trailer which maintains the air at constant temperature 
at that point. Since constant temperature cell air is 
flowing through the rod at a constant rate, heat input 
to the system is constant. With such low air flow rates, 
there is a 15°C rise in the cooling air temperature. 
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F I G . III-32-3. The ZPPR Doppler Capsule Mounted on the Oscillator Rod with Auxiliary Heater and Thermistor Lead. ANL-
103-A11928. 

Normally, the oscillator rod reaches equilibrium tem
perature in ~ 3 0 min, which is less than the time re
quired for the reactor to become sufficiently stable for 
the reference temperature measurement. 

When the Doppler sample is heated, the additional 
heat loss to the system is compensated for by the therm
istor controller which reduces the heat input from the 
auxiliary heater. Since the sample heat loss is to the 
Doppler capsule and the auxiliary heater is wound 
around the capsule, the two heat sources affect the 
system as a single heat source. Since the auxiliary 
heater is initially set to deliver ~150 % of the heat the 
sample will lose at its highest temperature, and the 
thermistor sensor has a very large temperature coeffi
cient, the heat input to the reactor is essentially con
stant for all sample temperatures. 

Hence, although the low coolant air flow rates allow 
an initial temperature rise in the oscillator rod before 
the measurements are started, there is no change in the 
equilibrium temperature between different Doppler 
sample temperatures. Also, although there is a sys
tematic temperature difference in the Doppler capsule 
environment from the "in" position at the center of the 
core to the "out" position in the reactor plenum, the 
design of the dual-heater system and the cooling air 
paths forces this difference to be the same for all sample 
temperatures and hence it does not affect the experi
mental results. 

SYSTEM PERFORMANCE AND TESTS 

Tests have been performed to measure both the 
interaction of the heating system with the reactor and 
the variation of total heat input with sample tempera

ture. The interaction effect was measured by oscillating 
the rod with the auxiliary heater off and observing the 
change in reactor temperature when the heater was 
turned on. A change of 0.4 ± 0.1 °C was observed in the 
immediate area of the Doppler sample and nowhere 
else. A total reactor interaction effect of ~ 1 X 10~8 k 
was estimated for a 10 % change in heat input. Such a 
change in heat input would also result in a temperature 
change in the oscillator rod balance material in the 
cooling path downstream from the dual-heater. Using 
the results of the ZPPR experiments (see Paper 11-44), 
a reactivity change of ~ 5 X 10~8 k could be caused by 
a 10 % change in total heat input from the dual heater 
system. 

Total heat input from both heaters was determined 
for a number of sample temperatures and experiments 
by measuring the voltage and current for each heater. 
All results were compared with the value for the auxil
iary heater at reference sample temperatures. For low 
sample temperatures, the sample heater controller was 
set to overshoot very slightly and the sample cooled 
slowly by ~ 1 % of the difference from the reference 
temperature. At intermediate sample temperatures, 
the thermal inertia of the sample resulted in long term 
oscillations of ~ 2 % peak-to-peak in sample tempera
ture. Data for these runs were recorded periodically for 
several cycles to determine the average heat input by 
the heaters and thus the heat loss rate to the reactor 
system. The temperature variations were so small thai 
no corresponding variations could be found in the re 
activity signal. The heat input from the sample heater 
was almost constant at the highest sample tempera
tures, but again the data were recorded periodically to 
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obtain an average over the entire high temperature 
portion of the experiment. 

Thc measured average total heat input from both of 
thc heaters was within the precision of the meters, that 
is, ~ ± 3 % . This means that the balanced dual-heater 
system holds systematic reactivity effects caused by 
heat loss from thc sample to no more than ± 2 X 10~8 

7c. 

CONCLUSIONS 

A simple and inexpensive cooling air temperature 
control system has been developed for the ZPPR re
activity Doppler experiments which holds systematic 
reactivity effects to ± 2 X 10-8 k. This is completely 

The filtration containment for ZPPR is provided by 
a large (50 ft diam) sand filter backed up with high ef
ficiency particulate (HEPA) filters. This is a unique 
reactor containment system but utilizes common tech
niques for filtering airborne radioactive particulates. 
Periodic in-placc efficiency tests are required to deter
mine filtration efficiency and to detect any deterioration 
which may be occurring. A system for testing thc ZPPR 
sand filter had been developed and two tests, performed 
a year apart, have been conducted. The sand filter, 
with gravel above and below the sand, is the roof for 
the reactor cell. This is covered with a structure called 
the top hat which contains 285 HEPA filters. A cross 
section of the top of the reactor cell, the gravel sand 
roof, and thc top hat arc shown in Fig. IH-33-1. 

DESCRIPTION OF ROOF AND TEST EQUIPMENT 

As shown in Fig. III-33-1, thick layers of gravel are 
placed above and below thc sand layers. The sand is 
held from dropping through the gravel with 26 mesh 
wire screen (0.021 in. wide square hole size), which is 
layed on top of the gravel. Thc gravel and sand roof is 
held on top of the circular reactor cell with 1}£ in. 
diam catenary cables on 15 in. center lines in a square 
pattern. The gravel and wire screen act as a support 
for the sand layers and also hold the sand in place in 
3asc high velocity gas were to pass through the filter. 
The sand is the principal filtering medium, with prac
tically no filtering benefits coming from the gravel. 

The lower layer is 50 ft in diam and 12 in. thick and 
the upper layer is 62.5 ft in diam and 18 in. thick. Thc 

adequate for the wide range of experiments normally 
performed in the ZPPR. 

If it were necessary for a special experiment, thc 
systematic temperature effects could be reduced to 
10 -9 k by thc use of more expensive control equipment. 
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step was placed in the filter to preclude thc possibility 
of channeling up along the wall but because of the step, 
thc velocity of the test aerosol changes. As shown in 
Fig. IH-33-2, the percent penetration of the test aerosol 
is quite sensitive to the superficial velocity (velocity 
assuming no area is occupied by sand). 

The tests to determine percent penetration through 
thc sand filter were run using dioctylphathalate (DOP) 
as thc test aerosol. This aerosol is used in testing HEPA 
filters and is commonly called smoke since it has the 
appearance of smoke. I t is discussed in RDT Standard 
F 3-34. In order to obtain a velocity of aerosol across 
the sand filter which would result in a penetration suf
ficient to read with particulate detection units a 100 
HP fan was used to pump 15,000 cfm of air into the 
bottom of thc sand filter. Eight standard DOP genera
tors, also described in RDT F 3-34, were used to pro
duce 49.2 Mg/liter of DOP. Thc DOP was injected into 
the 15,000 cfm air stream, and the air and DOP passed 
through two 24 in. diam hoses to the roof. 

The DOP concentration was measured just before it 
reached thc sand filter and again in the discharge from 
thc sand filter. Two TDA-2C smoke detectors made by 
Air Techniques Inc. were used to measure smoke con
centration. One unit had minor scale divisions to 
0.0002% and the other unit had minor scale divisions 
to 0.002 %. 

TEST RESULTS AND CONCULSIONS 

At the 5 fpm minimum superficial velocity of aerosol 
through the sand filter the pressure drop was 9.9 in 
H20. Other pressure drops in the system brought the 

111-33. Z e r o P o w e r P l u t o n i u m R e a c t o r ( Z P P R ) R o o f F i l t e r T e s t E x p e r i e n c e 

P. B. MCCARTHY, R. G. MATLOCK and R. L. CHEEVER 
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BUILT-UP ROOF ON 2 LAYERS OF 
1/4" FLEXBOARO W/MEMSRANE BET. EA LAYER 

HEPA FILTERS 
EACH ROW-96 2'X 2' FILTERS 

FSTATIONARY METAL LOUVERS 
FURNACE FILTERS 
4-EA. EACH BAY-TOTAL-94 EA. 

CORRUGATED SIDING 

FIG. III-33-1. ZPPR Roof Cross Section. ANL-ID-103-A1189S. 
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discharge head at thc fan to 19 hi. H20. Thc super

ficial velocity in thc lower layer of sand was 7.8 fpm. 
The laboratory test results plotted in Fig. IH332 
show a penetration of 0.0014% at 5 fpm and 0.004% 
at 7.8 fpm. Inplacc tests on thc ZPPR roof showed an 
average penetration of 0.0025 ± 0.0005 % in both the 
1970 and 1971 tests. Figure IH332 presents the lab

oratory test results and thc ZPPR field test results. 
Penetration data from inplace testing of thc ZPPR 

roof with DOP aerosol has been shown to agree with 
penetration results in laboratory tests. Therefore, 
ZPPR roof DOP penetration can be correlated to plu

tonium aerosol penetration data obtained in laboratory 
tests. 

Thc inplacc tests showed that thc ZPPR roof sand 
filter was in good condition and that it was not deteri

orating. The tests require a considerable amount of 
equipment and testing time, but in view of thc impor

tance of thc containment, the effort is justified. 
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F I G . IH332. DOP Penetration Tests ANLID103A11899. 

I l l  3 4 . R e l o c a t i n g t h e A r g o n n e F a s t S o u r c e R e a c L o r ( A F S R ) 

R. O. VOSBURGH, R. G. MATLOCK, P. B. MCCARTHY and R. N. CURRAN* 

INTRODUCTION 

Thc Argonne Fast Source Reactor is a compact re

actor used as a source of both fast and thermal neutrons. 
It consists of a right circular cylindrical core, 4 j^ in. 
in diam by 4}^ in. high, and contains 21}^ kg of 93 % 
enriched uranium clad in 304 SS. Thc core is entircly 
surrounded by a depleted uranium blanket, also right 
circular, 20K m  i n diam by 20H m  high. The reactor 
has a 4 x 4 x 6 ft thermal column, various penetrations 
to thc blanket and core, and a fast column. Thc core 
and blanket arc surrounded by a nominally 43^ ft thick, 
highdensity conccretc biological shield. Thc reactor 
is air cooled and can operate continuously at about 
900 W within thc 120°C maximum temperature limita

tion. A detailed description of thc reactor is provided 
in Ref. 1 and 2. 

AFSR provides neutrons in both thc thermal and 
fast energy ranges for laboratory experiments. It has 
been used for technique development, such as proton 
recoil spectrometer, Rossia measurements, foil irradia

' ion calibrations, fission chamber and detector compari

ons and calibrations. 
The AFSR had operated at thc ANL West Area of 

thc National Reactor Testing Station (Idaho) since 

EBR2 Project, Avgonne National Laboratory. 

1959. During the planning of thc ZPPR Facility in thc 
ANL East Area, it was recognized that better utiliza

tion of AFSR could be realized at this new facility. A 
room was designed and a new biological shield installed 
for AFSR during construction of ZPPR. Thc reactor 
and associated components were moved from thc ANL 
West Area to thc ZPPR Facility in late 1970. 

RELOCATION 

Thc disassembly, moving, and reassembly at the 
new site of thc reactor components was accomplished 
by ANL personnel. Each component was removed and 
shipped to thc new site where it was inspected, neces

sary maintenance performed, and then installed. 
Thc core was loaded into three separate approved 

birdcages and shipped for storage in thc Laboratory 
and Office Building storage vault in thc ANL East 
Area. Following thc prcstartup checkout of the reactor, 
thc core was removed from storage for inspection. Sev

eral blemishes on thc core cladding were discovered at 
this time. I t was decided that thc blemishes did not 
constitute an operational hazard and the fuel plus clad

ing was to be used "as is". A periodic inspection of the 
core cladding is in effect to continue SLirvcillancc of the 
blemishes. 

Thc AFSR blanket (2100 kg of depleted uranium) 
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TABLE III-34-I. DIMENSIONS OF EXPERIMENTAL F \ C I M T I E S 

Experimental Facility & Description 

Core (Including 304 SS Cladding) 

Glory Hole 
Horizontal axis of hole intercepts 
axis of core 0.15 in. above center of 
core. Center point of hole is 663^ ± 
Jf 6 in- from the face of shield (Glory 
Hole # 1 ) , and is 663-f6 ± Xa in-
through Glory Hole # 2 . 

Grazing Hole 
Horizontal axis of hole passes axis 
of core at a distance of 3-875 in. and 
lies 1.277 in below center of core. 
Minimum blanket thickness be
tween grazing hole and core is 0 984 
in. Center point of grazing hole is 
66J^ ± ]/y6 in. from face of shield 
through Grazing Hole # 1 and 663-̂ 6 
± 3^6 in- through Grazing Hole % 2 

Beam Hole 
Horizontal axis of hole intercepts 
axis of core 0.015 in. above center of 
core. Hole itself terminated in 
blanket 2.852 in. from axis of core. 
Minimum blanket thickness be
tween beam hole and core is 0.500 in. 
The beam hole liner prevents inser
tion of anything farther than 4 in. 
from inner end of hole. 

Graphi te Thermal Column 
The blanket cavity is embedded 
1534 in. into the end of the thermal 
column. Minimum thickness of 
graphite between the first hole and 
the reactor is &% in. Between the 
second hole and the reactor is 2 ft 
8% in. of graphite. The holes have 
been reamed to 2j/£ in. Stringers 
can be removed along the axis of 
the thermal column to accept 
equipment up to 16 x 16 in. Center 
of the thermal column is 66 ± 34 in. 
from either shield face in either 
hole. 

Miscellaneous 
Rossi alpha a t delayed critical. 
P rompt neutron lifetime (assuming 

/S effective = 0.0068). 
Operational core loading. 
Es t imated critical mass. 
Coolant flow. 

Dimensions 

Diam: 4 51 in. 
Height: 4.68 in. 

Effective Inside 
Diam 0.514 in. 

(with 
thimble) 

Diam: 1.078 in. 

Diam: 2.218 in. 
Effective Inside 

Diam: 2.150 in. 
(\\ i th 
liner) 

Height : 4 ft 
Width: 4 ft 
Length- 6 ft 2'A in. 

max. 
4 ft 9 in. min. 

3.65 X 10 6 sec- ' 
1 86 X 10~8 sec 

21.665 kg U (enriched) 
21.25 kg U (enriched) 
~ 7 8 cfm 

was checked for dimensions prior to shipment. Upon 
receipt at thc ZPPR/AFSR facility the dimensions 
were measured again to assure that no deformation oc
curred in handling the blanket. Such deformation could 
conceivably cause a change in reactivity of the system. 

Thc relocation left AFSR essentially unchanged ex
cept for thc improvement modifications discussed below. 

MODIFICATIONS 

Thc concrete shield has been modified in two signifi
cant ways. At the original site thc shield was poured on 
top of the foundation. Measurements indicated unde
sirable radiation streaming at thc shield/foundation 
interface, and additional shielding around thc base was 
required. Taking this into account, the new shield/ 
foundation interface is located two feet below floor 
level. Measurements of radiation levels with thc new 
shields showed that streaming has been eliminated. 

The second modification made to thc shield was thc 
replacement of the stepped beam hole plug with a four 
foot square hole and a rollaway concrete plug. This is 
called thc fast column and is shown in Fig. IH-34-1. 

Thc fast column modification was included in the 
design in anticipation of a future use where, for in
stance, matrix tubes of the critical assembly type can 
be mounted in place of thc rollaway plug. This would 
allow studies on subcritical configurations using AFSR 
as a fast neutron source. 

The AFSR core is of a split design with the bottom 
% of thc fissile material and depleted uranium plug 
attached to a pneumatic ram. At AFSR in thc West 
Area, this ram had a total stroke of 43 in. (the lower 
37 in. of travel arc at a nominal IS in./min and the last 
6 in. of travel are regulated by a two speed screw jack). 
Thc pneumatic ram portion of thc safety plug has been 
modified in the relocated AFSR. The lower portion of 
core is mounted on a pneumatic ram whose total stroke 
is 8 in. Thc entire 8 in. movement is regulated by a 
two speed screw jack. Thc short stroke pneumatic ram 
is mounted, in turn, on a movable drive plate. The 
drive plate can be lowered 35 in., positioning the lower 
portion of the core in thc pit area for inspection or 
maintenance. 

Minor modifications include items such as installing 
a new linear channel, a new log-period chart recorder, 
changing the lamp power supply to 24Vdc, modifying 
the slow shutdown circuit and eliminating the separate 
dc power key switch. These modifications were included 
either for improving operational characteristics or up 
dating thc system components. 
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GRAPHITE HOLE - I 
rGRAPHITE HOLE - 2 

GRAPHITE HOLE - 3 
GRAPHITE HOLE - 4 

THERMAL COLUMN ACCESS 
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DENSE 
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, * \ ' ; - / G R A Z I N G H O L E - 2
s 

ROLLAWAY PLUG 
X
BEAM HOLE 

-ROLLAWAY SHIELD 

TOP VIEW SIDE VIEW 

EXPERIMENTAL FACILITIES 
AFSR 

F I G . IH341. Experimental Facilities, AFSR. ANLID1036S01. 

Position 

Center of Glory Hole 
Center of grazing hole 
Inner end of beam holea 

Inner end of beam hole liner 
Center of graphite hole # 1 
Center of graphite hole §2 
Beamhole 
Grazing hole 
Glory Hole 
Vertical cooling ductj 

TABLE III34II 

Flux Characteristics: 
Cadmium Ratio for 

B10 

1.17 
34 

—800 

28 
"t 

25 

0.147 
0.050 
0.059 
0.027 

24 

25 

0.39 
0.31 

49 

25 
"1 

1.26 
1.27 
1.27 
1.51 

1.28 

Beams available 

. AVAILABLE F L U X E S 

One WattHour Gives the Following Number of 

236TJ 

6.0 X 10s 

1.8 X 109 

2.3 X 10" 
1.0 X 109 

. foot out fl 

Fissions per Gram of 

238TJ 

8.8 X 108 

9.0 X 10' 
1.4 X 10s 

2.75 X 10' 

^enriched 

5.6 X 109 

1.7 X 109 

2.2 X 109 

9.4 X 10» 
8.2 X 10" 
1.0 X 10' 

239 p u 

7.6 X 109 

2.4 X 109 

2.8 X 109 

1.5 X 109 

1.1 X 1010 

1.4 X 109 

om face of reactor shield. 

OneWatt Power 

Following Fluxes, 
n/cm2/sec 

5.0 X 108 

1.5 X 108 

2.0 X 108 

8.0 X 107 

1.5 X 106 

1.9 X 105 

fl.O X 104 

J 1.8 X 103 

| 1 . 3 X 103 

1,3.3 X 103 

■ N o t normally accessible. 

INFORMATION FOR EXPERIMENTERS 

This section contains reactor characteristics, de

scriptions of physical penetrations, and information of 
interest to potential users of the AFSR. 

A view of the reactor depicting the available experi

mental facilities is shown in Fig. 111341. A physical 
' ascription of each of these facilities is given in Table 

III34I. The neutron fluxes available in each of these 
penetrations are given in Table III34II. 

REFERENCES 
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If 1-35. F a s t N e u t r o n P e r s o n n e l D o s i m e t r y i n Z P R - 6 a n d Z P R - 9 

RAYMOND GOLD, R. J. ARMANI and G. K. RTJSCH 

INTRODUCTION 

In order to adequately record dose of exposed per
sonnel, radiation dosimeters must possess sufficiently 
high sensitivity. Low sensitivity is undoubtedly the 
major limitation of the fast neutron personnel dosim
eters in present use. In fact, conventional film badges 
are not suitable for measuring neutron doses from 
ZPR-6 and -9 type fast reactors since they are almost 
completely insensitive, relative to allowable weekly 
doses, to typical fast reactor neutron spectra. Solid 
State Track Recorders (SSTR)(1) possess sufficiently 
high sensitivity for application in fast neutron person
nel dosimetry. The use of suitable SSTRs not onlv 

overcomes this sensitivity problem, but provides a 
gamma insensitive, reasonably accurate, simple method 
for measuring fast neutron doses to personnel from 
these cores. Small SSTR detection packages can be 
easily assembled (with asymptotically thick sources) 
which are just as convienient as pocket ionization 
chambers or film badges. An actual photograph of such 
an SSTR dosimeter package isprescnted in Fig. 111-35-1. 

I t is possible to determine the doses received from 
shielded, partially shielded, or bare fast reactor cores 
by utilizing a dosimeter assembly consisting of two 
SSTRs each having a unique spectral response. Two 
constants typical of the core and the SSTRs along with 
the spectrum of the shielded core and the spectrum of 

CADMIUM 
COVERED 
SSTR 

^tet^ STTL L J m M i^^pf B ^fi 

.DIOACT1VE 
MATERIAL 5/8"-

OUNT 
DATE 

BARE SSTR 

F I G . III-35-1. SSTR Fas t Neutron Personnel Dosimeter Used in ZPR-6 and ZPR-9. ANL Keg. No. 116-919. 
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the bare core, provide all of the information required 
to translate SSTR derived data to dose information. 
The constants are readily obtained by exposing an 
SSTR dosimeter package to the neutron flux from the 
bare core and another to the neutron flux from the 
shielded core. The spectra may be obtained from cal

culations or from measurements. 
In the case of ZPR6 and 9, it appears that combina

tions of two spectra adequately describe the fields en

countered, for dosimetry purposes. For situations 
where two spectra cannot be combined to adequately 
describe a resultant field, it may be necessary to de

termine the spectrum of each unique component and 
to employ an additional SSTR with a suitable, unique 
spectral response for each such contributing component. 
Approximations may, however, be useful to reduce the 
number of SSTRs required for complex fields. 

Although the treatment presented herein is in princi

ple sufficiently general to encompass the use of SSTRs 
containing various types of fissionable material and the 
use of various shielding materials to modify the spec

tral response of an SSTR, this discussion will be re

stricted to dosimeters employing bare 235U foils and 
cadmium covered 235U foils. Extension of the treatment 
to more general systems or systems containing addi

tional unique components is not difficult. Accuracy of 
the dose information is dependent upon the accuracy 
of the 235U fission cross section, the accuracies of the 
spectral information, the RBE (Relative Biological 
Effectiveness)3 curve, and the counting statistics of the 
SSTR data. It is considerably better than anything 
presently available. 

It should not be assumed that the data analysis 
described below is in any way unique. In fact, two 
alternative and equally adequate treatments were 
simultaneously advanced.2 The treatment chosen for 
presentation below is the analysisw hich has been ac

tively used for fast neutron personnel dosimetry in 
ZPR6 and ZPR9. 

ANALYSIS OF SSTR DATA 

In fast neutron personnel exposures, one can gen

erally assume the existence of a source of energetic 
neutrons. Shielding provides both attenuation and 
moderation ot these energetic source neutrons. In 
addition, neutrons that undergo a sufficient number of 
scattering events will eventually be thcrmalizcd (i.e. 
socalled room return). An adequate assessment of 
neutron dose can therefore be obtained by arbitrarily 

^composing the neutron flux into three components: 
imcly, fast (or source) neutrons, intermediate (or 

moderated) neutrons, and thermal neutrons. These 
three flux components w ill be designated by 0/ , 0, , and 
4>ih, respectively. In the ZPR6 or ZPR9 environment, 

0/ would be the neutron spectrum arising from un

shielded core faces, whereas 0, corresponds to the neu

tron spectrum from full}' shielded faces of the critical 
assembly. 

Let 0/ , 0 t and 00, be unit normalized. The dose rate 
per unit flux, Df, D,, and Dth, corresponding to these 
three components can be written as 

D, = $R{E)<i>,{E)dE, ( la) 

Dt = fR(E)<t>,(E)dE, ( lb) 

and 

Dlh = RUl, (lc) 

where R(E) is the w ellknow n energy dependent Snyder 
dose equivalent function for neutrons.3 The total neu

tron dose rate can accordingly be w rittcn as the linear 
superposition 

D = IfD, + IJX + IlhDth, (2) 

where / / , / , , and Ilh are the corresponding absolute 
intensities of 0/ , 0 t , and 0Ul, respectively. These abso

lute intensities can be determined from bare and cad

mium covered SSTR exposures Hence the fast neutron 
dose can be ascertained provided the spectral de

pendence of the fast and intermediate neutron com

ponents is known (i.e. measured or calculated). 
Let Tu and Tcd be the bare and cadmium covered 

SSTR track density (tracks/cm ), respectively. The 
fission rate per atom for the bare and cadmium covered 
exposures is given by 

F„ = TB/(lS„) (3a) 

and 

Fcli = Tcd/(tS„), (3b) 

respectively. Here S„ is the known asymptotic sensi

tivity (atoms/cm")(1 and I is the time duration of the 
exposure. 

Both the fast and intermediate flux components 
contribute to cadmium covered track density, Tc,i. 
Let a, and a; represent the relative contributions of the 
intermediate and fast components to TCd ■ Then 

T{d = a/J^ (4a) 

and 

Tld = a/Tcd , ' (4b) 

where 

a, + af = 1. (4c) 

Here Tf
cd is that part of Tcd due to the fast component 

and 7'crf is that part of Tcd due to the intermediate 
component. 



424 / / / . Experimental Techniques and Facilities 

The cadmium ratio 

CR = TB/Tcl (5) 

can be used as a spectral index to infer the degree of 
moderation, i.e., the relative contributions of the fast 
and intermediate components. Two calibration expo
sures are required, one in the fast (source) flux 0/ and 
the other in a fully moderated flux, i.e., with 0, only. 
Let (CR)/ and (CR), denote the cadmium ratios aris
ing with the spectra 0/ and 0 , , respectively. In terms 
of .these calibrations, a simple linear interpolation model 
implies 

«/ = 
(CR), - (CR) 
(CR), - ( C R ) / ' 

(6) 

Applying the very same decomposition to the cad
mium covered fission rate, Fci, one can w rite 

F{d = // / af{E)<t>s{E)dE = //(,/>/ (7a) 

and 

Fla = J. J <r,(E)UE)dE = /,<<7/>,, (7b) 

where (a-/)/ and (oy), arc the average fission cross sec
tions in the fast and intermediate neutron spectra, 
respectively. 

Equations (3) through (7) can be used to express the 

absolute intensities 1/ and / , in terms of the SSTR 
measurements. One finds 

and 

If 

I , = 

OCjTcd FL_ 
(a/ ) / <<S»(cr/), 

Fcd _ <XiTcd 

(<T/)i i(S»(cr/), 

(8) 

(9) 

The thermal neutron intensity, I a, can be found 
from the difference of the bare and cadmium covered 
exposures. One has 

I th — 
FB - F^ TB - T^ 

era ts. °°(?lh 

where <rth is the thermal fission cross section of the 
asymptotically thick SSTR source. 
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111-36. F a s t N e u t r o n D o s i m e t r y S t u d y of t h e M o v a b l e P e r s o n n e l 
S h i e l d s i n Z P R - 9 A s s e m b l y 27 

RAYMOND GOLD, R. J. ARMANI and A. DEVOLPI 

Increased personnel radiation dose resulting from 
the advent of plutonium loaded cores is of concern in 
the general operation of the ZPR critical facilities. To 
quantitatively ascertain the personnel radiation hazard 
of the ZPR environment, a limited set of measurements 
has been conducted with the movable personnel shields 
in ZPR-9 Assembly 27. As such, these measurements 
provide: 

1. An operating guide for current ZPR exposure 
levels, 

2. An evaluation, albeit crude, of the personnel 
shields, 

3. A guide to the design of improved shielding which 
can reduce personnel exposure by a factor of 10 
to 100. 

The movable personnel shields arc composed of 6 
in. of Benelex, 1 in. of steel, % in. of lead, and % in-
of boral. Three separate movable shields (2 ft A\idc by 

6 ft high by 8 in. thick) can be suspended to shield the 
face of each core. 

Solid State Track Recorder (SSTR)(1) measurements 
(with asymptotically thick 23SU sources) were carried 
out at a distance of 8 in. from the core face to determine 
the fast neutron dose rate as a function of gap distance 
between two such movable shields, as depicted in Fig. 
III-36-1. Such a geometry is typically encountered in 
critical facility work, e.g., loading and unloading op
erations. Fast neutron dose measurements with SSTR 
are described in Paper 111-35. Exposures were carried 
out when the ZPR-9 facility was not in use, that is, 
cither overnight or on weekends. 

Dose rate results as a function of half-gap distaiK 
X are presented in Fig. III-36-2. (The backside coi 
face was completely shielded for these measurements.) 
The experimental error (~10 %) displayed in Fig. III-
36-2 is due to track counting statistics. Total experi-
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mental error, including systematic effects, has been esti

mated as nominally 20%. In the simple linear inter

polation model, which has been used here, the dose rate 
D(mR/hr) is given by* 

D = 10.0587 + 0 8403a/]Tcd + 2.04 X 10~irJ\h, (1) 

where Tcd and Tth = T'„ — Tcd are the cadmium 
covered and bare minus cadmium covered tracks/ 
cm hr. In terms of boundary data measurements in 
ZPR9 Assembly 27, the relative weight parameter a; 
is given by 

a/ = 0.0383[27.5  CR], (2) 

where CR is the cadmium covered ratio, CR = TH/ 
J cd ■ 

It can be seen that the dose rate D rises quite rapidly 
and increases by more than two orders of magnitude 
as the halfgap distance is increased to only X = 2 in. 
After attaining a maximum in the neighborhood of 
X = 4 in., D falls off monotonically with increasing X. 
It is evident that a nonnegligible dose buildup occurs 
due to scattering from the sides of the movable shields. 
This effect can be roughly evaluated by assuming that 
the direct dose rate Da is proportioned to the exposed 
solid angle (the constant of proportionality is deter

mined from measurements carried out at large X, where 
the scattered component is negligible). In this manner, 
one finds 

Dd = 209.5 tan i / 4.5X 
\[1360 +X2]1 (3) 

The smooth curve in Fig. III362 represents the 
direct dose rate Dd , obtained according to Eq. (3). 
For the 8 in. core detector distance investigated here, 
the scattered dose clearly dominates over the region of 
interest, i.e., X < 6 in. 

GUIDE TO THE DESIGN OF IMPROVED 
PERSONNEL SHIELDING 

The dose data obtained from ZPR9 Assembly 27 
provide a design framework for improved personnel 
shielding. As a constraint we shall accept the existing 
personnel shields and will attempt to introduce rela

tively inexpensive modifications. Consequently, an 
improved shielding arrangement could consist of three 
elements: 

1. The reactor face normally covered by the movable 
shields. 

2. The reactor face under loading operation will also 
be covered by the movable shields, except for a 

* I t should be noted tha t D is a " p o i n t " dose rate and, as 
such, does not account for any perturbat ions which may be 
introduced bv the presence of a human bod}'. 

gap of about Z% to 4 in. along the particular 
vertical slot being fueled. 

3. Within this vertical slot, a special adjustable filler 
shield which will reduce the source beam to an 
area of about 3 x 3 in. (see Fig. III363). 

With the aid of Fig. III362, the additional protcc

Fio . ITI361. Location of SSTR for Dose Measurements 
in ZPR9 Assembly 27. X is Half of the Gap Distance between 
Two Adjacent Movable Shields. ANL Neg. No. 116874. 

I I "I 

"I 

Fia . III362 Dose Rate D as a Function of HalfGap 
Distance A" The Smooth Curve, t>,i, is the Estimated Direct 
Dose Rate Accoiding to Eq. 3. ANL Neg. No. 116873. 

F I G . III363 Special Adjustable Filler Shield Providing a 
3 x 8 in Gap for Fuel Loading Operations. ANL Neg. No. 116

906. 



426 / / / . Experimental Techniques and Facilities 

tion to be achieved with a 3 x 3 in. slot opening can be 
estimated. With personnel shields removed from both 
core faces the radiation dose rate is evaluated at about 
290 mR/hr. With the backside core face shielded and 
with the front side closed so that the movable shields 
are only 3 in. apart, the radiation level along the slot 
is about 300 mR/hr. The fact that the dose rate in the 
middle of a 3 in. gap is greater than the dose rate in 
the complete absence of shields is accounted for by the 
inscattering and buildup of fast neutrons, as shown in 
Fig. III-36-2. Were it not for this inscattered compo
nent, the dose would be only about 40 mR/hr. 

To estimate the effect of reducing the vertical di
mensions of the gap to achieve the 3 x 3 in. square hole 
shown in Fig. III-36-3, one can again assume that the 
inscattering effect will dominate. Thus, the point dose, 
as measured by the SSTR, will still be about 300 mR/hr 
in front of a 3 x 3 in. hole, as it is with the 3 in. gap 
fully open in the vertical direction. In fact, we should 
estimate it as increased to roughly (300/270) X 300 or 
about 333 mR/hr. This docs not imply that a person 
loading fuel at a 3 x 3 in. gap w ould receive an exposure 
of 333 mR/hr versus 270 mR/hr without any shielding. 
The actual exposure would be reduced by one or two 
orders of magnitude for the following three reasons: 

1. The previous dose rates given in Fig. III-36-2 arc 
point dose rates. Since there is only a 3 x 3 in. gap, 
the net whole body exposure to this collimatcd 
beam must be reduced in accordance with typical 
body area, which is approximately 750 in.2 Thus, 
the whole body exposure would only be about 
1.2 % of the 333 mR/hr or 4 mR/hr. The exposure 
measured with zero half-gap was 3 mR/hr, which 
should be added to the 4 mR/hr direct dose to 
give a total of 7 mR/hr. 

2. The dose arising from exposure to the 3 x 3 in. 
hole is likely to focus primarily on the hands, 
arms, and head of the worker. The allowable ex
posures to such organs arc greater by a factor of 
two or three compared with whole body irradiation, 
which affects blood-forming organs and gonads. 

3. The effective time duration of exposure, on a prac
tical basis, is likely to be considerably less with a 
3 x 3 in. gap than with no shielding, since it is the 
time integral which prevails. More specifically, 

when a person is on the loading platform, his 
entire visit contributes to dose accumulation. 
However, when there is a 3 x 3 in. slot supplying 
the dominant field, only the tunc spent immedi
ately in front of the slot can lead to a significant 
accumulation; all other positions arc relatively 
safe. This shortening of exposure time can readily 
lead to a significant reduction in exposed dose. 

Accordingly, a reduction factor of 10 to 100 in dose 
to individuals loading fuel is estimated with the addi
tional protection of a 3 x 3 in. slot. The upper limit 
would be the dose accumulated at the rate of 3 mR/hr 
when all movable shields are in position. The construc
tion of such a slot filler is indicated in Fig. HI-36-3. I t 
consists of a support of 3% to 4 in. width which has 
shelves filled with removable shielding plugs of 1 in. 
height and 3 in. width. The support is moved to the 
vertical column loading position, and then the existing 
movable shields are placed immediately adjacent, per
haps coupled tightly or clasped together. Hangers simi
lar to those used for the existing movable shields can be 
used to support the frame. The thickness is, of course, 
the same as the movable shields—8 in. Each of the 
removable plugs slides on a shelf. Removal of three 
plugs is required to provide access to any given matrix 
tray. 

The slot filler plugs can probably be made of Bcnclcx 
or masonitc capped with cadmium or boral on both 
ends. To minimize exposure due to horizonatal move
ments of the filler shield, fuel should be loaded com
pletely according to columns as much as possible. In 
addition, the outside of the filler shield should be 
marked with the fuel loading matrix image in order 
to facilitate location of the proper fuel drawers. Since 
it may be possible to move this filler shield by crane 
to the opposite reactor face and to other positions on 
one face, then only one such insert need be fabricated 
per critical assembly; otherwise, it could be useful to 
have two or four such adjustable filler shields. 
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Section IV 

Reactor Computation Methods and Theory 

To a large degree, the quality of reactor design and performance depends upon 
the quality of the conceptual models and their portrayal in accurate mathematical 
representation, and upon the quality and efficiency of computational methods. 
A priori, the continuous development and refinement of theory and computational 
methods leads to the design of more dependable, safer, and better performing reac
tors. I t is with this intent that the studies described in this section w ere undertaken. 
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B. J. TOPPEL 

The new code, MC2-2, now being implemented on the IBM/360 model 75 computer, is intended to provide accurate 
multigroup cross sections for a wide range of applications including critical experiment analysis, core calculations, 
and, to a somewhat lesser extent, shielding applications. The coding effort stresses computational economy, although 
accuracy is the primary objective. In addition, the code is planned so that approximate cross sections may be rapidly 
generated by relaxing the rigor of the basic algorithms. 

]VIC2-2 will be responsive to essentially all of the comments received from LMFBR contractor laboratories as 
well as other laboratories and universities in the U.S., and will comply with the standards set forth by the dc facto 
Committee on Computer Code Coordination which was convened at the request of the Division of Reactor Develop
ment and Technology. Considerable effort is being expended to develop a product which can be implemented as 
simply as possible on other computers. The code is fully variably dimensioned and makes use of standardized I/O 
subroutines to accomplish block data transfer between main core and peripheral storage. To the fullest extent possi
ble standard Fortran is being used to case conversion to other computers. 

As part of the MC2-2 coding effort, a new variably dimensioned ENDF/B processing package is being imple
mented to replace the ETOE(1) and MERJVIC2 ( 2 ) codes. In addition to data format conversion, the new processing 
codes will take over some of the computations currently being performed by MC2C3) at each execution. One of the 
major changes is the fact that the library processor generates tabulated cross section data using ENDF/B supplied 
resolved resonance parameters for all light nuclides (mass < 100). During the MC2-2 execution, these light materials 
are then no longer recognized as having resolved resonances. Recent tests using the Version II data of ENDF/B 
with the numerous iron, nickel, and chromium resonances indicate that this new strategy will result in significant 
execution time economy. The library processor also now produces the ultra fine group (AM ~ 1/120) cross sections 
from the tabulated data as compared with this function now being performed at each execution of MC2. User-pro
vided library data may also be merged with the ENDF/B data in the new library processor. 

The JVIC2-2 code will be described below by means of comparisons with the current MC2 algorithms. The reader 
is referred to Rcf. 3 for full details concerning MC2. 

Figure IV-1-1 shows a schematic diagram of the energy structure of MC2. A three group-structure-hcirarchy is 
employed, namely ultra fine groups (ufg) with Aw = 1/120, fine groups (fg) with AM ~ J4 and the final broad groups 
(bg) with AM ~ 3^ to 1. Since the Lcgcndre coefficient data are rigidly structured in the library with a top energy of 
10 MeV, only a fine group treatment is possible above 10 MeV if EMAX is chosen above 10 MeV. The top of the 
resolved resonance region is noted only to indicate the relative energy position of various parts of the calculation. 
Cross sections for the thermal group arc supplied by the user. 

Figure IV-1-2 shows the general flow of logic in MC2. Several points should be recalled. Only the resolved reso
nance cross sections and Lcgcndie elastic scattering treatment occur at the ufg level. All other cross sections, in 
particular the inelastic and (n,2n) cross sections, are evaluated at a fg detail. The fg inelastic treatment which pro
duces artificial discontinuities in the spectrum is one of the areas in MC2 known to be inadequate. An inconsistency 
also exists in MC2 in that the resolved resonance cross sections do not correctly influence the ufg spectrum; there
fore the resonance cross sections require a broad group collapsing treatment distinct from that of the other types of 
cross sections in the problem. MC2 evaluates the ufg resolved resonance cross sections by performing an integration 
over each ufg, namely 

o-c(E) I dE 
,ME) ( 1 ) 

I dE 
ME) 

This integration is very time consuming when the problem contains a large number of resolved resonances. In par
ticular, the Version II data of ENDF/B with the many resolved resonances of iron, nickel and chromium result in 
very long running times in MC2. 

Figure IV-1-3 shows schematically the energy structure of the new MC2-2 code. In MC2-2 there arc only two group-
429 
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structures: ufg and bg. In MC2 a multigroup treatment is used throughout whereas MC2-2 is divided into a multi-
group (MG) spectrum calculation at the higher energies and a continuous slowing down (CSD) spectrum calcula
tion4'5 at lower energies. 

The CSD formalism, presented in detail in Rcfs. 4 and 5, is briefly outlined below for purposes of orientation. We 
will restrict the following discussion to the case of isotropic elastic scattering, although the code incorporates the 
algorithms appropriate to anisotropic elastic scattering in the general Pn or Bn representations.5 

In a homogeneous medium with isotropic elastic scattering, the neutron balance equation can be written as 
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2(«)*(u) = S(u) + E f ^X(M')0(M') -£H, (2) 

where the source term »S(M) is made up of contributions due to fission, inelastic and (n,2n) scattering, and inhomo-
gcncous sources. The summation is over all isotopes present and 

where 

Ctt 

«x = In — , 

\At + 1 / 

(3) 

(4) 

The elastic slowing down density, which is the rate at which neutrons are elastically moderated above a given 
lethargy, is defined as 

(5) qW = S / du2,t(u')<l>(u) / du" . 

Equations (2) and (5) may be combined to obtain 

dq{u) 
du = S(u) — 2ne<i>(u) , (6) 

where 

An approved Goertzcl-Grucling approximation6 is made by assuming a slowly varying total collision density 

F(u') = 2(u ' )«(« ' ) = F(u) + («' - «) dF(u) 
du u > u > u 

The use of Eq. (S) with Eqs. (5) and (6) yields 

dq(v) = _ S „ C ( M ) 
du M(u) 

, -. . | ( « ) S ( M ) _ , , 
(J{U) +-W(uT s(u)' 

(8) 

(9) 
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where 

and 

M(u) = £(M) S.(U) + y(u) 2„e(M) 

*(«) = 
q(u) + a(u) 

e(u) S(u) 

M(u) 

(10) 

(ID 

The composite moderating parameters £ and y consist of weighted moments of the slowing down kernel over the 
scattering interval (In l/«i) of the mdividual elements of the mixture. The definitions of the various moderating 
parameters |, y, a, e, etc. are given in Rcfs. 4 and 5. As an example, 

a{u) du Z.,(«) 
S(M') 

(M — u) [ eu ~" — a7\ 
1 - «. J ' (12) 

As indicated in Fig. IV-1-3, the energy interface between the two regions is variable at user option. I t should be 
emphasized that in the CSD calculation, only elastic scattering is treated continuously w hile the inelastic and (n,2n) 
scattering are still treated with scattering matrices on a ufg basis. Inelastic and (n,2n) fg scattering matrices are 
generated in MC2, whereas in MC2-2 the large dnnensions which would be required for ufg scattering matrices neces
sitates employing a strategy wherein the inelastic and (n,2n) sources are accumulated into the receptor groups as the 
spectrum is generated, rather than generating and storing ufg inelastic scattering matrices. 

The variable CSD-MG interface permits an all CSD spectrum calculation as an option. I t is expected that the 
CSD treatment will rival the MG treatment for accuracy and will be more efficient. 

As in the case of MC2, the cross sections for the thermal region will be user-supplied since MC2-2 is still basically 
a fast reactor cpithermal cross section code. 

Figure IV-1-4 shows the logic flow through MC2-2. The new code differs significantly from MC2 in that the reso
nance effects are now taken into account by first solving the slowing down equations for the "asymptotic" neutron 
slowing down density ignoring narrow resonances. Then the resonance reaction rate is computed for each resonance, 
starting with the highest energy resonance, using the narrow resonance approximation and the flux resulting from 
the asymptotic slowing down density, but attenuated due to absorption in higher energy resonances. The equations 
outlining the method used given below are based on the results in Rcf. 7. 
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In the resolved resonance region the asymptotic slowing down density 

— du l" \, M > MO, (13) 

where 2ne and M aie defined for the mixture exclusive of the narrow resonances. M is defined by Eq. (10). 
The flux, as given earlier, is defined as 

* < « > - ^ . (14) 

which applies either to the asymptotic or attenuated quantities. 
The narrow resonance approximation for the flux in the vicinity of resonance r at ur is 

S(Mr) 
* ( W ) = S(Wr) + NMu) + Z Nr'*Au) t ^ Q " (15) 

where the attentuation factor Qr accounts for the effect of absorption m lower lethargy resonances; 2 is the total 
cross section exclusive of narrow resonances; Nr and ov are the atomic density and total cross section, respectively, 
of the isotope having the resonance r. 

The absorption rate in the resonance r is approximated by 

Ar = f du J \ U , » 0 ( u ) « ?JJL±1^ J* ^ 1 Qr 
-<Au Er M(Ur) 

(16) >Au Er M(Ur) 

The attenuation of the slowing down density across a resonance is computed from 

q(uT + AM) = q(ur — AM) — Ar = g0,(wr)<2r(l — pT), (17) 

where 

P ' = f
A\n ( 1 8 ) 

and 

Qr = I I (1 - Pr'), Ur' < Ur . (19) 

The attenuated slowing down density is related to the asymptotic slowing down density by 

q(u) = gtt,(u) I I (1 - Pr), ur < u. (20) 

In Eq. (16), J* is a generalized J integral including interference and overlap effects for either single or multilevel 
representations of the resonances. J* may be written as 

J* = J + H, (21) 

where J is the integral relating to the isolated resonance r(s) and H is an overlap correction term.9 In the code, the 
number of overlapping neighboring resonances involved in the evaluation of H will be set through calculational ex
perience. Initially four neighboring resonances on each side of resonance r are being included. The integral J can be 
written in a generalized form10 to include interference scattering and multi-level representations: 

t(Br,xr) + brX(dr,xr) J(PrA,ar,or)=lf ™>y + 
2 J-» fir + arx\6r,x, r) + ^{6r,Xr) ' (22) 

= J(l3r,er,Q,0) + I{pT,er,ar) - bM(pr,8r,ar), 

where 

I{$r,er,ar) = al I £ ^—dxr (23) 
J0 {Pr + VT)1 ~ {UrXr) Pr + <Pr 

»°o 2 

M(pr,6r,ar) = ar * r dxr. (24) 
J0 {Pr + frY — {arXr)2 
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For single level resonances br = 0 while for multilevel resonances br is defined in terms of the parameters of the 
AdlcrAdler representation.11 The resonance integrals are obtained using a very fast 13 point GaussJacobi quadra

ture. 
For unresolved resonances, two options will be available as implied by the dashed lines in Fig. IV14. Either the 

J* integrals will be used as outlined above to attenuate an asymptotic slowing down density, or alternatively ufg 
unresolved resonance cross sections will be generated as in the present MC2 approach. In the former case, the CSD

MG interface will lie above the unresolved energy region, while for the latter approach, the unresolved resonance 
region may be included in the MG portion of the spectrum. As for the resolved resonances, the unresolved J* will 
include interference scattering and overlapping effects due to neighboring resonances. As in MC2, an average over a 
chisquared distribution will be used to evaluate the average resonance parameters at each of the unresolved reso

nance energy values. An option is included to omit the selfoverlap calculation which is the most time consuming 
part of the unresolved resonance region calculation. 

