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LEGAL NOTICE

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Caimnission
nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or
for damages resulting from the use of any information,
apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Commission,
or employee of such contractor, to the extent that such employee
or contractor of the Commission, or employee of such contractor
prepares, disseminates, or provides access to, any information
pursuant to his employment or contract with the Commission, or
his employment with such contractor.
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FOREWORD

The purpose of the Reactor Technology Reports
issued by the Knolls Atomic Power Laboratory is to re-
port to industry on developments in unclassified reactor
technology.

The KAPL-2000 reports are issued four times a year;
a different area of technology is reported on each quarter.
This issue, KAPL-2000-8 (Reactor Technology Report No. 11),
contains information in the area of physics. Reactor
Technology Reports Nos. 1 through 3 were issued as
KAPL-1770, -1803, and -1868, respectively, and covered all
f our areas of technology.

KAPL--2000-8xv





A. REACTOR THEORY

THE EFFECT OF POSITION-DEPENDENT SPECTRA IN THE ANALYSIS OF SPATIAL
FLUX TRANSIENTS WB Wright, F Feiner

A .series .of measurements of spatial flux transients introduced by
hydrogenous gaps and absorbing slabs has been made in the PPA. The ex-
periments were performed in the loading drawer1 located in the center of
the flat flux PPA assembly,2 as shown in Figure A.1. Measurements were
obtained, largely, by activating small manganese discs positioned along
the lattice axis as shown in Figure A.2. The mounting was such as to
produce a minimum perturbation; Figure A.3 shows the method used. The
small disc of manganese is sandwiched between two polyethylene discs
for which the hole in the slab is countersunk. In order to determine
only the effect of the perturbing slab, it is necessary to subtract the
asymptotic activity, that is, the activity present without the gap or
slab inserted. The asymptotic measurements were normalized to the per-
turbed measurements at positions far from the slab or gap (where contri-
bution from the slab perturbation had vanished). In Figure A.4, typical
data obtained in this manner have been plotted.

A series of