For the spectrum calculation, the user may select a Pi , B\ , consistent Pi or consistent Bi option. The code uses 
an extended transport approximation to incorporate higher order anisotropic and transport effects. ' ' As an ex

ample, consider the case of the consistent Pe equations with I = 0, 1, 2, ,N; if we ignore the <j>N+i in the ( = N 
equation, assume that no source terms are present for I > 2, and assume that, for the scattering integrals 

E / du SS ',(M' + u)<t>e(B,u) « 2l
s(u)<t>t(B,u), I > 2, (25) 

the N + 1 equations can be reduced to the two equations 

■n<t>x{B,u) + 2 ( M ) < M B , M ) = So + E / _ du'slSu » u)<t>o(B,u) (26) 

^itfo(B,u) + HUN{B ,u)<l>i(B ,u) = Si + £ / _ d«'2i,(«' > u)<t>i{B,u), (27) 

where the higher order transport and anisotropic scattering effects arc reflected in H\,N which is given by the con

tained fraction representation 

Ht,N = l w + ae 

b(+ *±! ( 2 8 ) 

be+1+
 ae+i 

bc+2 ■ ■ ■ 

The continued fraction (28) terminates at 6,vi, where 

bo = 2 ( M ) 

h = 2 ( M )  2 ' + 1 ( M ) , 1 < ( < N  1 

I 4 1 ( 4 1 9 ( 2 9 ) 
21 + 1 2{t + 1) + 1 

7J = %B. 

The higher order angular flux components are constructed recursively using 

.ias 2£ + 1 
4>t{B,u) =  '—

r)(t>ti(B ,u) /gQS 

H(,N{B,U) 

The 0e are used in producing the t = 2, 3, • • • broad group scattering matrices. 
The Po and Pi elastic scattering matrices are generated using an unproved algorithm as compared with that used 

in MC2 in that the variation across the source group is now accounted for explicitly; in MC2 a simple average ovc 
each end of the source group is used. In addition, a heavy mass approximation14 has been incorporated to reduc 
calculational time for isotopes of mass sufficiently large to scatter down at most three ufg. A transport approxima

tion, available on option, will produce less accurate scattering matrices and moderating parameters at a reduced 
computation cost. 
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As mentioned earlier, inelastic and {n,2n) scattering arc treated at an ufg detail. The algorithm also takes account 
of the energy angle correlation16,16 in MC2-2, although this was not done in MC2. The (n,Sn) scattering wall routinely 
use the ENDF/B scattering laws owing to the excessive running times required to calculate the scattering rigorously. 
However, the rigorous treatment is included in the code and may be invoked for generating standard reference (n,2?i) 
data. 

In cases in which the user deems the narrow resonance approximation to be inadequate, he may elect to re-evaluate 
the broad-group resolved resonance cross sections using an integral transport17 type algorithm. The strategy being 
taken is that broad-group resolved resonance cross sections may, at the option of the user, be overwritten by values 
based on the integral transport approach over a selected energy range. Thus, for example, the user may choose to 
recompute resonance cross sections only from 300 cV to thermal, and retain the narrow resonance approximation 
derived values for the higher energy cross sections. 

For heterogeneous configurations such as those encountered in the critical experiments program, the integral-
attenuation factor formalism is applied for each unique self-shielded material,18 and heterogeneous cross sections are 
developed for spatial weighting as the last step in the cross section preparation.19 The spatial weighting may be pcr-

TABLE IV- l - I . COMPARISON OP MC2 AND MC2-2 C A P A B I L I T I E S 

MC2 

Single level Breit-Wigner 

Narrow resonance approximation 

Two region pin or plate cells 

Tabula ted da ta not included in Sj 

Expensive integration for resolved resonance cross sections 

Resolved resonance cross sections inconsistently used in spec
trum calculation 

s and p wave resonances used" 

Self-overlap effect not calculated for unresolved resonances 

r> and r „ t rea ted differently in unresolved integrations" 

Ul t ra fine, fine and broad groups 

Fixed ul t ra fine group width 

Fine group o-,,.«i(j—» k), *„,.*(] —» k) 

One spectrum for (n,2n) product neut ions 

Elastic scattering assumed linear across source group 

Energy independent buckling and no external sources 

Single fission spectrum vector used 

Fine group averaging performed at each execution 

All resonance calculations performed at each execution 

Po and P i elastic scat ter ing matrices generated 

All multigroup 

P i , consistent Pi , consistent P i fundamental mode options 

Broad group cross sections s t r ic t ly applicable for problem mix
ture 

No da ta saved for restart" 

Contains a number of approximations and inconsistencies, and 
limited in application 

MC2-2 

Single level Breit-Wigner or Adler-Adler multi-level 

Narrow resonance approximation or integral t ransport 
(BABBLE) t rea tment 

ZPR plate heterogeneity explicitly included 

Tabula ted da t a included in S ( 

F a s t J" integral calculation 

Resolved resonance J integrals used as spectrum at tenuat ion 
factors 

s, p and d wave resonances usedb 

Self-overlap effect included for unresolved resonances 

I> and r„ t rea ted consistently in unresolved calculation6 

Ultra fine and broad groups 

User selected u l t ra fine group width 

Ul t ra fine group <r,n«i(j -» k), an.in(] -» k) 

Separate spectrum for each (n,2re) product neutron 

Variat ion across source group t reated for elastic scat ter ing 

Group dependent buckling and external sources 

Isotope dependent fission spectra vectors or matrices used 

Ul t ra fine group averaging done once in l ibrary preparat ion 

Light element resonances handled once in l ibrary preparat ion 

Higher order Pi clastic scat ter ing matrices generated 

Multigroup-conthuious slowing down or all continuous slowing 
down 

Pi , P i , consistent P i , consistent P i extended t ranspor t ap
proximation fundamental mode options 

Broad group cross sections applicable for range of mixtures 

Any interface da ta set saved a t user optionb 

In tended to provide high precision results over a wide range of 
applications, to serve as a s tandard for design calculations 

tt Pre-ARC System version of MC2 . 
h Included in ARC system version of MC2 . 
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TABLE IV-l-II MC2-2 CODC ARLAS 

Code Area 

1 Pumaiy Libraiy Piepaiation (ET0E-2) 

2 User Libiary Preparation 

3 Run Time Libiaiy Piocessor 

4 Problem BCD Input_Piocessoi 

5 Umesolved Resonance Calculation 

6 Resolved Resonance Calculation 

7 Elastic Scatteung Matuces, Model -
ating Parameters and Macioscopic 
Cioss Section Piepaiation 

8 UFG Spectrum Calculation 

9 Broad Gioup Cioss Section 

10 Bioad Group Spectium Calculation 

11 RABBLE Calculations 

12 Spatial Weighting Calculation 

Description 

Reads binaiy ENDF/B data, one oi moie existing MC2-2 hbranes, and BCD usei data 
such as tempeiatuie and ufg w ldth and pioduces pnmaiy MC2 2 hbiaij Combines 
the functions of ET0E and MERMC2 

Reads pnmaiy MC2-2 hbiaiy data and BCD usei data such as isotope names, pnvate 
cioss section data, numbei of pnmaiy libiary ufgs pei usei libiaiy ufg, and usei 
libiary energy limits, and pioduces a usei MC2-2 libiaiy in the same foimat as the 
pnmary MC2 2 libraiy 

Reads MC2-2 libraiy and piocessed BCD usei data (fiom aiea 4) such as pioblem 
eneigj limits, pioblem isotope names, and produces a lun time hbiaij May also 
collapse primaly ufg data to coaisei data 

Reads and piocesses BCD usei data such as atom densities, tempeiatuies, isotope 
names, bioad gioup stiuctuie, heteiogeneity infoimation, and oidei of extended 
tianspoit appioximation 

Piepaies ufg <rc and a/ oi umesolved lesonance integials foi pioblem rmxtuie and for 
each different heteiogeneity matenal 

Piepaies lesonance integials foi each lesolved lesonance foi the mi\tuie and foi each 
diffeient heteiogeneity matenal 

Pippaies homogenized ufg macioscopic cioss sections, elastic scatteung matuces, and 
modeiating paiameteis foi CSD calculation 

Calculates ufg leal spectium by combining multigioup and CSD tieatments and ob
tains a cntical buckling Options aie Pi , Pi , consistent Pi , and consistent B\ ex
tended tianspoit Calculates bioad gioup lesonance cioss sections 

Piepaies bioad gioup cioss sections using ufg spectium and ufg cioss section data 

Calculates bioad gioup fundamental mode leal and adjoint spectia and obtains a 
cntical buckling 

Piepaies bioad gioup lesolved lesonance cioss sections using an integial tianspoit 
appioach for the pioblem mixtuie and foi each diffeient heteiogeneity matenal for 
cases in which aiea 6 algonthms aie inadequate 

Calculates spatial fluxes and spatially weights bioad gioup cioss sections to account 
foi plate heteiogeneities 

foimcd, at user option, using conventional SlL transport theoiy to geneiate the spatial spectium, oi by employing 
a weighting spectium derived with the use of the collision piobabihty concept in integial tianspoit theoiy20 

The bioad-gioup collapsing algorithms21 piovidc cross sections which have some validity in compositions close to 
but not identical with the composition used to pioducc the onginal spectium 

By way of summary, Table IV-l-I compares the MC2 and MC2 2 capabilities A numbei of capabilities included 
in MC2-2 A\hich are also available in the ARC system"1" vcision of MC2 aie noted by the supeiscupt b 

The code has been partitioned into twelve areas oi modules Table IV-l-II lists the codc aieas and gives a bucf 
description of the function of each area 

The flow through the code will be contioiled by path dnvcr modules which will link to the vaiious code areas a 
required for the pioblem at hand The modulai approach peimits easy stoiage of the vaiious paitial lesults anc 
facilitates reiuns utilizing eailiei data Each of the codc aieas has specified upper and low ci intciface data sets thiough 
which the various codc areas communicate 

Code testing is cuircntly undeiway in aieas 1, 2, 5, 6 7, and S, and piogtamming is piocceding in othci aieas of 
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the codc. I t is hoped that the code can be rclascd caily in 1972 to selected LMFBR contiactor laboratories for out
side testing 

General distribution of the codc will be accomplished through the Argonnc Codc Center after the code has been 
thoroughly tested by the user community. 
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C G STENBERG 

The execution of the variably dimensioned MC- capability in the ARC system1 has been loutmely used to generate 
multigroup cross sections The modifications that have been made in this capability include a recoding effort in the 
umesolved resonance calculation and a correction m the calculation that generates the inelastic and (n,2n) scattering 
matrices. 

MODIFICATION MADE IN THE UNRESOLVED RESONANCE REGION 

The release of Version II neutron cross section data2,3 has resulted in the generation of a new MC2 library.3 During 
the past year Argonne users have had the option of performing MC2 calculations using neutron data from either an 
MC2 library4 generated from revised Version I data or an MC2 libiary3 5 generated from Version II data. The execu-
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tion of MC2 problems using the MC2 library containing Version II data has resulted in a large increase in computer 
memory required, especially in the unresolved and resolved resonance module CSC001.(6) The large increase arose 
from tlVe fact that certain arrays in the unresolved resonance region, namely the arrays containing the average radia

tion widths, average spacings, average fission widths, and average neutron widths, can now exhibit energy depend

ence. These arrays can require a large amount of storage space in the BPOINTER(7) container array. Each of these 
four arrays has a dimension D in double precision words, equal to 

D = MNLS*MNJS*MNI*NOI*MNP, (1) 

where 
1. MiVLS is the maximum number of angular momentum states for any given material in the problem 
2. MNJS is the maximum number of channel spins for the largest angular momentum state for any given material 

in the problem 
3. MiVI is the maximum number of isotopes for any given material in the problem 
4. NOI is the number of materials in the problem 
5 MNP is the maximum number of unresolved energy points for any given material in the problem. 

These arrays can become quite large when there are many materials in the problem and when Version II data for 
materials like molybdenum and/or niobium are included. This may be seen by referring to Table IV2I which is a 
listing of a current MC2 library. The library contains 60 Version II materials,3■'' 19 revised Version I materials from 
a 77 material library4 currently available, and 3 revised Version II materials.5 The following arc given in Table IV

21: 
1. MAT, the ENDF/B material identification number 
2. The identification in a leftadjusted A6 format 
3. The presence or absence of clastic scattering Legcndre coefficient data 
4. NRES, the number of resolved resonances 
5. NI, the number of isotopes for a material 
6. NP, the number of unresolved energy points 
7. A'LS, the number of angular momentum states 
8. NJS, the number of channel spins for the largest angular momentum state. 
The unresolved resonance calculation in module CSC001 has been recoded so that only one material at a time is 

processed, rather than all of the materials at once, as had been the case. This rccoding effectively reduces the dimen

sion in Eq. (1) by the factor NOI and all other quantities (MNLS, MNJS, MNI, and MNP) now refer to the spe

cific material being processed rather than to the largest dimensioned material in the problem. No changes or modi

fications have been made in the algorithms or computational capability in this module. 
Two large MC2 calculations have been run using Version II data as a test of the codc changes. Timing data and 

core requirements arc presented in Tables IV2II and IV2III. Problem A was an ultrafinc group calculation, 
homogeneous in composition, with an energy range from 10 MeV to 0.68 cV, having 66 fine energy groups and 27 
broad energy groups. Twenty Version II materials were included and the elastic scattering of nine of these materials 
were analyzed using a Legcndre treatment.8 Problem B was identical to Problem A with the exception that Version 
I data were used for chromium, iron, and nickel. Problem A, containing 1528 resolved resonances, was run using the 
newly coded resonance module CSC001 and the other current ARC production MC2 modules. Problem A used only 
the main computer core. Problem B, containing 863 resolved resonances, used the present ARC production MC2 

modules and required use of the large core storage (IBM 2361) in addition to the main computer memory. 
Table IV2II displays the time spent in the various areas in module CSC001 for the execution of problems A and 

B. The most noticeable fact is the very long execution tunc taken for both problems because each has a large number 
of resolved resonances. The much longer execution time in the calculational area of the unresolved and resolved 
resonances (e.g., areas 4 and 5 of problem A) is due entirely to the fact that this problem has so many more resolved 
resonances. The number of resolved resonances affects both areas 4 and 5. The only additional overhead time that 
problem A requires over problem B is the trivial 13.3 seconds in area 6. This was the time spent requesting pointers 
and sifting and purging the BPOINTER container array for each of the materials in the problem. This was done in 
order to provide the proper size arrays for the processing of one material at a time in the unresolved resonance cal 
culations. 

Table IV2III shows a profile of the two MC2 calculations. After finishing the unresolved and resolved resonance 
calculations in module CSC001, both problems should require the same calculational time for modules CSC002 and 
CSC003.(6> Problem A required an additional 60S seconds in these two modules because the 9 large buffers required 
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TABLE IV-2-I. 8 2 - M A T B R I A L MC 2 LIHRARY INCLUDING 60 V E R S I O N I I M A T E R I A L S 

MAT 

1041 
1043 
1046 
1050 
1055 
1102 
1103 
1104 
1105 
1117 
1009 
1013 
1014 
1015 
1016 
1017 
1019 
1085 
1086 
1087 
1140 
1111 
1112 
1121 
1122 
1123 
1026 
1027 
1028 
1029 
1030 
1031 
1032 
1033 
1035 
1037 
1048 
1056 
1057 
1058 
1060 
1061 
1062 
1063 
1083 
1084 
10S8 
1120 
1007 
1042 
1045 
1052 
1066 
1067 
1068 
1069 
1070 
1071 
1106 

MC2 Material 
Identification 

U-2322 
U-2342 
U-2362 
PU2382 
PU2422 
TJ-2352 
U-2382 
PU2392 
PU2402 
TH2322 
B-10 2 
0-16 2 
MG 2 
AL27 2 
T I 2 
V 2 
MN55 2 
CU63 2 
CU65 2 
CU 2 
C-12 2 
MO 2 
NB 2 
C R 2 
F E 2 
N I 2 
XE1352 
SM1492 
EU1512 
ETJ1532 
GD 2 
DY1642 
LU1752 
LU1762 
TA1S12 
AU1972 
NP2372 
AM2412 
AM2432 
CM2442 
W-1822 
W-1832 
W-1842 
W-1862 
R R1852 
RE1872 
He 2 
D 2 
BE-9 2 
U3FP12 
U5FP12 
P9FP12 
U3FP22 
U3FP32 
U5FP22 
U5FP32 
P9FP22 
P9FP32 
PU2412 

Legendre Data 

No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

Resolved 
Resonances, 

NRES 

0 
21 
15 
14 
21 
89 

250 
S9 

201 
229 

0 
0 
0 
0 
0 
0 

27 
2S 
20 
4S 
0 

46 
21S 
183 
188 
294 

0 
30 
28 
21 
29 

2 
17 
21 
7S 
63 
33 
19 
12 
15 
6 

16 
17 
5 

30 
25 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

44 

Isotopes 
per Material, 

NI 

1 
1 
1 
1 
1 
1 
1 
1 
1 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
7 
1 

— 
— 
— 
— 
1 
1 
1 

— 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
1 

Unresolved 
Energy 
Points, 

NP 

15 
15 
3 

15 
25 
15 
30 
11 
15 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

A l l 15 
15 
— 
— 
— 
— 
15 
15 
15 
— 
15 
15 
15 
15 
15 
2 
2 

15 
3 

15 
15 
15 
15 
15 
15 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
23 

Angular 
Momentum 

States, 
NLS 

2 
2 
2 
2 
2 
2 
2 
2 
2 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

A l l 2 
3 
— 
— 
— 
— 
2 
2 
2 
— 
2 
2 
2 
2 
2 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
2 

Channel Spins for 
Largest Angular 

Momentum State, 
NTS 

2 
2 
2 
2 
4 
2 
3 
2 
2 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

2, 2, 4, 2, 4, 2, 2 
6 
— 
— 
— 
— 
4 
4 
4 
— 
2 
4 
4 
4 
4 
1 
1 
1 
2 
2 
3 
2 
2 
4 
4 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
4 
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TABLE IV-2-I. Continued 

MAT 

1059 
1020 
1047 
1051 
1018 
1021 
1054 
1005 
1006 
1012 
1053 
1059 
1044 
1022 
1054 
1044 
1047 
1051 
1053 
1047 

102 
103 
104 

MC2 Material 
Identification 

NA23 2 
F E 
U 2 3 8 
PU239 
CR 
N I 
PU241 
L I 6 
L I 7 
N 14 
PU240 
N A 2 3 
TJ235 
ZR 
PTJ241R 
TJ235 
U238 
PU239 
PU240M 
U 2 3 8 I 
U-235R 
U-238R 
PU239R 

Legendre Data 

Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
No 
Yes 
No 
Yes 
No 
Yes 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 

Resolved 
Resonances, 

NRES 

3 
0 

209 
89 

0 
0 
0 
0 
0 
0 

41 
3 

89 
83 
57 

118 
239 

87 
41 

209 
89 

412 
89 

Isotopes 
per Material, 

N I 

• 
— 
1 
1 

— 
— 
— 
— 
— 
— 
1 

— 
— 
— 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Unresolved 
Energy 
Points, 

NP 

— 
— 
15 
16 
— 
— 
— 
— 
— 
— 
14 
— 
— 
— 
25 
23 

9 
20 
14 
15 
38 
15 
43 

Angular 
Momentum 

States, 
NLS 

— 
2 
1 

— 
— 
— 
— 
— 
— 
2 

— 
— 
— 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Channel Spins for 
Largest Angular 

Momentum State, 
NJS 

— 
— 
2 
2 

— 
— 
— 
— 
— 
— 
2 

— 
— 
— 
4 
4 
2 
3 
2 
2 
4 
2 
3 

TABLE IV-2-II. TIME SPENT IN VARIOUS AREAS OF MODULE CSCOOl FOR PROBLEMS A AND B 

Area in Module 

1. Interrogate MC2 l ibrary for problem, sec 
2. Read and reorder resolved resonances, sec 
3. Initialize quanti t ies and read W table, sec 
4. Unresolved resonance calculation, sec 
5. Resolved resonance calculation, sec 
6. P r in t out ultrafine group resolved resonance macroscopic 

cross sections, sifting and purging container 
write container array onto disk, sec 

Total time spent in module CSCOOl, sec 

array, and 

Problem A 

1.6 
28.8 
1.0 

436.7 
5020.0 

35.9 

5524.0 

Problem B 

2.1 
22.0 
1.0 

252.3 
2910.0 

22.6 

3210.0 

for transferring elastic scattering matrices from computer memory to disk and back to computer memory had to be 
reduced to one-fourth their normal size in order that the problem could be contained in the main computer core. 
This emphatically illustrates the need for efficient buffering of data, especially when large amounts of data are in
volved, and the cost in computing time when inefficient buffering is encountered. I t should be noted that before the 
modification to module CSCOOl, neither problem A nor B could have been contained only in main core memory 
even with a reduction in the Legendre data buffer size. 

CORRECTION IN THE CALCULATION OF SCATTERING MATRICES 

In the MC2 capability in the ARC system, the inelastic and {n,2n) scattering matrices are computed by using the 
nuclear evaporation model above the region of the resolved levels. The energy distribution for emitted neutrons i: 
represented by 

N(E) = Ee~EIT, 

where T is the appropriate nuclear temperature.8 The fourth file of the MC2 library contains tabulated nuclear tem-
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TABLE IV-2-III. PROFILE OF TWO MC2 PROBLEMS USING VERSION II NEUTRON 
CROSS SECTION DATA 

Profile 

Number of resolved resonances 
in problem 

MC2 capability used 

Coie size utilized (double 
precision words) 

Main computer core 
Large core storage 

Other options invoked 

Time in seconds spent in mod
ule CSI001 

Time in seconds spent in mod
ule CSCOOl 

Time in seconds spent in 
CSC002 and CSC003 

Problem A 

1528 

Present ARC production MC2 

capability with new coded 
module CSCOOl 

98,000 
0 

Reduce the size of 9 buffers 
used in processing the 
Legendre materials 

2 

5524 

2025 

Problem B 

863 

Piesent ARC production 
MC2 capability 

84,000 
135,000 

2 

3210 

1417 

pcraturcs as a function of energy. Subroutine INSCAT(8) calculates (Tm)3, the average temperature for material m 
and for fine energy group,7. The normalized secondary neutron-scattering probability is given by 

/ Ef"^' dE 
-pm _ •'^t (n\ 

£ Ee~E'^' dE 

where,j is the index of the source fine group, h is the index of the receptor fine group, and Ek+i and Ek are the upper 
and lower energy boundaries, respectively, for energy group k. The sum of the denominator is over all groups of 
energy less than or equal to that of group 7. Until recently the evaluation of the integrals of Eq. (2) 

began with the source group j = 1 (highest energy fine group in the problem) and worked down to the lowest energy 
source group, i.e., the group which contains the threshold energy for statistical inelastic or (n,2n) data. The code 
checked to determine if the in-group scattering were equal to zero for source group j and, if so, scattering into other 
receptor groups w ere not calculated for source group j . 

This procedure can create an error in calculating P™->h for the lowest energy source group. For this source group, 
the average value of the temperature, {Tm), , can be quite small because the threshold energy for inelastic or {n,2n) 
scattering may be just slightly below E^+i. The arguments of the exponentials in Eq. (3) may therefore be very large 
for the in-group scattering and the exponential routine returns a zero if x becomes too large in exp (—a;). Thus the 
in-group scattering may be identically zero. In this case, no other elements of the scattering probability matrix are 
calculated for this source group. Scattering to lower groups docs not involve the large negative exponent and hence 
should be non-negligible. 

The MC2 capability in the ARC system has been changed so that all elements of the scattering probability matrix 
that are energetically possible will be calculated. Any clement of this matrix that is less than 10~so will be set equal 
to zero so that computer underflow errors will be avoided when computing the microscopic and macroscopic homoge
nized inelastic and (n,2n) scattering matrices using the scattering probability matrix. 
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C. G. STENBERG 

The ETOE-2 (ENDF/B to MC2-2) code under development is a processing code that generates a library for the 
MC2-2(1) codc. ETOE-2 is being written entirely in FORTRAN-IV and is variably dimensioned using the facilities 
of the subprogram package BPOINTER (2) which manages variably dimensioned arrays. The codc will conform to 
the recommendations set forth by the Computer Code Coordination Committee, namely that a codc should execute 
within 50,000 words of computer memory and all unformatted input/output should be handled by block data trans
fer. Block data transfer is a scheme for transferring records of data between computer core and peripheral storage 
devices with the data being read or written as a block with a single subscripted array structure. The intent of block 
data transfer is to increase input/output efficiency. 

The ETOE-2 codc accepts as input a binary alternate mode Evaluated Nuclear Data Filc/B (ENDF/B) tape3 

in which the data are arranged in the hierarchy of file (i.e., class of data such as resonance parameter, tabulated 
data, Legcndre coefficients for clastic scattering, inelastic scattering, etc.), material, and reaction type. This binary 
alternate mode ENDF/B tape is produced by the program RIGEL(4) (replacement for the DAMMET (5) program) 
which has as input a binary coded decimal (BCD), standard mode (i.e., hierarchy of material, file, and reaction 
type) ENDF/B tape as received from the National Neutron Cross Section Center. I t should be noted that the binary 
alternate mode ENDF/B tape that is used as input to ETOE-2 has binary records of data containing more than 
one subscripted list structure so the ENDF/B tapes do not have records compatible with the concept of block data 
transfer. 

Table IV-3-I lists the titles and contents of the eight files which constitute the MC2-2 library generated by the 
ETOE-2 code. The main flow diagram presented in Fig. IV-3-1 displays the processing of the first five files of the 
ENDF/B data as obtained from the RIGEL program and the construction of the eight files of the MC2-2 library. 

The administrative file contains user-supplied dependent specification data (e.g., material names, highest energy 
point in the library, group lethargy width for all energy groups in the library, highest order permitted for extended 
transport approximation, etc.), material identification data, resolved resonance control information, and inelastic 
and {n,2n) distribution control information. This file's information is accumulated through the processing of the 
user supplied card input data and files 2, 3, and 5 of the binary alternate ENDF/B data. Hence this first file of the 
MC2-2 library is the last file of the library to be written. 

The function table file contains a tabulated representation of the real and imaginary parts of the complex error 
function, W(x,y), both on coarse and fine mesh intervals over specified ranges, tabulated values of the exponential 
integral J?3, and tabulated first flight escape and transmission probabilities. The ETOE-2 codc will provide the 
following options: calculating these tabulated functions and generating a function table file, reading the function 
table from a peripheral storage device to generate this library file, or omitting the function table file from the MC2-2 
library. 

Almost all of the data in the unresolved and resolved resonance files of the MC2-2 library arc simply a reorderin 
and restructuring of the data presented in file 2 ENDF/B data. A user-supplied parameter in ETOE-2 is a limiting 
mass number which is used in conjunction with the continuous slowing down (CSD) approach6 for the spectrum 
calculation in the MC2-2 code. For all masses greater than the limiting mass number, the unresolved and resolved 
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TABLE IV-3-I THE EIGHT FILES OF THE MC2-2 LIBRVR\ 

File 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

Title 

Admmistiative 

Function table 

Umesolved lesonance 
data 

Resolved lesonance data 

Smooth (tabulated) data 

Inelastic and (n,2n) dis-
tnbutions 

Fission spectia data 

Legendie data 

Contents 

Specifications, matenal identification paiameteis, lesolved resonance contiol infoimation, 
and inelastic and (n,2n) distnbution contiol information 

Tabulated leal and lmaginaiy paits of the complex enoi function W(x,y), tabulated ex
ponential integial E3 , and tabulated fust flight escape and tiansmission piobabihties 

Umesolved lesonance isotope contiol data, umesolved spin state and eneigy data, and 
statistical umesolved resonance data 

Resolved lesonance isotope contiol data Resolved lesonance paiameteis aie present in the 
foim of single level oi multilevel Bieit-Wignei paiameteis oi Adlei-Adlei multilevel 
paiameteis 

Coefficients foi the calculation of "(E), the numbei of neutions pei fission, and ultiafine 
gioup aveiaged cioss sections foi the following leactions elastic scatteung, fission, (n,y), 
(n,p), (n,d), (ra,H3), (n,He3), (n,a), and total cioss section 

Ultiafine gioup aveiaged cioss sections foi each lesolved scattering level and ultiafine gioup 
aveiaged tempeiatuie data for the following inelastic excitation tempeiatuie for the 
continuum and tempeiatuies associated with the statistical calculation of (n,2n) scatter
ing for each paitial eneigy distnbution 

Ultiafine gioup aveiaged paiameteis in the geneiali/ed fission spectium 

Legendie coefficients specified at ultiafine gioup boundanes, standaid zero, fiist, and second 
oidei T matnx elements, "incomplete" T matnx elements, and mass dependent constants 
used in calculation of continuous slowing down modeiating parameteis 

icsonancc paiameteis and associated lesonance data will appeal in the umesolved and resolved resonance file of the 
MC2-2 hbraiy Also foi those masses, which have icsonance paiameteis given, tabulated values of the potential 
scatteung cioss section over the cntne icsonancc legion will be gcneiated and added to the smooth non-resonant 
tabulated elastic scatteung data of file 3 ENDF/B data For masses less than the limiting mass numbei no unre
solved oi resolved resonance parameters or associated icsonancc parameters will appeal in the unresolved and le
solved icsonancc files of the MC2-2 libiaiy Instead, tabulated values of the scatteung cross section, which includes 
potential scatteung and captuie cioss sections will be gcneiated fiom the icsonance parameteis and added to their 
appiopnate countciparts of file 3 ENDF/B data Tabulated scatteung and capture cioss sections gcneiated fiom re
solved lesonance paiameteis will be foimcd using one of the following options a smglc-level Brcit-Wignci lepiesen-
tation foi zeio temperature,7 a Dopplci bioadencd single-level Brcit-Wignci icprcscntation,7 or an Adlei Adler multi 
level ticatment without Dopplcr bioadenmg 3 The desned numbei of tabulated scattering and capture cross sections 
pei icsonance is a user input option to ETOE-2 Tabulated scatteung and captuie cioss sections generated fiom un
resolved lesonance paiameteis will be calculated using a single level Bieit-Wigncr representation for an isolated 
icsonance with the provision foi Dopplci bioadcnmg It is assumed that the limiting mass numbei will never be set 
high enough to exclude a fissionable matenal from the unresolved oi resolved icsonance file of the MC2-2 libiaiy 
Thcicfoic no piovision foi generating tabulated fission cross sections from icsonance paiameteis has been made 

The smooth tabulated non-icsonancc data file consists of ultrafinc group aveiaged cioss sections These cross sec
tions aie formed by averaging the tabulated cnergy-cioss section pans from file 3 ENDF/B data ovci ultrafme groups 
for the following icactions clastic scatteung, fission, (n,y), {n,p), {n,d), (?i,H3), (n,He3), {n,a), and total cioss 
section Bcfoic ultiafine gioup aveiaging takes place foi elastic scatteung and captuie data, the tabulated scattering 
and captuie cioss sections calculated, when appropriate, fiom icsonance paiameteis are added to their respective 

le 3 ENDF/B data Part of the user input to ETOE 2 are the maximum and minimum MC2-2 library energy lnmts 
s well as the ultiafine gioup lethargy width 
The file containing inelastic and {n,2n) distributions consists of ultrafme group aveiaged cross sections and tem

peiatuie data In a mannei similai to file 3, cross sections are formed by avei aging the tabulated energy-cross sec
tion pans from file 3 ENDF/B data ovci ultrafme gioups foi the following icactions total inelastic, {n,2n) scatter-
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FIG. IV-3-1. Main Flow Diagram for ETOE-2. ANL Neg. No. 116-845. 
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ing, and inelastic excitation cross sections for each resolved scattering level. Ultrafine group averaged temperature 
data are calculated from ENDF/B file 5 tabulated energy-temperature pairs for the following: inelastic excitation 
temperature for the continuum and the temperatures associated with statistical calculation of {n,2n) scattering for 
each partial energy distribution. 

The fission spectra data file contains ultrafine group-averaged parameters from the generalized fission spectrum. 
The generalized fission spectrum is represented by 

xtf) - «(*) ^ ' ™ + (1 - «W) j / ^ - " ' " , 
where a(E), p{E), and r{E) are given in file 5 of ENDF/B as tabulated functions of incident neutron energy E. 
The ETOE-2 code calculates the ultrafine group averaged values of a(E), p{E), and T{E) for the MC2-2 library file. 

The Legendre data file contains Legendre coefficients specified at ultrafine group energy boundaries for elastically 
scattered neutrons. File 4 of ENDF/B provides angular distribution data cither in the form of Legendre polynomial 
coefficients or as tabulated probability distributions. The ETOE-2 code calculates Legcndre coefficients when 
ENDF/B data are in the form of tabulated probability distributions. The Legendre coefficients at ultrafine group 
boundaries are then formed by interpolating the ENDF/B values. The maximum order expansion coefficient per
mitted in the MC2-2 library is a user-specified option to ETOE-2. The Legendre data file also contains mass de
pendent constants used in the calculation of continuous slowing down moderating parameters as well as the zero, 
first and second order T matrix elements.8 9 The zero and first order T matrix elements are calculated by a recursive 
method7 in order to circumvent a precision problem encountered while integrating products of high order Legendre 
polynomials. The second order T matrix elements are calculated by integrating products of Legendre polynomials 
since the second order T matrix elements are required only for low order Legendre polynomials. 

Presently the ETOE-2 program is approximately SO % coded. As areas and segments arc coded, preliminary testing 
using ENDF/B data will be performed and files 2 through 8 of the MC2-2 library will be constructed. Files 2, 3, 4, 
5 and 8 of the MC2-2 library have been created using selected materials for the purpose of performing active testing 
of various areas of the MC2-2 code (sec Paper IV-1). 

The ETOE-2 code produces a binary MC2-2 library for each of the binary alternate ENDF/B tapes supplied to it. 
Part of the ETOE-2 code package will consist of a capability for merging partial MC2-2 libraries in order to form 
one complete library. This facility will be similar to the existing MERMC2<10) code that is now used to merge and 
add new data to existing MC2"11 library tapes. 
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I V - 4 . M o d i f i c a t i o n s of t h e A R C S y s t e m a n d A d a p t a t i o n 
t o t h e C u r r e n t I B M O p e r a t i n g S y s t e m 

W. L. WOODRUFF 

Numerous modifications have been made in the standard paths, catalogued procedures, and computational mod
ules of the ARC System. Some modifications are the result of efforts to extend and improve the ARC System, while 
others have been necessary to adapt the ARC System to a new IBM operating system (OS360, IBM Release-19). 
Some minor coding "bugs" have also been encountered as user experience has accumulated. 

With the implementation of OS360, IBM Releasc-19, it was necessary to make the ARC System compatible with 
this new operating system. The conversion consisted mainly of upgrading the ARC System Fortran I/O package 
with the new IBM I/O package of Rclcase-19 and of changes in the Job Control Language (JCL) of the catalogued 
procedures used by the ARC System. 

Under Relcasc-19 the spanning of logical records in a variably blocked sequential data set is now handled by OS360, 
whereas before (with Release-17) the function was handled by Fortran. In order to obtain the span support it is 
now necessary to specify the subparameter RECFM = VBS in the data control block (DCB) of the JCL for each se
quential binary data set. The meaning of the subparameter LRECL in the DCB for such data sets has also changed 
from the previous usage. LRECL must now be set to either the length of the largest physical record contained in 
a given data set or to LRECL = X if the variable length records might exceed 32,756 bytes. Thus, the JCL of the 
ARC System catalogued procedures has been modified to use the subparamcters RECFM = VBS and LRECL = X 
in the DCB parameter for all sequential binary data sets. 

The ARC System Fortran I/O package was re-link edited to include the Rclcasc-19 version of the IBM I/O pack
age. The IBM macro IHCFIOSM for Rclease-19, invoked by the routine IHCFIOSH, was modified in an identical 
fashion to that previously described for the Rclease-17 version.1 The ARC System routine ARCIBCOM was not 
changed. These modifications to the ARC System catalogued procedures and I/O package were tested prior to imple
mentation with satisfactory results. 

The introduction of the new release of OS360, however, did create some further difficulties for the ARC System. 
ARC System modules which pass parameters can no longer have a dummy MAINC1) program when compiled under 
Rclcasc-19. The dummy MAIN program usually docs little more than call the actual driver subprogram and provide 
an entry point for the module. Since the current operating system docs not require the use of a MAIN program, 
the use of a MAIN program has been eliminated. The driver subprogram with the parameter list to be passed is 
now designated as subroutine MAIN to preserve the use of ENTRY MAIN in the overlay structure of the module. 
This lack of a MAIN program for a load module has produced one minor difficulty. Direct access data sets OPENed 
by a module arc CLOSEd by OS360 only if RETURN is from a MAIN program in the module. Although the ARC 
System makes very limited use of direct access data sets (currently only one module), all buffers allocated to OPEN 
data sets should be released as part of the cleanup procedure needed prior to a LINK to another module. To circum
vent this problem, a Fortran callable assembler language routine has been written which CLOSEs all direct access 
data sets before a RETURN is made from the module. 

The current operating system also now imposes a 50,000 line limit on printed output, and jobs whose printing 
would exceed this limit must be directed to tape for peripheral processing. This new practice has uncovered a problem 
in the cleanup procedure used in many of the standard paths and in some of the computational modules. The pro
cedure consisted of a CLOSE or REWIND of all OPEN sequential data sets before a LINK to another module. 
This releases buffer allocations for OPEN data sets and prevents possible core-fragmentation difficulties in LOADing 
the next module to be executed. With the printed output directed to a tape unit, the REWIND or CLOSE also 
produces a physical rewind of the tape, and data generated by a module is overwritten by data generated by a sub
sequent module. REWINDs of the data set allocated for printing have now been removed from all paths and modules. 

As part of a general upgrading of the ARC System standard paths, a uniform cleanup procedure has been adopted 
which consists of calls to the subroutine PRCLOZ after the execution of each of the module in a path.2 The su" 
routine PRCLOZ avoids a REWIND of the data set for printing while still providing a cleanup of all other OPH 
data sets. The buffers for printing are shared by all modules LINKed in a path. Default options have now been 
assigned in many of the standard paths, and a path-dependent BCD data set is required only if other than the de
fault options are desired. 
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A standard path and catalogued procedure has been written for the two-dimensional transport theory capability 
of the ARC System3 (sec Paper TV -5). The capability is currently available for user testing. 

Modifications have been made to the one and two-dimensional diffusion theory modules (NUC002, NUC004)(4) 

and (NUC005, NUC006)<5) which allow the user to supply an adjoint flux guess in the execution of a combined real 
and adjoint computation. A subroutine FLXIN was added which tests for and reads the user's guess. If no adjoint 
flux guess is supplied by the user, the latest real flux is used, as was the case before the modifications. The microscopic 
and macroscopic cross-section group collapse modules (AJC007 and AJC008)(6) have also been modified to allow the 
use of the dynamic storage allocation routine BP0INTERC1) and to provide the capability of specifying BPOINTER 
container array sizes in the BCD code-dependent data set A.COL.(1) These modules can be invoked in the standard 
path STP004.<» 
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I V - 5 . T w o - D i m e n s i o n a l T r a n s p o r t T h e o r y C a p a b i l i t i e s i n t h e A R C S y s t e m 

H. GREENSPAN, R. H. THOMPSON* and W. L. WOODRUFF 

Two-dimensional Transport Theory computational capability has been implemented in the ARC system. The 
standard path STP011 links ARC system modules NUI001,<» NUI002,<2> NUI006/'> NUC001/" NUC008,<« 
AJC002,<4> and NUE002<3> for this purpose. 

NUCOOS is the module which contains the algorithms for the solution of the 2-D Discrete Ordinate (S„) approxi
mation to the multigroup transport equations, for a variety of problem conditions. 

The code allows either isotropic or linear anisotropic scattering. Fission fractions may be incident-energy dependent 
(fission matrix) or not. Homogeneous or inhomogencous problems can be solved. In the inhomogeneous problems, 
volume and surface sources arc treated. The volume sources arc restricted to be isotropic. Anisotropy is allowed for 
in the surface sources. 

Regular (real) or adjoint solutions and the corresponding ke// are obtained in the homogeneous case. Also, the 
dimensions of a specified set of regions, material concentrations, and inverse period may be varied to achieve a 
specified keff in criticality searches. 

The module has a built-in set of directions and weights for orders n = 2, 4, 6, 8, 12, 16; however, the user may 
specify his own set of directions and weights. At the user's option, the program will provide group skipping and 
a coarse mesh rebalancing to help convergence. Streaming corrections and density factors may be specified by the 
region. 

The geometries treated arc xy and rz. The boundary conditions can be cither free, reflective or periodic. A white 
(isotropic return) boundary condition is available for the right boundary in rz geometry. 

At the user's option the codc generates a restart data set. This enables the user to proceed from that point in the 
problem where the restart has been generated. In addition to the flux and some other characteristic parameters, the 
restart data set contains pointers to locations of arrays and thus makes it unnecessary to reconstruct them. 

Separate input fluxes (not from restart) may also be used to start a calculation. 

* AoDlied Mathematics Division, Argonne National Laboratory 
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The edits available include print-outs of normalized fluxes, fission and external sources, power, total removal, 
scattering and balances. On request, a neutron inventory may be invoked which computes, for specified isotopes, 
materials, and/or compositions, at each point, region, area, zone or total reactor, for specified groups, the following 
reaction rates: (n,y), (n,a), (n,p), fission, total elastic removal, inelastic removal, (n,2n) removal, total removal, 
power, power density, maximum-to-average power density, and/or the following source ratios: fission, (n,2n), and 
scattering. In addition, total or regional leakage rates and breeding and conversion rates may be calculated. 

Test problems have been run with the 2-D transport module. These have been run in xy and rz geometries for 
the homogeneous cases. The calculated keff values compare to any desired accuracy with the ke!! as computed with 
SNARG-2D(5) for the same problem. Also tested were the search options on dimension and on material concentra
tion. The restart and initial flux input were also tested and made operative. 

REFERENCES 

1 E. A Kovalsky, J. Zapatka, H. Henryson, II, J Hoover and P M. Walker, The ARC System Cross Section Homogenizalion and 
Modification Capabilities, ANL-7714 (1971). 

2. E A. Kovalsky and D. E. Neal, The ARC System Neutronits Input Processor, ANL-7713 (1971). 
3 E H. Thompson, G K Leaf, L T. Bryant, D Schoengold and H. Greenspan, The ARC System Two-dimensional Transport The

ory Capability, ANL-7718 (to be published). 
4. T A Daly, D E Neal, D. A Schoengold and G. K. Leaf, The ARC System rT wo-dimensional Adjunct Calculations, ANL-7720 (to 

be published). 
5. G J. Duffy, H. Greenspan, S. D. Sparck, J. V. Zapatka and M K Butler, SNARG-2D, A Two-dimensional, Discrete-ordinate 

Transport-theory Program for the CDC-3600, ANL-7426 (1968). 

I V - 6 . U s e r E x p e r i e n c e W i t h t h e A R C S y s t e m 

H. HENRYSON, II and B. J. TOPPEL 

The increasing size and complexity of codes for reactor calculations has led many laboratories to the development 
of automated modular computational systems. In addition to the work in the United States at Knolls Atomic Power 
Laboratory,1 Argonne National Laboratory,2 and the Savannah River Laboratory,3 France, Germany, England, 
Japan and Norway have pursued work in this field. The recommendations of the Committee on Computer Code 
Coordination to the Advisory Committee on Reactor Physics have stressed the need for compatibility with future 
modular systems. The Argonne Reactor Computation (ARC) System at Argonne National Laboratory, on which 
work began in 1965, has successfully accomplished many of the goals of a large modular system by providing a prac
tical and efficient environment for reactor physics production and development work. 

In the development of the ARC System, use was made of the extensive data management facilities of the IBM 
0S/36O. At Argonne's Idaho and Illinois sites, the ARC system provides the basic environment for reactor computa
tions. The system has also operated on a number of IBM/360 configurations in the U.S., and has been modified to 
successfully execute on the CDC 6400, 6600, and 7600 computers.4 Although the ARC system was designed about the 
special needs of reactor calculations, the system aspects are of use in any field where calculations are modular in 
nature and each calculation may require the entire computer memory as well as many files of interface data. 

TABLE IV-6-I. ARC SYSTEM STANDARD PATH MODULES 

1. STP001 (PATH1D, PATHSH) ID-Diffusion 
2 STP002 (PTR1D) ID-Transport 
3. STP003 (PDIF2D, PD2DSH) 2D-Diffusion 
4. STP004 Burnup Diffusion 
5. STP005 (MCSQRE) Multigroup Cross-sections 
6. STP006 (PERT1D) ID-Diffusion Perturbation 
7. STP007 (PERT2D) 2D-Diffusion Perturbation 
8. STP008 2D-Spatial Synthesis 
9. STP009 General Neutronics 

10. STP010 ENDF/B to MC2 

11. STP011 2D-Transport 
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TABLE IV-6-II. SAMPLE ARC SYSTEM INPUT FOR 1-D 
DIFFUSION CALCULATION 

//INPUT1D JOB (FXXXXX,10,3),NAME,MSGLEVEL = 1,CLASS = 
A, REGION = (760K, 1000K) 

ACCOUNTING CARD 
/*SETUP DEVICE = 2314, ID = DISK23 
/ /EXEC ARCSPOOl, MICRVOL = DISK23, MICRXS1 = 'XSISO. FILE1', 
/ / MICRXS2='XISO FILE2' 
//SYS IN DD * 
BLOCK=OLD 
DATASET=XS ISO 
BLOCK = STPOOl 
DATASET = A PDIF1D 
01 4 0 0 0 
DATASET = A.DIF1D 
01 SAMPLE 1-D DIFFUSION PROBLEM. PROBLEM 1 
01 0 0 0 3 25 
02 0 1 0 
03 100 1 
DATASET = A NIP 
01 SAMPLE 1-D DIFFUSION PROBLEM. PROBLEM 1 
03 30 0 0 
04 3 4 
05 XUO 4692 
06 GODIVAO 0 8 71 40 
14 CORE U235 0 045447 U238 0 00256 
15 CORE GODIVA 
BLOCK = STPOOl 
MODIFY=A.NIP 
01 SAMPLE 1-D DIFFUSION PROBLEM. PROBLEM 2 
04 3 2 
05 = DELETE 
MODIFY = A.DIFlD 
01 SAMPLE 1-D DIFFUSION PROBLEM. PROBLEM 2 
01 0 0 0 3 25 
/* 

The computing needs of the reactor community may be broadly classified in terms of three types of users: (1) 
production users; (2) users interested in linking existing capabilities in non-standard ways; and (3) users developing 
new capabilities. The ARC system provides an efficient environment for the three classes of users. 

PRODUCTION USERS 

In its present context a production user may be considered one who is not directly concerned with the fact that he 
is using a modular system. Rather, his concerns are with invoicing a "standard" capability (for example, 1-D neu
ronics calculations) in as simple a manner as possible, with the ease of preparing and modifying input data, and with 
the ability to retrieve interface data from prior calculations. For such users the ARC system provides a number of 
"standard paths" which may be considered as a library of stand-alone codes with standardized input specifications. 
In Table IV-6-I a list of ARC system standard paths is presented. An example of the input deck required to run the 
1-D diffusion theory path is given in Table IV-6-II. This example illustrates a number of points characteristic of all 
standard paths in the ARC system. Input data are divided into blocks which are referenced by the standard path and 
processed sequentially by ARC system routines. In the example of Table IV-6-II, BL0CK = 0LD flags the interface 
data sets which have been generated previously by an execution of cither the same or a different path in the ARC 
system. BL0CK = STPOO1 contains BCD data required for the particular execution. Within each block of data a 
lumber of keywords provide the system routines with information regarding the processing of these data. For ex-
imple, DATASET = indicates that the following data arc used to create a new interface file, whereas M0DIFY = 
indicates that the named file already exists but should be modified using the data in this subblock. The structuring 
of data in this format, along with the variety of keywords available,5 has proved an extremely flexible and easy-to-
use convention for ARC system users. The user need not be concerned with the burden of specifying anything except 
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DAMMET 

(BINARY " \ 
ENDF/B ) 

ID 
TRANSPORT 

FIG IV-6-1 Sample ARC System Path ANL Neg No 
116-1069 

TABLE IV-6-III INPUT FOR S VMPLE ARC SYSTEM PATH 

BLOCK=OLD 
DATASET= ENDFBCD2 
D ATASET = WTABLE 
DATASET=MCSQRE2 
BLOCK=STP002 
DATASET=A INPTR1 

INPUT DATA 
DATASET=A PRT1D 

INPUT DATA 
DATASET=A NIP 

INPUT DATA 
s BLOCK=STP010 

NOSORT=A DAMMET 
INPUT DATA 

NOSORT=A ETOE 
INPUT DATA 

NOSORT=A MERMC2 
INPUT DATA 

NOSORT=A MAGIC 
INPUT DATA 

BLOCK=STP005 
DATASET=A XSSPC 

INPUT DATA 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

SAMPLE ARC SYSTEM PATH DESIGNED TO READ ENDF/B TAPE, CREATE 
MC**2 LIBRARY, PLOT SELECTED CROSS SECTION DATA FROM MC*«2 
LIBRARY, EXECUTE MC**2 PROBLEM TO CREATE BROAD GROUP CROSS 
SECTIONS AND EXECUTE CME-DIMENSIONAL TRANSPORT CALCULATION 

MODULES AND PATHS INVOKED BY THIS PATH 

STP002 (1-D TRANSPORT STANDARD PATH) 
NUI001 
NUI002 
NUI005 
NUI006 
NUC001 
NUC003 
NUE001 
AJC001 
(MC"*2) 
CSI001 
CSC001 
CSC002 
CSC003 

(INHCMG) 
(GNIP) 
(1 D TRANSPORT SPECIFICATIONS) 
(RUN TIME CROSS SECTION NODIFICATIONS) 
(HOMOG) 
(SNARC1D) 
(CUTMAN1D) 
(INVENTID) 

(INPUT) 
(RESXEC) 
(SCSFM) 
(BCSFM) 

(ENDF/B MANAGEMENT) 
CSI002 
CSI003 
CSI004 
CSI005 
CSI006 
(MAGIC) 

(CHECKER) 
(CRECT) 
(DAMMET) 
(ETOE) 
(MERMC2) 

STP005 

STP010 

C S I 0 0 8 

SET UP DATASET NAME GLOSSARY 

DOUBLE PRECISION DSNAME(90) 
DATA DSNAME/ 

18HA CHECK ,8HA CRECT ,8HA DAMMET,8HA ETOE ,8HA I N P T R 1 , 
28HA INVENT,8HA MERMC2.8HA N I P ,8HA OUTMAN.8HA PRT1D , 
38HA STP010,8HA XSSPC ,8HB HOMOG ,8HBC ,8HENDFBCD1, 
48HENDFBCD2,8HENDFBCD3,8HENDFBIN1,8HES DID ,8HES DISH , 
58HFA Dl ,8HFA D1A ,8HFM FLUX ,8HFR Dl ,8HFR D1A , 
68HFR PN ,8HFSA Dl ,8HFSR Dl ,8HGEOM ,8HGEOM P , 
78HJA Dl ,8HJR Dl ,8HMCSQRE1 ,8HMCSQRE2 .8HMCSQRE3 , 
88HSCR001 .8HSCR002 .8HSCR003 ,8HSP CICN ,8HSP CRIT , 
98HSP T1NEW,8HSP T10LD,8HTHRM LIB,8HOTABLE . 8 H X S C A N I , 
A8HXS C A1IX,8HXS C MIN.8HXS PNTR1,8HXS C RES.8HXS C SMT, 
B8HXS C UFG.8HXS ENDF ,8HXS ENDF3,8HXS FLUX ,8HXS I I N P , 
C8HXS I RES.8HXS INSCT.8HXS ISO ,8HXS I S 0 2 ,8HXS PNTR , 
D16*8HDUMMY 
E8HXS M ANI.8HXS M AUX.8HXS M MIN,8HXS C MI1,8HXS PNTR2, 
F8HXS SCRCH.8HXS SCR1 ,8HXS SCR2 ,8HXS SCR3 ,8HXS SORS , 
G8HXS THERM,8HXS UNRES.8HA MAGIC ,8H$ / 

INITIALIZE ARC SYSTEM ROUTINES 

CALL SYSTEM(DSNAME) 

CREATE MC"*2 LIBRARY FILES FROM INPUT ENDF/B FILE BY INVOKING 
THE STANDARD PATH STP010 

REQUIRED BCD INPlfi OBTAINED FRCM DATA BLOCK STP010 MAY INCLUDE 
THE DATASETS A CHECK,A CRECT,A DAMMET,A ETOE.A MAGIC,A MERMC2, 
AND A STP010 

CALL LINK(8HSTP010 ) 

PLOT SELECTED DATA FRCM MC«*2 FILES BY INVOKING THE MODULE C S I 0 0 8 

REQUIRED BCD INPUT I S DATASET A MAGIC WHICH HAS ALREADY BEEN 
PROCESSED FROM DATA BLOCK STP010 

CALL LINK(8HCSI008 ) 

CREATE BROAD GROUP CROSS SECTION SET USING THE MC**2 STANDARD 
PATH AND THE LIBRARY DATA CREATED ABOVE BY STP010 

REQUIRED BCD INPUT OBTAINED FROM DATA BLOCK STP005 WHICH 
CONTAINS THE DATASET A XSSPC 

CALL LINK(8HSTP005 ) 

USING BROAD GROUP CROSS SECTIONS DO 1-D TRANSPORT CALCULATION 

REQUIRED BCD INPUT OBTAINED FRCM DATA BLOCK STP002 WHICH MAY 
CONTAIN THE DATASETS A I N P T R l . A INVENT.A.NIP .A OUTMAN.A PRT1D 

CALL LINK(8HSTP002 ) 

I F DIFFUSION THEORY CALCULATION WERE REQUIRED INSTEAD OF 
TRANSPORT CALCULATION, REPLACE THE STATEMENT CALL LINK(8HSTP002 ) 
WITH THE STATEMENT CALL LINK(8HSTP001 ) AND REPLACE REQUIRED 
BCD DATASETS A INPTR1 AND A.PRT1D WITH A . D I F 1 D AND A.PDIF1D 

STOP 
END 

FIG IV-6-2 Coding of Sample ARC System Path. AN 
Neg Nos 116-1067 and 116-1068 
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the most rudimentary job control language in preparing his job. Rather, his major responsibility lies in specifying his 
input data. In this regard the user reaps the advantages of a modular system since the same input data sets are used 
by a number of standard paths. Thus, the changes in input required in going from a 1-D diffusion theory calculation 
to a 1-D transport theory calculation, exclude the information common to both; e.g., geometry, composition and 
search specifications. The example given in Table IV-6-II also illustrates the users ability to modify his input data, 
thus permitting a number of problems to be executed in sequence. A further benefit to the user of the ARC system 
has been the case of saving alphanumeric or binary data from a given run for use in restarting a later run of the 
same or a different path. 

NON-STANDARD PATH USERS 

The large number of alternative ways of linking a large collection of modules make it impossible to predict all 
of the complex interactions a user might wish to specify in writing an ARC system path. Consequently, the user often 
finds that, although the modules arc available to do his job, a standard path has not yet been written to link the 
modules in the order he requires. The ARC system provides an extremely flexible and simple means of manipulating 
modules at the user's discretion. By following a small number of ARC system conventions, it is possible for a user 
to access the complete library of modules (and standard paths) with a Fortran program. An example of such a use 
is illustrated in Fig. IV-6-1. The user wishes to calculate broad group cross sections from ENDF/B data using the 
multigroup code MC2, plot selected data, and then use the cross sections in a 1-D SN calculation. An investigation of 
Table IV-6-1 shows that, although standard paths exist to perform the preparation of an MC2 library, the MC2 

calculation, and the SK calculation, a single path is not available to perform the whole calculation. Furthermore, 
although a module is available to plot data from the MC2 library (c.f., Table IV-6-V), it is not available in any of 
the standard paths. In Fig. IV-6-2 the nine-statement Fortran program required to execute this "non-standard" 
path is shown. The example illustrates the ease of accessing any of the modules available in the ARC system. The 
input data required by such a path follow the same conventions illustrated in the example of Table IV-6-II, and an 
example is provided in Table IV-6-III. 

TABLE IV-6-IV. NEUTRONICS CALCULATION M O D U L E S 

1. NUI001 ( I N H 0 M G ) Cross-section Homogenization Specifications 
2. NUI002 (GNIP) Code Independent Specifications 
3. NUI005 ID-Transpor t Specifications 
4. NUI006 Run-t ime Microscopic Cross-section Modifications 
5 NUC001 ( H 0 M 0 G ) Cross-section Homogenization 
6. NUC002 (DIF1D) ID-Diffusion External Source and K Calculation 
7. NUC003 (SNARC1D) ID-Transpor t 
8. NUC004 (D1DSH) ID-Diffusion Search 
9. NUC005 (DIF2D) 2D-Diffusion External Source and K Calculation 

10. NUC006 (D2DSH) 2D-Diffusion Search 
11. NUC007 Material-composition Homogenization 
12. NUC008 2D-Transport 
13. NUE001 (OUTMAN1D) lD-Noutronics Output Manipulation 
14. NUE002 2D-Transport Output Ed i t 

TABLE IV-6-V. CROSS SECTION PREPARATION M O D U L E S 

Epithermal Cross-section Specifications 
E N D F / B Da ta Checker 
E N D F / B Da ta Corrector 
E N D F / B Format Converter 
E N D F / B to MC2 Fo rmat Converter 
Merger for MC2 Libraries 
Delayed Neutron D a t a Prepara t ion 
Plo t ter for MC2 Libraries 
Resonance Cross-sections 
Nonresonant Cross-sections and Fundamenta l Mode Spec

t rum 
11. CSC003 Broad-group Cross-sections and Fundamenta l Mode Spec

t rum 
12. CSE001 Cross-section D a t a Set Editor 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
0. 

CSI001 
CSI002 
CSI003 
CSI004 
CSI005 
CSI006 
CSI007 
CSI008 
CSC001 
CSC002 
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TABLE IV-6-VI. ADJUNCT CALCULATIONS MODULES 

1. AJC001 ( INVENT1D) ID-Neutron Inventory 
2. AJC002 ( INVENT2D) 2D-Neutron Inventory 
3. AJC003 (PRT1D) ID-Diffusion Per turbat ion 
4. AJC004 (PRT2D) 2D-Diffusion Per turbat ion 
5 AJC005 (SYN1D) Spatial Synthesis 
6. AJC006 (CPGE0M) Geometry Datase t Writer 
7. AJC007 Microscopic Cross-section Group Collapse 
8. AJC008 Macroscopic Cross-section Group Collapse 

TABLE IV-6-VII. F U E L - C Y C L E AND D E P L E T I O N 
CALCULATION MODULES 

1. FCI001 Fuel Cycle Specifications 
2. FCC001 Fuel Cycle 

TABLE rV-6-VIII . ARC SYSTEM DOCUMENTATION 

Report No. 

ANL-7711 
ANL-7712 
ANL-7713 
ANL-7714 
ANL-7715 
ANL-7716 
ANL-7717 
ANL-7718 
ANL-7719 
ANL-7720 
ANL-7721 
ANL-7722 
ANL-7334 
ANL-7768 

Report Title 

The System Aspects and Interface D a t a Sets of the Argonne Reactor Computat ion (ARC) System 
The ARC System Standard Pa ths 
The ARC System Neutronics Inpu t Processor 
The ARC System Cross-section Homogenization and Modification Capabilities 
The ARC System One-dimensional Diffusion Theory Capabil i ty, DARC1D 
The ARC System Two-dimensional Diffusion Theory Capabil i ty, DARC2D 
The ARC System One-dimensional Transpor t Theory Capabil i ty, SNARClD 
The ARC System Two-dimensional Transpor t Theory Capabil i ty, SNARC2D 
The ARC System One-dimensional Adjunct Calculations and Edi ts 
The ARC System Two-dimensional Adjunct Calculations and Edits 
The ARC System Fuel Cycle Analysis Capabili ty, REBUS 
The ARC System Cross-section Generation Capabil i ty, ARC-MC2 

SYN2D, A Flux Synthesis Program Based on a Discontinuous Trial Funct ion Formulation 
The Conversion of the Argonne Reactor Computat ion (ARC) System to the Control D a t a 6000 and 

7000 Series Hardware 

In a manner quite similar to that given in the example above, it has been a simple matter to provide a large choice 
of neutronics calculations in the ARC System Fuel Cycle capability REBUS.8 In particular, paths exist to perform 
the flux calculation for fuel cycle, using 2-D diffusion, 2-D synthesis, 1-D diffusion, or 1-D transport algorithms. 

A list of present ARC system modules is given in Tables IV-6-IV through IV-6-VII. As the size of such an open-
ended system grows, it is obvious that good documentation of all modules in the system becomes a prerequisite for 
efficient use of the system. Consequently, a number of volumes are being prepared (Table IV-6-VIII) which provide 
information on all of the system aspects, conventions, and interface data sets of the ARC system, as well as a de
scription of both the physics and coding of ARC system modules. 

METHODS DEVELOPMENT 

Just as it is possible to write new paths which make use of existing computational modules, it is also possible to 
take advantage of existing capabilities when adding new algorithmic capability. The elimination of the necessity for 
programming duplication is one of the chief benefits of a modular system. In Table IV-6-IX a list is given wliich 
illustrates how various modules arc utilized repeatedly for a number of different computational capabilities. Thus, 
the recently completed 2-D transport module is used by a standard path wliich links to the same input processor, 
cross section homogenization, and inventory modules as the 2-D diffusion theory path. Similarly, a multigroup space-
time reactor disassembly dynamics capability being developed is making extensive use of the same computations' 
modules used by the neutronics standard paths. The latter effort includes the conversion of a stand-alone hydrody 
namics code, VENUS, to a modular structure. The case of incorporating stand-alone codes into the ARC system 
was also demonstrated by the minor effort required to link the five ENDF/B processing codes CRECT, CHECKER, 
DAMMET, ETOE and MERMC2<7> into a single path. 
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TABLE IV-6-IX. ARC SYSTEM M O D U L E S INVOKED BY STANDARD P A T H M O D U L E S 

Standard 
Path Module 

STP001 
STP002 
STP003 
STP004 
STP005 
STP006 
STP007 
STP008 
STP009 

STP010 
STP011 

ARC System Modules Invoked 

NUIOOl, NUT002, NUI006, NUC001, NUC002, NUC004, NUE001, AJC001 
NUI001, NUI002, NUI005, NUI006, NUCOOl, NUC003, NUE001, AJC001 
NUIOOl, NUI002, NUI006, NUCOOl, NUC005, NUC006, AJC002 

•NUIOOl, NUI002, NUCOOl, NUC005, NUC006, NUC007, FCI001, FCC001 
CSIOOl, CSCOOl, CSC002, CSC003 
NUIOOl, NUI002, NUI006, NUCOOl, NUC002, NUC004, NUE001, AJCOOl, AJC003, AJC006, CSI007 
NUIOOl, NUI002, NUI006, NUCOOl. NUC005, NUC006, AJC002, AJC004, AJC006, CSI007 
NUIOOl, NUI002, NUCOOl, AJC005 
NUIOOl, NUI002, NUI006, NUCOOl, NUC002, NUC004, NUC005, NUC006, NUEOOl, AJCOOl, AJC002, AJC003, 

AJC005, AJC006, CSI007 
CSI002, CSI003, CSI004, CSI005, CSI006 
NUIOOl, NUI002, NUI006, NUCOOl, NUC008, NUE002, AJC002 

CONCLUSION 

In the coming years, incorporation of additional capability into the ARC system will be a continuing effort, both 
from internal methods development activities at ANL and from codes developed at other laboratories. The utility 
and capability of the system will accelerate as the algorithm repertoire of the system expands and as new and more 
powerful computing capability becomes available at Argonne. 

New capabilities under active development which will be incorporated into the ARC system include: the new 
multigroup cross section capability, MC2-2; a spatially dependont cross section generating capability; a three-dimen
sional diffusion theory capability; a comprehensive fuel cycle analysis capability; and a 2-D safety analysis package. 

In future years, as other laboratories implement linked modular code systems, it is hoped that the ARC system 
will be useful as an established reference system which may provide standard computational packages for reference 
'calculations. 
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IV-7. Studies of Spectral Synthesis in Spatially Dependent Fast-Reactor Dynamics 

W. M. STACEY, JR. and J. P. REGIS 

The idea of calculating the neutron flux spectrum by combining known trial spectra was introduced by Calame 
^nd Federighi1 to compute spatially dependent thermal spectra. This idea was applied to calculate spatially de
pendent spectra in fast reactors by Storrcr and Chaumont2 and by Stacey, and subsequently by others. The theory 
for combining trial spectra to compute space- and time-dependent spectra has been developed by Henry and Stacey;0 
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and Stacey has subsequently applied this method to compute timedependent spectra in a uniform fast reacfou. 
The purpose of this paper is to report several calculations of space and timedependent spectra in multiregion 
fastreactor models. 

Spectral synthesis equations were derived by substituting expansions for the flux and current in terms of known 
trial spectra \f>n and p„ , 

N 

4>(x,E,t) = Y.<t>n(x,t)tn(E), (1) 
n=l 

N 

J{x,E,t) = E J»(M)p»(#) , (2) 

into the P\ equations, \\ eighting, and integrating over energy. The equations are then combined to eliminate the Jn , 
resulting in the set of equations 

£ [ _ VDn'n{x,t)V<j,n{x,t) + Hn'*(x,t)Mx,t)  (1  P)xn'Fn(*,t)<Kz,t) + {l/v)n'n<j>n(x,t)\ 
7 1 = 1 

— E X»x» Cm{x,t) = 0, n = 1, ■■■, JV. 

These equations have the same generic form as the multigroup diffusion equations, with the important exception 
that for the latter Dn'n = Dnn8n'n and S"'n = 0, n < n for no upscattcr. The associated precursor equations arc 

fcEn^'W^')  K,Cn(x,t) = C,„(x,t), m = 1,  v M. (4) 

The coefficients in Eqs. (3) and (4) arc integrals of cross sections or fission spectra with weighting function n and/or 
trial spectrum n, taken over all energy. 

The RAUMZEIT code7 has been modified to solve Eqs. (3) and (4) [the modification consisted of generalization 
of the code to accept (1/v)"'", n ^ n]. Several transients in which spatial and spectral shifts were important have* 
been calculated for multiregion fastreactor models. The trial and weighting functions were 26group fluxes and 
adjoints. For comparison, the transients were also calculated with the QX1 code, which solves the onedimensional 
multigroup kinetics equations by the improved quasistatic method. 

One of these transients was based on a uniform slab core 350 cm thick with a 50cm blanket on each end. The 
transient was initiated by linearly decreasing the boron concentration in the right 150cm of the core, and simul
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tancously increasing the boron concentration in the left 150-cm of the core at the same rate, for 0.06 sec. Two funda
mental-mode spectra corresponding to the core composition, but with more or less boron than was in the core initially 
or at any time during the transient, were taken as trial spectra. A third trial spectrum was a fundamental mode 
spectrum characteristic of the blanket with a source characteristic of the core fundamental mode current. Weighting 
functions were adjoints for the same conditions. 

The total power predicted by the spectral synthesis calculation is in good agreement with the QXl result, as shown 
in Fig. IV-7-1. For comparison, a one-group spatially dependent calculation, with constants collapsed over the initial 
core spectrum, is shown (1GRP) to illustrate the importance of spectral shifts upon the calculation. A measure of the 
importance of spatial plus spectral effects is provided by the fact that the point kinetics solution for this transient 
is a constant power. 

In general, it appears that spectral synthesis provides an effective and relatively simple model for treating spectral 
shifts in fast-reactor transient calculations. Results of other calculations have been published in the literature.9 
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I V - 8 . S t u d i e s o f S p e c t r a l . F l u x S y n t h e s i s 

H. GREENSPAN 

The purpose for the development of synthesis techniques is to provide a means for quicker and cheaper reactor 
calculations for complex, multidimensional (space, energy, time) configurations than is possible by direct methods. 
A variety of these synthesis approximations has been developed. Recently Stacey1 has wrrittcn a complete summary 
(including an extensive bibliography) of what has been done in this field. 

At the heart of the synthesis techniques is the representation of the multidimensional neutron distribution by a 
relatively small sum of products. Each factor of these products is of lower dimensionality than the original neutron 
distribution, and sets of these factors have been predetermined from solutions of simpler problems. The remaining 
sets of factors, that is, the combining functions, arc to be determined. With judicious rearrangements and redefini
tions, the resulting system of equations for the combining functions arc made to correspond in form to direct approach 
(diffusion or transport theory) equations, but the system has a considerably smaller number of unknowns, and the 
direct method computer program is used for the solution. 

The objective here is: a) To evaluate the applicability of the spectral synthesis method as formulated by Lorenzini 
and Robinson2 to LMFBR design; b) To gain experience and insight in the use of the above, thus benefitting the 

evclopment of alternate numerical algorithms for the solution of the spectral-synthesis equations other than those 
scd in the direct method programs which sometimes fail in this application. Currently the evaluation a) has been 

carried out within the framework of diffusion theory. 
Briefly, with Lorenzini and Robinson, it is assumed that the flux $(T,E) can be represented by a linear combina

tion of the type 
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*(r,E) = f>.(r)/,(£), (1) 

where the/t(i?) are known energy spectra (Ar linearly independent trial functions), and <£»(r) arc position-dependent 
combining coefficients. Here E represents the energy and r is the position vector. The problem is to determine the 
<£,(r) and associated criticality. 

The diffusion equation for a given region is 

-D(E)VMT,E) + er,(JS?)*(r>£) = ^ f Vo-,(E')Mr,E')dE' + f cs{E' -> #)$(r ,E') dE'', (2) 
X Jo Jo 

where D, o-t, oy , <rs are the diffusion coefficient, total, fission and scattering macroscopic cross sections respectively; 
X is the fission fraction, v is the mean number of neutrons per fission, and X = ke//. All of these, except X, are region 
dependent as well as energy dependent quantities. 

Inserting Eq. (1) into Eq. (2) and multiplying the resulting equation by an arbitrary set of weights gi(E), 
1 < i < N, and integrating over energy, w e obtain the matrix equation 

DV24> + A$ = -F$ + S$, 

where 

D = (A , ) = 

A = (At,) = 

fo gt(E)f1(E)D(E) dE^ 

Jo gl(E)f1(E)al(E) di?] 

F = (F„) = | [ / o g*{E)x{E) dtf] [Yo L(E)vo-,(E) cZIj] 

S = (S„) = U [».W/o f,(E')°-s(E' -> E) dS')J dE 
and 

* = 
4>x 

_4>N_ 

is a column matrix. 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

To make Eq. (3) suitable for solution on existing diffusion theory codes, further modifications are necessary. 
These modifications include provisions that the standard region (material) interface condition of diffusion theory be 
satisfied. 

Having the same linearly independent set of trial functions fj(E) for all the regions is both necessary and sufficient 
for satisfying the continuity-of-flux condition across an interface. For the continuity-of-currcnt condition it is suffi
cient that the diagonal matrix S)e be 

£>e = diag I UE)De(E) dEJ 
for each region t. 

With the above and some rearrangements, Eq. (3) becomes (omitting the region index I), 

-DV0 + ®$ \$$ + &• 
Here the matrices 

a = diag (£>D 'A) 

S = £)D~l (S—non diagonal elements of A), 

(9) 

(10) 

(1 
( r 
(13) 

D being the inverse of matrix D. 
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TABLE rV-8-I. VOLUME FRACTIONS OF M A T E R I A L S IN THE DESIGNATED R E G I O N S 

Core 1 
Core 2 

a 
b 

Axial Blnkt 1 
Axial Blnkt 2 

a 
b 

Radial Blnkt 
Reflector 

239pu 

0.001086 

0 001501 
0.001501 

- U 

0.006383 

0.005380 
0 005380 
0.008013 

0 007383 
0.007383 
0 014515 

Na 

0 01041 

0.01098 
0 

0 00881 

0 00950 
0 

0.00660 
0 00440 

Fe 

0 01814 

0 01807 
0.01807 
0 02444 

0.02385 
0.02385 
0.01728 
0.06912 

O 

0.01494 

0 01376 
0.01376 
0.01603 

0 01477 
0.01477 
0.02903 

Equation (10) can be solved with any diffusion program that allows full scattering matrices, and although the JF 
matrix is formulated here to appear to contain a fission matrix, it can be recast into the usual form of a fission vector. 
Furthermore, the multigroup problem of G groups has been transformed into an Ar "group" problem, AT <K G. How
ever, caution is in order, because, employing the iterative procedure used for the solution in the standard diffusion 
program, we now have a problem for which the properties of the matrices resulting from the finite difference form 
of Eq. (10) may not be such as to guarantee convergence and a positive reconstructed flux [Eq. (1)]. 

A FORTRAN-IV program has been written to construct the quantities in Eqs. (4) through (7) and Eqs. (11) 
through (13), given sets of {/.(-#*)} a«d {ffi(#t)}, 1 < * < N; k, where 1 < k < G, is the group index for the multi-
group representation of j{E), g{E) and other energy dependent quantities. 

Having computed the parameters for Eq. (10), the program arranges them like macroscopic cross sections in the 
XS.C.MIN format, which subsequently is the "cross section" input to the ARC system multigroup modules. 

The reactor configuration for wliich calculations have been done using the described spectral-synthesis method is 
shown in Fig. IV-8-1. Two cases, (a, b), differing in the composition assignment for regions II and VI were studied. 
The compositions are shown in Table IV-8-1. 

The primary cross section set Avas the 24 group set GEADV.(4) The trial functions / were obtained from a funda
mental mode calculation code of Staccy's.0 Simple vectors containing 1 and 0 were used for weights g. Two sets of 
three trial functions were computed. In the first set (TSl) , spectra were obtained for Core 1, Radial Blanket, and 
Reflector; in the second set (TS2) spectra from Core 2, Radial Blanket, and Reflector were used. 

The ARC system module D I l ^ D " ' was used to compute the krSS for both case a and case b. The same code was 
also used for the 24 group problem and the few-group problems, where the 24 group set of cross sections was col-
' ipscd to 3, 4 and 8 group sets, the Core 1 spectrum being used for collapsing the cross section set 

Table IV-8-II shows the results for case a, Table IV-8-III for case b; in all cases the problems converged to the 
value of keff with the same precision (e = 10~6 in A/c) and the same number (30) of outer iterations. 

The results shown in Table IV-S-II indicate that the spectral-synthesis method seems promising in predicting ke/f, 
although no attempt has been made to optimize the selection and the number of trial functions, and very crude 
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TABLE IV-8-II. heff FOR CVSE a 

24 group 
3 T S l 
3 group 
4 group 
5 group 

*«// 

1.05883 
1.05880 
1.07787 
1 07064 
1.06412 

TABLE IV-8-III. keff FOR CASE b 

24 group 
3 T S l 
3 TS2 
3 group 
4 group 

keff 

1.05447 
1.04665 
1.07150 
1.07446 
1.06665 

weights were used. With the current formulation for JF using the fission fraction matrix, use has been made of the 
DIF2D capability for handling such problems. However, when DIF2D encounters such a problem it chooses the 
channel-ordered iteration procedure, which is slower than the usual group ordered procedure. This and not being 
able to use the iteration acceleration procedures in D1F2D for these problems make the execution time unfavorable 
compared with ordinary group collapsing. 

Revision of this ff matrix formulation to the vector form, and further computation of reconstructed fluxes, power 
distributions, and breeding ratios will permit a fuller evaluation of the spectral-synthesis method. 
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I V - 9 . S y n t h e s i s C a l c u l a t i o n s i n a H i g h l y N o n s e p a r a b l e F a s t R e a c t o r C e l l 

V. Luco 

INTRODUCTION 

The Merriman cell was introduced originally as one of the Benchmark1 problems, "designed to tax capabilities of 
synthesis approximations." The fluxes in this cell configuration arc highly nonseparable and strongly varying, and 
these characteristics make it indeed difficult to synthesize using just a few trial flux shapes. The original Merriman 
cell had a thermal spectrum; in the present study the atomic compositions have been chosen in order to obtain a 
faster spectrum, more representative of the type of energy spectrum to be found in an LMFBR. 

The twro-dimensional, multigroup, single-channel, discontinuous-trial function synthesis module of the ARC 
system, named SYN2D,(2) was used in these studies. 

T H E MERRIMAN FAST CONFIGURATION 

The reactor configuration used in this study is a Mcrriman-type configuration. This type of configuration was 
proposed by Wachspress and Merriman1 as a Benchmark problem "designed to tax capabilities of synthesis approxi-
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mations." It has a highly nonseparable flux distribution which makes it hard to synthesize with a few basic flux 
shapes. 

The dimensions, geometrical disposition, and boundary conditions of the configuration arc shown in Fig. IV91. 
The core regions in the lower left and upper right corners contain 239Pu and 238U. The rest of the cell is filled with a 
mixture of nickel and sodium. The compositions are shown in Table IV91. 

The calculations in this study were performed using six energy groups. The energy boundaries are listed in Table 
IV9II. 

The cross sections used are from the 29601 cross section set, which is a sixgroup set obtained from an original 
29group set prepared for FFTF studies, designated in the 29001 set.3 

The first step in the study was to obtain twodimensional fluxes and the corresponding kels using a regular finite 
difference approximation to the problem. These fluxes and keff were then used as standard or "exact" values with 
wliich the different synthesis results were compared. The DIF2D neutronics module of the ARC System4 was used 

100 

50 

cm 

4 

72 E 

1 

>'=0 

>cm 

— 

♦' 

R 

0 

! A ° 

CORE 2 ! 

1 

CORE 1 

. 

°
B i 

22 5cm U -

r 

R 

m ! 

1 
♦'=0 1 

100cm 

4>'=o 

1 
22 5cm 

1 

F I G . IV91. Merriman Configuration. ANL Neg. No 116

871. 

TABLE IV91 R E G I O N COMPOSITIONS 

Region 

Core 

Reflector 

Isotope 

2 3 9 p u 

238TJ 

Nl 
Na 

atoms/b/cm 

0 00103 
0.00619 

0 04744 
0 00653 

TABLE IV9 I I ENERGY BOUNDARIES 

Group Lower Energy Boundary 

1 35 MeV 
183 keV 
24 8 keV 
4 31 keV 
275 eV 
105 eV 
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FIG. IV-9-2 Two-Dimensional Flux Profile, Gioup 2, 
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FIG. IV-9-3 Group 2 Fluxes along Line m, Fig. 
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IV-9-1. 

for this calculation with an equally spaced mesh in both x and y directions, with mesh spacing of 5 cm. One-dimen
sional profiles of the two-dimensional fluxes obtained along the lines 1, m, and n (sec Fig. IV-9-1) for energy groups 
2 and 4 are plotted in Figs. IV-9-2 through IV-9-7. 

Groups 2 and 4 have been singled out throughout this report for plotting and analysis simply because they repre
sent well the two basic flux behavior patterns in the cell: one for high energy fluxes (groups 1, 2, and 3) and the other 
for low energy fluxes (groups 4, 5, and 6). 

The fast fluxes (Figs. IV-9-2 and IV-9-4) are strongly peaked at the core regions along lines 1 and m having large 
gradients at the interfaces between core and reflector. The flux in group 4 (Figs. IV-9-5 and IV-9-6) shows a strong 
reflector peaking effect. The effect of the second core is quite marked along line 1, producing a second flux pealc in 
both groups shown. 

The fluxes along line n (Figs. IV-9-4 and IV-9-7) arc transition fluxes, and arc relatively flat and low. The value 
of keff obtained was 1.108612 ± 0.000001. 

CONTINUOUS SYNTHESIS CALCULATIONS 

The two-dimensional fluxes were synthesized by combining prccomputcd ^/-dependent trial functions Hg(y) with 
calculated .r-dependent coefficients Tg(x): 

<t>a(x,y) = HHa^T^x), 9 = 1 2 (1) 

The weight functions used were cither the functions H„t(y) themselves, or a set of adjoint fluxes H*r(y). 
The calculations reported in this section w ere of the continuous trial function, single-channel type. In other w ords, 

the expansion [Eq. (1) | for the flux applies throughout the cell: 0 < x < 100 cm and 0 < y < 150 cm. 
Several one-dimensional trial function and adjoint sets were generated: 
Set 1: This set consisted of the one-dimensional fluxes and adjoint in a semi-infinite slab having the compositions 

found along line 1 (see Fig. IV-9-1) and its symmetric fluxes and adjoints (along line l' in Fig. IV-9-1). 
Set 2: The fluxes in this set were: a), those for a semi-infinite slab with line 1 compositions, with fission suppressed 

in CORE 1, and with an external source proportional to the fission source in CORE 2, inserted in the region ex
tending from 100 to 150 cm. and b). its symmetric flux (along line I in Fig. IV-9-1). 

The adjoint fluxes had adjoint sources proportional to the fission cross sections in CORE 1. 
Set 3: The same as Set 2, but with the fission cross section reduced to two-thirds its original value. 
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FIG. IV-9-4 Two-Dimensional Flux Profile, Group 2, along 
Line n, Fig. IV-9-1. ANL Neg. No. 116-866. 

120 150 

FIG. IV-9-5. Two-Dimensional Flux Profile, Group 4, along 
Line 1, Fig IV-9-1. ANL Neg. No. 116-864. 

=1 30 

FIG. IV-9-6. Group 4 Fluxes along Line m, Fig. IV-9-1. 
ANL Neg. No 116-867. 

30 40 80 90 100 50 60 

FIG IV-9-7. Two-Dimensional Flux Profile, Group 4, Line 
n, Fig. IV-9-1. ANL Neg. No. 116-863. 

Set 4: Tliis set consisted of the fluxes and adjoints in a three-region slab. The first region extended from y = 0 
to y = 50 cm and was filled wdth a mixture of core and reflector in equal proportions. The third region had the same 
composition. The second region extended from y = 50 cm to y = 100 cm and had the composition of the reflector. 
The fluxes for groups 2 and 4 from Sets 1, 2, and 3 along line 1, Fig. IV-9-1, and those from Set 4 are plotted in 
Figs. IV-9-8 and IV-9-9. 



462 IV. Reactor Computation Methods and Theory 

80 

70 

60 

50 

40 

30 

20 

10 

-

= - ^ 

— 

=—-^ 

-

— 

— 

1 1 

^ \ SET 1 

SET 2 

—J - w ^ 

1 

SET 3 

1 " -

1 

SET 4 

1 

^""^ 

— 

■ ^ - ~
= 1 

— 

— 

70 

60 

— 50 
o 

5 40 

"■ 30 

20 

10 

~̂~ 



— 



^ _ 

— 

1 

SET 4 

l \ S 

1 

1 1 

2 X 
1 

1 

/ ~ 
— 

— 

— 

— 

^  — 
30 6 0 90 120 150 30 60 90 120 130 

FIG. IV98. Trial Functions, Group 2. For Sets 1, 2 and 3 
Only the Function Corresponding to Line 1 Is Shown, Fig. 
IV91. ANL Neg. No. 116868. 

FIG. IV99. Trial Functions, Group 4. For Sets 1, 2 and 3 
Only the Function Corresponding to Line 1, Fig. IV91 Is 
Shown. ANL Neg. No. 116870. 

Case 

1 

2 

3 

4 

5 

6 

Weighting" 

A 
G 

A 
G 

A 
G' 

A 
G 

A 
G 

A 
G 

TABLE IV9III . CONTINUOUS SYNTHESIS 

keff 

1.055753 
1 100650 

1.054683 
1.177284 

1.101779 
1.096606 

1.103428 
1.096660 

1.107937 
1.095884 

1.108307 
1.095830 

A* 

0.052859 
0.007962 

0 053929 
0.068672 

0.006833 
0.012006 

0.005184 
0.011952 

0.000675 
0.012728 

0.000305 
0.012782 

CASES 

% *k/k 

4.767 
0 718 

4.864 
6.194 

0.616 
1.083 

0 468 
1.078 

0.061 
1.148 

0.027 
1.153 

Trial Function Sets 

1 

1,4 

1,2 

1, 3 

1, 2, 4 

1, 3 , 4 

a A = Adjoint weighting; G = Galerkin weighting. 

All these onedimensional trial functions were calculated wdth DIFlD, the onedimensional multigroup diffusion 
module in the ARC System. The synthesis calculations were performed with the SYN2D module of the ARC Sys

tem, a twodimensional multigroup synthesis code which allows for both continuous and discontinuous trial function 
singlechannel synthesis. The continuous trial function, singlechannel sj'nthesis results are summarized in Table 
IV9III. 

Group 4 fluxes along line m are plotted in Fig. IV96, for Cases 1A, 1G, and 5A, 6A (see Table IV9IV), together 
wdth the corresponding 2D flux profiles. 

Based on these results we can make the following observations: 
(1) The results are A'ery sensitive to the type of weighting used. A change in weighting can change a veiy good 

synthesis result into a poor one as exemplified by Cases 5A, 5G, and 6A, 6G. 
(2) Using adjoint weighting, it is possible to obtain very satisfactory results for both keft and flux shapes if an 

appropriate set of trial functions is used. "Appropriate set of trail functions," means a set wdth which there is the 
possibility of representing the actual flux wdth reasonable closeness. The trial function sets in Cases 5A, 5G, 6A, 
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TABLE IV9IV. SYMMETRIC INTERFVCE R E S U L T S 

Case 

1 

2 

3 

4 

Order 

1st 
2nd 
3rd 

1st 
2nd 
3rd 

1st 
2nd 
3rd 

1st 
2nd 
3rd 

Region 1 
T.F. 

* 4 

^ 2 1 

■All 

4"n 

^ 4 

^ 2 1 

>Au 
* 4 

^ 2 1 

Region 2 
T.F. 

^ 1 2 

^ 2 2 

V<22 
^ 4 

* 4 

^ 1 2 

1^22 

^ 2 2 

1^4 
* 1 ! 

Cyl. 
Error? 

yes 

no 

no 

no 

keff 

1.40957 

1 14336 

1.14304 

1 16582 

and 6G had this potential and in Cases 5A and 6A were actually combined to produce good fluxes (see Figs. IV93 
and IV96), and a very good value of keff . 

(3) A fairly good value of kef/ (or even an excellent one) can be obtained, as in Case 1, even wdien the set of trial 
functions used is not satisfactory for predicting the actual flux. The fluxes calculated in these cases arc quite inaccu

rate, as they must be, given the insufficiency of the trial functions. These conclusions should be clear from Fig. IV910 
wdierc the trial functions and the twodimensional fluxes to be synthesized are shown together. The two trial func

tions in Set 1 cannot be combined to produce a reasonably close picture of the twodimensional flux. An attempt to 
construct the twodimensional flux rise from x = 100 cm to a; = 150 cm by adding some amount of trial function 2 
results in a very inaccurate description of the central flux peak. This is actually what happened in Cases 1A and 1G. 

INTERFACE CONDITIONS/DISCONTINUOUS SYNTHESIS 

The SYN2D synthesis module can handle discontinuous trial function, singlechannel synthesis expansions. This, 
in general, means that the synthesis expansion of the flux is allowed to have discontinuities along the mixingfunction 
coordinate only. 

For the present configuration, the discontinuous trial function, singlechannel approach implies that the expansion 
in Eq. (1) did not apply for the whole zcoordinate range. Instead, twro expansions were used for the fluxes: 

My 

^"(x.y) = E Hll\y)T(
gl\x), 0 < x < 50 cm 

M% 
9 = 1,2,•••,6. 

4>f\x,y) = E H™(y)T{
g?{x), 50 < x < 100 cm 

»=i 

With these expansions one has, in general, for x = 50: 

^ ( 5 0 , 2 / ) ^ ^ 2 ) (50 ) 2 / ) 

(2) 

D?'(5Q,y) 
dx * D?\m,y) *£ 

1=50 OX 

(3) 

(4) 

that is, there are discontinuities in both fluxes and currents at x = 50 cm. Dg
tt and Dg

2) are the values of the dif

fusion coefficients on the respective sides of the material interface occurring at x = 50. 
In developing equations to determine the functions Tlf(x) by weighted residual procedures (of which the varia

onal method is a particular case) the weighted integrals of the residuals eg(y) and ng(y) generated by Eqs. (3) and 

«.(») = ^ ( 5 0 , j / )  ^2 >(50 ) 2 /) (5) 

and 
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70 

F I G . IV-9-10. Trial Functions from Set 1 and Two-Dimen-
sional Flux Profile, Group 4, along Line 1, Fig. IV-9-1. ANL 
Neg. No. 116-902 Rev. 

are set equal to zero: 

Vg (y). = -D; 1 , (50 ,2 / ) 
d<*> (O 

dx 

(2) 

x=i0 dx =50 

,.150 

R<»(y)Wol\bO,y) - ^2)(50,2/)] dy = 0, 
Jo 

3 = 1, 2, 

,.150 I-

(50)2/) a* en 
dx 

- D « ( 5 0 , » ) ^ 
1=50 OX =50. 

M i 

dy = 0, j = 1,2, • • • , M 2 . 

(6) 

(7) 

(8) 

The weight functions Rgn{y) and S„m(y) can be selected in a variety of ways. Two possible choices have been 
implemented in the SYN2D synthesis module: 

(a) 

\Rgn(y) = H%*(y)} 

Sgm(y) = Hg
22*(y)\ 

Roniy) = H™(y) 

[Sgm(y) = H™(y) 

Ran(y) = Sgn(y) = 
(b) 

Variational' 

Galerkin 

HlT(y) + HgV*(y) 
2 

«.(,) - .„(,,) . »"-^ + g»' (" ) 

Variational 

Galerkin. 

(9) 

(10) 

(11) 

(12) 

Whether in variational or Galerkin form, Option (a) uses one set of weight functions for the flux and another for 
the currents. These weight functions are either the trial functions for the flux on each side of the interface or the 
corresponding adjoints. The numbers of trial functions on both sides of the discontinuity interface are independent 
of each other. 

In Option (b) the weight functions for fluxes and currents are the same. They are the average of trial fluxes on 
both sides of the interface in the Galerkin mode or of their corresponding adjoints in the variational mode. Thi 
of course, implies that there are the same number, Mi = M-<, of trial functions on both sides of the discontinuit; 
and that they are paired in a certain order. 

Option (a) of the interface conditions clearly differentiates between both sides of the interface, and will be known 
accordingly as the asymmetric interface conditions. 
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Option (b) does not differentiate between synthesis regions on both sides of the interface, and will henceforth be 
called the symmetric interface conditions. 

DISCONTINUOUS SYNTHESIS CALCULATIONS 

The overall accuracy in both keff and flux shapes obtained for this reactor configuration, using the sets of trial 
functions previously specified in a discontinuous mode, was rather poor. 

Moreover, twro well-known characteristics of the results induced by the handling of discontinuities, wliich arc un
desirable, but usually small, are in this case quite large. These undesirable characteristics are: 

(1) The value of keft and the flux shapes depend on the arbitrary ordering of the trial functions when using the 
symmetric interface conditions. 

(2) Spurious asymmetries are introduced in the flux shapes when the asymmetric interface conditions are used. 

DISCONTINUOUS SYNTHESIS CALCULATIONS WITH SYMMETRIC INTERFACE CONDITIONS 

If for every trial function used in the synthesis region to the left of the interface line, x = 50 cm, 0 < y < 150 
cm, its symmetric is used to the right of the interface, the system of differential equations determining the mixing 
coefficients in both regions wdll be identical. This is clearly so because the coefficients of the system of differential 
equations arc integrals of the form 

where k = 1, 2 for the two regions. 
If 

and 

where b = 150 cm, and if 

[ H*'k\y)iH(k\y)^(y)dy = C{';\ 
Jo 

HV\b -y)= H*™(y) 

H?(b - y) = H?\y) 

S ( ] )(6 - y) = 2<2)(2/), 

(13) 

(14) 

(15) 
one gets by simple substitution 

C<;>= C H*wty)H,HiMl\y)dy 
Jo 

f 
Jo 

(16) = H;w(b - « ) # " ( & - u)2u'(b - u) clu 
Jo 

= f' H*™{u)H?\u)^2\u) du = C[)\ ' 

If moreover the trial functions arc ordered in both regions in such a way that the pairing indicated ill-definitions 
(11) and (12) combines each function with its symmetric, it can be shown that the interface conditions generated 
by Eqs. (7) and (S) are5 

dT0?(x) 
dx 

dx 

i=,50 
= 0, i = 1, 2, 

1=50 
= 0, i = 1, 2, 

These, together wdth the conditions at the external boundaries 

= 0, i = 1, 2, dT(
g?(x) 
dx 

dTlVjx) 
dx 

( 2 ) , 

=150 
= o, i = 1, 2, 

;M 

;M 

(17) 

(18) 

(19) 

(20) 

produce mixing functions Ta% (z) and Tgi (x) which arc constants, 
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The synthesized fluxes <t>g
l)(x,y) and <t>g

2)(x,y) [Eq. (2)], arc then flat in the z-dircction, and usually exhibit a 
sharp discontinuity at x = 50 cm. 

This result, which will be called from now on the cylindrical effect [as each one of the fluxes <t>g
l\x,y), <j>g

2)(x,y) 
takes on a cylindrical shape], is of course totally in error, usually manifested also in an extremely high value for 
keff . Its occurrence is clearly due to the combination of the symmetric reactor configuration in a Merriman-type 
cell, and the consequent natural choices of symmetric trial functions ordered in such a way that at the interface each 
function is paired wdth its symmetric in the next synthesis region. 

I t can be shown that the cylindrical effect is removed by simply reordering the trial functions in one of the syn
thesis regions. This is done by showdng that in that case the interface conditions generated by Eqs. (7) and (8) arc 
not equivalent to Eqs. (17) and (18).">) However the problem with this type of interface condition in the present 
reactor configuration still remains because, as the following numerical results show, the value of kef, is extremely 
sensitive to the arbitrary pairing of the trial functions at the interface. 

To simplify the understanding of the results in Table IV-9-IV, the region to the left of the interface line (x = 50 
cm, 0 < y < 150 cm) will be called region 1 and that to the right of it will be called region 2 (see Fig. IV-9-2). 
Moreover the trial functions in the sets used in these cases will be individually named as follows (sec above for gen
eral definitions of these sets): 

Sets 1 and 2 consist of: (1) the functions calculated along line 1 in region 1, now called \pn , 2̂1 respectively; and 
(2) the functions calculated along line I in region 2, now called ^12, 1A22 respectively. 

Set 4 has only one function, now called fa . The pairing of trial functions shown in Case 1, Table IV-9-IV, in which 
each trial function is paired w ith its companion in the same set is the one that, as has been explained, results in the 
cylindrical error. As is clear from Table IV-9-IV, in the other three cases shown the ordering of trial functions in 
region 2 is changed, thus eliminating the cylindrical error. 

DISCONTINUOUS SYNTHESIS CALCULATIONS AVITH ASYMMETRIC INTERFACE CONDITIONS 

The use of the asymmetric interface weighting as defined in Eqs. (9) and (10) introduces a spurious asymmetry 
in the system of synthesis equations and boundary conditions. This happens even when the sets of trial functions 
chosen on both sides of the discontinuity are symmetric, as in the calculations analyzed in the last section. 

I t is easy to see how this comes about. As in the last section, for every trial function Hg^{y) used in region 1, the 
function 

H(
gV(y) = Hl,\\b -y), b = 150 cm (14) 

is used in region 2. As shown also in the last section, the coefficients generated by these trial functions for the cor
responding mixing functions Tl

i\x) and T2)(x) in the set of synthesis differential equations are identical. In order 
to have a symmetric solution for the problem, it is necessary to have T[1}(x) and T[2)(x) obey the same boundary 
and interface conditions. But the coefficients for Tl

1)(x) in the continuity of flux interface conditions as defined by 
Eqs. (7) and (9) [or similarly by Eqs. (7) and (10)] are 

K<\] = [ H™(y)RM dy, j = 1, 2, • • •, M. (21) 
Jo 

The coefficients for Tg
2^{y) in the same set of continuity conditions are 

KgV, = [ HiV(y)R„(y) dy, j = 1, 2, • • -, M. (22) 
Jo 

Using Eq. (14), Eq. (21) can be transformed into 

Kl\] = / HlV(b - u)Rgl(b - u) du. (23) 
Jo 

Clearly the coefficients K{
g\) and Kg\) given by Eqs. (22) and (23) wdll be equal only when 

R„(v) = R„(b - y). (24^ 

The weight functions defined in Eqs. (9) and (10) do not have this property in general, and consequently the inter 
face conditions affect differently the functions T(

t
v(z) and T[2\x) and the resulting fluxes are asymmetric. 

As the following numerical examples show, the flux asymmetry introduced by the asymmetric interface conditions 
is very large in some cases. The ordering of the trial functions on both sides of the interface does not affect the re-
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TABLE 1V-9-V ASYMMETRIC INTERFACE R E S U L T S 

Trial 
Function 

Sets 

1, 3 
1 , 2 , 3 
1, 2, 4 

kcff 

1 08724 
1.18705 
1.14001 

0g(A)/*g(B) 

% 
1.99 
0 52 
1 07 

2 

1 96 
0 54 
1 07 

3 

1 87 
0.45 
1 07 

4 

2 72 
0 15 
1 08 

5 

2.30 
0 32 
1 39 

6 

2.01 
0 48 
1 07 

suits at all in this case and consequently when trial function sets are listed, the implication is that one member of 
the set enters the synthesis expansion in region 1 and the other enters the expansion in region 2, in any order. <pg(A)/ 
<pg(B) is the ratio of fluxes at points A and B (sec Fig. IV-9-1) for group g. The results are listed in Table IV-9-V. 

CONCLUSIONS 

The conclusions obtained from these studies are twofold: 
(1) Quite satisfactory values of kefj and reasonably good fluxes can be obtained for this fast-reactor cell configura

tion wdth the continuous trial function, adjoint-weighting option of SYN2D, if an appropriate set of trial functions 
is used. (Appropriate in the sense that the set of trial functions has the possibility of representing the actual flux wdth 
reasonable closeness.) 

(2) Both the symmetric and asymmetric modes of the discontinuous trial-function option of SYN2D yield un
satisfactory results for this configuration using the sets of discontinuous trial functions specified above. These choices 
of trial functions arc not capricious; they arc of the type normally selected for this purpose and are of the kind one 
would expect a user to select naturally for this kind of configuration. Using these trial functions, as has been shown, 
the symmetric mode produces widely different results employing the same set of trial functions in different ordcrings, 
and the asymmetric mode introduces large spurious asymmetries in the flux description. 
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I V - 1 0 . S i n g l e - C h a n n e l C o n t i n u o u s - T r i a l - F u n c t i o n C a l c u l a t i o n s 
i n a F a s t R e a c t o r C o n f i g u r a t i o n 

V. Luco 

INTRODUCTION 

A scries of two-dimensional synthesis calculations using the SYN2D module of the ARC system with continuous 
trial functions has been performed for a typical LMFBR configuration. The object of the calculations was to investi
gate the quality of the synthesis results that can be obtained in this situation for a variety of one-dimensional trial 
function choices. 

REACTOR CONFIGURATION 

The reactor model chosen for this study is the reactor described in Rcf. 1. This model represents a typical 1000 
MWe LMFBR design. The dimensions of the reactor and its subdivision in major regions arc shown in Fig. IV-10-1, 
where one quarter of the configuration is depicted in rz coordinates. 
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For the neutronic calculations, both synthesis and finite-difference, the reactor isotopic compositions were specified 
in more detail as shown in Fig. IV-10-2 and in Tables IV-10-1 and IV-10-II, where the geometrical layout of the 
finer region structure and its isotopic compositions arc specified. Table IV-10-1 gives a bcginning-of-cyclc (BOC) 
isotopic composition and Table IV-10-II gives the middlc-of-cyclc (MOC) composition. 

The calculations in this study were performed using six energy groups whose boundaries are listed in Table IV-lU-
II I . The cross sections used are from the Argonne 29601 cross section set, which is a six group set obtained from an 
original 29-group set prepared for FFTF studies, called the 29001 set.2 

The first step in the calculations was to obtain two-dimensional fluxes and the corresponding values of fcc// , power 
fractions, and regional and total breeding ratios using a regular finite difference approximation to the problem. The 
values obtained were then used as standard or "exact" values against which the various synthesis results were com
pared. The ARC modules DIF2D(3) and INVENT/4 ' which perform two-dimensional diffusion calculations and in
ventories respectively, were used to obtain these parameters. 

SYNTHESIS CALCULATIONS 

The synthesis calculations in this study arc of the single-channel continuous-trial function type; in terms of trial 
functions, there is only one expansion of the flux which applies over the entire axial domain. Galerkin weighting was 
employed throughout. 



TABLE IV-10-1. BEGINNING-OF-CYCMS ISOTOPIC COMPOSITION 

CZAl 
CZAl 
CZA l 
CZAl 
CZA2 
CZA2 
CZA2 
CZA2 
CZA3 
CZA3 
CZA3 
CZA3 
CZA4 
CZA4 
CZA4 
CZA4 
CZA5 
CZA5 
CZA5 
CZA5 
CZA6 
CZA6 
CZA6 
CZA6 
CZA7 
CZA7 
CZA7 
CZA7 
CZB1 
CZB1 
CZB1 
CZB1 
CZR2 
CZB2 
CZB2 
CZB2 
CZC1 
CZC1 
CZC1 
CZC1 
RB11 
RB11 
RB11 
RB11 
RB?1 
RB21 
RB21 
RB21 

Ml 
•"* 
M7 
M O 
M l 
M4 
M7 
MIO 
M l 
M4 
M7 
" 1 0 
M l 
Mi, 
M7 
MIO 
M l 
M4 
M7 
M I O 
M l 
M«, 
M7 
M I O 
M l 
M4 
M7 
" 1 0 
M l 
M4 
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" 1 0 
M l 
ut, 
M7 
" 1 0 
M l 
1 4 
M7 
M I O 
M l 
M4 
M7 
M I C 
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" 4 
M7 
M I O 

0 . 7 5 7 8 4 E - 0 2 M 2 
0 . 1 3 7 2 1 E - 0 3 M 5 
0 . 1 1 8 1 7 E - 0 5 M 8 
0 .127C9E-01M11 
0 . 7 5 7 S 7 E - 0 2 M 2 
0 . 1 3 7 3 1 6 - 0 3 N 5 
0 .11775E-C5M8 
0 . 1 2 7 C 9 E - 0 1 M 1 1 
0 . 7 5 8 3 3 E - 0 2 M 2 
0 . 1 3 7 5 5 E - 0 3 M 5 
0 . 1 1 6 6 6 E - 0 5 M 8 
0 .127CSE-01M11 
0 . 7 5 8 9 3 E - 0 2 M 2 
0 . 1 3 7 9 7 E - 0 3 M 5 
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0 . 7 6 0 9 3 E - 0 2 M 2 
0 . 1 3 9 3 7 E - 0 3 M 5 
0 . 1 0 8 2 4 6 - 0 5 M 8 
0 . 1 2 7 0 9 E - 0 1 M 1 1 
0 . 7 6 2 6 2 F - 0 2 M 2 
0 . 1 4 0 5 9 E - 0 3 M 5 
0 . 1 0 1 7 5 E - 0 5 M 8 
0 .127C9F-01M11 
0 . 7 0 9 1 1 F - 0 2 " 2 
0 . 1 9 7 7 2 E - 0 3 M 5 
0 . 8 5 4 8 f E - C 6 M 8 
0 . 1 2 7 0 9 E - 0 1 M 1 1 
0 . 7 1 1 6 4 F - 0 2 M 2 
0 .2009CE-03M5 
0 .76086E-C6M8 
0 .127C9E-01M11 
O.703O2E-O2M2 
0 .18858E-C3M5 
0 .11113E-C5M8 
0 . 1 2 7 0 S E - 0 1 " U 
0 . 1 1 7 3 c E - 0 1 M 2 
0 . 9 3 4 9 9 E - 0 7 " 5 
0 .12518E-O5M8 
0 . 2 3 6 1 P E - C 1 M 1 
0 . 1 1 8 1 2 E - 0 1 M ? 
0 . 3 7 3 4 4 E - 0 7 M 5 
0 . 9 8 3 8 t E - 0 6 M 8 
0 . 2 3 6 1 6 E - 0 1 M 1 1 
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0 . 4 8 3 3 1 E - 0 4 M 6 
O.27O26E-03M9 
0 . e 3 2 3 5 E - 0 2 
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0 . 4 8 3 1 4 E - 0 4 M 6 
0 . 2 6 8 9 7 E - 0 3 M 9 
0 . 8 3 2 3 5 E - 0 2 
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0 . 4 8 2 7 0 E - 0 4 M 6 
0 .26556E-C3M9 
0 . e 3 2 3 5 E - 0 2 
0 . 8 3 7 2 4 E - 0 3 M 3 
0 . 4 8 1 9 4 E - 0 4 M 6 
0 . 2 5 9 8 9 E - 0 3 M 9 
0 . 8 3 2 3 5 E - 0 2 
0 . 8 3 6 5 4 E - 0 3 M 3 
0 . 4 8 0 8 2 E - 0 4 M 6 
0 . 2 5 1 9 1 E - 0 3 M 9 
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0 . 0 
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0 . 0 
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0 . 1 0 1 0 5 E - 0 1 M 2 
0 .10980E-C6M5 
0 . 1 0 5 8 0 E - 0 5 M 8 
0 .127CSE-01M11 
0 . 1 0 1 0 6 E - 0 1 M 2 
0 . 1 0 8 3 5 E - 0 6 M 5 
0 . 1 0 5 3 8 E - 0 5 M 8 
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0 . 1 0 1 9 4 E - 0 1 M 2 
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0 . 1 0 1 9 8 E - 0 1 M 2 
0 . 2 6 3 6 9 E - 0 7 M 5 
0 . 6 8 4 4 7 E - 0 6 M 8 
0 . 1 2 7 0 9 E - 0 1 M H 
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0 . 1 0 8 5 7 E - 0 3 M 3 
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0 . 8 3 2 3 5 E - C 2 
0 . 9 9 2 2 0 E - 0 4 M 3 
0 . 1 1 0 7 3 E - 0 9 M 6 
0 . 1 2 8 2 7 E - 0 4 M 9 
O . 8 3 2 3 5 E - 0 2 
0 . 6 9 0 1 8 E - 0 4 M 3 
0 . 1 7 1 4 3 E - 1 0 M 6 
0 . 6 2 2 2 7 E - 0 5 M 9 
0 . 3 8 9 0 1 E - 0 2 
0 . 5 1 2 5 5 E - 0 4 M 3 
0 . 5 4 6 9 2 E - 1 1 M 6 
0 . 2 9 6 3 8 E - 0 5 M 9 
0 . 3 8 9 0 1 E - O 2 
0 . 7 0 2 3 8 E - 0 4 M 3 

T A B L E I V - 1 0 - 1 . 

0 . 2 6 8 5 1 E - 0 5 
0 . 2 8 1 3 0 E - 0 4 
0 . 0 

0 . 2 6 6 0 9 6 - 0 5 
0 . 2 8 1 4 2 E - 0 4 
0 . 0 

0 . 2 5 9 7 4 E - 0 5 
0 . 2 8 1 7 5 6 - 0 4 
0 . 0 

0 . 2 4 9 2 0 6 - 0 5 
0 . 2 8 2 3 1 6 - 0 4 
0 . 0 

0 . 2 3 4 2 8 6 - 0 5 
0 . 2 8 3 1 1 E - 0 4 
0 . 0 

0 . 2 1 3 8 7 6 - 0 5 
0 . 2 8 4 2 4 6 - 0 4 
0 . 0 

0 . 1 7 6 0 2 6 - 0 5 
0 . 2 8 6 5 3 6 - 0 4 
0 . 0 

0 . 1 2 6 2 1 E - 0 5 
0 . 2 9 0 0 4 E - 0 4 
0 . 0 

0 . 8 7 3 8 9 6 - 0 6 
0 . 2 9 3 1 9 6 - 0 4 
0 . 9 2 0 0 0 6 - 0 3 

0 . 1 5 8 9 2 6 - 0 5 
0 . 2 8 4 9 5 6 - 0 4 
0 . 0 

0 . 6 7 8 2 8 6 - 0 6 
0 . 3 4 2 6 8 E - 0 4 
0 . 0 

0 . 3 8 6 0 2 E - 0 6 
0 . 3 4 7 0 5 E - 0 4 
0 . 0 

0 . 1 1 1 3 0 E - 0 5 

Continued 

ABA31 
AS A 31 
ABA31 
ABA32 
ABA32 
ABA32 
ABA32 
ABA33 
A8A33 
ABA33 
ABA33 
ABA34 
ABA34 
ABA34 
ABA34 
ABA35 
ABA35 
ABA35 
ABA35 
ABA36 
ABA36 
ABA36 
ABA36 
ABA37 
ABA37 
ABA37 
ABA37 
ABB31 
ABB31 
ABB31 
ABB31 
ABB32 
ABB32 
AB832 
AB832 
ABC31 
ABC31 
ABC31 
A8C31 
RBI 4 
RB14 
RB14 
RB14 
RB24 
RB24 
RB24 
RB24 
REFAX 
REFRD 

M4 
W7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
MIO 
MIO 

0 .86508E-C8M5 
0 . 4 8 1 9 1 E - 0 6 M 8 
0 .127C9E-01M11 
0 . 1 0 2 4 2 E - 0 1 M 2 
0 .85326E-C8M5 
0 . 4 7 9 8 0 E - 0 6 M 8 
0 .127C9E-01M11 
0 .1O243E-01M2 
0 .82254E-C8M5 
0 . 4 7 4 1 9 E - 0 6 M 8 
0 . 1 2 7 C 9 E - 0 1 M H 
0 . 1 0 2 4 5 E - 0 1 M 2 
0 .77226E-CeM5 
0 .4647CE-06M8 
0 . 1 2 7 0 9 E - 0 1 M 1 1 
0 . 1 0 2 4 7 E - 0 1 M 2 
0 . 7 0 2 7 1 E - 0 8 M 5 
0 . 4 5 0 8 4 E - 0 6 M 8 
0 .127CSE-01M11 
0 . 1 0 2 5 0 E - 0 1 M 2 
0 .61030E-C8M5 
0 . 4 3 0 e 4 E - 0 6 M 8 
0 . 1 2 7 0 9 E - 0 1 M 1 1 
0.1O25EE-O1M2 
0 .43512E-C8M5 
0 . 3 8 6 2 7 E - 0 6 M 8 
0.127CSE-01M11 
0 . 1 0 2 6 8 E - 0 1 M 2 
0 .23957F-C8M5 
0 .31826E-C6M8 
0 .12709E-C1M11 
0 . 1 0 2 7 7 E - 0 1 M 2 
0 .12924E-C8M5 
0 .260CSE-06M8 
0 .12709E-C1M11 
0 . 1 0 2 5 4 E - 0 1 M 2 
0 . 3 0 5 7 3 E - 0 8 M 5 
0 .38036E-C6M8 
0 . 1 2 7 0 9 E - 0 1 M 1 1 
0 . 1 1 9 4 2 E - 0 1 M 2 
0 . 7 8 5 4 5 E - 0 9 M 5 
0 . 2 7 0 2 3 E - 0 6 M 8 
0 . 2 3 6 1 8 E - 0 1 M 1 1 
0 . 1 1 9 5 3 E - 0 1 M 2 
0 . 3 5 7 6 6 E - 0 9 M 5 
0 . 2 1 7 9 6 E - 0 6 M 8 
0 . 2 3 6 1 8 E - 0 1 M 1 1 
4 . 2 6 4 8 5 E - 0 2 M 1 1 
7 . 8 8 5 7 E-02M11 

0 . 5 3 7 7 6 E - 1 0 M 6 
0 . 6 5 7 6 4 E - 0 5 M 9 
0 . 8 3 2 3 5 E - C 2 
0 . 6 9 9 2 5 6 - 0 4 M 3 
0 . 5 2 7 9 1 E - 1 0 M 6 
0 . 6 5 3 3 3 E - 0 5 M 9 
0 . 8 3 2 3 5 E - 0 2 
0 .69095E-04M3 
0 . 5 0 2 4 8 6 - 1 0 M 6 
0 . 6 4 2 0 1 E - 0 5 M 9 
0 . 8 3 2 3 5 E - 0 2 
0 . 6 7 6 9 8 E - 0 4 M 3 
0 . 4 6 1 5 8 E - 1 0 M 6 
0 .62319E-C5M9 
0 . 8 3 2 3 5 E - 0 2 
0 . 6 5 6 8 2 ^ - 0 4 M 3 
0 . 4 0 6 5 4 E - 1 0 M 6 
0 . 5 9 6 8 4 E - 0 5 M 9 
0 . 8 3 2 3 5 6 - 0 2 
0 . 6 2 8 4 7 E - 0 4 M 3 
0 . 3 3 6 2 6 6 - 1 0 M 6 
0 .56226E-C5M9 
0 . 8 3 2 3 5 E - 0 2 
0 .56491E-04M3 
0 . 2 1 3 3 1 E - 1 0 M 6 
0 . 4 8 0 0 7 E - 0 5 M 9 
0 . 8 3 2 3 5 E - 0 2 
0 .46905E-C4M3 
0 . 9 5 6 3 9 E - 1 1 M 6 
0 . 3 5 4 6 9 E - 0 5 M 9 
0 . 8 3 2 3 5 E - 0 2 
0 . 3 9 2 2 1 E - 0 4 M 3 
0 . 4 1 7 2 2 E - 1 1 M 6 
0 . 2 8 3 2 0 E - 0 5 M 9 
0 . 8 3 2 3 5 6 - 0 2 
0 . 5 7 7 1 5 6 - 0 4 M 3 
0 . 1 3 7 5 0 6 - 1 0 M 6 
0 . 4 9 2 9 3 E - 0 5 M 9 
0 . 8 3 2 3 5 E - 0 2 
0 . 3 9 7 2 3 E - 0 4 M 3 
0 . 2 1 2 2 5 6 - 1 1 M 6 
0 . 2 5 3 1 5 E - 0 5 M 9 
0 . 3 8 9 0 1 6 - 0 2 
0 . 2 9 8 7 8 E - 0 4 M 3 
0 . 7 4 721E-12M6 
0 . 1 3 0 4 2 E - 0 5 M 9 
0 . 3 8 9 0 1 E - 0 2 
1 .0952 E-02 
1 . 6 5 3 7 5 E - 0 3 

0 . 2 9 1 9 5 E -

0 . 0 

0 . 1 1 0 2 86-
0 . 2 9 2 0 4 E 
0 . 0 

0 . 1 0 7 6 2 6 -

0 . 2 9 2 2 5 E -
0 . 0 

0 . 1 0 3 1 9 6 -

0 . 2 9 Z 6 2 E -
0 . 0 

0 . 9 6 9 0 0 E -

0 . 2 9 3 1 5 6 -

0 . 0 

0 . d 8 2 1 5 6 -

0 . 2 9 3 9 0 6 -
0 . 0 

0 . 7 0 4 2 9 E -

0 . 2 9 5 6 1 E -

0 . 0 

0 . 4 7 3 7 4 E -

0 . 2 9 8 2 2 6 -
0 . 0 

0 . 3 1 4 6 6 6 -

0 . 3 0 0 3 4 6 -
0 . 9 2 0 0 0 6 -

0 . 5 6 4 5 6 6 -
0 . 2 9 5 5 4 6 -

0 . 0 

0 . 2 3 9 2 0 E -
0 . 3 5 0 1 6 t -
0 . 0 

0 . 1 4 2 1 1 6 -

0 . 3 5 2 5 1 6 -

0 . 0 
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TABLE IVIOII. Continued 
A B A 2 i 
A 8 A 2 1 
A B A 2 1 
A B A 2 1 
A B A 2 2 
*VBA22 
A B A 2 2 
A B A 2 ? 
A 8 A 2 3 
A B A 2 3 
A B A 2 3 
A B A 2 3 
A B A 2 4 
A B A 2 4 
A B A 2 4 
A 8 A 2 4 
A B A 2 5 
A 3 A 2 5 
A B A ? S 
A B A 2 5 
A 3 A 2 6 
A B A 2 6 
A B A 2 6 
A B A 2 6 
A B A 2 7 
A B A 2

7 

A 3 A 2 7 
A B A 2 7 
A S B 2 1 
A-1B2 I 
A B B 2 1 
A B B 2 1 
A B H 2 2 
A B B 2 2 
A B B 2 2 
4 B B 2 2 
A B C 2 ! 
A 8 C 2 1 
A B C 2 1 
A B C 2 1 
P B 1 3 
' B 1 3 
r

8 1 ^ 
• ' B I S 
' ' 8 2 3 
••?B2 3 
° « 2 3 
3

B 2 3 
A 8 A 3 1 

M l 
" 4 
" 7 
M I O 
M l 
M4 
M7 
M ] 0 
M l 
M4 
M7 
M I O 
M l 
Hi. 

M7 
" 1 0 
M l 
" 4 
M7 

•no 
" i 
M4 
" 7 
MIO 
" 1 
M4 
M7 
" 1 0 
M l 
" 4 
" 7 
" 1 0 
M l 
" 4 
" 7 
M I O 
M l 
M4 
M7 
" 1 0 
M l 
M4 
M7 
" 1 0 
" 1 
M4 
" 7 
MIO 
" 1 

0 . 1 0 0 4 8 D - 0 1 M 2 
0 . 1 4 6 1 6 D - 0 4 M 5 
0 . 1 5 9 4 5 D - 0 5 M 8 
0 . 1 2 7 C « D - 0 1 M 1 1 
0 . 1 0 0 5 0 D - 0 1 M 2 
0 . 1 4 3 5 2 D - C 6 " 5 
0 . 1 5 8 4 9 D - 0 5 M 8 
0 . 1 2 7 0 5 0 - O l M l l 
0 . 1 0 0 5 5 D - C 1 M 2 
0 . 1 3 6 6 6 0 - 0 6 M 5 
0 . 1 5 5 S 5 P - C 7 M 8 
0 . 1 2 7 0 9 0 - 0 1 M K 
0 . 1 0 0 6 3 0 - 0 1 " 2 
0 . 1 2 5 5 2 D - C 6 M 5 
0 . 1 5 1 6 2 D - 0 5 M 8 
0 . 1 2 7 0 9 P - 0 1 M 1 1 
0 . 1 O 0 7 5 O - 0 1 M 2 
0 . 1 1 0 2 8 D - 0 6 M 5 
0 . 1 4 5 3 C 0 - 0 5 M e 
0 . 1 2 7 0 5 0 - O l M l l 
0 . 1 0 0 9 2 D - 0 1 M 2 
0 . 9 1 1 9 9 0 - C 7 M 5 
0 . 1 3 6 4 2 D - 0 5 M 8 
0 . 1 2 7 0 9 0 - 0 1 W 1 ! 
0 . 1 0 1 1 0 0 - 0 1 " 2 
0 . 6 5 4 4 7 0 - 0 7 M 5 
0 . 1 2 2 ? 7 D - 0 5 " « 
0 . 1 2 7 C 9 D - 0 1 M H 
0 . 1 0 1 4 7 D - 0 1 " 2 
0 . 3 9 0 6 6 0 - 0 7 M 5 
0 . 1 0 3 1 6 P - C 5 M 8 
0 . 1 2 7 0 9 P - 0 1 M 1 1 
O .

1
0 i 7 9 P - 0 i M 2 

0 . 1 9 6 2 4 D - C 7 " 5 
0 . 8 2 3 4 8 0 - 0 6 M 6 
0 . 1 2 7 C 9 D - 0 1 M 1 1 
0 . 1 O 1 5 7 0 - 0 1 M 2 
0 . i 5 9 _ O 2 O - C 7 M 5 
0 . 9 7 4 ~ 4 E 0 - C 6 M 8 
0 . 1 2 7 0 < = 0 - 0 1 " 1 1 
0 . 1 1 8 7 6 D - 0 1 M 2 
0 . 9 1 2 3 9 0 - C 8 M 5 
O . f 9 4 7 0 0 - 0 6 M 8 
0 . 2 3 6 1 9 D - 0 1 " 1 1 
0 . 1 1 9 1 7 0 - 0 1 M 2 
0 . 3 1 3 4 9 D - 0 8 M 5 
0 . 4 3 7 9 2 D - C 6 M 6 
0 . 2 3 6 1 9 0 - 0 1 " 1 1 
0 . 1 0 1 6 2 D - 0 1 M 2 

0 . 2 3 1 4 1 D - C 3 M 3 
0 . 2 3 6 4 8 0 - 0 8 M 6 
0 . 3 6 1 9 7 0 - 0 4 M 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 2 2 9 9 7 0 - 0 3 M 3 
0 . 2 3 0 7 3 0 - 0 8 M 6 
0 . 3 5 8 1 0 0 - 0 4 M 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 2 2 6 1 6 D - 0 3 M 3 
0 . 2 1 5 9 6 0 - C 8 M 6 
0 . 3 4 7 9 4 D - 0 4 M 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 2 1 9 7 2 D - 0 3 M 3 
0 . 1 9 2 5 3 D - 0 8 M 6 
0 . 3 3 1 1 4 0 - C 4 M 9 
O . 8 3 2 3 5 O - 0 2 
0 . 2 1 0 4 2 D - 0 3 M 3 
0 . 1 6 1 8 4 0 - 0 8 M 6 
0 . 3 0 7 2 2 0 - 0 4 M 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 1 9 7 6 1 D - 0 3 M 3 
0 . 1 2 5 0 5 D - 0 8 M 6 
0 . 2 7 7 1 8 D - 0 4 M 9 
0 . 8 8 3 2 5 0 - 0 2 
0 . 1 7 7 9 9 0 - 0 3 M 3 
Q . 7 9 B 3 3 D - 0 9 M 6 
0 . 2 3 4 3 7 D - C 4 " 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 1 5 3 0 8 0 - C 3 " 3 
0 . 3 9 6 8 7 0 - 0 9 M 6 
0 . 1 8 5 2 2 D - C 4 " 9 
0 . 8 3 2 3 5 D - 0 2 
0 . 1 2 6 1 1 0 - 0 3 M 3 
0 . 1 5 6 4 5 D - 0 9 M 6 
0 4 1 3 S 6 6 0 - C 4 " 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 1 4 4 5 7 0 - 0 3 M 3 
0 . 3 6 4 2 7 0 - 0 9 M 6 
0 . 1 7 0 8 8 D - 0 4 M 9 
0 . 8 3 2 3 5 0 - 0 2 
0 . 1 0 0 3 9 D - 0 3 M 3 
0 . 5 4 7 6 4 D - 1 0 M 6 
0 . 8 0 7 7 1 0 - 0 5 1 ° 
0 . 3 6 = 0 2 0 - 0 2 
0 . 6 7 5 3 8 0 - 0 4 M 3 
0 . 1 3 2 2 1 0 - 1 0 M 6 
0 . 4 0 1 4 6 0 - 0 5 M 9 
0 . 3 8 9 0 2 0 - 0 2 
0 . 1 4 1 9 5 0 - 0 3 M 3 

0."00460-05 
0.248660-04 
0.0 0+00 

0.790540-05 
0.249040-04 
0.0 D + 00 

0 . 7 6 4 4 6 0 - 0 5 
0 . 2 5 0 0 0 0 - 0 4 
0 . 0 D+00 

0 . 7 2 1 2 6 0  0 5 
0 . 2 5 1 7 5 0  0 4 
0 . 0 0 * 0 0 

0 . 6 6 0 6 5 0 - 0 5 
0 . 2 5 4 2 3 0 - 0 4 
0 . 0 0 * 0 0 

0.580220-05 
0.257670-04 
0.0 0+00 

0.463770-05 
0.263050-04 
0.0 0+00 

0.328570-07 
0.270160-04 
0.0 0*00 
0.208090-05 
0.27^880-04 
0.920000-03 

0.305320-05 
0.272470-04 
0.0 0+00 

0.127890-05 
0.J3406D-04 
0.0 0+00 
0.619530-06 
0.342440-04 
0.0 U + 00 
0 . 3 3 2 8 3 D - 0 5 

ABA31 
ABA31 
ABA31 
ABA32 
ABA32 
ABA32 
ABA32 
ABA33 
ABA33 
ABA33 
ABA33 
A3A34 
ABA34 
ABA34 
ABA34 
ABA35 
ABA35 
ABA35 
ABA35 
ABA36 
ABA36 
ABA36 
ABA36 
ABA37 
ABA37 
ABA37 
ABA37 
A8P31 
ABB31 
ABB31 
ABB31 
ABB32 
ABB32 
ABB32 
ABP32 
AB031 
ABC31 
ABC31 
ABC3] 
RBI 4 
RBI 4 
RB14 
"B14 
RB24 
RB24 
RB24 
R824 
REFAX 
REFRD 

M4 
" 7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
" 7 
MIO 
" 1 
M4 
M7 
MIO 
M l 
M4 
" 7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
" 4 
M7 
MIO 
Ml 
" 4 
M7 
MIO 
Ml 
" 4 
M7 
MIO 
M l 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
Ml 
M4 
M7 
MIO 
MIO 
MIO 

0 . 4 0 5 8 7 0 -
0 . 1 0 6 7 5 D -
0 .1270OD-
0 . 1 0 U 3 0 -
0 . 3 9 7 8 0 U -
0 . 1 0 6 0 3 D -
0 . 1 2 7 0 9 0 -
0 . 1 0 1 6 6 0 -
0 . 3 7 6 8 3 0 -
0 . 1 0 4 1 3 0 -
0 . 1 2 7 0 9 D -
0 . 1 0 1 7 2 D -
0 . 3 4 2 7 9 D -
0 . 1 0 0 8 7 0 -
0 . 1 2 7 0 9 D -
0 . 1 0 1 7 9 D -
0 . 2 9 6 7 3 0 -
0 .961CBD-
0 . 1 2 7 0 9 0 -
0 . 1 0 1 9 0 0 -
0 . 2 3 9 2 9 D -
0 . 8 9 4 3 1 D -
0 . 1 2 7 0 9 0 -
0 . 1 0 2 0 5 0 -
0 . 1 6 5 C 6 D -
0 . 7 8 9 9 0 0 -
0 . 1 2 7 0 9 0 -
0 . 1 0 2 2 4 D -
0 . 9 2 7 2 8 0 -
0 . 6 5 1 3 4 D -
0 . 1 2 7 0 9 0 -
0 . 1 0 2 4 3 0 -
0 . 4 2 7 5 5 D -
0 . 5 0 2 7 9 0 -
0 . 1 2 7 0 9 D -
0 . 1 0 2 3 C D -
0.P.2503D-
0 . 6 0 9 5 E D -
0 . 1 2 7 O 9 D -
0 . 1 1

C
2 5 D -

0 . 1 9 8 7 1 D -
0 . 4 2 4 1 4 0 -
0 . 2 3 6 1 9 D -
0 . 1 1 9 4 5 D -
0 . 6 8 8 1 2 0 -
0 . 2 9 6 1 4 0 -
0 . 2 3 6 1 9 0 -
4 . 2 6 4 8 5 6 -
7 . 8 8 5 7 E-

•07M5 
■0

C
M8 

01M11 
01M2 

■07M5 
■05M8 
0 1 M H 

■01M2 
•C7M5 
•05M8 
0 1 M U 
01M2 
07M5 
C5"8 
01M11 
01M2 
07M5 
06M8 
01M11 
C1M2 
07M5 
C6M8 
01M1! 
01M2 
07M5 
06M8 
01M11 
01M2 
06M5 
06N8 
0 1 M P 
01M2 
C8"5 
06M8 
01M11 
01M2 
08M5 
C6M8 
0 1 " 1 
01 M2 
C8M5 
06M8 
01M11 
01M2 
09M5 
06Mb 
C1M1I 
02M11 
0 2 M U 

0 . 4 2 0 5 5 0 
0 . 1 4 3 5 7 0 
0 . 8 3 2 3 5 0 
0.14C97D 
0 .409390-

0 . 1 4 1 9 5 0 

0 . 6 3 2 3 5 0 

0.13P35C-

0 .380700-
0 .13770U-

0 .83235D-
0 .13392C-

0 . 3 3 t 30D-

0 . 1 3 0 6 2 0 
0.83235D-

0 . 1 2 7 5 0 D-

0 . 2 7 6 2 7 0 -

0 . 1 2 0 6 9 0 -
0 .832J5D-
0 . 1 1 8 6 6 0 -

0 . 2 0 6 9 5 0 -
0 . 1 0 7 6 2 0 -

0 . 8 3 2 3 5 0 -
0 . 1 0 5 3 3 0 

0 . 1 2 5 5 5 0 

0 . 8 9 2 7 8 0 -

0 . 8 3 2 3 5 D 

0 . 8 8 7 7 3 0 -

0 . 5 7 6 5 4 0 -
0 . 6 8 7 0 8 0 -
0 . 8 3 2 3 5 0 

0 .71458D-

0 . 2 0 2 7 1 0 

0 . 5 0 2 2 8 0 

0 . 8 3 2 3 5 0 

0 . e 3 1 4 6 0 -
0 . 5 0 6 7 7 0 -

0 .62629D-

0 . 8 3 2 3 5 0 

0 . 5 6 3 2 1 D -

0 . 7 1 7 4 6 0 -

0 . 3 1 6 1 8 0 -

0 . 3 8 9 0 2 0 -

0 . 3 6 1 5 0 0 

0 . 1 7 5 9 . 7 0 

0 . 1 7 2 2 2 D -
0 . 3 e 9 0 2 0 
1.0952 E-

1 . 6 5 3 7 5 6 -

-09M6 
•04M9 
02 

•03M3 
•C9

M
6 

■04«9 
02 

■C3M3 
09M6 

•04M9 
02 

•'03M3 
0 9 " 6 

•04M9 
02 
03M3 

•09M6 
04«9 
02 
•03"3 
09M6 
04M9 
02 
0 3 " 3 
09M6 
05M9 
02 
04M3 
10M6 
0 5 " 9 
02 
04«3 
10M6 
05M9 
02 
04M3 
1 0 * 6 
05M9 
02 
04M3 
11M6 
05M9 
02 
04M3 
11M6 
05M9 
02 
02 
03 

0 . t 7 0 ° 1 0 - 0 4 
0 . 0 D+00 

0 .3?H310-O5 
0 . 2 7 1 1 8 D - 0 4 
0 . 0 D+00 

0 . 3 1 6 4 1 0 - 0 5 
0.271900- -U4 
0 . 0 0+00 

0 . 2 9 6 6 5 0 - 0 5 
0 . 2 7 3 1 2 0 - 0 4 
0 . 0 D+00 

0 . 2 4 8 9 6 0 - 0 5 
0 . 2 7 4 9 1 0 - 0 4 
0 . 0 0+00 

0 . 2 3 2 5 3 C - 0 5 
0 . 2 7 7 3 9 0 - 0 4 
0 . 0 D+00 

0 . 1 8 1 2 5 0 - 0 5 
0 . 2 8 1 2 2 D - U 4 
0 . 0 0+00 

0 . 1 2 3 7 3 0 - 0 5 
0 . 2 8 6 2 0 0 - 0 4 
0 . 0 D+00 

0 . 7 4 3 9 2 0 - 0 6 
0 . 2 9 1 4 8 0 - 0 4 
0 . 9 2 0 0 0 0 - 0 3 

0.1125911-05 
0 . 2 8 7 7 8 0 - 0 4 
0 . 0 D+00 

0 . 4 5 3 5 6 0 - 0 6 
0 . 3 4 5 0 2 D - 0 4 
0 . 0 0+00 

0.2205b0-06 
0.349840-04 
0.0 0+00 

a 

>*, 

o 
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TABLE IV-10-III. ENERGY BOUNDARIES 

Group 

1 
2 
3 
4 
5 
6 

Lower Energy Boundary 

1.35 MeV -
183 keV 
24.8 keV 
4.31 keV 
275 eV 
10"5 eV 

TABLE IV-10-1V. M.O.C. h.„ VALUES 

Calculation 

1 
2 
3 
4 
5 
6 
7 

Type of Calculation 

2D 
T F 1, 2, 3, 4, 5 
T F 1, 3, 5 
T F 1, 3, 4 
T F 1, 2, 5 
T F 1, 2, 4 
T F 1, 5 
T F 1 

keff 

1.003480 
1.003058 
1.003015 
1.002893 
1.002840 
1.002893 
1.002862 
1.002476 

bkctf Error 

0.000422 
0.000465 
0.000597 
0.000640 
0.000597 
0.000618 
0.001004 

TABLE IV-10-V. M.O.C. SYNTHESIS RESULTS 

Calc. 

DIF2D 
5 T .F . 
3 T .F . 
1 T .F . 

Cacl. 

D I F 2 D 
5 T .F . 
3 T .F . 
1 T .F . 

keff 

1.003480 
1.003058 
1.003015 
1.002440 

keff 

1.003480 
1.003058 
1.003015 
1.002440 

BR 

1.37081 
1.37429 
1.38121 
1.39521 

BR 

1.37081 
1.37429 
1.38121 
1.39521 

Regional Breeding Ratios 

CI 

0.50449 
0.50592 
0.50634 
0.50886 

C2 

0.28833 
0.28708 
0.28673 
0.28509 

AB1 

0.24182 
0.27193 
0.24187 
0.23832 

AB2 

0.13552 
0.13376 
0.13375 
0.13604 

RBI 

0.11885 
0.14979 
0.14980 
0.14903 

RB2 

0.05181 
0.05583 
0.06272 
0.07796 

Regional Power Fractions 

CI 

0.5071 
0.5087 
0.5092 
0.5115 

C2 

0.3816 
0.3798 
0.3793 
0.3773 

AB1 

0.0515 
0.0514 
0.0514 
0.0499 

AB2 

0.0235 
0.0233 
0.0234 
0.0249 

RBI 

0.0311 
0.0312 
0.0312 
0.0310 

RB2 

0.0052 
0.0055 
0.0055 
0.0054 

arbitrary 
units 

0.75254 
0.75798 
0.76197 
0.76933 

Location, 
cm 

r 

1.266 
1.266 
1.266 
1.266 

z 

3.810 
3.810 
3.810 
3.810 

TABLE IV-10-VI. B.O.C. SYNTHESIS RESULTS 

Calc. 

D I F 2 D 
5 T . F . 

Calc. 

D I F 2 D 
5 T .F . 

keff 

1.042968 
1.040214 

keff 

1.042968 
1.040214 

BR 

1.46050 
1.42670 

BR 

1.46050 
1.42670 

Regional Breeding Ratios 

CI 

0.46276 
0.47620 

C2 

0.28740 
0.28065 

AB1 

0.27912 
0.28636 

AB2 

0.17329 
0.16808 

RBI 

0.17703 
0.14574 

RB2 

0.08090 
0.06966 

Regional Power Fractions 

CI 

0.4858 
0.4998 

C2 

0.4112 
0.4016 

AB1 

0.0398 
0.0407 

AB2 

0.0238 
0.0233 

RBI 

0.0324 
0.0286 

RB2 

0.0069 
0.0061 

arbitrary 
units 

0.69292 
0.69032 

Pmax Location, 
cm 

r 

1.266 
1.266 

z 

3.810 
3.810 
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Five trial functions were used. All of them were one-dimensional radial flux shapes, obtained with the DIFlD ( 6 ) 

module of the ARC system, using the five different radial 3VIOC compositions in the reactor (sec Fig. IV-10-2). 
Trial function 1 is the one-dimensional flux in an infinitely long cylinder with radial compositions and dimensions 

identical to those in the core region of- the reactor, starting with CZA1, CZA2, • • • , and ending with the reflector 
region REFRD. Trial functions 2, 3 and 4 are the one-dimensional fluxes in infinitely long cylinders with radial 
compositions and dimensions identical with those in the first, second and third axial blanket regions, starting with 
compositions ABA11, ABA21 and ABA31, respectively. Trial function 5 is a reflector trial function using only the 
reflector composition across the axial reflector region, in which a volume source proportional to the fission source 
generated in calculating trial function 4 was introduced. 

Using these five trial functions, a series of synthesis calculations was performed for the HOC configuration (Table 
IV-10-II). Trial function number 1—the one based upon core compositions—was present in all the calculations per
formed. Table IV-10-IV summarizes some typical keff results obtained. 

The values obtained arc quite good for the calculations with five, three, and even two trial functions. The last, 
and surprisingly good, calculation using only one trial function shows the importance of the core contribution to keff . 

The values of regional breeding ratios were calculated for the regions shown in Fig. IV-10-1. The total breeding-
ratios were calculated with the INVENT(4) module using the fluxes from the 2D calculation and synthesis calcula
tions 1, 2 and 7. These A^alues, together with the regional power fractions, peak power, peak power location, and 
keff , are listed in Table IV-10-V. The synthesis results, especially those using five trial functions, arc remarkably 
accurate. The errors never exceed a few percent and generally are well under 1 %. 

One more synthesis calculation was performed, using five trial functions, to test the ability of the trial functions 
obtained for the middlc-of-cyclc conditions to synthesize fluxes corresponding to an appreciably different burnup 
stage of the same reactor. This calculation used the same five trial functions previously described to expand the flux 
corresponding to the beginning-of-cyele composition given in Table IV-10-1. The results are listed in Table IV-10-VI. 
As expected, the accuracy obtained is clearly less in this case. Nevertheless, most of the values obtained arc still 
within a few percent of the corresponding 2D results. Quantities such as kcff , peak power, and peak power location 
are predicted quite well. 

CONCLUSIONS 

The continuous synthesis procedure using a few one-dimensional trial functions has produced remarkably accurate 
values of a variety of physically significant reactor parameters, for a typical two-dimensional LMFBR configuration. 
When the trial functions arc used in a model with appreciably different compositions from the model for which they 
were calculated, the results, even though still acceptable are, as might be expected, of lower quality. This implies 
that synthesis methods could be used for fuel cycle calculations, employing trial functions computed for a single 
stage in the cycle. 
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I V - 1 1 . S o l u t i o n of t h e M u l t i g r o u p N e u t r o n D i f f u s o i n E q u a t i o n s 
b y S p a c e - E n e r g y F a c t o r i z a t i o n 

W. M. STACEY, JR. and H. HENRYSON, II 

An approximate, and computationally economical, method for solving the multigroup neutron diffusion equations 
has been developed and evaluated. The basis of the method is the factorization of the neutron flux into the product 
of a spectral function which is independent of position and a spatial function which is computed on a broad-group 
basis. Consistent, and implicitly coupled, equations arc derived for the spectral and spatial functions, and an itera
tive solution routine is devised. The method is analogous to a consistent group-collapsing scheme in that there is an 
iteration to consistency between the fine-group spectral function and the broad-group spatial functions. 

The method has been evaluated for one- and two-dimensional, 24-group LMFBR problems and for one-dimensional, 
165-group LMFBR problems. For the former problems, use of as few as two broad-group shape functions yielded an 
approximation which was sufficiently accurate for scoping analyses, while the use of six broad-group shape functions 
yielded quite accurate results. Use of fifteen broad-group shape functions yielded satisfactory results in the 165-
group problems. For both sets of problems, the results of the factorized calculations were more accurate than the 
results of few-group calculations in which the number of few groups and the number of broad-group spatial functions 
were identical. However, the factorization solutions required somewhat more computing time. The factorization 
method was also found to provide an excellent source guess for a direct multigroup solution, reducing the number of 
iterations required to converge the latter by 30-50 %. 

The results of this work have been published in the literature.1-4 A code, based upon the factorization method and 
using MC2 fine-group cross sections as input, has been written to generate spatially dependent broad-group cross 
sections in one-dimensional geometries. 
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I V - 1 2 . A n E f f i c i e n t M e t h o d f o r E v a l u a t i n g t h e J(p,d,a,b) I n t e g r a l 

R. N. HWANG 

INTRODUCTION 

The integral J(fik,dk,ak,bk) represents a generalized form of the usual /-integral which arises: (1) when the effect 
of the interference scattering cross section in the single-level formulation is included; or (2) when the multilevel 
formalism is used. J(Pk,8k,ak)bk) is defined as 

T(Pt fl n h ) - l f0 M * ' 3 * ) + hx(dk,Xk) , m 
2 J-=o ft + 2akxk + W0k,Xk) 

.vherc the parameters are defined according to the formulation of the cross sections.1 Physically, it is equivalent to 

.he resonance integral of an "isolated" resonance excluding the effect of mutual self-shielding due to the neighboring 
resonances when the NR-approximation is assumed. In other words, it has precisely the same physical meaning as 
the usual /-integral. 

In the single-level formulation, bk is set equal to zero. Parameters aK and ft can be defined slightly differently in 



476 IV. Reactor Computation Methods and Theory 

the resolved and the unresolved resonance regions to be consistent with the data in the ENDF/B file. For the re

solved resonance region, ak and ft are defined as 

«* = /|A<fc ̂  ^ > (2) 
V I k 0~p 

where 
ft = op/ook 

opa = potential scattering cross section of the absorber under consideration, b 
<rp = Xt/N or HT/N, b/atom. 

For the unresolved energy region, parameters ak and ft can be defined as 

ak = )/2 tan 28t (3) 

and 

ft = <Tp/((Tok cos 2SC), (or the equivalent ap), (4) 

where 

«■—- M <« 
<50 = R/\ (6) 

5i = i2/X  arctan (R/K) (7) 

52 = R/l  arctan [ 3 ^ 5  J , ' (8) 

eaidje and ne are the spherical Bessel and Neumann functions, respectively. 
The resonance integral for the "isolated" resonance k is related to J(^k,8k,ak,0) by 

(RI)k = g IW(j8*A,a*,0) , (9) 

where 
fl for resolved resonances 
\ l /cos 25< for unresolved resonances. 

In the multilevel formalism of the AdlerAdler form,2,3 parameters are defined as follows: 

h = i t ' / A (10) 

vk = Tls)/2 (11) 

a* = (lA)(Htk/Gtk) (12) 

ft = oPTis)/(^\2
g]GtkVE^k) (13) 

bk = HXk/Gxk, (14) 

where the multilevel parameters are defined in Ref. 2 and obtained from ENDF/B by ETOE2. 
The corresponding resonance integral for an "isolated" resonance excluding the mutual selfshielding effect is 

therefore 

(RI)k = aJ§^I^J{(ik,ek,ak,bk) (15) 

With parameters for various cases defined, the numerical technique for evaluating J(fik,9k,ak,bk) will be dis

cussed. A direct'numerical integration of Eq. (1) using any algorithm is highly undesirable due to the asymmetri 
behavior of the xfunction. The integration must be performed on the positive as well as the negative planes of a 
where the integrand exhibits different behavior. However, this difficulty can be avoided and, in fact, one may take 
full advantage of the symmetric and the asymmetric properties of the ty and xf unctions by redefining J(Pk,Bk,Ok,bk) 
in the following way: 
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/ ( f t A , a A , M = J (ft A ) + l dxL £ (2a,)2" ^ X " + 1 - &* ( <fc* E (2aA)n *"" 2n . (16) 
Jo »=1 (f t + \f/)in+l Jo n-1 (p + fY 

The two series in Eq. (16) must be uniformly convergent on physical grounds. Since (ft + 2a tx + "A) has the physi
cal meaning of the total cross section, which must be positive everywhere to be meaningful, it follows that ft + \p > 
2akx everywhere. I t is interesting to note that the two geometric scries can be written in closed form, and / ( f t , 0 t , 
ak,bk) becomes 

J(Pk,6k,ak,bk) = </(f tA) + I(Pk,dk,ak) - Mf(0*,0*,a*), (17) 

where the / - and ilf-integrals arc defined as 

/ ( f c A . a O = (2a,)2 [ *' .^?—dxL (IS) 
Jo (ft + <Pr — (2aAx)2 ft + x 

and 

M(ft A,ak) = (2a.) [ ( f e + J_ ( 2 ^ ) 2 clxk. (19) 

The advantage of Eq. (17) over Eq. (1) is quite obvious. Instead of integrating over both the positive and the 
negative planes of xk, the integration now is over the positive xk only. On the other hand, there arc two extra inte
grals to be evaluated. I t should be noted that the magnitudes of /(ft,fti,a*) and M(@k,dk,ak) arc generally much 
smaller than that of the corresponding /-integral. For instance, in the case of the single-level formulation, a cursory 
check indicates that the magnitude of the /-integral is generally less than 15 % of that of the corresponding /-integral 
for most cases of practical interest. A similar situation is also expected for the case of the multilevel formulation 
based on the limited data available on °U, Pu, and 'Pu. Hence, less strict error criteria are required for the 7-
and M-integrals. 

An accurate and efficient algorithm using the Gauss-Jacobi quadrature is proposed to evaluate these integrals 
simultaneously. In this algorithm, the /-integral is evaluated accurately to the relative error of less than 0.1 % every
where in the region of practical interest (10 -0 < ft- any 6). The same number of mesh-points are used for / - and 
M-integrals so that the total number of calculations for the \p- and x-integrals arc minimized. The M- and /-integrals 
obtained this way are less accurate, with a relative error of less than 1 %, which is believed to be sufficient for the 
problems of practical interest. The detailed description of this algorithm and its mathematical justification will be 
described in the following sections. 

TECHNIQUE OP RATIONAL TRANSFORMATION 

The proposed algorithm is directly based on the utilization of the general characteristics of the Gauss quadrature 
and the analytical behavior of the f- and x-functions. In general, the efficiency of the Gauss quadrature depends 
strongly on how the integrand behaves. I t is generally true that the integration is exact for a given number of mesh-
points N if the integrand is of the form zl'k=i AhXk where k < 2N — 1. Clearly, the most favorable integrand for 
the Gauss-quadrature formulas4 is the one which can be approximated by the polynomial £ A Ahxk with k as small as 
possible. As discussed previously,1 the integrand of the form [\p(x,d)]/p + \f/(x,d) docs not meet this requirement 
since the i/'-function quickly approaches its asymptotic series when x becomes large. As one shall see later, the inte
grand of the form [x(0,%)]/P + ^(0,z) is even worse since x{8,x) approaches its asymptotic series faster than the 
corresponding \}/{6,x). One way of resolving this problem is to divide the integrand into two parts whereby the 
integrand of the second integral in the asymptotic region also exhibits the form of £ 4 Akyl with the variable of 
integration y = 1/x as described by Ref. 5. In this paper, a new method of treating integrands of the forms 

(jh)'-ifT-J- -* G-T-J 0+* 
'« proposed. For simplicity, let f(x) be the integrand under consideration. Instead of integration over x, a transforma-

>n is made so that 
N— 1 

/ " f{x) „ , . » / ' * _ -&> - •<" \\ ,(0) + ± 1 ^ \ + R„ (20) 
JO A Jo A / 1 — 7/2 ( 1 — M2) K 12 ,=2 1 — U:\ 
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u-»l 
w 

where N, the total number of points over both the positive and the negative domains of u, is taken to be an odd 
integer and the new variable u is related to x by 

K1 -2 

M2 = r r ^ ' (21) 
and the choice of the parameter K will be discussed later. 

Equation (2) represents the Gauss-Jacobi quadrature with an odd number of mesh points where the related orthog
onal polynomial is the Chebyshev polynomial of first kind and 

«. = cos < * ^ T (22) 

R« = mk^>r)(liy' 0<*<L (23) 

The inclusion of the ut = 0 point is a significant saving in computing time since x(0,6k) - 0 and ^ (0 , dk) is related 
to the complementary error function which can be evaluated readily using the exceedingly efficient rational approxi
mation suggested by Hastings. Thus, the total number of entries to the \p- and x-functions is (N — l ) / 2 . The quan
tity (AT — l ) / 2 will be referred to as the total number of points required for the integration of all three integrals. 

The purposes of making the rational transformation are manyfold. The most obvious purpose is to take advantage 
of the asymptotic properties of the \p- and x-functions whereby 

, 1 , ( s - T - r ) r - = constant (24) 
l - w2 \j3 + Hi 

and 

(j^f j r ^ = constant--(1 - «')". (25) 

Hence, the asymptotic behavior of zli a/xk in the x domain can be eliminated. Of even greater importance from a 
mathematical point of view is that the transformation amounts to the analytic continuation of the series £"=o akxk 

in the x domain which does not converge in the limit of large x. The corresponding series ~J2i ykuk is believed to 
converge much more rapidly in the u domain (0 < u < 1). By choosing the parameter K appropriately according 
to the analytical behavior of the \p- and x-functions, it was found that one may obtain an accuracy of 0.1 % for the 
J(0k,9k,0,0) integral and 1 % or better for the / - and Af-integrals using the same number of mesh points in the re
gion of practical interest. The minimum number of mesh points required for the prescribed accuracy is obviously de
pendent on the magnitudes of ft 8, and a. For large 0, for instance, all integrals of the form defined in Eq. (17) are 
practically exact for a minimum of one point as \j/ and x become the natural line-shape functions. At the other ex
treme, a comparatively large number of mesh points is required when /? and 6 are both small. I t was found that a 
total of six points is sufficient in all regions of practical interest for LMFBR applications. 

CHOICE OF K 

From Eqs. (24) and (25), it is obvious that, for the case of large 6, where <p- and x-functions approach the natural 
line shapes, the method becomes most efficient. For the case of small 6, the <p- and x-functions will approach the 
natural line shape functions only if x is large. The rapidity with which the \p- and x-functions approach their asymp
totic forms depends strongly on the magnitude of 6. Hence, the problem becomes the appropriate choice of K as a 
function of 6 and /3 so that 

/ = £ CXMT' (26) 
i = i 

converges rapidly in the nonasymptotic region where the f- and x-functions are significantly different from their cor
responding natural line shapes. 

The\parameter K will be chosen to satisfy the error criteria of | e | < 0.1 for / and | e | < 1 % for M- and Z-inti 
grals. Since the behavior of the integrand / and its derivatives /(2n) depend on the magnitudes of /3 and 6, it is, there
fore, useful to divide the region of practical interest into three regions: 

I. Fast Reactor Region \B/${0,6) > 0.2; 6 < 1] 
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II. Lorentzian Region (0 > 0.5 outside of Region I) 
III. Intermediate Region (region outside of Regions I and I I ) . 

I. Fast Reactor Region [P/+(0,6) > 0.2, 6 < 1] 
This region is extremely important for fast reactor calculations since approximately SO % or more of the resonances 

under consideration fall in this region. Two special characteristics of the integrands in this region are: (1) the shapes 
of the integrands arc generally not too different from the corresponding + or x2 in the numerators; and (2) the inte

grands can always be expressed in terms of the rapidly convergent scries in u, namely, 

+ _ +(x,e) | +(x,e)[+(o,e) -+(x,e)} ]f(x,6)[HO,o) -+(x,d)f ^ ( 2 7 ) 

5 <1>''^»4^[1 +£*•»*•]■ <28) 

0 + + 0  +(0,8) [0 + +(0,8)}* [0 + +(0,8)}' 

In the nonasymptotic region where +(x,8) can be approximated by the Gauss form, Eq. (27) becomes 

+(x,8) ^ +(0,6) 
p + +(x,8)~ p + +(0,6) ,U 

where. 

A0 = 1 

1 Ax = 1 
P + +(0,8) 

A'  s ['  r+mz ~ 2*CM) (j+mz)' : etc. 

and 

where 

(29) 

" _ 02 

By = 2i ( — 1) CliA*—— 
x=i 4 / 1 z 

Cxi = . " —Y" , (the binomial coefficient). 
(v — X)!(X — 1)' 

I t was found that the convergence of Eq. (28) is relatively insensitive to the value of K as long as 0/6 < K < 0/2. 
From numerical experimentation, it was found that 

K = 0/5 (30) 

will yield the most accurate results in the /integral. A similar argument is also applicable to the M and /integrals. 

/ / . Lorentzian Region (6 > 0.5 Outside of Region I) 
In this region, the + and xfunctions will approach their asymptotic form rapidly, and the quantity +/($ + +) 

approaches 1/(0 + 1 + fix2) rapidly. Hence, K may be taken to be close in value to \/ft/(/3 + 1). In this region, 
the accuracy of the integration is generally not sensitive to the values of K as long as 0.3 A//3/(J3 + 1) < K < 
A/PVGS + !)• It w a s found 

K « V W + T ) (3D 
will generally give good results for /  , M, and /integrals. 

As in the case of Region I, the proposed method is also exceedingly efficient in this region. Less than five points are 
required to give the prescribed accuracy. 

/ / . Intermediate Region (Region Outside of Regions I and II) 
Among the three regions, the proposed method is relatively least efficient in this one. Both /3 and 0 are small in the 

intermediate region. I t is also the region of least importance in fast reactor applications. 
For the /integral, the integrand +/(& + +) exhibits a step function behavior with a sharp drop near 
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2 , 
x =  I n h4i]. 

where +/(& + +) is approximately equal to half of the value at x = 0. This is quite obvious if + is replaced by the 
Gauss form. The point of inflection for +/(() + +) is also close to this halfway point. Since the point of inflection is 
still small compared with x = 7/0 where +(x,8) approaches l/x2,m it is rather difficult to choose a K that will re

produce the same step functionlike behavior for quantity (1 — u). 
One way of choosing K in this region is to use a reference point Xi, which represents the break point of the power 

series and the asymptotic series representations of +/(($ + +). The exact value of Xi is extremely difficult to obtain. 
From Ref. 1 it is clear that X\ must be approximately equal to the break point suggested by Nicholson and Grasseschi.0 

Hence, X\ will be taken to be 

xi = ? [l.8971 + In ( l + 0.S5 ̂ ) J (32) 

for values of X\ > y/($ + l)/0; and 

^ Q { i [ , S 9 n + l n ( 1 + 0 , , ^ ) ] + i ^ } ) ' . (33, 

or xx in Eq. (32) < \/(0 + l)/ft 
Define 

2 K2x\ . _ 
Mi = TTKM  (34) 

so that 

By numerical experimentation, it was found that, by setting U\ ft* 0.77 or 1/K = 0.8292 Xi, good results in /  , 
M, and /integrals can be obtained for the case where Eq. (32) is valid. Better results can be obtained by letting 

1/K = 0.8292 xwi ■ (36) 

where 

= 0.018(0  0.00128) 0.080 , 
P ^ 0 + 0.00128 f ( O , 0 ) ' ' 

For the case where Eq. (33) is applicable, good results can b3 obtained by letting u2 = 0.5 or 

1/K = xx. (38) 

When 0 becomes extremely small, the integrands are not sensitive to the Gaussianlike behavior of the ^function 
and Eq. (38) will approach the same limit defined previously for the Lorentzian region. 

To give the prescribed accuracy, of | e | < 0.1 % for the /integral and | e | < 1 % for the M and /integrals, a 
total of six points is required in this region. I t should be noted that Region III is generally very small for problems of 
practical interest. The cases with extremely small 0 are those for lowenergy resonances with large neutron width. 
The combination of low resonance energy and large neutron width implies that 6 must be reasonably large. I t is 
extremely rare that a resonance will fall within the region 0 < 103 and 0 < 0.1. 

FURTHER ECONOMIES 

Under the condition that 0A is large compared with ^(0,0*), J(Pk,8k,ak,bk) can be evaluated analytically without 
going through the integration routine. In fast reactor applications there are a significantly large number of resonances 
that satisfy this condition. It is undoubtedly a significant saving of computing time to include the analytical expres

sions in the proposed algorithm. 
The integral J(Pk,8k,ak,bk) can be expressed in terms of a uniformly convergent series 
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T(fi „ „ h N _ 1 / C +(xk,8k) + bkX(xk,8k) , J(Pk,8k,ak,bk) - - { l m ft + HQA) dxk 

-i f °°^ . [̂ (a?*,gft) + h x f o . g Q M O A ) ~ +(*k,8k) - 2akx(xk,8k)} , \ fQ. 
+ Ltb* ift+wo^op ; + "7 (39) 

= TT/2 ( [ ^O,0 j - M ^ ( Q , \ / 2 0O] - akbk+(0,V2 8k) \ ' 
[ft + iKOA)] 1 + [ft + +(0,8k)} ^ '"]' 

where identities given in Ref. 8 were used. I t was found that, for 

ft + ^(O,0 j > , , 
*(0,fc) - °' 

an accuracy of | e | < 0.1 % can be obtained by keeping only the first two significant terms in Eq. (39). Thus, 

T(f, ft 0 Q) ~ V 2 |~1 -1- ^ ( ° A ) - H v K O , V 2 0*y 
J ( ^ > 0 > 0 ) ~ [ft + *«>,*>] L1 + ft + *(ojfc) . 

(40) 

lakbk+(0,V2 8k) ( 4 1 ) 

M(,k,8k,ak)^ [ f a + ^ ( Q ; M ] 2 

/( /Si.fl t .oOwO. (42) 

CONCLUSION 

The new algorithm using the technique of the rational transformation and the Gauss-Jacobi quadrature is believed 
to provide an accurate, economical, and flexible tool for evaluting the J(@k,8k,ak,bk) integral. This algorithm is 
particularly efficient in Region I where most of the practical problems in fast reactor applications fall and in Region 
II where 0 is relatively large. I t was found that an accuracy of | e | < 0.1 % for the /-integral and | e | < 1.0 % for 
the M- and /-integrals can be obtained by using five mesh points or less (total entries of the QUICKW routine).9 

For Region III, which is less important in fast reactor applications, six mesh points are required to give the prescribed 
accuracies. If one relaxes the accuracy of the /-integral to | «| < 0.5 % for this region, five mesh points are sufficient. 
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I V - 1 3 . A n A c c u r a t e M e t h o d f o r E v a l u a t i n g t h e O v e r l a p T e r m 
i n t h e U n r e s o l v e d R e s o n a n c e R e g i o n 

R. N. HWANG 

INTRODUCTION 

Extensive studies of the role of the resonance overlap effect in fast reactor calculations have been described in 
previous work.1'2 A rather crude method was proposed for estimating the overlap effect of neighboring resonances of 
the same sequence in the unresolved energy region. This early method is believed to be reasonably accurate in the 
energy region where resonances are strongly overlapping. However, it becomes questionable in the relatively low-
energy region and for the cases where the "equivalent" potential scattering cross section becomes small. These are 
the situations that one must face in the analysis of Doppler-effect experiments and of heterogeneity studies for fast-
reactor critical assemblies. The significance of the overlap effect on the temperature dependence of the Doppler co
efficient under meltdown conditions, where the extremely high temperature of the fuel pin may be accompanied by 
spectrum hardening due to the loss of sodium, must also be realized. Under this condition, even the well-separated 
238Tj resonances become strongly overlapping. The accurate estimation of the overlap effect is, therefore, important 
in fast reactor safety studies. Some preliminary results concerning this problem have been given in previous work.3 

Hence, an accurate estimation of the overlap effect is desirable. 
The purpose of this report is to describe a new ly developed method for estimating the overlap effect due to reson

ances of the same spin sequence in the unresolved energy region. Improvement on the earlier method1, has been made 
in three general areas. First of all, the exact Doppler-broadencd line-shape function +(8,x) is used instead of the 
approximate Gaussian form used previously. Secondly, the new method is made applicable even in the relatively low-
energy region and for cases where the equivalent scattering cross sections per absorbing atom, <jv

q, is small. The as
sumption that [+(8,x)/fi} > 1, used in the previous method, has been avoided. This assumption obviously breaks 
down whenever [+(8,O)/0\ < 0. Finally, the Dyson's correlation function4 for levels is used instead of the rather crude 
approximation used in the previous work.1. The use of the approximate correlation function described previously w as 
found to underestimate the overlap effect in the high-energy region. 

The analytical and numerical foundations of the proposed method are dcsciibed in detail in subsequent sections. 
A code has been developed to test and evaluate the merits of the proposed method. The last section describes the 
CHOPSUEY code and its computing time required for calculations of practical interest. 

FORMULATION OF THE OVERLAP TERM 

If the Ar/2-approximation and the "nearest neighbor" approximation1, are assumed, the overlap term for a given 
process x due to the resonances of the same sequence can be w ritten as 

- = J _ /Txk f°° _ , x d8_ r +k Ay+k'dxk \ , . 
°x ( D ) \ 2 L { } (D)L»l3k + +k'l3k + +k + Ak>+k>/kM>' U ; 

where Ak' is the ratio of the peak cross section of resonance k with respect to a given resonance k and (D) is the 
average level spacing. The brackets ( } indicate the statistical average over the distribution functions of the resonance 
parameters of both the A;th and /c'th resonances. The correlation function fi(5) is the probability that any k'th reso
nance will be found at a distance of <5 = EK — Ek> from a given resonance k. For our purpose, Q(8) is taken to be 
Dyson's two-level correlation function' 

where 

4,5 

Q(y) = i - {s(y)}2 + d^ si(y), (2) 
d(y) 

_ w | Ek - Ek, | (S y m (3 

s(y) = S - ^ J (4) 
y 

and the sine integral, si(y), is defined as 
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(y) = -f~dl. (5) Sl t 

Equation (1) involves multiple integrals. A direct numerical approach is believed to be extremely time-consuming, 
if at all practical, for routine design calculations. Equation (1) can be simplified considerably by series expansion. 

Note that the integral can be expressed as 

f™ +>. Ak'+k' , _ f°° +k j +k- Ak+k+k' , \ , „ . 
1 - ft. 4- +k Bk + +k + Ak+k' ' k 1 - Bk + *i W + +u (8k, + ^ , ) 2 I ' ^ ' - 0, + +k Bk + +k + Ak +k' J-- Bk + +k (ft- + +L> (8k- + +k- )2 

provided the resulting integrals arc uniformly convergent. The substitution of Eq. (6) into Eq. (1) gives 

ox = Kx ~ Kt + • • • , (7) 

where 

K\ = jjy^ {TxkJ)k(Tk'J)h' — Li (8) 

T i f' (s \ ds r /rtk +k \ / +v \ , ,Q. 

J~frrr> (9a) 
Jo Bk + +k 

K' ' ~ m <"'>*(^'"rsJ)„ - L> do) 

.£'?£s^>> (u> 
(DY x " '* \ 2 * d<xp

q 

(/))!» \(D)J (D) JL. \ 2 Lft & + ** 

r* = £ /" inh;chk = i \ ¥ 7 - <r-J)fc (12) 

2ft J-« pk + Wk * xPk/ 

\8k + +J = Lft + +t ~ (Bk + +kY\ Z5 ( 1 3 ) 
dcv 

and 

TV U)-1-"^)- M 
For cases of practical interest, the series in Eq. (7) is uniformly convergent on physical grounds. In contrast to the 

scries expansion used in the previous work, it is clear that the terms in Eq. (7) will converge more rapidly, even in 
the relatively low-energy region. In the region where the previous scries expansion is valid, Eq. (7) is equivalent to 
the inclusion of many terms in the previous expression. In the high-energy region, both expressions become identical. 
The rapidity of convergence of Eq. (7) depends on the degree of the self-shielding effect of the given isotope and 
the ratio of the average level spacing and the Doppler width in the energy region under consideration. Note that 
(rxk) defined in Eq. (12) represents the degree of self-shielding effect and is proportional to 1 — s, where s is the self-
shielding factor 

W (TFA') 
In fact, for practically all problems of interest in the unresolved region, the self-shielding effect is relatively small 
and (rXk) is generally much smaller than (TxkJ)k. From Eqs. (8), (10), and (13), it is obvious that Kx » /t"2 if the 
self-shielding effect is relatively weak. A similar argument can be made to show that the higher-order terms are also 
small. I t is generally true that the resonance sequence w ith large average spacing will tend to have a stronger self-
shielding effect in the low-energy region. I t w ill be shown in a later section that one seldom needs to retain the higher-
order terms beyond Kt and all Kn terms become identically zero Avhen the average spacing (D) becomes much larger 
than the corresponding Doppler width and the average total width. 

Since the /-integral and other related integrals can be readily evaluated using the algorithm proposed in Paper 
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IV12, the main task here is to evaluate the integral L\. Once Lx is known, L2 can be evaluated quite readily as one 
will be shown. 

EVALUATION OP LX AND L2 

Lx defined in Eq. (9) is still too complicated and a direct numerical approach will undoubtedly require excessive 
computing time. Furthermore, W(5/(D)) involves oscillatory functions which are highly undesirable for quadrature 
formulas. The problem can be resolved by the use of the Fourier transform technique. 

A. T E C H N I Q U E OF FOURIER TRANSFORM 

Define a function PA.(£) such that 

•\A>-n- •>-<• 
+ke • I * * . 

\/2ir •*» ft + +k 

The Fourier transform of W(8/{D)), say u(£), is4,5 

dxk 
+ +i 

(15) 

«(f) = 7 A F 1 -

«( { ) 

M 
V2TT 
<D)_ 

V2ir 

I <Z)>£ I 
+ — In 

Zir 

■1 + 

+ P|1}. 
I *" IJJ 

«■ I U < W T |  iJj ' I 27r 

p>f 
2TT 

> 1. 

< 1 
(16) 

From the convolution theorem and the Parseval theorem,6 it can be shown quite readily that 

Li = 2W2 L v£»<0 ( ^ ( j *)X ( T P*' (r^ «)X *• (17) 

Note that the quantities inside the brackets arc the statistically averaged values over the appropriate distribution 
functions of resonance parameters. The same subscript can be used for the two averaged quantities. 

I t is interesting to note that PA(?) is the unique solution of the following integral equation 

BkPk(t) +\[M cxp {[(£  lY/el}  If  l\}Pk(t)dt = vV2exp [(?/82
k)  |{|], (18) 

where the function on the righthand side is simply the Fourier transform of the +4\xi\ct\on as described in Rcf. 7. 
Before attempting to solve these integral equations, it is important to realize some analytical characteristics of 

Pk(Yki/2). First of all, Pk(Tk£/2) is an even function so that PA(r*| /2) = Pk(Tk£/2). Secondly, in the limit of 
large 04, PA(I\£/2) asymptotically approaches 

»2 TV \ / 
(19) P. (?>?)= VV2cxp( | V  § U l ) / f t , 

where A is the Doppler width. Thirdly, in another extreme where Tk is large compared with A, + becomes Lorentzian. 
As a result, Pk(Tk£/2) asymptotically approaches 

P (T" A ~ W/2 T r* , /ft + 1 /I 

according to Eq. (15). Of particular academic interest is the fact that Eq. (20) yields 

Li = a w \TzkTk' y ft(ft + D y ft(ft +1) z 

(20) 

1 — exp (— z) sinh z 
Ei( 

~ < 
cosh z sinh z 

(20a) 

k&k' 

where Ei(—z) is the exponential integral, and 

,  w [r A /K+J + r .A /3k' + l 

It folio ft s that 

(20b) 
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Ki = 4W \ r" y ft(ft +1)Tk' r M f t ' + D *oU)X&,'' (20c) 

where ^0(2) is identical with that derived by Moldauer for the correction term of the fluctuation in the reaction cross 
section based on a completely different physical argument. This signifies the strong analogy between these overlap 
correction terms. 

The characteristics defined by Eqs. (19) and (20) provide some clues on how (TJkPk(Tk^/2)) and 
((rk/2)Pk(Tk£/2)} vary as functions of £. This information is extremely important in the subsequent construction 
of quadrature formulas. 

With proper normalization, Eqs. (17) and (18) can be evaluated quite readily using Gauss-Hermite quadratures. 
Define a new variable 

v = «f, (21) 
where a is chosen to be 

« = V«D>A)2 + (A2/2) + T2 

and 

*-<rVt£i>- ( 2 2> 
Equation (17) becomes 

L l = \ w f £ " - V ^ C W " ) (T^MPL ( - 2 ^ ) ) ( | 9*MPk (^J) 01(1,.) + RN, (23) 

where 

^)=cxP[g] , (24) 
* < * ) - « p [ ( ^ + £), ;] (25) 

a" = »»[*_<(,.)]' ( 2 ° a ) 

^ = 2 W ! / ( " ( 2 / ) ' — < » < - (2 5 b) 

and T), is the ith zero of the Hermite polynomial Hn(n) and jT2n>(2/) is the 2nth derivatives of the integrand. Here 
the purpose of changing the variable is to ensure that the integrand varies slow ]y as a function of 17 in order to make 
the Gauss-Hermite quadrature highly efficient regardless of the values of (D), A, Tk, or 8k . Similarly, the integral 
in Eq. (IS) can be replaced by the Gauss-Hermite quadrature so that the resulting equation assumes the form of a 
matrix equation 

AP - B. (26) 

By normalizing each row of the matrix element of A to its diagonal element, one has 

A„ = —^giMgtMTkcxp ^ w > - Ya I*> - v'I / M > , » ^ i (27) 

and A,, 
AtJ- = 1, for i = j , (27a) 

i'here 

2^ = fc(*)[j8* + ^ f f . O h ) ] (28) 

gM = foMlWiJ.) (29) 
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B, = v V / 2 e x p (  I ? | £ | ) / # . (30) 

Hence, the quantities Pk(Tkr)i/2a) needed for Eq. (23) arc just the solution of a system of N equations. An efficient 
matrix inversion routine is needed for this purpose. The matrix A can be further simplified by partition, utilizing the 
symmetric properties of Pk. It should be noted that the normalization of the matrix proposed here is extremely 
important from a numerical point of view. This ensures that the coefficients of each linear equation will not have 
vanishingly small magnitudes simultaneously. 

From Eqs. (23) and (18), it is clear that the GaussHermite quadrature is most efficient and accurate when the 
Doppler Avidth is larger than or comparable with the average spacing and the average total width. On the other 
hand, the GaussHermite quadrature is less efficient when A becomes small. Under the latter condition, Pk(Tk%/2) 
approaches the exponential form defined by Eq. (20). From a practical point of view, the proposed quadrature is 
highly desirable because it yields accurate values for cases w ith large Doppler w idth w here the relative importance 
of the overlap effect is high. For the cases with small Doppler width where the overlap effect is less important, the 
accuracy of the results is less critical. I t was found that a 10point GaussHermite quadrature is sufficient to give 
accurate results. 

Since the matrix inversion of a relatively large matrix is generally time consuming, it is, therefore, desirable to 
optimize the proposed method to suit the routine application. The proposed method can be made more economical 
in two general areas: 

(1) In the region w here Bk is much larger than +(8k, 0), the matrix inversion can be avoided completely. Under this 
condition, Pk(£) can be represented accurately by the first two terms of the Neumann series solution of Eq. (IS). I t 
was found that this approximation is adequate as long as \Bk + ^(04,O)]/^(0,O) is larger than 2.5. For the fissile 
isotopes, for instance, approximately 80 % of the unresolved resonances in a typical fastreactor problem belong to 
this region. Hence, a significant saving in computer time can be achieved. 

(2) In the region where the matrix inversion is necessary, the symmetry properties of Pk( TkVi/2a) can be utilized. 
The matrix A can be partitioned into four submatrices of the size N/2 X N/2 where N is chosen to be 10 or any 
even number. By further utilizing the symmetry property of the GaussHermite quadrature points, it can be shown 
readily that only two N/2 x N/2 where N is chosen to be 10 or any even number. By further utilizing the symmetry 
property of the GaussHermit equadrature points, it can be shown readily that only two Ar/2 x N/2 matrix inversions 
are necessary in the actual calculations. Since the computing time required for the matrix inversion varies approxi

mately as the cube of N, a considerable saving in computer time can be achieved. 
Once Lx is evaluated, L2 can be obtained quite readily using the results of Pk(Tkri/2a), namely 

*■  ̂  /; ̂ « > <r {v^  '  ( a ' n .  ( r ' m / 2 ) ]  * (S oix 
/ \ (31) 

/Tk' (eq) d „ (Tk \ \ , 

'\2v* d^Pk\2y/k
 dl 

I t is interesting to note that the only unknown in Eq. (31) is the quantity 

d A„<eq) (H 
The latter quantity can be related to Pk(Tk%/2). Let 

R =  "{veq) r L P ( ^ I ) • (32) 
dov 3 p ( » . 

Differentiating Eq. (18) with respect to opq) and replacing the integral by the GaussHermite quadrature, one ob

tains a matrix equation of the form 

and 

AR = V/No, 

where P, is simply the solution of Eq. (26) and N0 is the normalization factor defined by Eq. (28). Hence, 
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TABLE IV-13-I. TIMING OF CHOPSUEY 

MC2 (QFJ) (no overlap) 
Proposed algorithms (overlap included) 

Case I 
Case II 

sec 

120 

47 
28 

R = A_1V/A^0, (33) 

where A - 1 has already been obtained in evaluating Lx. Thus, the second-order term can be obtained readily once the 
first-order term is known. 

For cases where the asymptotic formula is applicable, R is simply related to the corresponding asymptotic solution 
of P through Eq. (32). 

The same technique, in principle, can be extended to even higher-order terms. However, the evaluation of higher-
order terms beyond the second order is believed to be unnecessary on physical grounds. For cases in the low-energy 
region where the self-shielding effect is large, the average spacing is generally much larger than the corresponding 
Doppler width and the natural width for all problems of practical interest. Under such conditions, all Kn terms vanish 
as co(£) approaches the Dirac 5-function. 

CHOPSUEY CODE 

The CHOPSUEY code has been developed to test and evaluate the merits of the proposed method. The code uses 
the input and output routines of the RP-270 code written by Rago,9 with modifications to allow for both s- and p-wave 
resonances. Ten quadrature points were used for both the neutron width and the fission width distributions. The 
fast /-integral routine developed in Paper IV-12 was incorporated. 

One of the great concerns is whether the proposed method is efficient enough to be economical in routine applica
tions. Test calculations have been made for problems with 239Pu and 238U using ENDF/B parameters. For fertile 
isotopes, computing time is generally negligible. The most severe tost is believed to be the case when 239Pu is in high 
concentration. Calculation of 239Pu cross sections requires not only averaging over the fission width distribution func
tion, but also there are as many as 30 energy points for all five spin sequences. Two cases at room temperature were 
considered in the test calculations. 

Case 1 
2MPu: cP

eq) = 71.6/atm 
238U: cpeq) = 40 b/atm 

Case 2 
239Pu: <Tpe9) = 300 b/a tm 
238U: <rp

et) = 30 b/atm. 

It should be noted that the calculations require much less time at higher temperatures as more entries to the asymp
totic region become evident. Table IV-13-I summarizes the results of the computer time required for the proposed 
method as compared with the time required for the old MC2 routine10 (Subroutine QFJ) without the overlap effect. 
The time estimates given in Table IV-13-I include the input-output time as required by the CHOPSUEY code but 
exclude the compilation time and wait time. 

From Table IV-13-I, it is clear that the proposed method is much superior to the old subroutine not only on the 
theoretical ground but also in terms of the computing time. The significant improvement in the algorithm for evaluat
ing the generalized /-integral discussed previously6 is more than enough to compensate for the computing time re
quired for the more rigorous treatment of the overlap effect. 
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I V - 1 4 . T h e E f f ec t of W i d e - S c a t t e r i n g R e s o n a n c e s 
U p o n M u l t i g r o u p C r o s s S e c t i o n s 

W. M. STACEY, JR. 

The composition dependence of microscopic multigroup cross sections is sometimes accounted for in fast-reactor 
analysis by an approximate method of the genre proposed by Bondarenko.1 In this method a wide-scattering reso
nance occurring within a group is represented by an effective constant cross section for the purpose of computing 
cross sections for other isotopes. The purpose of this paper is to examine the influence of this type of approximation 
upon microscopic narrow resonance and clastic removal cross sections. 

The contribution of narrow (e.g. uranium and plutonium) resonances to multigroup cross sections depends not 
only upon these resonances, but also upon the composition of the medium in question. This composition dependence 
arises from the competition between the resonance and nonresonancc "background" reactions, and from the shape 
of the "asymptotic" flux which weights the contribution of each resonance. 

For process x (x s capture, fission) the group cross section is defined as 

/ o-x(u)<j>(u) du XI / o-l(u)<t>(u) du 

/ <t>(u) du / 4>(u) 
« A u *f A IL 

du 

where the sum is over all resonances of the sequence (isotope, quantum state) in question which fall within the 
group. Using the NRA and the single-level formula, Eq. (1) may be approximated by 

E (Tl/El
0)cr]^as(ul)J(8t,Bt) 

a* = 7 : • (2) 
J <l>ae(u) du - E (ry/?J)/(03,ft)^.O8(wJ) 

The sum in the denominator is over all resonances of all sequences w ithin the group. 
I t is convenient in evaluating Eq. (2) to assume that the total "background" cross section per resonance atom 

(o-p) ia the same for all resonances in the sequence and that <t>as(u) oc constant. Then Eq. (2) can be evaluated 
directly. Moreover, the composition dependence of ax is uniquely characterized by av , which facilitates the construc
tion of tables for rapid cross section determination such as those proposed by Bondarenko.1 

One of the purposes of this paper is to examine the effect of the large sodium-scattering resonance (oo = 912 eV) 
at 2.85 keV upon the average group cross section for U and Pu as given by Eq. (2), and to evaluate the magni
tude of the resulting error inherent in the Bondarenko type cross section scheme. Resonance parameters for U 
were taken from ENDF/B and 239Pu parameters were constructed by a statistical ladder technique. Equation (2) 
was evaluated "exactly", using <pas given by continuous slowing-down theory and an energy-dependent o-p based on 
the value of the sodium-scattering cross section at each individual narrow resonance. 

A qualitative appreciation for the effect of <rp on ax can be obtained by expanding / about its infinite dilution valu 

/(0>,ft) = / ( 0 , , ^ ) | l - 4 - \ +2(8t,x)dx + ••• [, +< 0, 
L ""ft Jo J 

(3) 
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p, is the ratio of cp to the peak resonance cross section. The second term in Eq. (3), the self-shielding term, becomes 
negligible at the peak of the sodium resonance and becomes significant in the wings, for mixtures typical of LMFBR 
cores. The temperature dependence of / is contained entirely in the self-shielding term. 

As can be seen from Eq. (2), the effect of the sodium resonance upon <£„„ also influences dx. 
Two plausible methods w ere considered in defining an average <sv to be used over an energy group containing the 

sodium resonance. In the first method the sodium resonance was simply ignored. (This is consistent with an applica
tion of the Bondarenko scheme in which the same av is used for all energy groups.) This w ould obviously overpredict 
the self-shielding, hence also the Doppler effect. A second method consists of averaging the sodium-scattering cross 
section over the group to obtain a value to be used in defining an effective av foi the group. This has the effect of 
undcrprcdicting the self-shielding of those narrow resonances located in the w ings of the sodium resonance, w ithout 
changing significantly the self-shielding of those narrow resonances near the peak of the sodium resonance. Thus, 
this method underpredicts the self-shielding, and hence the Doppler effect. 

A series of calculations has been performed to evaluate <r0 , drc , and as for different group structures and compo
sitions typical of LMFBR cores. Several methods w ere considered for averaging the sodium-scattering cross section. 
The typical results shown in Table IV-14-I are based upon flux weighting with <£ oc l / £2 j , which yielded the best 
results. Some appreciation for the significance of these results is obtained by considering that a half-lethargy group 
about the sodium resonance contributes roughly 10 % to the total Doppler effect in a typical LMFBR. 

The use of an averaged scattering cross section to include the effect of the sodium resonance in <rp is clearly su
perior to ignoring the sodium resonance, and results in errors that arc tolerable for preliminary calculations. This 
suggests that Bondarcnko-type schemes should be used with a group-dependent uv which can reflect the presence 
of the sodium resonance. 

Another major difficulty which has been encountered in using the Bondarenko scheme1 to generate multigroup 
cross sections for fast reactors is in the treatment of clastic removal cross sections for mixtures containing wide 
scattering resonances.2,3 This problem has been examined, and new prescriptions for clastic removal cross sections 
have been developed. 

The microscopic elastic removal cross section for a group is, by definition, 

du Kt(u — uL)o-l(u)<t>(u) 
- i 

du <f>(u) 
(4) 

w here uL and uT are the lethargies corresponding to the low cr and upper energies of the group, e, is the greater of 
uT or uL minus the maximum lethargy a neutron loses from a scattering collision with isotope i, K% is the scattering-
transference kernel for isotope i, <r\ is the microscopic scattering cross section for isotope i, and <f> is the neutron 
flux. 

In the Bondarenko scheme, Eq. (4) is approximated by 

-v 
UL — UT 

&., (5) 

TABLE IV-14-1. P E R C E N T ERKORS IN G R O U P AVERAGE 

AE, 
keV 

3 35-3 03 
3 03-2 74 
2 74-2 48 
2 48-2 24 
3 35-2 61 
3 35-2 03 

CAPTURE CROSS SECTION" 

d.U 

0 10 
0 10 
0.10 
0 10 
0.25 
0 50 

a™ (300°K) 

1 

- 2 1 
- 2 6 
- 2 2 
- 2 7 
- 4 2 
- 2 7 

2 

- 1 
- 4 
- 1 
- 4 
- 8 
- 8 

238U RESONANCE 

*? (1000°K) - a? (300°K) 
<r? (300°K) 

1 

+210 
+431 
+ 109 
+ 5 3 

+251 
+ 4 3 

2 

- 1 6 
- 5 
- 9 
- 7 

- 1 8 
- 2 2 

0 Method 1 ignoies sodium lesonance. Method 2 uses aveiagcd seattenng cioss section to in
clude sodium lesonance in av . 



490 IV. Reactor Computation Methods and Theory 

TABLE IV-14-II. MACROSCOPIC ELASTIC REMOVAL CROSS SECTION IN THE VICINITY 
OF THE 27.9-keV IRON RESONANCE 

Method 

Exact 
A 
B 
C 

Exact 
A 
B 
C 

Exact 
A 
B 
C 

AE, 
keV 

31 5-28 5 
31 5-28 5 
31 5-28 5 
31 5-28 5 

31 5-24 5 
31 5-24 5 
31 5-24 5 
31 5-24 5 

31 5-19 1 
31 5-19 1 
31 5-19 1 
31.5-19 1 

At/ 

0 10 
0 10 
0 10 
0 10 

0 25 
0 25 
0 25 
0 25 

0 50 
0 50 
0 50 
0 50 

s«i 

0 4505 
0.4085 (-9 3%) 
0 4043 (-10.3%) 
0 3939 (-12 5%) 

0 0788 
0 0995 (+26 3%) 
0 0880 (+11 7%) 
0 0736 (-6 0%) 

0 0352 
0 0371 (+5.2%) 
0 0335 (-4 8%) 
0 0366 (+4 6%) 

where £, is the zeroth lethargy moment of Kt and bt is a correction factor. &\ is the average scattering cross section 
in the group, computed from 

du{al(u)/[o-](u) + ao]} 
-» _ _JiI (P.) 
7« — /•«/„ ' 

/ du/[ffl(u) + o-o] 

where a] is the total cross section for isotope i, and o-0 is a constant which represents the total cross section due to 
other isotopes per atom of isotope i. 

The probability that a neutron which scatters at u will have a final lethargy u > uL depends exponentially upon 
u — uL through K,. I t is apparent from Eq. (4) that the precise location of a scattering resonance within a group 
can have a significant influence upon a\em . This dependence is not accounted for in the Bondarenko scheme, save 
for the extra factor bt included for this purpose. Equation (5) does not account at all for the presence of a scattering-
resonance in a mixture in the definition of removal cross sections for nonrcsonance isotopes. 

An alternate expression for clem was drived from Eq. (4) by assuming 

Hu) cc l/£ft2V,«r,(i0. (7) 

Using the unbroadened fine shape functions + and x in the resonance cross section, it was then possible to integrate 
Eq. (4) to obtain analytical expressions for arem . The existence and position of a scattering resonance is accounted 
for explicitly in the definition of the removal cross sections for both resonance and nonrcsonance isotopes. 

Elastic removal cross sections have been computed for mixtures typical of fast-breeder reactors, for groups in 
the vicinity of three prominent resonances (2.85 keV sodium, 27.9 keV iron, and 1.0 MeV oxygen). In cases where 
the Bondarenko scheme resulted in large errors, the new prescriptions were significantly better. Results for groups 
near the iron resonance are given in Table IV-14-II. Method B is the Bondarenko scheme and Method C is the 
newr prescription. Method A is similar to the Bondarenko scheme, except that the denominators in the integrals of 
Eq. (6) are replaced by 

A detailed description of these prescriptions, together with the results of additional calculations, has been published.4 
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I V  1 5 . A p p r o x i m a t e T r e a t m e n t s of t h e Ef fec t of A n i s o t r o p y 
U p o n E l a s t i c N e u t r o n M o d e r a t i o n 

W. M. STACEY, JR. 

Anisotropy in the centcrofmass clastic scattering distribution has an important effect upon the neutron spectrum 
in a fastreactor assembly. Direct computation of anisotropic elastic scattering can become involved, in some repre

sentations, and a stratagem such as the transport approximation (see, for example, Refs. 1 and 2) is frequently 
utilized in order to account for anisotropic effects while retaining the relative computational simplicity of the purely 
isotropic scattering formalism. Numerical comparisons (e.g. Ref. 3) of the transport approximation with a more 
rigorous treatment of anisotropic elastic scattering generally indicate that the former is a useful approximation for 
fastreactor assemblies. 

The purposes of this paper arc to examine the transport approximation within the framework of continuous slow

ingdown theory and to suggest an alternate approximation which has the virtue of correctly predicting the average 
logarithmic energy decrement, or the first lethargy moment of the elastic slowingdown kernel. The transport ap

proximation correctly predicts the first angular moment of the elastic scattering kernel. Thus, the alternate ap

proximation is expected to be somewhat better than the transport approximation for spaceindependent problems. 
This expectation is borne out by numerical examples. 

In continuous slowingdown theory the clastic slowingdown density in an infinite medium satisfies2 

dq(u) 2ne(u) , . t(u) Q, , . . 
du M(u) M(u) 

where SB8 is the nonclastic cross section, S is the source due to fission, inelastic scattering, etc., and M and « char

acterize the moderating properties of the medium. For the GreulingGocrtzel theory 

°° t(.,\ X/i\r,o,(M) £ Toe.i o/ \ 
M(u)   £ N>al(u) £ Tic, C4r\  " CTJ~ 2, .(«) , (2) 

'=0 °i{u) 2>.,!<«) £ TJ,, " ( t t ) 
(«) 

and 

e(u) =  £ Ntcl(u) £ T\t<l ^ 1 . (3) 
» c=o o"(u) 

In Eqs. (2) and (3), .A/, is the concentration of isotope i, <r, is the tth Legendre moment of the angular scattering 
distribution in the centerofmass system, and Toe are the nth. order lethargy moments of the ccnterofmass to 
laboratory system transfer functions.6 The quantity e corresponds to £2„ for the mixture. 

The basis of the transport approximation is to treat elastic scattering as if it were isotropic in the centerofmass 
system, but with the cross section reduced by a multiplicative factor (1 — £,), where £s is the average cosine of the 
scattering angle in the laboratory system for isotope i, and may be constructed from 

*.(«) = £T!«..4ri (4) 
C=0 Oi(U) 

Thus, in the transport approximation, Eqs. (2) and (3) are replaced by 

£ A V ' ( M ) [ I  p,(ti)]r20l, 

£ A ' ^ ( w ) [ l  pt(u)}Tlo,l 

and 

tir(u) =  £ Ny%(u)[l  jS,(«)]rJo.. ■ (6) 

Note that 
 r J o . . s £, E= 1  «,[ln(!/«,)]/(1  a.) 
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and 

712 _ n _ a . [ ln ( 1 / a , ) ] 2 . 
— 1 00 » = 0., = -TjT- r §, 

z ( l — a , j 

w here 

a, = (71/, - 1)7(71/, + l)2 , 

w ith 71/, being the atomic mass of isotope i. 
The moderating properties of the medium are largely characterized by the parameter e(?2s), which is usually 

the dominant term in M. The transport approximation docs not correctly predict e. 
With the definition 

Mu) = - ± ^ . ^ (7) 
<-l 1 00,1 o-i(u) 

Eqs. (2) and (3) can be rigorously written 
£/V~,(7°(w)[l - j8,(u)]2lo..Z,(») 

M(u) = - £ i \U!( t t ) [ l - |8.(«)]rJo.. - ' v 0/ u i — — n 2».(tt), (8) 
» 2^ JV,a-,(w)[l — j8t(tt)JToo,t 

«(*) = - £ iv.«r!(t*)[i - j9,(tt)]rJo,., (9) 

with 

1 + y "'•' cr,(-M') 
• " T 2 0 / „ , \ 

z%(U)^—'? i ; B - f f ; t t • do) i + £ /"OH,! <Tj(w) 

*=l rjo,. a?(tt) 

An alternate approximation, which correctly predicts e, can be constructed by using Eqs. (8) and (9) with Zt = 1 
in Eq. (8). This amounts to treating the elastic scattering as if it were isotropic in the center-of-mass system, but 
with the isotopic scattering cross section reduced by the multiplicative factor (1 — /3,). 

Equation (1) was solved for the elastic slowing-down density due to a monocnergetic source at 10 MeV for a 
mixture typical of proposed fast breeder reactor cores (Table IV-15-I). Solutions were obtained using (a) the exact 
anisotropic prescriptions of Eqs. (2) and (3); (b) the transport approximation prescriptions of Eqs. (5) and (6); 
(c) the alternate approximation prescriptions of Eqs. (8) and (9) with Zr = 1; and (d) the isotropic prescriptions 
obtained from Eqs. (2) and (3) by retaining only the t = 0 terms. ENDF/B angular scattering data were used. 

As shown in Fig. IV-15-1, anisotropic scattering greatly reduces the elastic slowing-down density relative to the 
isotropic result. The transport approximation accounts for most of the anisotropic effect, but the alternate approxi
mation is significantly superior in this respect. 

The transport approximation and the alternate approximation were also used in conjunction with the improved 
Greuling-Goertzel prescriptions for the moderating parameters 71/ and e [i.e. 71/ and e of the improved theory were 
evaluated as if the elastic scattering were isotropic, but with the isotropic scattering cross section reduced by (1 — 
M,) or (1 — j8,)]. These results, shown in Fig. IV-15-2 for a monoenergetic source at 10 MeV in the mixture of Table 
IV-15-I, again indicate that the transport approximation accounts for a major part of the considerable anisotropic 
scattering effect upon elastic neutron moderation, but that the alternate approximation is superior in this respect. 

T A B L E IV-15 I . 

Isotope 

10(3 
23Na 
68Fe 
23STJ 
2 3 9 P u 

COMPOSITION 

Concentration, 1024 atoms/cc 

0 016 
0 010 
0 010 
0.010 
0.001 
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FIG. IV-15-1. Elastic Slowing-Down Density in a Fast-Re
actor Core Resulting from a Monoenergetic Source at 10 MeV. 
Greuling-Goertzel Moderating Parameters. ANL Neg. No. 
116-378. 

-150000 
12 15 18 

LETHARGY 

FIG. IV-15-2. Elastic Slowing-Down Density in a Fast-Re
actor Core Resulting from a Monoenergetic Source at 10 MeV. 
Improved Greuling-Goertzel Moderating Parameters. ANL 
Neg. No. 116-377. 

Because the same amount of computational effort and the same type of data are required in both cases, it seems 
reasonable to suggest that the alternate approximation should be used in preference to the transport approximation 
in space-independent calculations.* Moreover, the hmited numerical results presented above suggest that either 
approximation may be entirely adequate for most spectrum calculations in fast-reactor mixtures. 
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* There is little motivation to use either approximation with continuous slowing-down theory, because only the first few moments 
of the angular scattering data need be used to evaluate the exact expressions for the moderating parameters.'1 However, there is 
considerable motivation to reduce the computation of higher-order contributions to transfer matrices in the conventional multi-
group theory. 

IV-16. V a r i a t i o n a l F ie ld T h e o r y 

W. M. STACEY, JR. 

Variational theory has been used in reactor physics in direct applications (e.g. flux synthesis, generalized pertur
bation theory, and the evaluation of integral parameters) and indirectly to provide a theoretical framework relating 
seemingly diverse methods. Such a theoretical framework frequently suggests improved approximations. This paper 
is concerned with the systematic development of a variational field theory and an examination of some of the con
sequences of such a theory. 
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Equations which define a "consistent" set of "boundary" conditions, and hence a field,1 for a given set of differ

ential equations are derived from a variational principle. The equivalence of functionals defined over an entire do

main 0 < x < L and functionals defined over only a subdomain 0 < x < z < L, but with a surface term added to 
account for the excluded subdomain, is exploited. The functional 

J[y] = dxF[x,y(x),y'(x)], y = £ y{ (1) 
Jo i=X 

has as Euler equations 

The functional 

dF d dF . 
, T 7 = 0, j = 1,   , A'. (2) 
dVi dxdy', 

J\y} = f dx F[x,y(x) ,y'(x))  G[z,y(z)}, 
Jo 

is equivalent to / , i.e. it also has Eqs. (2) as Euler equations, if G satisfies the HamiltonJacobi equation 

dz )=i dyj 

and if 

dF[z,y(z),y'(z)} dG[z,y(z)} 
j=l,,N. (5) 

dy, dy> 

A boundary condition for 07 follows from the required equivalence of J and J at z = L, 

G\L,y(L)} = 0, (6) 

and the equivalence of J and / at z = 0 implies that the stationary value of the functional J is just G[0,y(0)}. 
When this theory is applied to monoenergetic neutron diffusion theory, 

F[x,<t>,<t>'} = D(<t>')2 + (S0  vZ,)4?  24>S, (7) 

and a solution is sought of the form 

G(z,<f>) = a(z)<t>2 + 2B(z)<t> + y(z), (8) 

Eqs. (4) and (5) yield 

a'(z) _ « ^ ) = _ ( 2 B _ „ 2 / ) ( 9 a ) 

fa)  ^ ^ 1 = S (9b) 

Y' (Z) + ^ = 0 (9c) 

and 
D4>'(z) = a(z)<i>(z) +B(z). (9c) 

Boundary conditions at z = 0 are obtained for a and B, while boundary conditions at z = L are obtained for y 
and <j>. Thus, one would sweep from 0 to L in evaluating Eqs. (9a) and (9b) for a and B, then sweep from L to 0 in 
evaluating Eqs. (9c) and (9d) for y and <t>. This is exactly the doublesweep method [except that Eq. (9c) is omitted] 
usually attributed to Stark for solving the onedimensional neutron diffusion equation. This widely used method, 
which is usually postulated on an ad hoc basis, follows naturally from the field theoretic formulation. 

Examples from one and twogroup neutron diffusion theory have been investigated. 
If, instead of J, an equivalent functional is required to have the form 

JM ■= G[z,y(z)] + J dxF[x,y(x),y'(x)}, (10) 
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and if / of Eq. (1) is a minimum principle, then G must satisfy 

^ £ l ] + F[z,y(z),y'(z)} + £ , ; - ( , ) « ^ . ] < 0, (11) 
oz j=i oz 

and Eqs. (5), but with a minus sign on the right side of the latter. 
Defining 

fc(s). = - p:, j=l,..;N; +N+X(z) S - f-, (12) 

Eq. (11) may be written 

0 = max +s+i + £ +m - F \, (13) 
y' L J=I J 

which is the Maximum Principle of Pontryagin.3 

Rewriting Eq. (11) as 

-d^£^>F[z,y(z),y'(z)}, (14) 

integrating over z < z < z + Az, and evaluating F at z, results in 

G[z,y(z)} = min {(?[z + Az,y(z + Az)] + AzF[z,y(z) ,y'(z)}\ (15) 

which is Bellman's Dynamic Programming algorithm.4 

A more detailed exposition of these results has been published in the literature.5 
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I V - 1 7 . C o l l i s i o n P r o b a b i l i t y M e t h o d s w i t h A n i s o t r o p i c S c a t t e r i n g 

W. M. STACEY, JR. 

Collision probabihty methods, which are widely used in fast-reactor calculations, are generally based upon the 
assumption of isotropic scattering. I t is the purpose of this paper to indicate an extension to the case of anisotropic 
scattering. 

The multigroup form of the Boltzman equation, in slab geometry, may be written 

»*£ (x,„) + z'(xW(x,n) =\s°(x) + £ £ tJL+lpArizfr'ix) f dn'PAu'Wix,*') 
dX A g'<,g c=o £ J-i 

- £ 2-L+±PAri<fAx> = Q°(x!fi). 
e'=o Z 

(D 

This may be formally integrated over 0 < x < L to obtain 

exp r_ r *v> dA m , } + r dx exP \- r *<*> &] « ^ > , „ > 0 
L Jo M J Jo L Jz M J M 

' exp T f' *<*! dx] +°(L,») -fdx exp f" f *£> dx'] ^ A , M < 0 

+(z,ix) = (2) 
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Use Eqs. (2) in the definition for the Legendre moments of the flux: 

*?(*) ^ ^duPfoWiz,?) 

= £ 2^^U°A0) fduPMPsb) e x p T  f ^ > dx'l 
C=o A { Jo |_ ■'o A* J 

+ [ dx Q't. £ dM PAtiPAv) exp [  £ ? ^ i di'J / M (3) 

+ 05* (L) £ du. Pc(n)Pt> (n) exp £ ^LL dx~\ 

 / ^ cZx QJ, (x) £ dM P , ( M ) / V (M) exp £ ? ^ dx']/*} , = 0, ! , • . . » . 

If it is assumed that 

4>'t(z) = 4>V , zt < z < s.+i 
Q'(«) = QT, 2. < z < 2.+1 
2°(z) = 2°\ z< < z < zt+1, 

(4) 

then the integrals in Eqs. (3) may be performed analytically. (Note that this would also be true for any polynomial 
dependence upon z.) The resulting set of equations, tiuncated at / , / = Ar, may be written 

2'*A.tf* = QVA, + £ £ itf'•' § j + £ E/?W?'(0) + £ y?J^ ' (L) , * = 0, • • • ,L; I = 0, • • • ,7V, (5) 
,=o {'=o 2J"' t'=o c=o 

where 
■lAwW,)  Att'(&)  A,A*9

tl) + AM,)}, j < i 
(6) 

21' + 1 
2 R[l,''g = jU„»(2'*A,)  B(t>(2°'A<)  A„>(0) + 5«i(0)], i = i 

.[B«'(0  £«<(&)  BuUl) + 3«'(P!,)], i > * 
2 

W + 1 
2 

21' + 1 
The optical distances are defined in terms of S9* and A, = zl+x — z, : 

i  i 

£»; — 2 J 2 At, 0tJ = £tJ + 2 A3, 

P?3 ^ & + 2<"A,, TT?, ^ & + 2°'A, + 29*'A,, 
where the i andy refer to the spatial intervals i, j = 0, 1, • • • , L. The functions Au> and].B«» arejiefined b}' 

Au'(r) = J dwi Pi(n)PAtfe =J dt # 

S w ' ( r ) s l^nnPtWPAnW* s  | di Pt(l/t)PA:l/t)e
t3 

(7) 

(8) 

(9) 

(10) 

(11) 

which are related to the exponential integral functions En(r). Note that .A«, /?«' involves En, n = 3, ••• , 
t + / + 3. Furthermore, 5« = ^ Aw , depending upon whether I + / is even ( —) or odd ( + ), and Btt> = 
Bin , Ace — Act • 

For the special case i,t' = 0, Eqs. (5) reduce to the conventional collision probability equations. 
The method was applied to the cell problem indicated in Table IV171, which is typical of a ZPR core drawer, 

in order to obtain some appreciation of the importance of scattering anisotropy. Monoenergetic calculations were 
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TABLE IV-17-II. PERCENT SCALAR FLUX ERROR (RELATIVE 
TO ( = 5) AS A FUNCTION OP SCATTERING MOMENT, V 

I 

0 
1 
3 

0 
1 
2 
3 
4 

Region 

1 2 3 4 5 6 7 

l M e V 

- 0 . 1 6 
+0 .16 
+0 .08 

+1 .16 
+ 0 . 2 5 
+ 0 . 0 8 

+ 1.91 
+0 .17 
+ 0 . 0 8 

+3 .00 
+0 .17 
+0 .08 

+4 .52 
+0 .26 
+0 .09 

+5 .69 
+0 .37 
+0 .09 

+ 7 . 2 0 
+ 0 . 6 0 
+ 0 . 1 0 

5 MeV 

- 1 . 4 0 
+0 .27 
- 0 . 1 4 
+ 0 . 0 5 
- 0 . 0 2 

+ 0 . 1 5 
+ 0 . 6 5 
- 0 . 1 1 
+ 0 . 0 2 
- 0 . 0 2 

+ 1.44 
+0 .86 
+ 0 . 0 0 
+ 0 . 0 0 
+ 0 . 0 0 

+3 .34 
+1 .08 
+ 0 . 1 5 
- 0 . 0 4 
+0 .00 

+5 .90 
+ 1.69 
+ 0 . 3 5 
+ 0 . 0 0 
+0 .00 

+7 .44 
+ 1.96 
+ 0 . 5 0 
+ 0 . 0 2 
- 0 . 0 2 

+ 9 . 5 9 
+ 2 . 2 9 
+ 0 . 7 6 
+ 0 . 0 4 
- 0 . 0 2 

made at 5 and 1 MeV, using isotropic cross sections and source distributions from a multigroup isotropic collision 
probability calculation (CALHET) and anisotropic cross sections from ENDF/B-I. Cell boundary conditions typi
cal of a core-blanket interface Wi(0) and <t>"e(L)] were obtained by first making a homogenized whole-reactor calcu
lation. 

The scalar flux (<£o) in each region is compared in Table IV-17-II for different approximations to the scattering 
anisotropy. I t is seen that rather large errors result when isotropic scattering is assumed. Moreover, it seems that 
t = 1 or I — 3 scattering is sufficient for this class of problems. Preliminary calculations indicated that use of the 
transport approximation did not significantly improve the I = 0 results, in no case yielding results as good as those 
obtained for f = 1. This suggests that standard collision probability methods based on isotropic scattering may be 
questionable for fast-reactor applications, but that a relatively low-order P( approximation may suffice. 

I V - 1 8 . O n e - D i m e n s i o n a l S p a c e - T i m e K i n e t i c s B e n c h m a r k C a l c u l a t i o n s 

E. L. FULLER 

INTRODUCTION 

It is imperative to know whether or not one-dimensional space-time diffusion theory codes can indeed calculate 
transient behavior correctly. Not only should the total power be calculated correctly, but the flux tilt should be 
accurately found as well. Furthermore, the degree of sensitivity of the solution to time step size should be known. 
Accordingly, Stacey1 has devised a benchmark problem to test such codes. He considered the one-dimensional slab 
reactor shown in Fig. IV-18-1. I t is a 240 cm, 3-region thermal reactor with zero-flux boundary conditions at each 
end. Regions one and three are made of the same material, and are more reactive than is region 2. Hence, thesteady-
state flux initially has a minimum value at the center of region 2. 

The group constants for this reactor are shown in Table IV-18-1. Note that the fission cross sections for regions 
1 and 3 are larger than those for region 2. Nevertheless, region two produces 44 % of the steady-state power, while 
regions 1 and 3 each produce only 28 %, because region two is so much larger than the other two regions. A static 
calculation using these group constants yields a kef{ of 0.90155. The fission cross sections are divided hy this value 
to obtain a critical system. Six precursor families are used, with B = 0.0075. The delayed data are shown in Table 
[V-1S-II. 

THERMAL REACTOR CALCULATIONS 

Three types of transient are compared; a subcritical transient, a delayed supercritical transient, and a prompt 
supercritical transient. All are initiated by a ramp change in 2 a in region 1. For the subcritical transient, the cross 

TABLE IV-17I. ONE DIMENSIONAL CELL MODEL 

Region 

1 
2 
3 
4 
5 
6 
7 

Ax, 
in. 

0.32 
0.63 
0.13 
0.32 
0.13 
0.63 
0.32 

Material 

U 3 0 8 

N a 
F e 2 0 3 

Pu-U-Mo 
F e 2 0 3 

Na 
U 3 0 8 
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TABLE IV-18 I I N I T I A L T W O G R O U P CONSTANTS 

Z>>, cm 
D2, cm 
s i , c m - ' 
S2, c m - ' 
«S/, cm"1 

v2,f, cm"1 

S 1 - 2 , cm- ' 
X1 

X2 

vl, cm/sec 
v2, cm/sec 

Region 

1 and 3 

1 50 + 0 
5 00 - 1 
2 60 - 2 
1 80 - 1 
1 00 - 2 
2 00 - 1 
1 50 - 2 
1 00 + 0 
0 00 + 0 
1 00 + 7 
3 00 + 5 

2 

1 00 + 0 
5 00 - 1 
2 00 - 2 
8 00 - 2 
5 00 - 3 
9 90 - 2 
1 00 - 2 
1 00 + 0 
0 00 + 0 
1 00 + 7 
3 00 + 5 

* =0 
1 

40cm 

2 

160 cm 

3 

40 cm 

* = 0 

F I G IV-18-1 Slab Reactoi for One-Dimensional Kinetics 
Benchmaik Calculations ANL Neg No 116-932 

TABLE IV-18 I I DELYYED N E U T R O N PARAMETERS 

Family 

1 
2 
3 
4 
4 
6 

Effective Delay 
Fraction 

2 50 - 4 
1 64 - 3 
1 47 - 3 
2 96 - 3 
8 60 - 4 
3 20 - 4 

Decay Constant, 
sec-1 

1 24 - 2 
3 05 - 2 
1 11 - 1 
3 01 - 1 
1 14 + 0 
3 01 + 0 

section is increased by 3 % in 1 0 sec I t is linearly decreased by 1 % in 1 0 sec for the delayed supei critical tiansient, 
and by 5 % m 0 01 sec for the prompt supercritical transient 

Stacey1 performed Ins calculations using RAUMZEIT 2 We arc testing t\\ o codes, the two-group code WIGLE,3 

and the multigroup code QX1,(4) which was designed for fast reactor analysis Table IV-IS-III shows the total power 
versus time for the subcritical transient as calculated by the three codes The cumulative number of shape functions 
to each time is also given for QX1 Note that most of the shape functions are calculated during the lamp (to 1 0 
sec) The times at which the shape functions are recalculated result from the use of the default values of the timc-
step-selection paiameters The average shape step is thus 4 5 X 10-2 sec The WIGLE and RAUMZEIT time steps 
were 10~3 sec The time-integrated algorithm in RAUMZEIT w as used to obtain the results shown Note that there 
is virtually no difference in total power among the three codes The same holds true for the tilt effect, as shown in 
Table TV-IS-IV. 

Relative regional power is the ratio of the pow er in a region to the initial pow er in that region The greater the 
deviation m one region relative to the others, the greater the change in flux shape Note that the powei decreases 
much more quickly in region 1 than it does in regions 2 or 3 Nevertheless, the three codes were able to properly 
account for the tilt without undue difficulty, giving virtually the same answ crs Thus, each code properly calculated 
the neutronic behavior during the subcritical transient 

The power behavior during the delayed supercritical transient is demonstrated in Table IV-18-V Recall that the 
transient is initiated by a 1 % ramp decrease in Sa over a period of 1 0 sec As is shown, the results of all thiee codes 
agree The time step size for both WIGLE and RAUMZEIT is lO"3 sec For QX1, more than half of the shape 
function recalculations took place during the ramp Thus, during the ramp portion, the average shape step was 
0 04 sec, as opposed to a value of 0 08 sec for the entire transient. These again result from the use of the default 
values of the time step selection parameters 

Table IV-18-VI shows the tilt effect for the delayed supercritical transient I t is also the same for each code. 
The pow er increases much more in region 1 than in regions 2 and 3. 

TABLE IV-18-III T O T A L P O W E R FOR SUBCRITICAL TRANSIENT 

Time, 
sec 

0 0 
0 1 
0 2 
0 5 
1 0 
1 5 
2 0 

RAUMZEIT 

1 0000 
0 9299 
0 8733 
0 7597 
0 6588 
0 6432 
0 6307 

WIGLE 

1 0000 
0 9298 
0 8732 
0 7596 
0 6588 
0 6432 
0 6306 

QX1 

1 0000 
0 9298 
0 8733 
0 7597 
0 6588 
0 6433 
0 6307 

QX1 Shape No 

7 
11 
21 
36 
41 
44 
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The prompt supercritical transient is initiated by a 5 % ramp decrease in 2„ in region 1 for 0.01 sec. This is a very 
severe transient—a $300 per sec asymmetric insertion. The RAUMZEIT solution (TI algorithm) essentially agrees 
with WIGLE, as is indicated in Table IV-1S-VII. Each uses a time step of 10 -5 sec. The QXl solution differs, be
cause the transient is so severe, and the reactivity insertion is so asymmetric, that the time derivative of the shape 
function is relatively large, thus maldng error accumulation non-negligible. Even so, use of the default values of the 
time-step selection parameters gives quite acceptable answers. Note again that more than half of the shape function 
recalculations took place during the insertion. The average time step for QXl is 9 X 10 -5 sec. 

The tilt effect is shown in Table IV-18-VIII. WIGLE and RAUMZEIT agree here, too. QXl, however, slightly 

TABLE IV-18-IV. R E L A T I V E REGIONAL P O W E R FOR SUBCRITICAL T R A N S I E N T 

Region 1 
RAUMZEIT 
WIGLE 
Q X l 

Region 2 
RAUMZEIT 
W I G L E 
Q X l 

Region 3 
RAUMZEIT 
WIGLE 
Q X l 

Time, sec 

0.0 

1.0000 
1.0000 
1.0000 

1.0000 
1.0000 
1.0000 

1.0000 
1.0000 
1.0000 

0.1 

0.8621 
0.S621 
0.8621 

0.9340 
0.9339 
0.9340 

0.9910 
0.9910 
0.9910 

0.2 

0.7521 
0.7520 
0.7521 

0.8805 
0.8804 
0.8805 

0.9831 
0.9830 
0.9831 

0.5 

0.5337 
0.5336 
0.5336 

0.7724 
0.7724 
0.7724 

0.9655 
0.9655 
0.9656 

1.0 

0.3453 
0.3452 
0.3452 

0.6753 
0.6753 
0.6753 

0.9463 
0.9462 
0.9463 

1.5 

0.3236 
0.3235 
0.3235 

0.6588 
0.6587 
0.6588 

0.9382 
0.9381 
0.9383 

2.0 

0.3066 
0.3066 
0.3066 

0.6455 
0.6455 
0.6455 

0.9312 
0.9311 
0.9312 

TABLE IV-18-V. TOTAL P O W E R FOR D E L A Y E D SUPERCRITICAL T R A N S I E N T 

Time, 
sec 

0.0 
0.1 
0.2 
0.5 
1.0 
1.5 
2.0 
3.0 
4.0 

RAUMZEIT 

1.000 
1.028 
1.063 
1.205 
1.740 
1.959 
2.166 
2.606 
3.108 

WIGLE 

1.000 
1.028 
1.062 
1.205 
1.740 
1.959 
2.165 
2.605 
3.107 

QXl 

1.000 
1.028 
1.063 
1.205 
1.740 
1.959 
2.166 
2.606 
3.108 

QXl Shape No. 

5 
7 

12 
26 
33 
37 
43 
48 

TABLE IV-18-VI. R E L A T I V E REGIONAL P O W E R FOR D E L A Y E D SUPERCRITICAL T R A N S I E N T 

Region 1 
RAUMZEIT 
WIGLE 
Q X l 

Region 2 
RAUMZEIT 
WIGLE 
Q X l 

Region 3 
RAUMZEIT 
W I G L E 
Q X l 

Time, sec 

0.0 

1.000 
1.000 
1.000 

1.000 
1.000 
1.000 

1.000 
1.000 
1.000 

0.1 

1.056 
1.056 
1.056 

1.027 
1.027 
1.027 

1.004 
1.004 
1.004 

0.5 

1.399 
1.399 
1.398 

1.194 
1.193 
1.193 

1.029 
1.028 
1.029 

1.0 

2.435 
2.435 
2.435 

1.701 
1.701 
1.701 

1.107 
1.107 
1.107 

2.0 

3.216 
3.215 
3.216 

2.113 
2.113 
2.113 

1.199 
1.199 
1.199 

3.0 

4.017 
4.016 
4.017 

2.540 
2.539 
2.540 

1.299 
1.298 
1.298 

4.0 

4.928 
4.927 
4.928 

3.027 
3.026 
3.027 

1.417 
1.416 
1.416 
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TABLE IV-18-VII. T O T A L P O W E R FOR P R O M P T SUPERCRITICAL T R A N S I E N T 

Time, 
sec 

0 000 
0 001 
0 005 
0 010 
0 012 
0 015 
0 018 
0 020 

RAUMZEIT 

1 000 
1 022 
1 659 

1 565 + 1 
7 019 + 1 
6 804 + 2 
6 613 + 3 
3 012 + 4 

WIGLE 

1 000 
1 022 
1 659 

1 565 + 1 
7 019 + 1 
6 803 + 2 
6 611 + 3 
3 Oil + 4 

QXl 

1 000 
1 022 
1 666 

1 573 + 1 
7 055 + 1 
6 836 + 2 
6 642 + 3 
3 025 + 4 

QXl Shape No. 

3 
39 

139 
187 
214 
220 

" 222 

TABLE IV-18-VIII R E L A T I V E R E G I O N A L P O W E R FOR P R O M P T SUPERCRITICAL T R A N S I E N T 

Region 1 
RAUMZEIT 
WIGLE 
QXl 

Region 2 
RAUMZEIT 
WIGLE 
QXl 

Region 3 
RAUMZEIT 
W I G L E 
QXl 

Time, sec 

0 000 

1 000 
1 000 
1 000 

1 000 
1 000 
1 000 

1 000 
1 000 
1 000 

0 001 

1 058 
1 058 
1 068 

1 014 
1 014 
1 013 

1 000 
1 000 
0 991 

0 005 

2 484 
2 484 
2 507 

1 544 
1 544 
1 550 

1 017 
1 017 
1 010 

0 010 

3 481 + 1 
3 481 + 1 
3 497 + 1 

1 258 + 1 
1 258 + 1 
1 265 + 1 

1 342 
1 342 
1 351 

0 015 

1 570 + 3 
1 570 + 3 
1 577 + 3 

5 389 + 2 
5 388 + 2 
5 414 + 2 

1 486 + 1 
1 485 + 1 
1 500 + 1 

0 020 

6 956 + 4 
6 954 + 4 
6 986 + 4 

2 385 + 4 
2 385 + 4 
2 396 + 4 

6 181 + 2 
6 179 + 2 
6 214 + 2 

overestimates the tilt, that is, it over-predicts the power in region 1, and, early in the transient, underpredicts the 
power in region 3. 

The primary objective of this work was to determine whether or not each code could properly calculate the bench
mark transients. The fact that WIGLE and RAUMZEIT strongly agree with one another implies that they are both 
in good working order. The fact that QXl gives nearly the same answers implies that its solution would be improved 
by the calculation of more shape functions (that is, by tightening the time-step-selcction parameters). Therefore 
this was done. By using parameters that approximately tripled the number of shape function recalculations, identical 
agreement with WIGLE and RAUMZEIT was obtained. However, the amount of computer time required was 
large. 

We now turn to the secondary objective; that is, to determine the sensitivity of each solution to the time step 
size. Table IV-IS-IX shows the total power for the prompt supercritical transient as a function of time step size. 
Data from RAUMZEIT for time steps larger than 10~4 does not appear in Stacey's writeup1 of the solution, but it 
has since become clear that they are nearly the same as WIGLE, whether the TI algorithm or the AV algorithm is 
used. That is, a time step of 10~3 sec gives unsatisfactory answers in either case. The QXl solution, on the other 
hand, is much less sensitive to an increase in the average shape step. 

A more complete picture of time-step sensitivity is given in Fig. IV-18-2. The total power at 0.02 sec (the end of 
the transient) is shown for both QXl and WIGLE. On this scale, RAUMZEIT datum points would be directly 
atop the WIGLE triangles. I t is clearly seen that the QXl solution is relatively insensitive to the number of shape 
function recalculations. However, this is only part of the story. QXl requires much more running time than does 
WIGLE to achieve equivalent accuracy. For example, the WIGLE solution for a time step of 2 X 10~4 sec requires 
\y2 min. on the CDC-3600. QXl, for a shape step of 9 X 10-4 sec, requires 4 min. on the IBM 360-75. But, there 
is yet another important aspect. QXl does every calculation as though the transient had nonlinear feedback. Thus, 
it repeats each amplitude function calculation (including inner product calculations at the so-called reactivity steps), 
although it does not repeat each shape function recalculation. The calculations with RAUMZEIT and WIGLE, 
on the other hand, were done in a linear manner; each time step was passed through only once. If these codes were 
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TABLE IV18IX. TOTAL P O W E R FOR P R O M P T SUPERCRITICAL T R A N S I E N T AS V FUNCTION OF T I M E S T E P SIZE 

Time, 
sec 

0.000 
0.001 
0.005 
0.010 
0.012 
0.015 
0.018 
0.020 

At, sec 

RAUMZEIT 

TI, 10"6 

1.000 
1.022 
1 659 

1.565 + 1 
7.019 + 1 
6.804 + 2 
6.613 + 3 
3.012 + 4 

AV, 10"6 

1.000 
1 022 
1.659 

1.565 + 1 
7 019 + 1 
6.803 + 2 
6.612 + 3 
3.011 + 4 

TI, 10* 

1 000 
1.022 
1 659 

1.566 + 1 
7.028 + 1 
6 818 + 2 
6 632 + 3 
3.022 + 4 

WIGLE 

10"6 

1.000 
1.022 
1.659 

1.565 + 1 
7.019 + 1 
6 803 + 2 
6 611 + 3 
3.011 + 4 

io> 

1.000 
1.022 
1 659 

1 567 + 1 
7 033 + 1 
6.824 + 2 
6.639 + 3 
3.026 + 4 

103 

1.000 
1.022 
1.672 

1.802 + 1 
8.768 + 1 
9.582 + 2 
1.049 + 4 
5.176 + 4 

QXl (Avg. Shape Step) 

9.0 X lO"5 

1.000 
1.022 
1.666 

1 573 + 1 
7.055 + 1 
6.836 + 2 
6.642 + 3 
3.025 + 4 

2.1 X 10~4 

1.000 
1.022 
1.673 

1.583 + 1 
7.092 + 1 
6.868 + 2 
6 674 + 3 
3.040 + 4 

8.7 X 10"4 

1.000 
1.022 
1.673 

1 571 + 1 
6.993 + 1 
6.740 + 2 
6.544 + 3 
2.980 + 4 

o 
0. 

3V 

I I I I I I I I I 

A WIGLE 
OOXI 

T I I I I I I I I 

-OA- -£o-

POINT KINETICS 0 0032XI0
4 

I I I I I I I I I I I I I L 

5 3 
o 

1 1 1 I 1II "I I I I 1 m i I I I I I 1111 1—IT 

A RAUMZEIT 
OOXI 

-O—O-

I I I I Mill I I I I Mill I I I I m i l 1 1 1 

AVERAGE TIME STEP, sec 

F I G . IV182. Power at 0 02 sec as a Function of TimeStep 
Size. ANL Neg. No. 116930. 

10° 10
 J I0"

H 10° 
AVERAGE TIME STEP, sec 

F I G . IV183. Power a t 0 005 sec and a t Increased Neutron 
Velocities as a Funct ion of TimeStep Size. ANL Neg. No. 
116931. 

to be used in conjunction with a nonlinear feedback model, then each time step would have to be repeated at least 
once. It appears, however, that QXl would still run a bit longer when doing very severe asymmetric thermal reactor 
transients. 

T H E EFFECT OF INCREASED NEUTRON VELOCITIES 

It was noted above that QXl was designed primarily for fast reactor transient analysis. Thus, it was decided to 
increase each neutron velocity by a factor of 100, in order to assess how QXl and RAUMZEIT compare when 
doing fast reactor calculations. Note that other fast reactor characteristics, such as a smaller delayed neutron frac

tion and fastreactor cross sections, were not substituted. Thus, the reactor was still loosely coupled. The cross 
section change was the same as that of the thermal prompt supercritical transient. Tho final time, however, was 
set at 0.005 sec, since the power increased so much faster than in the thermal reactor calculations once p > pe/f ■ 
This is because the generation time is 100 times shorter due to the increased neutron velocities. 

The total power as a function of time as calculated by the two codes is given in Table IV18X, for several time 
step sizes. Note again, that the QXl solution is much less sensitive to time step variation than is the RAUMZEIT 
solution. The degree of sensitivity of each is shown more clearly in Fig. IV183, which displays the total power 
at t = 0.005 sec as a function of time step size. From this figure, it may be deduced that, for this problem, QXl 
achieves comparable accuracy to RAUMZEIT with a shape step twenty times larger. Figure IV182 indicates 
that, for the thermal system, comparable accuracy is achieved with an average QXl shape step only four times 
larger than a WIGLE (and RAUMZEIT) step. I t is obvious, then, that QXl is indeed better suited to fast reactor 
transient analysis than it is for thermal reactor analysis. 
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TABLE IV-18-X. TOTAL P O W E R FOR T R A N S I E N T WITH INCREASED N E U T R O N VELOCITIES AS A FUNCTION OF T I M E S T E P S IZE 

Time, 
sec 

0.000 
0.001 
0.002 
0.003 
0.004 
0.005 

At, sec 

RAUMZEIT 

10"6 

1.000 + 0 
1.178 + 0 
1.558 + 0 
2.797 + 0 
2.072 + 1 
1.537 + 5 

10"6 

1.000 + 0 
1.178 + 0 
1.558 + 0 
2.797 + 0 
2.073 + 1 
1.553 + 5 

5 X 10"5 

1.000 + 0 
1.178 + 0 
1.558 + 0 
2.797 + 0 
2.085 + 1 
2.037 + 5 

10"4 

1.000 + 0 
1.178 + 0 
1.559 + 0 
2.798 + 0 
2.125 + 1 
6.327 + 5 

QXl 

2.0 X 10"6 

1.000 + 0 
1.178 + 0 
1.558 + 0 
2.797 + 0 
2.072 + 1 
1.535 + 5 

8.5 X 10"6 

1.000 + 0 
1.178 + 0 
1 558 + 0 
2.797 + 0 
2.072 + 1 
1.532 + 5 

1.4 X 10-1 

1.000 + 0 
1.178 + 0 
1.558 + 0 
2 787 + 6 
2.066 + 1 
1.527 + 5 

5.0 X lO"4 

1.000 + 0 
1.178 + 0 
1.558 + 0 
2.787 + 0 
2.006 + 1 
1.407 + 5 

1.0 x 10-3 

1 000 + 0 
1.178 + 0 
1.558 + 0 
2.759 + 0 
1.832 + 1 
1.189 + 5 

Substitution of fast reactor group constants"in a system with the same dimensions would increase the time step 
advantage still further. The reason is that the number of shape functions required by QXl depends on the degree 
of spatial and spectral flux distortion for a given perturbation. For fixed dimensions a fast reactor is more tightly 
coupled than a thermal light-water reactor. On the other hand, the time step required by a direct finite-difference 
method in the range near prompt critical depends on the rate of change of the total flux, which in turn depends 
on the neutron generation time. 

DISCUSSION AND CONCLUSIONS 

Based on the above calculations, it may be concluded that each code can accurately calculate reactor transients. 
Furthermore, thermal reactor calculations can be done very economically with both WIGLE and RAUMZEIT 
and nearly as economically with QXl if one docs not require "Benchmark" accuracy. It is clear that WIGLE and 
RAUMZEIT are more effective than QXl for calculating linear transients in thermal reactors. I t is not yet knowo 
whether they mil retain their economic advantage if the transient becomes nonlinear. 

QXl makes a better showing when the velocities arc increased than it does for the reference calculations, because 
the implicit differencing method for solving the shape function equations is not too well suited for doing thermal 
reactor calculations. A typical shape step for an accurate solution is very many generation times when the velocities 
are increased, whereas, it is not too many for the reference case. Thus, for the increased-velocity case, neutrons at 
any given position at any time are, by and large, not the same neutrons that were at that position at the previous 
time. For the reference case, on the other hand, much stronger coupling is present. Thus, a fully implicit differencing 
scheme is not appropriate for thermal reactor calculations with QXl, whereas it is adequate for doing fast reactor 
calculations. 
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I V  1 9 . T h e P o i n t K i n e t i c s A l g o r i t h m fo r F X 2 

E. L. FULLER 

INTRODUCTION 

The twodimensional spacetime kinetics code FX2 is based on the factorization13 (quasistatic) approach to 
solving the timedependent multigroup diffusion equations. That is, it is assumed that the flux shape changes much 
more slowly in time than docs its amplitude. Consequently, the solution method contains a threelevel time step 
structure. The largest step is the interval between shape function recalculations. Within this interval are the time 
points at which coefficients of the amplitude function equations are recalculated. Finally, there are time points used 
for integration of the amplitude function equations, i.e., the point kinetics equations. Very few shape function re

calculations are needed relative to the number of amplitude function recalculations. The shape function calculations 
are done by a twodimensional inhomogencous multigroup diffusion theory calculation. The amplitude function 
calculations are done by the point kinetics algorithm which is described below. The algorithm is an extension of a 
method devised by Kaganovc4 to solve the conventional point kinetics equations. Modification of Kaganove's method 
is necessary to account for the effects of fuel motion that might occur during disassembly or slumping accidents. 
Since the hydrodynamic effects during disassembly arc described on a moving mesh, the modifications to the point 
kinetics equations take the form of corrections to account for moving precursors. 

The derivation of the algorithm will be outlined first, followed by a discussion of the input and output information 
required.' Finally, the computational logic involved in the solution will be described. 

T H E POINT KINETICS ALGORITHM 

SOLUTION METHOD 

Using the definitions and notation of Rcf. 3, the point kinetics equations for FX2 are 

N = (LZJ. + '^)N + t X8„s + ± x A + Q' 
\ A A fco / s=i s=i 

■fit = r N — (X, + KS)J7S, 1 < s < m, 
A 

where 
N = amplitude function 
p = reactivity 
/3 = effective delayed neutron fraction 

7co = eigenvalue of sourcefree adjoint equation (unity, unless the reactor is initially subcritical) 
A = generation time 

Q = external source 
X« = decay constant for sth precursor family 
ijs = weighted integral concentration of sth precursor family 
£s = correction to concentration of the sth precursor family due to fuel motion 
KS = loss coefficient for sth precursor family 
(}'s = effective delayed neutron fraction for the sth family as calculated on the moving mesh. 

The first step toward obtaining a solution is to formally integrate Eqs. (2) over the time interval i;_i < t < t,. 
The result is 

,.(*) = i,.U_i) cxp lj^ [X. + KS(T)} dr\ + J^ exp iJti [X. + K.(T)] dr\ ^j N(t') dt'. (3) 

If Eq. (3) is substituted into Eq. (1), then 

^ = (̂ r̂  + ̂ rir)N{t) + SXs [,,(*'i) cxp I!' [Xs + Keir)] dT 

+ ff cxp |  £ [X. + K.(r)] dr j ^ 1 N(t') dt' + f . ( 0 ] + Q' 

( i ) 

(2) 
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Next, assume the following trial solution for N(t) over the interval 0i < t < tj : 

Ar*(0 = £ Ak{t  t^)k (5) 
*=0 

K 

^ = E kAk(t  t^r1. (6) 
at t=i 

The following residual is formed M'hen the approximate solution is put into Eq. (4): 

RAt) =^r~ [tir'+ kTkf\ NK(1) ~ SXs [,,(''l) exp {~C [K + KS{T)] dl 

+ f' exp {£ [X. + *.(r)] dr\ ^ y NK(t') dt' + £.«)]  Q'(t). 
(7) 

The parameters ^4* are evaluated by the method of undetermined parameters, with subdomain weighting.6 The time

step selection technique developed by Kaganove is used to ensure a stable, accurate solution. 
I t is obvious that Ao = iVx(iyi), so that only Ai, ■ ■ ■ , AK must be evaluated over the time interval. Nested sub

domains are chosen such that each begins at 0i . The largest is the full interval, the next largest the halfinterval, 
then the quarter interval, etc., until K intervals are chosen. Unit step functions over each subdomain are the weighting

functions. Mathematically, the weighting functions are written as 

7 , ( 0 = 17(0 ~ U(t  tT), r = l,,K, (8) 

where 

U = 0X + (±J=Ji=l} = ^ + ^ (9) 

(thus defining AO = tj — 0i) T n e method of undetermined parameters, concisely written as 

f ' VT{t)RN(t) * = 0, r = 1, • • • , K, (10) 

can then be used to obtain K algebraic equations to solve for Ax, • • • ,AK

The parameters p, /3, A, £«, Q', B's and K8 are, in general, functions of time. Since their functional dependencies 
cannot, in general, be prespecified, they shall be approximated by fitting to quadratic functions over time intervals— 
called reactivity time steps—that are, in general, quite a bit larger than the point kinetics intervals. The functional 
behavior of the parameters may be written as 

p ( 0 = p(0i) + (i  0i)(«i + 2a20!) + a2(<  0i)2, (11) 
where 

p  ff + (ftp  l)/fco , . 
P = j (12) 

1.(0 = &(0i) + (t tji)(cu + 2c2s0_1) + c2s(t  0  0 2 (13) 

7777 = TrM + ^ ~ ^ W * + 2 6 "k  i ) + h*°(t ~ ^ s=l,,m (14) 
A(0 A («,_!) 

Q'(0 = Q'(Oi) + V ~ 0i)(3i + 2g20i) + qt(t  0i)2 , (15) 

where the coefficients have been evaluated at an earlier time Ui which in turn is set equal to zero, so that all times 
are those that have elapsed since 2,_i. Since KS is a crude function, it is approximated as the initial value over the time 
interval (i.e., ics) to simplify evaluation of the integrals that appear in Eq. (7) .WhenEqs. (5), ( 6 ) , a n d ( l l ) through 
(15) are substituted into Eq. (10), with the weighting functions given by Eqs. (8) and (9), the result is 

K 

z 
4 = 1 
T,RTkAk = Srk ?• = !, • • . , / £ , (16) 
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where 

' H 1 ' " ' " " ' ^ j W a2A^+3l , ^ f / ^ - O [Mk+1 - (k + l)I..k(Mr)] p ..K \p{t^)Atk+1 (01 + 2a2^_1)A^+ 2 

72,4 = Atr ~ L fc + i + fcT2 + + E k + 3J ' ^ U(«3_,) A; + 1 
, /,, , 9h , x [ A t r - (fc + 2)/8,+1(A<r)] [AfT* - (fc + 3)J.lM.s(A*,)]\ 

S,i = fp(«,_i)A«r + (a i + 2 0 ^ ) ^ + a2 ^ + £ ! ? ° ^ [Air - I..o(A*r)] \ 2 3 .=! (A(t,_i) 

+ (bu + 26*l,-i) ̂  - /̂ (Ak) + b2s [^ - /8,2(A<r)]|) Ao + E jx. L u / . . » W 

+ {.(i,_i)A«, + (cl8 + 2c28^_1) ^ + c28 ^ 1 | 

+ [<3'(«,_i)A«r + (gi + 2grf,_i) ^ + g2 ^ , 
and the so-called /-functions are defined by 

7..n(A0 = f oxp [-(X. + i.)(t - t')](t' - 0-0** ' , 
J t , - i 

At s t - O-i • 
From Eq. (19), it is evident that 

(17) 

(IS) 

(19) 

J..o(AO = — 4 - ^ {1 - cxp [-(X. + K8)Ai]}. (20) 
Xs + K8 

(22) 

Using Eqs. (19) and (20), the following recursion relationship can easily be derived: 
s 

Lm{U) = x ] - [At" - mZ.,«_i(AO], m > 1. (21)', 

Finally, using Eqs. (19), (20), and (21), a very useful expression for the integral of the /-function is found: 

/ I..m(At) dt = — - / , m+i(A«r), 
J t . - i ™ + 1 

where 
Atr = t,— 0-1 • 

The set of algebraic equations represented by Eq. (16) can then be solved for the parameters Ak , A\hich are in 
turn substituted into Eq. (5) to obtain the amplitude function at t,. Piecewise quadratic functions (K = 2) are used 
in FX2 because they have Avorked very well in QXl. And, they are very well suited to be used in conjunction with 
Kaganove's time-stcp-halving-and-doubling scheme for automatically selecting the time step size. This time-step-
selcction technique will now be described. 

TIME STEP SELECTION 

Suppose that a solution has been obtained at O-i aid that AO has been selected. Then, tw o independent solutions 
(sets of parameters) of the point kinetics equations arc found at t,. The first of these integrates over the -whole time 
step, yielding a solution directly at 0 • The second solution is for only half the step, yielding a solution at O-i + 
(Atj/2). The half-step solution is then extrapolated to t,. It will not be the same as that determined directly, but 
it should be close. The degree of closeness determines whether or not the solution is acceptable. 

The tw o values are compared by forming the error norm 

t _ lA^UO -N(t,)\ , „ . 
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and comparing it with a preselected tolerable error ei. If « < «i, then the amplitude function N(t,) is acceptable 
and the solution can be found for the next step. If, in addition, e < C«i, w here C is a preselected parameter less than 
unity (usually set to 0.1), then the next time step is estimated to be 2A0 ; otherwise, Ai3+1 = A0 . 

If, on the other hand, e > ei, the solution at t, is not acceptable, and the time step is halved. Two independent 
solutions to the point kinetics equations are again found, this time for t = O-i 4- (AO/2) and t = O-i + (AO/4). 
Note that the first of these has already been determined for the original comparison and hence need not be repeated. 
The solutions are again compared as described above. If an acceptable value of iV[0-i + (AO/2)] is found, the solu
tion for 0 will again be attempted in the same manner. This time, however, t = O-i + (AO/2) at the lower end of 
the time step, so that independent solutions are formed for t = O-i + MAO and t = t,. 

If the value iV[0-i + (AO/2)] is not acceptable, the time step is halved again and the calculation is repeated for 
,the quarter step. Calculation continues until an acceptable solution has been obtained for t = t}. The procedure 
then begins anew to determine iV(0+0> etc., until the end of the reactivity step is reached. 

REQUIRED INPUT AND OUTPUT INFORMATION 

The following information is needed upon entry to the point kinetics algorithm: the amplitude function Ar(£,_i), 
the coefficients p(i,_i), a i , a2, f,(i,_i), cu , c2s, |j3s(i,_i)]/[A(i!_0], bu , b2s, Q'(*,_i), bu , b2s, Q'(<,_0, qi, q*, K«(/,_I), 
and the time interval (called the reactivity step) over which these are to be used (i.e., <t_i to U). These coefficients 
are evaluated by fitting to parabolas the inner products for reactivity, delayed neutron fraction, etc., from the previ
ous two i-intervals. The functions are then extrapolated to t = tt. The inner products are recalculated at t = tt 
after N(t,) has been found. The recomputed values are compared with the extrapolated values, and the necessary 
corrections are made. 

Once the amplitude function is evaluated at t = t% / i t is used, along with N(U_X) and Ar(<t_2), to evaluate nx, ?i2, 
and n3 for use in the expression 

lnJV(<l+1) = ni + n2(tl+1 - tt) + n3(tt+i - tt)\ (24) 

This extrapolation, which takes place once an estimate of tl+i has been determined, is necessary to compute the energy 
generated over the (i + l)st interval from the increase in fuel temperature. The estimate of N(tt+i) obtained from 
Eq. (24) is, of course, later corrected by carrying out a point kinetics calculation over the interval [tt, tt+i]. 

In addition to the amplitude function information, the quantities &l and bl, as defined in Eq. (19) of Rcf. 3, are 
available from the point kinetics calculation. These quantities, needed to properly update the concentrations of 
delayed neutron precursors, are given by the expressions 

dl = AT I' cx& \~I, 'lXs + KS(T)] ( ^ ~ ' - ^ W dt> (25> 

^ = - A T I, cxp 1 / '[Xs + KS(T)1 dr\ ^ ~ WW dL 

We shall now outline the method of evaluating these quantities. 
Within the time interval [£,_i, U] there are / point kinetics steps (to = k-i and tj = U). Let us, therefore, evaluate 

the integrals by summing the components of each point kinetics step; specifically, 

&l = ^ E I' ' exp [ - ( x . + K.)(U - t)](t - U-x) E Mt - t,-i)k dt, (27) 

bl = -i- E I ' exp [ -x , + KS)(U - t)](U - t) E Mt - t,_i)k dt. (28) 

This is necessary because A^(0 is a piecewise polynomial function over the interval |0_i, tt], such that its coefficients 
differ over each point kinetics interval. Finally, after some manipulations, it can be shown that 

1 J ( K I ^ = TT E exp [ - (X. + it.) (*, - t,)] E ML k+i(At3) + ( 0 - J - U_i)Is,k(At,)]}, (29 
At, j=i [ k=o J 

1 J [ K 1 
bl = TT E exp [ - (x. + K.) (U - t,)] E M(U - 0- iU. "(At,) - Is,k+l(At,)]> (30) 

At, ,= i ^ t=0 J 

" (26) 
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COMPUTATIONAL LOGIC 

The logical sequence of the point kinetics solution is shown in Fig. IV-19-1. The first step is to calculate the coeffi
cients that appear in Eqs. (11) through (15). Then, the time values are initialized, the convergence criteria are set, 
and the starting values of the point kinetics parameters are calculated. These parameters will be updated later accord
ing to Eqs. (11) through (15). We are now ready to solve for the Ak for the first time step. 

FIG. IV-19-1. Logical Sequence of Point Kinetics Solution. 
ANL Neg. No. 116-817. 
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We begin by calculating the /-functions needed for Ati and A^/2. Then we can find the coefficients Rrk and Srk 
of Eq. (16) for the full step and for the half step. The determinant of coefficients is formed for each step, and solved 
to obtain the values of Ak for k and k/2. These, in turn, are used to find N(U) and Nexl(ti). If they are not close 
enough to each other, then the time step is halved and a solution at h/2 is attempted. If /-functions for the half-step 
are needed they are calculated. Otherwise, the determinants of coefficients for both the half step and the quarter step 
are formed and solved for the Ak . 

When e < €i the solution is considered to be converged, and the next time step is selected. This next step is double 
the previous one if « < 0.1 «i. Otherwise, the step length remains the same. In either case the point kinetics param
eters are updated to the latest time step, as are the precursor concentrations. An edit of the current information can 
also be made at this time. If it is necessary to calculate more /-functions for the next time step they are so calculated; 
otherwise, the determinants of coefficients are formed and solved for the half step and the full step. 

When a converged solution has been found at t = U (the end of the reactivity step), the parabolic coefficients for 
In N, needed to estimate the amplitude function behavior over the next reactivity step, are calculated. Then, the 
information is taken from the module to be used in other parts of the program. 
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I V - 2 0 . G e n e r a l i z e d P e r t u r b a t i o n M e t h o d s fo r S e n s i t i v i t y A n a l y s i s of F a s t C r i t i c a l s 

M. SALVATORES* 

INTRODUCTION 

In recent years the term "generalized perturbation theory'' has come to indicate the theory which deals with 
perturbations of reactor integral characteristics, which can be expressed by means of linear or bilinear functionals 
of the real and/or adjoint fluxes.1-3 If we consider a ratio, R, of these functionals, the main result of the generalized 
perturbation theory is to express the variation, 8R, of R in terms of any cross section variation, 52x, (which repre
sents the perturbation for energy group i in the form of a linear expression), 

5R/R = E«x5S* , (1) 

where x defines a type of cross section. The explicit expressions for coefficients ax for the different type of functions 
are given in Ref. 3. 

Linear expressions of the type of Eq. (1) are particularly useful when the explicit dependence of integral parame
ters (such as reaction rates, reactivity wrorths, or source worths) on nuclear group parameters is needed. A typical 
case is the sensitivity analysis of integral reactor parameters to nuclear cross section uncertainties. Codes were de
veloped for the calculation of the coefficients ax in diffusion theory, and for the zero-dimension (fundamental mode),4 

one-dimension,5'6 and twro-dimension7,8 space dependent schemes. A method9 and a code10 were developed using an 
integral transport approach. In this paper the fundamental mode method and a newr integral method for a hetero
geneous medium will be discussed. 

* Comitato Nazionale per L'Energia Nucleare, Casaccia, Italy. 
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FUNDAMENTAL MODE METHOD 

Let us consider the reaction rate ratio 

/ <n<j>dr dE 
R=°±= J . (2) 

a2 / a-2cj)dr dE 

The change in R due to nuclear parameter variations in the zero-dimension approximation in multigroup notation 
is given by 

BR/R = E ( ^ - — ) + E («x.tf + («2? + B'MMt + E o2L,(+t ~ tf )*), (3) 

where 0, is the solution of the linear system 

B\Di«l>, + 2?0, — E 25-10, = x». % ~ 1) 2, • • •, number of groups (4) 

corresponding to B, values such that 

X) "2/,<*. = 1, (5) 

and the importance \Ut is the solution of the linear system 

B\Dttf + 2 > | - E SUitf = S+ i = 1, 2, • • •, number of groups (6) 

where 

e+ ?L1 g2 '» / 7 N 

< « 

oo-\, oo-2, 5x, oSa, 5/) and 52,-j are pertinent both to the ratio R itself and to the system. We shall call the first term 
on the right of Eq. (3) the "direct" effect and the second term the "indirect" or "spectral" effect. 

The CIAP-0 codes compute the quantities 0, (allowing for a criticality search on B2), ypt, SR/R, and the correspond
ing quantities related to the bilinear functional ratios. The normal perturbation expressions for bk/k (i.e., the second 
term on the right of Eq. (3) with the substitution <j>t —* \f/t) are also computed. 

APPLICATIONS 

The typical application of these methods is the generation of tables of "sensitivity coefficients" for the integral 
quantities of interest. The quantitative or qualitative effects of any cross section uncertainty on that integral quan
tity can be readily evaluated from those tables. As an example, Table IV-20-I gives the sensitivity coefficients of 
indirect effects relative to the bilinear functional ratio represented by the 12C reactivity worth. The calculation was 
made for ZPR-6 Assembly 7. The zero-dimensional approximation seems to be well suited for a large system such 
as the Demonstration Plant Benchmark Critical Assembly. As an example of the use of the coefficients of Table 
IV-20-I, the Cross Section Evaluation Working Group (CSEWG) recommended modifications to ENDF/B VER-
SION-II (see Table IV-20-II) were considered. I t is possible to see that the 12C reactivity worth is strongly dependent 
on the changes which affect the adjoint flux. However, the large effects (about 20 %) due to the variation of 2/(239Pu) 
and S/(238U) are balanced by the corresponding variations of 2 0 . This is expected since the adjoint flux is charac
terized mainly by the energy dependence of the ratio v2//2a . Changes in 2c(239Pu) have the effect of increasing the 
eactivity worth by about 3 %. In Table IV-20-III the analogous sensitivity coefficients are shown relative to the 
'B reactivity worth, and in Fig. IV-20-1 the absorption sensitivity coefficients are compared for the 10B and 12C reac

tivity worths. The stronger dependence of the scattering material reactivity worth on the adjoint in comparison with 
the pure absorber's worth is shown clearly by these results. 



510 IV. Reactor Computation Methods and Theory 

TABLE IV-20-I. SENSITIVITY C O E F F I C I E N T S FOR THE CENTRAL 12C REACTIVITY W O R T H 1 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

4 1 6 

17 
18 
19 
20 
21 
22 
23 
24 

Absorption Sensitivity Coefficients 
(Relative to SS'a = 1) 

Effects 
o n <j>+ 

- 0 . 5 0 
- 4 . 6 5 

- 1 3 . 0 0 
- 6 . 4 9 

- 2 1 . 4 6 
-130 .25 
-108 .60 
-166 .30 
-144 .10 
-113 .35 

- 6 0 . 4 5 
- 2 6 . 7 5 

14.25 
31.25 
38.10 
41.07 
15.82 
35.48 
35.95 
33.36 
20.63 
20.27 

3.48 
0.08 

Effects 
o n <f> 

0.13 
0.42 

- 0 . 5 7 
- 1 . 0 2 
- 0 . 2 3 
- 2 . 2 9 

0.74 
5.50 

11.57 
18.87 
23.08 
22.80 -
23.27 
17.72 
10.98 
6.53 
2.50 
7.38 
5.38 
2.31 
1.10 
0.53 
0.03 
0.0 

Total 

- 0 . 4 7 
- 4 . 2 3 

- 1 3 . 5 7 
- 7 . 5 1 

- 2 1 . 6 9 
-132 .54 
-107 .86 
-160 .80 
-132 .53 

- 9 4 . 4 8 
- 3 7 . 3 7 

- 3 . 9 5 
37.52 
48.97 
49.08 
47.60 
18.32 
42.86 
41.33 
35.67 
21.73 
20.80 

3.51 
0.08 

Scattering Sensitivity Coefficients 
(Relative to «2,w + i = 1) 

Effects 
on<£+ 

- 0 . 0 3 
- 0 . 0 1 
- 0 . 9 8 
- 0 . 6 1 
- 0 . 4 9 
- 4 . 3 4 
- 3 . 1 9 
- 5 . 5 4 
- 5 . 6 4 
- 4 . 0 5 
- 1 . 0 7 

0.05 
- 0 . 2 8 
- 0 . 9 3 
- 1 . 9 4 
- 1 . 5 2 
- 0 . 3 9 
- 1 . 5 2 
- 5 . 7 8 
- 1 . 4 9 
- 3 . 0 8 
- 3 . 6 6 

2.02 
- 0 . 1 0 

Effects 
o n <j> 

0.03 
0.65 
0.15 

- 0 . 8 3 
0.93 

- 0 . 3 1 
- 3 . 4 3 
- 6 . 6 4 
- 9 . 0 2 
- 8 . 8 2 
- 5 . 2 8 
- 2 . 5 3 
- 1 . 7 9 
- 0 . 8 9 

0.17 
- 0 . 4 4 
-0. .07 
- 0 . 7 8 

1.41 
- 0 . 2 6 

0.33 
0.30 

- 1 . 6 6 
0.0 

Total 

0.0 
0.64 

- 0 . 8 3 
- 1 44 

0.44 
- 4 . 6 5 
- 6 . 6 2 

- 1 2 . 1 8 
- 1 4 . 6 6 
- 1 2 . 8 7 
- 6 . 3 5 
- 2 . 4 8 
- 2 . 0 7 
- 1 . 8 2 
- 1 . 7 7 
- 1 . 9 6 
- 0 . 4 6 
- 2 . 3 0 
- 4 . 3 7 
- 1 . 7 5 
- 2 . 7 5 
- 3 . 3 6 

0.36 
- 0 . 1 0 

4* Function 
(Sensitivity 

Coefficients Relative 
to &v2?t = 1) 

0.43 
4.21 

11.80 
6.37 

23.26 
44.50 

124.64 
196.63 
176.26 
144.29 
79.81 
35.95 

- 1 9 . 1 2 
- 4 1 . 0 9 
- 4 8 . 6 7 
- 4 9 . 9 2 
- 1 8 . 5 4 
- 4 0 . 5 9 
- 3 9 . 4 4 
- 3 1 . 5 2 
- 1 8 . 6 7 
- 1 5 . 9 6 

- 2 . 3 2 
- 0 . 1 1 

\f/+ Function 
(Sensitivity 

Coefficients Relative 
to SX, = 1) 

- 0 . 2 8 
- 0 . 2 1 

0.12 
0.15 
0.03 
0.14 

- 0 . 0 5 
- 0 . 2 7 
- 0 . 5 9 
- 1 . 0 5 
- 1 . 5 5 
- 1 . 9 0 
- 2 . 1 1 
- 2 . 2 7 
- 2 . 3 9 
- 2 . 3 5 
- 2 . 5 1 
- 2 . 5 8 
- 2 . 8 5 
- 2 . 1 1 
- 2 . 3 5 
- 1 . 6 5 
- 0 . 7 1 
- 1 . 1 7 

8 The group s t ructure is based on a constant Aw = 0.5 for the first 21 groups. A constant Aw = 1 is adopted for the lower groups. 

TABLE IV-20-II. CROSS SECTION EVALUATION WORKING G R O U P 
(CSEWG) RECOMMENDED MODIFICATION TO E N D F / B VERSION-II 

1. Increase a/ in the first three groups by 8%. 
2. Increase as in the first 6 groups by 8%. 
3. Decrease ac in groups 5-9 by 5%. 
4. Mult iply a] in groups 1-14 by the following factors: 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Factor 

1.06 
1.06 
1.06 
1.00 
1.00 
1.07 
1.02 
1.02 
1 03 
1.05 
1.06 
1.08 
1.09 
1.10 



20. Salvatores 

TABLE IV-20-III. SENSITIVITY COEFFICIENTS FOR 10B REACTIVITY WORTH" 

Group 

1 
2 
3 
4 
5 
6 • 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Absorption Sensitivity Coefficients 
(Relative to bZ{ = 1) 

Effects 
o n <j>+ 

0.53 
2.12 
5.17 
6.65 
7.46 

13.76 
12.09 
14.00 
11.10 
7.75 
4.18 
1.43 

- 1 . 1 5 
- 2 . 9 0 
- 3 . 0 0 
- 2 . 6 6 
- 1 . 1 6 
- 5 . 3 6 
- 5 . 3 6 
- 5 . 1 3 
- 3 . 0 2 
- 3 . 4 1 
- 0 . 6 3 
- 0 . 0 1 

Effects 
o n <j> 

0.15 
0.40 
0.90 
0.39 

- 0 81 
- 2 . 7 1 
- 4 . 8 3 
- 8 . 4 9 

- 1 0 . 2 0 
- 1 1 . 2 4 
- 1 0 . 8 9 
- 9 . 9 1 

- 1 0 . 3 9 
- 8 . 6 0 
- 5 . 8 5 
- 4 . 0 0 
- 1 . 5 5 
- 4 . 5 1 
- 3 . 3 4 
- 2 . 3 7 
- 1 . 1 8 
- 0 . 8 4 
- 0 . 1 3 
- 0 . 0 

Total 

0.68 
2.52 
6.07 
7.04 
6.65 

11.05 
7.26 
5.51 
0.90 

- 3 . 4 9 
- 6 . 7 1 
- 8 . 4 8 

- 1 1 . 5 4 
- 1 1 50 
- 8 . 8 5 
- 6 . 6 6 
- 2 . 7 1 
- 9 . 9 7 
- 8 70 
- 7 . 5 0 
- 4 . 2 0 
- 3 . 2 5 
- 0 . 7 6 
- 0 . 0 1 

Scattering Sensitivity Coefficients 
(Relative to SZ,w+i = 1) 

Effects 
o n <j>+ 

0.04 
0.0 
0 39 
0.63 
0.17 
0.46 
0.36 
0.47 
0.43 
0.28 
0.07 
0.0 
0.02 
0.09 
0.15 
0.10 
0 03 
0.23 
0.86 
0.23 
0.45 
0.62 

- 0 . 3 7 
0.02 

Effects 
o n <j> 

0.06 
0.03 
0.62 
1.05 
0'57 
2.38 
1.59 
2.22 
2.06 
1.83 
1.44 
1.39 
1.77 
1.32 
0 77 
0.31 
0.06 ' 
0.46 
0.74 
0.38 
0.03 
0.28 

- 0 . 0 5 
0.01 

Total 

0.10 
0.03 
1.01 
1 68 
0.74 
2.84 
1.95 
2.69 
2.49 
2.11 
1.51 
1.39 
1.79 
1.41 
1.02 
0.41 
0.09 
0.69 
1.60 
0.61 
0.48 
0.90 

- 0 . 4 2 
0.03 

<ii Function 
(Sensitivity 

Coefficients Relative 
t o Sv-Z'j = 1) 

- 0 . 4 5 
- 1 . 9 2 
- 4 . 6 9 
- 6 . 5 3 
- 8 . 0 8 

- 1 5 . 2 7 
- 1 3 . 8 8 
- 1 6 . 5 5 
- 1 3 . 5 8 
- 9 . 8 6 
- 5 . 5 2 
- 1 . 9 2 

1.54 
3.82 
3 83 
3.24 
1.36 
6.13 
5.88 
4.85 
2.73 
2.69 
0.42 
0.02 

^+ Function 
(Sensitivity 

Coefficients Relative 
to &x, = 1) 

- 0 . 3 3 
- 0 . 2 1 
- 0 . 1 9 
- 0 . 0 6 

0.10 
0.17 
0.31 
0 41 
0.52 
0.63 
0.73 
0.83 
0.94 
1.10 
1.27 
1.44 
1.55 
1.61 
1 77 
2.17 
2.51 
2.59 
3.46 
2.10 

The group structure is based on a constant AM = 0.5 for the first 21 groups. A constant Au = 1 is adopted for the lower groups 

J I I I I I j - i I I I I I I I I I I I I I I l_ 

I I I I I I I 
I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 

ENERGY GROUP 

FIG. IV-20-1. Comparison of Absorption Sensitivity Co
efficients for 10B and 12C Reactivity Worths. ANL Neg. No. 
116-923. 

SENSITIVITY ANALYSIS IN A HETEROGENEOUS MEDIUM 

The functions defined in Eq. (6) may be physically defined as probabiUties that a neutron of energy i be observed 
by a detector characterized by a "cross section" St (see Refs. 3 and 11). If -we now consider the reaction rate 

R = E OdjtiVj , 
j = 1,2, • • • , number of regions 
i = 1, 2, • • • , number of groups, (8) 



512 IV. Reactor Computation Methods and Theory 

defined through a cell of a critical assembly, it is possible to express again the variation of R by means of the gen
eralized perturbation theory as a linear function of the cross section changes. That is, the sensitivity coefficient, 

SR/R = E <y«2*,y, (9) 
i.i 

will be expressed by perturbation expressions of the type 

a*.t = fWj. (10) 

The 4>) is the probability of a neutron at energy i and in region j being detected by the "detector distribution" charac
terized by the cross section <rjy. In this way it will be possible to consider the effects of cross section changes on the 
heterogeneous flux rather than on the average flux of the cell. 

In the case of an infinite repetitive heterogeneous structure it is easy, by means of a collision probability technique, 
to construct a set of equations [corresponding to Eq. (6)] for the probabilities ^"'. Each of these probabilities may 
be considered as the sum of two probabilities: 

a) the probability of a neutron at energy i and in region j being detected directly at energy i in region j by the 
detector distribution with cross section o-Jy 

b) the probability of a neutron at energy i and in region j being scattered to any energy k, multiplied by the 
probability of the neutron at energy k undergoing its next collision in region j , and then being detected. 

Analytically this means that 

*i = 2-, ^uu Va'h' + -7^7, (11) 

where we have introduced the probabilities p^i of a neutron at energy k in region j experiencing its next collision-
in region j . Using the importance functions given by Eq. (11) and the heterogeneous fluxes <j>) defined by means 
of a corresponding integral method1 based on colHsion probabilities, the sensitivity coefficients of Eq. (10) will be 
given by 

a\,i = ^V<t>) 

for absorption sensitivity coefficients for a 52l,y in region,/ and energy group i; and 
k-*i tk^* §+i i 

O..J- = 4>il^Vi"Pi.i' 
r 

for scattering sensitivity coefficients for 52k'-Ji in region j . 
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I V  2 1 . A c c e l e r a t i o n of E x t e r n a l S o u r c e P r o b l e m s i n N e a r  C r i t i c a l S y s t e m s 

D. A. MENELEY 

INTRODUCTION 

Many computer codes have the capability of solving the inhomogeneous equation which characterizes a subcritical 
reactor with a constant external neutron source. Most of these codes find the flux solution by iterative procedures 
which include acceleration techniques of various kinds. One common technique is extrapolation using factors derived 
from Chebyschev polynomials to reduce the error components of the flux estimate during the iterations. An estimate 
of the largest eigenvalue of the iteration matrix is required in this procedure, and the effectiveness of the accelera

tion depends strongly on the quality of this estimate. When the eigenvalue is near unity (corresponding to a nearly 
critical system) this estimate becomes rather uncertain, and consequently the procedure converges slowly. 

A procedure for improving the convergence rate in these cases is described below. This procedure wras suggested in 
unpublished work by D. H. Shaftman, Argonne National Laboratory. Examples are given comparing the procedure 
with conventional Chebyschev acceleration. 

MATHEMATICAL MODEL 

The multigroup inhomogeneous equation may be written as 

(M  F)4> = S, (1) 

where M represents absorption, diffusion and energy transfer, F represents the fission source, and S represents the 
inhomogeneous source. The flux, 0, is then a vectorvalued function of position, subject to boundary conditions. 

Equation (1) may be written: 

<t> = (I  M~lF)~\ (2) 

where 

u = M~'S. 

Since the spectral radius of M~1F is less than unity, Eq. (2) may be written: 

0 = [I + M'F + (M'F)2 + ■■■■]u. (3) 

Expanding u in the eigenvectors 0„ of M_aF0„ = /c„0„ and substituting into Eq. (3) gives 

°° 1 
0 = E «n z TT <t>n, (4) 

»=o I — /c« 
wdiere a„ are the expansion coefficients of u. 

The unaccelerated iterative sequence starting from zero flux may be written: 

0(<> = E On E (fcn)'"0n (5) 

and 

Multiplying Eq. (6) by 

ind adding Eq. (5) gives 

tf'>  0«» = E aM'1^ . (6) 

Q = w ' 4  k.)[i  ( i  fco)! (fc°n (7) 

0U) + Q[0W)  0U_1>] = T T  ^  T ^ *o + E an[hn'
lQ + E (fc»)"]*» • (8) 

^ 1 — /Co) n = l m=0 
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The first term on the right hand side of Eq. (7) is the first term of the solution, Eq. (4). When k0 is near unity this^ 
term dominates the total solution. The second term represents the higher harmonics; since (1 > k0 > fci > k2 ■ • •) 
the kfr1 terms in the summation attenuate the higher harmonics fairly rapidly as t is increased. The acceleration 
factor Q has the effect of increasing the higher harmonic magnitudes; however, these are quite easily reduced by 
standard acceleration procedures. 

NUMERICAL TESTS 

Several cases have been run to establish the convergence characteristics of the procedure. The three steps required 
are: 

1. Obtain the solution for the homogeneous system corresponding to the source problem. 
2. For the source problem, carry out ten unaccelerated iterations starting with an initial flux guess of zero, then 

Do the extrapolation in the Ith iteration according to the formula 

0(<> = *<" + <2[0">  * «  » ] . (9) 

The Q factor is given by Eq. (7) using the eigenvalue determined in Step 1. 
3. Complete the convergence of the source problem using the usual Chebyschev acceleration.1 

The QXl program was modified to carry out these steps with the exception that the Q factor was applied to the 
ith iterate of the fission source rather than the flux. The results were compared with the previous version QXl which 
used only Chebyschev acceleration. 

Figures IV211 and IV212 show typical comparisons of the two methods. The reactor model used in these tests 
was a two enrichment zone LMFBR core of approximately 3200 liters with a core height of 61 cm. (This geometry 
was chosen so that the eigenvalue separation in the cylindrical QXl problem would be relatively poor). The neutron 
souice was calculated from the 240Pu disintegration rate as a function of radius. 

Figure IV211 shows the convergence characteristic of the two methods with the neutron yield per fission adjusted 
arbitrarily to a homogeneous system eigenvalue of 0.98826. The direct Chebyschev method shows an erratic accelera

tion sequence resulting from its sensitivity to the estimate of the largest eigenvalue of il//_1F; 92 iterations were re

quired to reach convergence. Normalization according to Eq. (9) results in more uniform behavior and more rapid 
convergence (41 iterations). Figure IV212 shows the same plot except that the initial eigenvalue wras adjusted to 
0.99714. In this case the direct Chebyschev method fortuitously reached almost the correct source magnitude at the 
end of an acceleration sequence, so that it converged rapidly. A third case was run in which the initial eigenvalue 
was 0.99990. The direct method did not converge, but the proposed method converged in the same number of itera

tions as the cases shown in Figs. IV211 and IV212. The same general convergence behavior was shown in several 
other cases which were run to test the method. 
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ALTERNATIVE METHOD 

An alternative procedure is available which does not have the disadvantage of introducing higher harmonic con
tamination, but which requires more preliminary calculations. This alternative method may be useful for kinetics 
applications using the factorization method, since many of the subsidiary calculations must be performed for other 
purposes. 

The source-free adjoint equation for the system given in Eq. (1) is written: 

(M = I / ? ) V = 0 . (10) 
/Co 

This function and the real homogeneous flux, 0O, are obtained first. Then the source function u of Eq. (2) is obtained 
by solving the equation 

Mu = S, (11) 

wliich requires one outer iteration in codes such as DIF2D. Taking the inner product of 0 with u determines Oo 
in the expansion of it from the expression 

(0*, u) = ao<0*, 0o>- (12) 

The inhomogeneous problem iterative solution can then be initiated with a starting guess of 

(1=0) 0,(, (13) 
1 - fco " 

This alternate scheme has not been tested in QXl. 
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I V - 2 2 . A p p l i c a t i o n of t h e V I M - I M o n t e C a r l o C o d e t o t h e 
A n a l y s i s of Z P P R A s s e m b l y 2 E x p e r i m e n t s 

F. L. FILLMORE* 

INTRODUCTION 

The VIM-I Monte Carlo code1 wliich is being developed at AI (Atomics International) was obtained to aid in the 
analysis of the Fast Breeder Reactor critical experiments being performed at Argonne National Laboratory. This 
code is designed specifically to deal with the plate-type critical assemblies being studied and it takes advantage of the 
repetitive nature of the geometry of these assemblies to reduce the storage requirements for input data and to make 
the computing time spent in the geometry routines as short as feasible. The basic unit of geometry in VIM is the 
drawer, and each drawrer is divided into several zones which correspond to the matrix, plates, and cans of the actual 
assembly. Geometry routines arc also available for treating concentric homogeneous spheres and cylinders. 

The VIM cross section libiary is based on ENDF/B VERSIONS I and II data. Each isotope in the library has 
its OWTI energy grid which is tailored to meet its particular needs. Cross section data are entered for each energy 
point, and provision is made in the code for interpolating between points. The entire library is packed into linear 
arrays to conserve storage space in the computer. Resolved resonances are described by Doppler broadened point-
wise data. Unresolved resonance cross sections are treated by a probability table method2 in which the tables are 
based on many ladders of resonances constructed by sampling the statistical distributions for the unresolved resonance 
parameters. The scattering angles for anisotropic elastic scattering are obtained by sampling probability distribution 

! Atomics International, a Division of Noith Ameiican Rockwell Corporation, Canoga Park, California. 
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tables which are based on the Lcgcndrc expansion coefficients of the cross section. The use of these tables in place 
of the Legendre coefficients results in a considerable savings in computation time. 

The VIM code has certain advantages over conventional multigroup methods in the analysis of critical experiments. 
I t permits a complete threedimensional description of the assembly including plate heterogeneity, partially inserted 
control rods, etc. Adequate geometrical detail can be included to eliminate the necessity of applying correction factors 
to the final results. Correlated sampling and adjoint Monte Carlo techniques are being developed at AI which will 
enable the analysis of small sample and reactivity coefficient experiments in a more rigorous manner than is possible 
with conventional multigroup methods. Since the VIM cross section library is based on pointwise data, the approxi

mations which are encountered in the construction of multigroup libraries arc eliminated. The VIM library can be 
made as accurate as desired within the limitation of computer storage capacity, and this is no problem with the 
large computers now coming into use. A disadvantage of all Monte Carlo methods when applied to criticality calcula

tions is their relatively slow convergence when compared with one and twodimensional multigroup methods. This 
comparison is much more favorable for threedimensional calculations, and in situations where a threedimensional 
calculation is considered essential, the added rigor permitted by the VIM code could make it the preferred method 
of analysis. 

CODE MODIFICATION AT ANL 

Since VIM was originally coded for use on the CDC6600 computer, it was converted at ANL to run on the IBM

360/75. This conversion was complicated by the short word length of the IBM equipment. Reprogramming was re

quired in several places to get around difficulties caused by the lack of adequate numerical precision. The dimensions 
of the code were also increased and the edit enlarged to accommodate problems of the size of the ZPPR critical 
assembly which has two core regions, three blanket regions, and two reflector regions. Extensive use was made of 
DISK storage for the permanent storage of the VIM cross section library and of certain output results which are 
subjected to detailed analysis after the Monte Carlo calculation is finished. Codes were developed to perform this 
analysis. 

The original VIM code received from AI was designed for use with the VERSION I VIM cross section library only. 
When the VERSION II VIM library was obtained from AI, extensive coding changes were required to enable its 
use at ANL. Other revisions wrhich were supplied by AI were also added. 

Restart capability for VIM, which enables a calculation to be extended by malting a second computer run, was 
developed at ANL. With restart capability the user can examine the results of a run of moderate length to see if 
they are reasonable before committing himself to a long run to obtain better convergence. The restart feature also 
allows a run which terminates abnormally because of computer malfunction or other abnormal condition to be re

started at a point just before the failure occurred. An option was also provided to store the initial coordinates of all 
source particles on tape so that fixedsource calculations using these coordinates can be done at a later time. 

Monitoring of fission ratios over a central portion of the core of the critical assembly was included in the VIM 
code received from AI. Provision for monitoring 23SU absorption over this region was added at ANL as well as moni

toring of multigroup flux over central portions of the inner and outer cores and of the blanket regions. Examination 
of results from multigroup calculations shows that the neutron spectrum is essentially independent of position over 
the central }■£ of the inner core. The spectrum at the radial midpoint of the outer core where spectrum measurements 
were made is nearly the same as the integrated spectrum over the central part of the outer core over which the spec

trum is monitored. 

CALCULATIONS PERFORMED 

In order to determine that the code was working properly on IBM equipment, calculations w ere made for ZPR3 
Assembly 48 and JEZEBEL for comparison with results obtained at AI for these assemblies. After the comparisons 
were seen to be satisfactory, calculations were made for ZPPR Assembly 2. Selected results from these calculations 
are presented in Table IV22I. 

The heterogeneous model for ZPPR Assembly 2 is based on the equalcore volume loading number 90(3) and con

tains over 40,000 zones and six different drawer types. The homogeneous model was formed by homogenizing the 
core and blanket regions of the heterogeneous model. The experimental value of k for this loading is 1.0006. The 
calculated values of k using the VersionII VIM library arc about 2 % lower than results obtained with twodimen

sional diffusion theory.4 The discrepancy is not well understood, but may be due in part to shortcomings in the un

resolved resonance probability tables that wrere used in the calculations. The heterogeneity effect obtained by taking 
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TABLE IV-22-I. VIM MONTE CARLO RESULTS 

Assembly 

ZPR-3 No . 48 
ZPR-3 N o . 48 
J E Z E B E L 
J E Z E B E L 
Z P P R No . 2 
ZPPR N o . 2 
ZPPR No . 2 

Model 

Heterogeneous 
Spherical 
Spherical 
Spherical 
Heterogeneous 
Heterogeneous 
Homogeneous 

ENDF/B Cross 
Section Data 

VERSION I 
VERSION I 
VERSION I 
VERSION I I 
VERSION I 
VERSION I I 
VERSION I I 

Number of 
Histories 

25,600 
25,600 
50,000 
50,000 
10,000 

100,000 
100,000 

Computer 
Time, 
min. 

76 
45 

7.3 
8.4 

44 
485 
347 

k 

1.0005 ± 0.0060" 
0.9689 ± 0.0070 
1.0047 ± 0.0043 
0.9900 ± 0.0040 
0.9834 ± 0.0152 
0.9465 ± 0.0038 
0.9322 ± 0.0038 

Collisions 
per History 

40.0 
40.4 

2.19 
2.27 

53.5 
54.9 
55.1 

0 An error was found in.the inelastic scattering evaporation model data after this calculation was completed. Correcting these 
data would reduce the value of k by about 3%. 

TABLE IV-22-II. CENTRAL REACTION RATE RATIOS IN ZPPR ASSEMBLY 2 

Quantity 

238TJ //235TJ / 

2 3 9 P u / / 2 3 5 T J / 

2 4 0 p U / / 2 3 6TJ / 

"»PU//236U/ 
238U„/235U/ 

Homogeneous 
Model 

0.0209 
0.9278 
0.1830 
1.345 
0.1756 

Heterogeneous 
Model 

0.0195 
0.9201 
0.1739 
1.385 
0.1790 

Experiment" 

0.0201 ± 0.0004 
0.9372 ± 0.0142 
0.1704 ± 0.0026 

» See Ref. 5 

the difference between the heterogeneous and homogeneous values of fc is 0.0143 ± 0.0054. This compares favorably 
with the value of about 0.012 obtained with multigroup methods.4 

Central reaction rate ratios for ZPPR Assembly 2 are presented in Table IV-22-II. The calculated values are from 
the 100,000 history runs using the Version-II VIM library. Standard deviations for the calculated values were not 
computed but are estimated to be about 0.25 % for 239Pu and better than 1 % for the rest. The two calculational 
models give results for the fission threshold materials 238U and 240Pu which differ by considerably more than the 
estimated standard deviations. Agreement between the results from the heterogeneous model and experiment is 
fairly good. 

Preliminary evaluation of the calculated neutron spectra from the 100,000 history runs shows general agreement 
with results from two-dimensional diffusion theory calculations. However, in a few of the groups the differences are 
as much as two or three standard deviations. The standard deviations for groups between 1.2 keV and 3.7 MeV 
range from about 1 to 3.5 %, while standard deviations outside this energy range are larger because only part of the 
neutron histories enter the high and low energy groups. The agreement with experiment is less satisfactory. This is 
not surprising since it is known that there are deficiencies in the ENDF/B VERSION II data upon which the VIM 
library is based. 
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I V  2 3 . M o n t e C a r l o C a l c u l a t i o n s 

C. N. KELBER 

On January 11, 1971 a Monte Carlo Committee was formed in the Applied Physics Division, ANL, to assess the 
role that Monte Carlo methods and codes should play in the divisional programs, especially the critical experiment 
program. 

The committee's attention has been focused on the development of the new code, VIM,(1> with a view towards its 
future use in support of the critical experiment program. This is natural because the geometric description of the 
systems studied by VIM is designed to permit highly detailed simulation of the critical experiments carried out in 
ZPR6, ZPR9 and ZPPR. 

The committee has met several times with members of the Atomics International staff who arc developing VIM 
and has concentrated on devising test programs to establish the validity of proposed means of simulating unresolved 
resonances. Priorities of various options in VIM have also been discussed with the AI staff. These priorities have 
been based on the following preliminary assessment of the capability of a fully developed Monte Carlo code. 

A fullcap ability Monte Carlo code can do the following things: 
(1) Compute the expected value of kejf ■ 
(.2) Compute the expected flux level as desired in selected regions of energy and spatial location. 
(3) Estimate the detector response corresponding to actual measurements. 
(4) Estimate the perturbations introduced by small changes in specified regions (as in Doppler experiments) and 

predict the effect on measured parameters (such as the period). 
Thus, a fullcapability code is able to duplicate on the computer the experiment carried out in the critical facility. 
With cross sections taken directly from the ENDF/B tape, and with an accurate simulation of the experiment geom

etry, it is possible to pinpoint discrepancies between experiment and theory and determine the needed corrections. 
This is similar to the use of transport theory to correct diffusion theory, twodimensional codes to correct onedi

mensional codes, etc. 
Variance reduction techniques arc associated with Monte Carlo procedures because of the latter's statistical 

nature. In a diffusion theory calculation, for example, the result will be the same each time the same input is used. 
In a Monte Carlo calculation the result differs each time a quantity is estimated, from the previous estimates. The 
estimates are averaged to give the "expected value." The variance is an estimate of how much various estimates 
can be expected to chffer from the "expected value." When the variance is small, the "expected value" is known 
with great certainty to be a good estimate of the average value that would be obtained by running the calculation 
for a very long time. When the variance is large, the "expected value" is a poor estimate of what one would obtain 
by running the calculation for a long time. Thus, variance reduction techniques arc important in obtaining useful 
results in reasonable amounts of computing time. Because Monte Carlo procedures arc analogs of the actual experi

ments, variance reduction techniques frequently have to be devised to suit each class of calculation. Nevertheless, 
there is a large body of experience to draw upon,2'3 the important thing is to acquire the necessary expertise to 
knowr how to apply techniques that already have been developed and extend older methods to new problems. 

Although Monte Carlo procedures arc statistical methods, they are precise in important ways. The geometry of the 
actual experiment can be simulated, and the detailed energy dependence of the cross sections (as well as we know it) 
can be taken into account without any intervening approximations. The more typical diffusion or transport theory 
calculation makes approximations of varying lands, both in simulation of geometry and energy dependence of cross 
sections. When, as is almost always the case, there is a discrepancy between calculation and experiment, it is neces

sary to find out if the intervening approximations arc a major source of error. By use of Monte Carlo as a standard, 
the errors inherent in various methods can be assessed and thus the source of the discrepancies pinpointed. Within 
the LMFBR program a Monte Carlo treatment of resonance absorption and the Doppler effect has been used to 
assess the adequacy of transport theory methods4 and the treatment of unresolved crosssection resonances.5 

Because it is an analog process, the Monte Carlo method can be used to simulate two kinds of mockups: a critical 
experiment and an actual design. If the variance is small enough, the results form a standard for judging the adequacy 
of a number of methods of extrapolating from experiment to design. For example, suppose one wants to know the rod 
worth and power distribution associated with an offcenter control rod. These alternatives could be studied. 

(1) Perform a highly detailed mockup with many changes of configuration and many measurements. 
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' (2) Perform a few highly detailed mockups and interpolate by multi-dimensional diffusion theory. 
(3) Perform a "benchmark" experiment with an off-center rod simulated and use multichannel synthesis. 

The first course is the most expensive and is applicable only to the specific design. The second is more useful but is 
difficult to use in general because of the difficulty of simulating geometry well. Thus, the interpolation might not be 
good for other designs. The third method is cheapest, but is one in which there is little a priori confidence. By testing 
the proposed synthesis against a number of Monte Carlo simulations, confidence in the method as applied to the 
specific problem can be established. Moreover, the same technique can be used to establish the applicability of the 
method to other designs. Thus, the use of Monte Carlo simulations as standards to test calculational methods extends 
the applicability and utility of critical experiments. 

The use of Monte Carlo calculations as standards for the development of more economical but less accurate design 
methods is well known. A typical example is the testing of the resonance absorption code, RABBLE,(6) where Monte 
Carlo results were used as the standard of accuracy to ascertain the accuracy of the new code. 

These objectives are reasonable at this time because progress in the development of computing machines and 
Monte Carlo procedures have progressed to the point where such procedures are competitive with two-dimensional 
transport theory and more economical of computing time in three dimensions. 
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I V - 2 4 . D e v e l o p m e n t of C o m p u t e r P r o g r a m s fo r t h e S t a t i s t i c a l G e n e r a t i o n of F a s t 
N e u t r o n R e a c t i o n C r o s s S e c t i o n s 

P. A. MOLDAUER 

Recent high resolution experiments demonstrate that neutron cross sections in the fast reactor spectrum display 
large and rapid fluctuations about their energy averages. While it is hopeless to determine the very large numbers 
of parameters required to describe these fluctuations in detail, it is possible to obtain a statistical description in terms 
of the moments and correlation coefficients of the cross section fluctuations. Such a description is important for two 
reasons. First of all, by fitting statistical fluctuation parameters with theory, one obtains a better determination of 
optical and statistical model parameters than is available from average cross section fitting alone. This in turn 
improves the reliability of predicted average cross sections and fluctuations. Secondly, the statistical fluctuation 
parameters can be used to estimate the effect of cross section fluctuations on integral properties of reactors. 

As a step in this program of utilizing cross section fluctuation information, a set of interrelated FORTRAN IV 
programs named STASIG have been prepared. These programs generate detailed neutron cross sections from optical 
and statistical model input parameters, combine and average them, and analyze their statistical properties in such a 
way that the results can be compared directly with similar statistical analyses of experimentally determined fluctuat
ing cross sections. 
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FIG. IV-24-1. Top: Experimental Total Neutron Cross Section for Titanium from 500 to 1000 keV. Middle and Bottom: Two 
Statistically Generated Total Cross Sections Obtained with Different Optical Model Parameters. ANL Neg. No. 116-821. 

FIG. IV-24-2. Statistically Generated "Doorway State" Correlation in Two Different Reaction Channels in a 25-Channel Model. 
ANL Neg. No. 116-822. 
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The procedure has been applied to the statistical analysis of fast neutron scattering by iron and titanium. As an 
example, Fig. IV-24-1 compares the experimental total neutron cross section for titanium from 500 to 1000 keV 
(top curve) with two statistically generated cross sections (bottom curves). The two theoretical curves differ in the 
optical model parameters used, the top curve indicating more absorptions than the bottom curve. Though both of 
these optical models give a good account of average scattering data, they arc seen to yield very different fluctuation 
patterns. 

A second application has been to improve the theoretical understanding of average cross sections and cross section 
fluctuations and correlations. Figure IV-24-2 shows an example of a statistically generated correlation of the fluctua
tion in two independent reaction channels. The frequency of occurrence of such features, which are often described 
as "doorway states," can thus be predicted by the statistical theory. 



* 

Section V 

Miscellaneous 

This section comprises a miscellany treating a small variety of nuclear topics, 
none of which readily fits into the first four sections of the report. 



■1. S a f e t y Ef fec t s of L i g h t W a t e r I n f i l t r a t i o n 
i n t h e A r g o n n e R e s e a r c h R e a c t o r , C P  5 

C. N. KELBER 

In the course of the recent rehabilitation of CP5, 
a study was made of the safety problems associated 
with inleakage of light water into the primary coolant 
(heavy water) stream from a tube rupture in the main 
heat exchanger.1 The reactivity effects of the light water 
can be represented by a prompt positive coefficient and 
a delayed negative coefficient during normal operation. 
When the rods are pulled out (as during recovery from 
xenon poisoning), the effects of light water are to de

crease the reactivity. 
The plant is designed to render water inleakage 

highly unlikely. Even in case such inleakage occurs, the 
plant protection system is capable of protecting the 

system against rupture of many tubes in rapid suc

cession. 
The calculated effects compared well with experi

mental results.2 I t was calculated that the scram system 
offered protection against failure rates in the main heat 
exchanger of up to 20 tubes per second. 
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V  2 . P h y s i c s A n a l y s i s f o r t h e C P  5 F u e l S t u d y 

P. J. PERSIANI and JAMES H. TALBOY* 

The primary objectives of the physics analysis for a 
modified core loading for CP5 were (1) to determine 
the core loading requirements for new fuel designs; (2) 
to maintain the capability of incore experimentation; 
and (3) to maintain and to possibly increase the high 
energy component of the neutron energy spectrum for 
this incore facility. 

The boxtype plateelement designs of the Georgia 
Tech Research Reactor (GTRR) and the Ames Labora

tory Research Reactor (ALRR) were selected as candi

dates for the alternate CP5 fuel loading. The differ

ences between the two designs arc mainly the content 
of the uraniumaluminum alloy and the aluminum con

tent in the assembly. The GTRR fuel assembly con

sists of 16 fuel plates containing a total of 188 g of 235U. 
The ALRR assembly is designed as a 15 fuelplate 
system containing 170 g of 235U. If these assemblies 
were to replace the 17 CP5 tubular assemblies, the 
reactivity effects, A/ce///A;e//, would be decreased by 
0.0078 for the GTRR design and 0.0328 for the ALRR

typc assembly relative to the CP5 base core. The 

* Research Reactor Operations Division, Argonne National 
Laboratory. 

calculated results are tabulated in Table V2I. The 
reactivity changes in CP5 dollars ($1.00 = 0.0074) are 
approximately §1.00 and §4.50 for the GTRR and 
ALRR designs respectively. It appears, therefore, that 
the GTRR assembly is almost intcrcliangeablc with 
the current CP5 core loading. This means that the 
operational and loading procedures could continue ac

cording to the present practices as far as reactivity con

siderations are concerned. On this basis, the GTRR

type elements were then considered as the alternate as

sembly design to be compared with the CP5 fuel ele

ments. 
To maintain an incore facility capability in the 

GTRR loading, one or more fuel assembly positions 
would have to be made available. The optimum posi

tions were found to be in the row (or circle) of assem

blies adjacent to the center assembly. Making two 
assembly positions available while still retaining an 
excess reactivity of about §28 or ke/J = 1.2614, the 
235TJ content in the GTRR design would have to t e in

creased from 188 to 213 g per assembly. The assembly 
reactivity worths in the next outer row are found to 
differ very little from that of the assemblies adjacent to 
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TABLE V-2-I. CVLCULVTED keff AND REACTIVITY CHANGE 
FOR G T R R AND ALRR ASSEMBLIES 

17-Assembly 
Core 

ke/f 
Akeff 
Akefj/ke/f 

CP-5 Base 

1.2614 

GTRR Base 

1 2516 
- 0 0098 
- 0 0078 

ALRR Base 

1 2200 
- 0 0414 
- 0 0328 

T A B L E V-2-II CALCULATED R E L A T I V E TOTAL F L U X AND 
SPECTR VL I N D E X AT T H R E E CORE POSITIONS 

Core Position 

Relative flux 
S.I. 

Center 

1 
1 43 

2nd Row 

0.9 
1 64 

3rd Row 

0.6 
2 84 

the center assembly. Therefore, a 15-assembly core 
with assemblies removed from either the second or 
outer row would, in effect, not change the operating 
excess reactivity, and on this basis the in-core facility 
could be placed in either row. 

However, since the experiments utilizing the in-core 
capability of CP-5 require a hard neutron spectrum, the 
position closest to the core center becomes the more 
desirable feature to incorporate in the alternate CP-5 
core. The optimizing parameter used was the spectral 
index, defined as 

f <t>(E)dE 
s-i. = ̂  , 

J </>(E)dE 
which is analogous to the cadmium ratio index. The 
computed spectral index for the various core positions 
are listed in Table V-2-II. 

Also included in Table V-2-II are the expected flux 
levels, relative to the center position, at the two outer 
row positions. A 20 % increase in the spectral index is to 
be considered as the more tolerable compromise of the 
parameter characterizing a major feature of CP-5. 
I t is on this basis that if the GTRR-type assembly were 
used, a core loading of 15 assemblies could be accom
plished with two in-core facility positions available in 
the second row. 

Additional investigations included a series of pre
liminary studies using several converter designs to re
duce the S.I. parameter below 1.43. Using the CP-5 

tubular assembly design as a base, the internal thimble 
was replaced by an aluminum-clad fueled element (40 
g 23»u). An alternate design included interchanging the 
aluminum liner with a cadmium liner. In this manner, 
the cadmium liner would reduce the thermal component 
of the energy spectrum and the fueled thimble would 
partially recover the reduction in the operating excess 
reactivity. The results are tabulated in Table V-2-III 
for t\\ o cadmium alloy liners, one having a 10 % atom 
concentration of cadmium and the other at 100% 
cadmium. 

The scoping computations indicate that an appreci
ably enhanced hard component of the spectrum S.I. = 
1.03 can be achieved with the fueled thimble and the 
100 % cadmium liner. However, a reduction of 38 % in 
total flux is to be expected in this design. This condition 
could be appropriate for those irradiation experiments 
requiring that the effects on a measurement by the 
thermal neutrons relative to the high energy neutrons 
be minimized. 

In the last column of Table V-2-III is included the 
effect of a simple converter design having an aluminum 
thimble with a 10% cadmium liner. I t appears that 
these conditions do not differ very much from those 
obtained with a fueled thimble. The advantage of the 
aluminum thimble design would be in not having to 
disturb the overall heat transport configuration of the 
core. 

These scoping studies were made to appraise certain 
converter designs relative to the current CP-5 tubular-
fueled elements. If the converters were placed in the 
second row of a 15-assembly GTRR loading, the S.I. 
indices would be expected to increase by about 20 %. 

In summary, then, without an effort to provide a 
converter for an in-core facility capability, a 15-assembly 
GTRR-type core loading would severely compromise a 
major experimental capability of the CP-5 reactor. 

TABLE V-2-III. CALCULATED P E R C E N T EXCESS R E ACTIVITY, 
SPECTRAL I N D E X , AND RELATIVE TOTAL F L U X FOR 

VARIOUS CONVERTER D E S I G N S 

Thimble . . . 

Liner: 

S I . 
Relative total flux 

Al 

Al 

20 7 
1.43 
1.0 

Fuel 

Al 

20 8 
1.36 
1.01 

Fuel 

Cd 
10% 

18.5 
1.16 
0.74 

Fuel 

Cd 
100% 

17.8 
1.03 
0.62 

Al 

Cd 
10% 

18 
1.18 
0.71 
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The development of highresolution (lithiumdrifted) 
solidstate detectors for gammaray measurements is a 
significant experimental advance which has been widely 
applied in nuclear spectroscopy. Work with these de

tectors has focused on precise definition of nuclear 
energ}' levels by accurate gammarayencrgy measure

ments (of photopeak response). In such investigations, 
only a limited number of transitions can be successfully 
analyzed because of the dominance of the Compton 
response in these detectors. Hence, these detectors can

not be used in the same manner (i.e., as photopeak 
detectors) for measurement of continuous gammaray 
spectra. 

Although the dominance of the Compton recoil con

tinuum in these detectors is regarded as an unwanted 
and troublesome complication in nuclear (energy

level) spectroscopic studies, it is precisely this response 
which can be exploited for continuous gammaray 
spectroscopy.14 Indeed, the Compton distribution and 
the continuous gammaray spectrum arc directly re

lated by a welldefined integral equation. Consequently, 
the continuous gammaray spectrum can be determined 
from an unfolding calculation5 in terms of the measured 
electronrecoil spectrum. 

Comptoncontinuum measurements have been car

ried out with solidstate silicon detectors. In these 
silicon detectors, the Compton response dominated by 
more than two orders of magnitude in the broad energy 
region from 100 keV up to a few MeV. Consequently, 
all other photoninteraction modes can be neglected 

and the response kernel (or response matrix) can be 
calculated from first principles, provided corrections 
have been introduced for effects of finite detector size. 
It is of interest, therefore, to compare the present treat

ment with the work of Silk,6'7 who has independently 
recognized the merit of Comptoncontinuum measure

ments. 
Five computer programs COMPSCAT, FEND, 

GABCO, DOSE, and COMPLOT, have been developed 
for the analysis and reduction of electronrecoil spectra. 
The relationship among these programs is depicted in 
Fig. V31. The COMPSCAT program constructs the 
Compton response function (Cmatrix) and uses itera

tive unfolding to obtain the gamma continuum from 
the experimental electronrecoil data. In addition, 
COMPSCAT provides the random error induced in the 
unfolded gamma spectrum. Under this option, an error 
matrix is constructed and iterative unfolding is again 
employed to obtain error estimates. 

Correction of the gamma spectrum for the contribu

tion due to gamma rays beyond the highenergy trunca

tion point of the response matrix is carried out in the 
program FEND. The FEND program extrapolates the 
gamma continuum furnished by COMPSCAT into 
this highenergy region and thereby furnishes the cor

rected electron vector, WP, which can again be proc

essed by COMPSCAT. 
Program GABCO provides for correction of finite

size effects. Measurements of silicon detector response 
due to monocnergetic gamma rays are used in GABCO 

GABCO 

FORM G-MATRIX 

COMPSCAT 

FORM C MATRIX AND 
ERROR MATRIX. UNFOLD 
EXPERIMENTAL DATA 

1 

COMPLOT 

PLOT ELECTRON AND 
GAMMA SPECTRA 

FEND 

EXTRAPOLATE GAMMA 
SPECTRUM. 
CORRECTED 
VECTOR WP 

FORM V 1 
ELECTROI 
= WADJ -

\ND 
1 
■ V 

DOSE 

COMPUTE DOSE 
FROM OBSERVED 
GAMMA 
SPECTRUM 

FIG. V31. BlockDiagram Form of the Relationship Among the Computer Programs COMPSCAT, FEND, GABCO, DOSE 
and COMPLOT. ANL. Neg. No. 1188190 Rev. 1. 
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to form the G-matrix-—a matrix which describes the 
effects of finite detector size. The G-matrix is used, in 
turn, in COMPSCAT to correct the observed recoil-
electron spectrum for finite-size effects. 

Program DOSE applies an additional finite-size cor
rection, the P-matrix, to gamma spectra produced by 
COMPSCAT. The corrected gamma continuum is then 
used in DOSE to calculate the (infinite medium) physi
cal dose. 

I t is essential that electron and gamma spectra be 
available for examination and comparison at crucial 
stages of the data-reduction process. These require
ments are satisfied by the plotting program COMPLOT. 
The COMPLOT program uses output from COMP
SCAT to plot the desired electron or gamma spectrum. 

A topical report8 has been issued containing detailed 
descriptions of the computer codes COMPSCAT, 
FEND, GABCO, DOSE, and COMPLOT, respec
tively. To further illustrate the manner in which these 
codes function, treatment of a sample measurement is 
followed through all programs, and results of the data 

treatment for this case are given. Actual listings of 
these five programs are given in this report as well as 
computer input and output for the sample measure
ment. 
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P e r f o r m a n c e f o r F u s i o n P o w e r R e a c t o r s 

P. PERSIAN:, W. C. LIPINSKI* and A. J. HATCH+ 

I. INTRODUCTION 

A survey of analytical studies of power-producing 
fusion reactors1 indicates that reactor systems may re
quire a complex of plasma-producing subsystems (con
tainment, heating, and injection) and of energy con
version subsystems (thermal and direct). The powrer 
balance parameters used to characterize the behavior 
of some of these reactor systems are Q and «. However, 
there are significant basic differences in the definitions 
as given by various authors. To establish a common 
basis for an intercomparison of these complex power 
systems, it has been found useful to define Q and e 
based on a power balance of the total reactor system. 
The definitions are developed in Section I I ; limit tests 
and other considerations that demonstrate the general
ized nature of these definitions are applied in Section 
I I I ; comparison between the Q values computed from 
the various definitions are made in Section IV; and 
concluding remarks are contained in Section V. 

* Reactor Analysis and Safety Division, Argonne National 
Laboratory. 

t Physics Division, Argonne National Laboratory. 

I I . DEFINITIONS 

The interrelationship between the subsystems of a 
powrer reactor system is shown schematically in Fig. 
V-4-1. The power balance equation for a reactor system 
may be written as the product form of the ratios of 
power output to power input for each of the subsystems 

P P P P 
Pc

 x Pi x P0
 x K ~ ' (1) 

wfhere 
Pc = circulating electrical power to the plasma prep

aration subsystem, 
Pi = power input to the power source subsystem, 
P0 = power output from the power source subsystem, 
Pg = gross electrical power output from the power 

conversion subsystem. 
In Fig. V-4-1, the quantity P , — P» is the power loss 

of the plasma preparation subsystem having an effi
ciency iji \ Pa — Pg is the power loss of the conversion 
subsystem having an efficiency t)c ; and Pg — P c is the 
net electrical power output, Pe, available for external 
distribution. With the power multiplication factor Q 
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FIG V41 Basic Power Flow Diagram. ANL Neg. No. 116-1080. 

of the power source subsystem defined as 

Q 
Po 
Pi 

and the fractional circulating power e defined as 

Pc 

(2) 

(3) 

i P° 
€ = P 

and 

1 + (Pe/Pc) * 

(8) 

(9) 

the power balance relation given by Eq. (1) may be 
written as 

Q 
l 

(4) 

For the power source subsystem alone, the lower

limiting condition for P0 = P . corresponds to Q = 1 
in Eq. (2). If P0 exceeds P , (i.e., the subsystem is a 
power producer), then Q > 1 and the upperlimiting 
value Q = °° occurs if P , = 0 (with Po finite). There

fore, the Q factor assumes a range of values 

where n% = P%/Pc and nc = Pg/Po ■ 
Defining an overall system efficiency n as the product 

of n, and rjc, Eq. (4) may be further reduced to 

1 < Q < °°. (10) 

Q = J. (5) 

The Q factor as defined in Eq. (2) is the ratio of the 
total reactor power output, Po, (across interface B) 
to the total power input, P , , (across interface A), where 

As shown in Fig. V41, P„ is the total power from the 
power conversion subsystem (across interface C), and 
Pc is the power flow into the plasma preparation sub

system. For a power producing system, the range of Pc 
is 0 < P c < Pg, and therefore from Eq. (3) the range 
of e becomes 

0 < e < 1. (11) 

Po = Pf + Pt , (6) 

and where Pf is the fusion power generated in the power 
source subsystem. 

Alternatively, Q may be written in the useful form 

Q = 1 + Pf 
P, 

(7) 

As defined here, Q corresponds to R + 1 in Lawson's 
classic paper.2 The parameter e may also be written in 
the alternate useful forms 

The lower value corresponds to the condition that all 
of the gross electrical power output is available for 
external distribution (i.e. the circulating power is zero). 
The upper value corresponds to a system in which the 
total gross electrical power output must be circulated 
to maintain the system (i.e. the net electrical power 
output is zero). If the system is not selfsustaining, the 
power deficiency must be made up by an external 
electrical power source in order to maintain operation. 
Under these circumstances e is greater than unity, cor

responding to a negative Pe which implies an input 
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FIG. V-4-2 Typical Power Flow Diagram. ANL Neg. No. 116-743, Rev. 2. 

power from an external system. Present experimental 
plasma systems operate in this range. 

The significance of Eq. (4) for Q is that it incorpo
rates e and the efficiencies of the various subsystems 
for the entire reactor system. The relation states that 
for a Q value determined by the characteristics of the 
power source subsystem, a reduction in the fractional 
circulating power can be effected only by increasing the 
efficiencies of the power preparation and/or power 
conversion subsystems. 

A more detailed power flow diagram of a typical 
fusion power reactor system1 is shown in Fig. V-4-2. 
The complete reactor system is divided into four major 
subsystems: plasma preparation, power source, power 
conversion, and power distribution. The plasma prep
aration subsystem is further subdivided into two minor 
subsystems and the energy conversion subsystem is 
divided into three minor subsystems as shown. 

The input power, P . , into the power source sub
system is the product of the circulating power, Pc, 
and the Aveighted efficiency, T?,, of the complex of plasma 
confinement and heating, and injection heating sub
systems, 

P, = n%Pc. (12) 

For the two plasma preparation subsystems shown in 
Fig. V-4-2, 

/)x = JHVH + fivi, (13) 

where JH is the fraction of the circulating power neces
sary for the plasma confinement and heating subsystem 
having an efficiency nH , and / / is the fraction required 
to operate the injection heating subsystem having an 
efficiency T?7 , with/ff + fi = 1. 

The gross electrical power output is the sum of the 
power converted by each of the conversion subsystems 
and is the product of the output power, Po, and the 
overall conversion efficiency, vc, of the complex of 
conversion subsystems, 

Pg — VcPo • C14) 

For the three power conversion subsystems shown in 
Fig. V-4-2, 

Ve = frVr + foVD + /'MV M , (15) 

* Not shown explicitly in the diagram but implicit in the 
efficiency parameters are the power requirements of compo
nents related to plant operation such as the vacuum system, 
coolant pumps, magnet system, etc. 

where fT is the fraction of the total power output, P 0 , 
converted thermally with an efficiency vT, /D is the 
fraction converted by direct conversion with an effi
ciency of nD , and fM is the fraction converted by mag
netic induction with an efficiency nM , wi th / r + /z> + 
1M = 1. 

The above treatment applied to the typical system 
of Fig. V-4-2 is equally applicable to even more complex 
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systems, with the overall system requirements still 
constrained by Eq. (4). 

III. LIMIT TESTS 

The power balance relations derived from the above 
definitions are found to be consistent with limit tests 
for idealized systems. One such limit is obtained by 
considering an idealized reactor system in which all 
power conversion and injection subsystems are designed 
with 100% efficiencies, i.e. ij, = JJ„ = 1. In this limiting

case, the Q factor from Eq. (4) becomes 

lim Q =  . (16) 

From Eq. (9), the Q factor in the above limit may also 
be written as 

lim Q = 1 + ^ , (17) 

which explicitly implies that for a given net electrical 
pow er output, high Q value reactor systems have rela

tively low circulating power requirements. 
For a breakeven reactor system, that is, a zero net 

electrical powerproducing system (P e = 0), the criti

cal Q factor, Qcrtl, is obtained by taking the limit of Q 
as e approaches unity, 

lim Q = Q„xl =L = l . (18) 
<i VtVc v 

Equations (7) and (18) show the relationship between 
the system efficiency n and the power ratio Pf/P% neces

sary to achieve a breakeven system. For an overall 
efficiency of ?j = x/i as in the Lawson paper, Q„u = 
3, so that Lawson's parameter R — Pf/Pi = 2; that 
is, the fusion power source must be twice the input 
power for a breakeven condition. 

For the combined limiting cases of 100 % efficiencies 
and 100% fractional circulating power, the Q factor 
from Eq. (4) becomes 

lim lim Q = 1. (19) 

This limiting Q value of unity represents a theoretical 
selfsustaining system in which the fusion power Pf 

approaches zero, and P, = Po = P„ = P c • 

IV. COMPARISON WITH OTHER Q DEFINITIONS 

Several other definitions of Q have been used in a 
variety of specific studies relating mostly to simple and 
minimumB mirror machines. In a study of mirror 
systems incorporating direct conversion subsystems, 
Post3 introduced the quantity QEN defined as 

_ _ Converted nuclear power output 

1 g VDI I 

~ (PiA.)  W V 
where all terms arc defined in Section II. Note that 
the numerator of Eq. (20) represents the total con

verted electrical power, P„, minus the directconverted 
input power, nDP% ; the denominator represents the 
total input power into the plasma preparation sub

system, P%/T\% , minus the directconverted input power, 
r\DP% ■ It is significant that the subtrahends in both the 
numerator and denominator represent the main frac

tion of the circulating input power required to maintain 
the reactor system. In effect, QEN measures the Q for a 
subsystem of the total reactor system. As a result, 
QEN for the subsystem is greater than the Q given by 
Eq. (2) for the total reactor system. 

A consequence of the definition of QEN is that for the 
limiting case in which the injection and conversion 
efficiencies approach unity, QEN becomes infinite in

dependently of e. This may be seen by utilizing the 
definitions of e and P , , given by Eqs. (3) and (12) 
respectively, in Eq. (20), which now becomes 

QEN= . 1 . ~ t , , , V (21) 
e(l — WD) 

In this same limiting case, Q defined by Eq. (2) and/or 
Eq. (4), approaches the expected limit of 1/e which is 
consistent with the Basic Power Flow Diagram (Fig. 1) 
for a total reactor power system as discussed in Section 
III. In the limit of zero net electrical power output, the 
critical QEN value becomes unity independently of sub

system efficiencies. 
The definition of QEN does not provide a measure 

which is indicative of the total plasma preparation 
power required to maintain the total reactor system 
operable. As a result there is no corresponding measure 
of the capital investment in equipment required to 
handle the total circulating power as will be discussed 
in Section V. 

In Table I, Ref. 3, arc listed the Q values for the 
three fuel cycle systems: (1) DT; (2) DD; and (3) 
D He, and for each the cases A and B corresponding 
to different collisional loss rates. The input data for 
determining Q given by Eq. (2) were those used in 
Ref. 3. The values of e computed from Eq. (3) have 
also been listed in Table V41 of this paper. Referring 
to Table I, Ref. 3, the values of QEN are found to exceed 
Q by a factor of approximately 2 to 4. 

In an earlier survey study of simple mirror machines, 
Post introduced the quantity Q defined as the ratio of 
total nuclear power released to the injection particle 
energy escaping, 
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_ _ Reactor nuclear power output _ Pf , . 
Total reactor power input P , ' 

Avhere Pf and P , were previously defined. This defini
tion involves only part of the power AOAV across inter
face B of Fig. V-4-2, and consequently differs from Q 
in Eq. (7) by an additive constant of unity. In terms 
of e and subsystem efficiencies, Eq. (22) becomes 

eViVc 

The above definition of Q Avas used in a study of mini-
mum-B mirror machines by FoAvler and Rankin, and 
in a review paper by Fowler.6 Most recently, this 
definition Avas used as the figure of merit in the mirror 
reactor poAvcr system studies by Werner et al.7 and 
Cordey and in a slightly modified form by Sweetman.9 

The difference between the QP of Eq. (22) and the Q 
of Eq. (2) is that the injection poAver, P , , is not in
cluded in the accounting for the total poAver output. 
QP corresponds to LaAvson's factor R. A consequence 
of the above definition is that in the limiting case of 
100% injection and conversion efficiencies, Qp ap
proaches the value (1 — «)/e Avhich is the ratio of the 
net electrical poAver output to the circulating poAver. 
Although this may appear not to be inconsistent Avith 
the analogous limit value of Eq. (16), it does not repre
sent the total power AOAV across interface B between the 

TABLE V-4-1. VALUES or Q AND « TOR 
M I R R O K REACTORS 

Post3 

QEN 
Q [Eq. (2)] 

QP (Ref. 7) 
Q [Eq. (2)] 

Cordey et al.8 

QP (Ref. 8) 
Q [Eq. (2)] 
t 

D-T 

300 keV 

A 

5.3 
2.5 
0.62 

B 

20.3 
6.7 
0.26 

Min. B 

100 
keV 

2.41 
3.40 
0.50 

300 
keV 

1.82 
2.82 
0.58 

D-D 

400 keV 

A 

3.7 
2.0 
0.72 

B 

8.7 
3.4 
0.49 

D-3He 

400 keV 

A 

4.0 
1.8 
0.7 

B 

18.7 
4.5 
0.28 

480 keV 

Low Q 

0.20 
1.22 
0.91 

HighQ 

0.40 
1.44 
0.79 

Min. B 

500 keV 

0.41 
1.41 
0.88 

poAver and power conversion subsystem of Fig. V-4-x 
or Fig. V-4-2. 

In the limiting case of zero net electrical power out
put, the critical Qp approaches (1 — v)/v> rather than 
1/n as in Eq. (IS). However, for a reactor system hav
ing 100% efficiencies, a self-circulating poAver balance 
(i.e. reactor output poAver equal to reactor input poA\ er) 
is more appropriately described by a Q value of unity, 
whereas Qv approaches zero. 

In Table V-4-1 are listed the QP values reported in 
the studies of Werner et al. and Cordey et al., using 
the definition given by Eq. (22). 

V. REMARKS 

The operating and capital costs of the reactor sys
tems should be expected to relate to the poAver param
eters. To a first approximation, total power costs can 
be assumed to scale directly Avith the gross electrical 
poAver output, P„. Therefore, the normalized capital 
costs are proportional to the normalized poAver Pg/Pe 
and in turn are related to e through Eq. (8) as 

P 1 
Normalized Capital Costs <x _? = (24) 

Therefore, high capital costs arc to be expected for 
those systems having high fractional circulating poAver 
requirements. 

The definitions of the poAver balance parameters Q 
and « presented in this paper arc applicable to complex 
systems involving any combination of energy conver
sion, plasma formation, and injection devices, and can 
be used as measures of performance common to all 
fusion reactor systems, including closed magnetic sys
tems or open-ended magnetic systems. Some typical 
values of Q and e listed in the survey1 for closed systems 
are as folknvs; stcllarators, Q ~ 13, e - 0.22; tokamaks, 
7 < Q < 100, 0.03 < 6 < 0.3. Typical values for open-
ended systems other than the mirror-machine are as 
folloAvs; 0-pinch, Q ~ 4.4, e = 0.36; astron Q ~ 8.5, 
« = 0.2. 

In summary, the poAver balance parameters defined 
in this study can be utilized to serve essentially two 
purposes: (1) to establish a common basis for an inter-
comparison of the fundamentally different approaches 
to a fusion poAver reactor system (including fusion by 
laser ignition); and (2) to serve eventually as feedback 
information to help orient and guide research and de
velopment efforts toAvards optimum total systems within 
each of the basic concepts and for different fuel cycles. 
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INTRODUCTION 

The folloA\ing discussion records some ideas which 
Averc generated in considering unconventional methods 
of coping Avith our energy needs in the near future. The 
arguments, Avhich are entirely qualitative, are only 
carried so far as is needed to determine Avhcthcr the 
concepts merit further attention. 

ECOLOGICAL PROBLEMS CAUSED BY SUMMER AIR 
CONDITIONING 

The cooling of summer air is becoming common
place in American cities. I t is a delightful amenity. 
HoAvever, air conditioning has its disadvantages: 

1. The need for air conditioning reaches its peak 
everywhere in a region at the same tunc. This strains 
power systems and forces older, less efficient stations 
for generating electricity into use. The fact that it uses 
electricity at peak load means that the source of poAver 
for air conditioning is operating at less than 30% 
efficiency in conversion of heat to AAork. For every 
calorie of cooling, three or four calorics of heat are 
added to the environment. 

2. The heat dissipated in air conditioning is added 
to the environment—air or Avater—at precisely the time 
when it is most sensitive to overheating; that is, Avhen 
the air or Avater are hottest. At the electrical poAver 
station, heat is discharged either to sensitized Avater or 
to air. The ambient air temperature in the latter case is 
maximum, and power cycle efficiency suffers. At the 
point of consumption, the out-of-doors may become 
intolerable; this is particularly the case in downtown 
areas, Avhere the heat rejected from air conditioning 
units may rival insolation as a local heat source. 

Since three separate types of ecology—the economic 

7. R. W. Werner et al, Engineering and Economic Aspects of 
Mirror Machine Reactors with Direct Conversion, Proc. 
IAEA 4th Conference on Plasma Physics and Controlled 
Nuclear Fusion Research, Madison, Wisconsin, 1971, 
Paper No. IAEA/CN-28/K-2 (to be published). 

8. J. G. Cordey et al, Efficient Recirculation of Power in Mirror 
Reactors, Proc. IAEA 4th Conference on Plasma Physics 
and Controlled Nuclear Fusion Research, Madison, Wis
consin, 1971, Paper No. IAEA/CN-28/K-3 (to be pub
lished). 

9. D. R. Sweetman, Mirror Reactors: Some General Considera
tions Proc. Conference on Nuclear Fusion Reactors, 
TJKAEA, 112 (1969). 

ecology of the poAver industry, Avhich rarely recovers 
its true costs in power peaks; the doAvntown urban 
ecology; and the natural ecology of air and Avater—all 
suffer from the air conditioning peak, it seems highly 
profitable to look for Avays of avoiding it. 

AIR COOLING BY HEAT EXCHANGE 

The simplest reduction Avould be to utilize or create 
reservoirs of coldness. Subsoils average ambient tem
peratures over periods of years, and if cooling coils 
could be adequately installed, very large quantities of 
"cold," deposited in Avinter, could be AAithdrawn in 
summer (in the northern United States, subsoil tem
peratures rarely are above 50°F). HoAvever, except 
under special circumstances, it is difficult to transfer 
heat to or through soil. 

Natural or artificial bodies of water are further ac
cessible cold reservoirs. A simple form of air cooling 
can be contemplated by direct heat exchange between 
AA'ater reservoirs and building air. Natural Avaters, how
ever, contain aquatic ecologies, Avhich Ave are reluctant 
to disturb. Disturbance would be the result either of 
severly overheating an ecologically significant part, 
unduly thickening upper warm layers so that loAver cold 
layers are restricted, or raising the total water system 
temperature uniformly and too much. 

The latter result is only a possibility Avhen quite 
small bodies of water are utilized. The amount of heat 
required to warm Lake Michigan (a potential reservoir 
for the cooling needs of 15-20 million people) generally 
is truly staggering; tidal slosh makes New York Bay 
(20-30 million people) even larger, effectively. Oceans 
are available to Los Angeles, Miami, etc., and large 
rivers and bays to most other American cities. There 
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are only a feAv metropolitan areas in America, mostly in 
the Southwest, Avhere an adequate reservoir of cold 
Avater, so large as to preclude its being heated generally 
to an appreciable extent, does not exist. 

The possibility of severely overheating an effluent 
docs not exist cither. If air temperature of 70°F is the 
desideratum, Avater effluent from cold Avater-hot air 
transfer devices (radiators in reverse) need not be higher 
than 70°F. That is to say, the cooling of air from 100 to 
70°F can be practically achieved by raising the tem
perature of an appropriate amount of Avater from 50 
to 70°F. 

The possibility of drastically altering the tempera
ture distribution in a large body of water needs more 
analysis, but likewise seems unlikely. 

Is COLD WATER AVAILABLE? 

I have suggested that natural bodies of cold Avater arc 
adequate to absorb the excess heat of personal environ
mental air for the populations near them. Arc they 
accessible? In other Avords, how near is "near"? 

A crude answer can be gotten by examining metro
politan networks of fire l^drants. They generally take 
Avater from the city shore, back as far as the city limits 
go. City dimensions are 5-15 miles (Chicago: 20 x 10 
miles; New York: 25 x 15 miles, Avith Queens Borough 
(the largest) about 10 x 15 miles). Thus, it seems prac
tical to furnish a cold Avater service to a distance of 
10-15 miles from the body of Avater. This Avould serve 
the cooling needs of between 75 and 90 % of the people 
in most metropolitan areas. In NCAV York and Chicago, 
A\ell over 50% of the people in the metropolitan area 
are Avithin a few miles of major Avatcrs. 

The question of delivery might be raised. After all, 
a AA'hole neAA' piping system might have to be installed, 
or, at the very least, considerably more pumping poAver 
added to fire-fighting systems. However, consider the 
following: 

1. The required water-pumping power is far less than 
the poAver installation already in service for air condi
tioning. As larger units, Avater pumps Avould be more 
efficient, and the energy Avastage in transmission and 
transduction A\-ould likewise be far less. 

2. The construction of underground Avater mains is 
very expensive in already built-up areas. HoAvever, it is 
a routine cost in developing neAv lands. In built-up 
areas, there is no law Avhich says that overhead Avater 
supplies need be ugly, if Ave are forced to that. 

3. Pumping requirements can to a degree be made 
more level over the day by creating a netAA'ork of 
secondary reservoirs. A small pond, 100 ft. sq. and 10 
ft. deep, can be a neighborhood recreational asset. A 
daily exchange of Avater Avould be sufficient to prevent 

its reaching temperature equilibrium A\ith the ambienc 
air. 

T H E SUBURBS 

In less built-up areas and in suburbs the logistics of 
AAatcr pumping and storage arc more formidable. The 
only supply of cold Avater available is that for domestic 
use. Although it is actually quite a bit, it is not enough; 
and a neAv capillary piping system for AAater would be 
burdensome. It seems more reasonable to consider 
providing a household reservoir maintained in scries 
Avith domestic use. Even so, there is a discrepancy. Daily 
Avater use in a very modern, high-living-standard subur
ban home is rarely more than five hundred gallons, or 
about two tons; air conditioning requirements may run 
to more than 300,000 BTU/day, AA'hich would require 
the 20° rise of 7.5 tons of Avater. 

Nevertheless, a 7.5-ton Avater storage tank is not 
large: a cylinder 7 ft. in diameter and 6 ft. high, a 
"cave" 6 x 5 x 9 ft. Such tankage can be provided under 
the backyard garden, or in the garage. And, at least, it 
can serve as a poAver usage levclcr. The concept is to 
chill the stored Avater and to obtain cold air by blowing 
the air across a radiator through Avhich cold Avater 
circulates. I t Avould not take very sophisticated controls 
to: 

1. Prevent the Avater from freezing, 
2. Valve the Avarmed radiator-effluent Avater pref

erentially to the hot-A\ater heater, toilets, and 
garden-Avater system, 

3. Achieve variable air-cooling by adjusting air-
bloAver speed. 

It A\ ould not even take a very sophisticated analysis 
to learn IIOAV to use such a system in such a A\ay that 
the power requirements arc maximum during a IOAV-
load period. The advantages to power companies of 
achieving this are great enough so that they might find 
it economical to subsidize the installation of automatic 
user's equipment to achieve this end; or perhaps the 
gas company Avould be happy to impenetrate the re
frigeration market, since they do not have a summer 
peak. 

OTHER FACTORS OF POAVER USE 

Obtaining chilled air is by no means the only function 
of air conditioning. For maximum comfort, the air 
must be dehumidified and circulated. These functions 
take up about 10 % of air-conditioning power, and are 
assumed to be irreducible factors. 

Therefore, a reduction to 10% of present poAver 
consumption for air conditioning is the best one could 
expect. This Avould be the case if the cooling function 
Avere to be completely taken over by heat transfer from 
air to unrefrigerated natural Avater. If, hoA\cvcr, a 
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significant amount of air-conditioning—say half— 
requires the use of refrigeration, then nevertheless, a 
major reduction of diurnal peak poAver requirement 
might still be achievable by use of stored chilled Avater. 

This is nothing that is neAv to refrigeration manufac
turers, Avho often try to sell the customer a smaller 
refrigeration unit than he thinks he A\ants, coupled 
Avith a refrigeration "storage" scheme. It seems de
sirable to sell the public on the idea that storage of 
"cold" is good. 

SUMMARY AND PLAN FOR ACTION 

In urban areas, the concept of air cooling bj heat 
transfer from A\ arm air to cold natural Avater is attrac
tive. I t requires the assessment of incremental trans
mission costs for water, as needed for this purpose; 
these may be balanced against benefits of decreased 
poAver load, measured in terms of customer bills, and 
against benefits of decreased environmental heating. 
I t is generally believed that large supplies of urban 

The concept of a dual spectrum facility for the assay 
of reactor fuel1 has been extended to include the assay 
of thermal reactor fuel as AVCII as LMFBR fuel,2 and 
the problems of neutron filter choice and moderator 
choice have been examined. Finally an estimate AA'as 
made of the resistance of the concept to errors intro
duced by tampering A\ ith the plutonium distribution. 

The dual spectrum concept involves oscillating fuel 
against a standard in a hard spectrum in a dilute fast 
critical assembly, then softening the spectrum by 
introducing a moderator into the voids in the assembly, 
and oscillating the fuel inside various neutron absorbers 
or filters. The choice of moderator and of neutron filter 
is a set of design variables, and the objective of this 
Avork is to determine that set of design variables w hich 
yields the loAvest estimated bound on the error inherent 
in the fuel assay, and to extend these considerations to 
the assay of thermal reactor fuel. 

I t Avas concluded that the filters, hafnium, boron, 
and cadmium, together A\ ith Avater or graphite modera
tor, offer an optimal design set. The errors in the assay 

Avater are too expensive for this purpose; but I recom
mend that a fresh look be taken at urban use and reuse. 
Water used for cooling Avould be returned to the fresh 
A\ater supply, or, alternately use of raAV Avater systems 
could be reexamined. 

In less built-up areas, not accessible to an adequate 
Avater reservoir network, there are advantages to poAver 
companies in spreading out the air-conditioning peak, 
at least diurnally. PoAAer companies undoubtedly have 
a good estimate of the true cost of peak poAver. My 
guess is that this cost is high enough so that they Avould 
consider it profitable to subsidize to some degree the 
installation of peak-leveling, consumer equipment; 
chilled-AA'ater reservoir units are a conspicuous example 
of such equipment. Another possibility is the incorpora
tion of the concept of peak, or demand, into the bill at 
a much higher relative charge than noAv is made. A 
final one is that peak-leveling, gas-consuming refrigera
tion equipment could couple Avell with a system for 
storage of "cold", and serve to level the annual load of 
both electrical and gas utilities. 

TABLE V-6-I TYPICAL ERRORS IN MASS ASSAY 

Isotopes 

All fertile 
All fissile 

Fuel Element 

LMFBR 

4 4 g out of 34 2 kg 
1 4 g out of 4 3 kg 

Thermal 

20 3 g out of 27 8 kg 
10 g out of 0 5 kg 

of fuel A\'ere estimated to be inversely proportional to the 
mass content of the fuel; the resistance to tampering 
AA'as found to be high. 

The error limits for the fast fuel and thermal fuels 
A\ere estimated on the basis of current critical experi
ment practice. These errors are presented in Table 
V-6-I. 
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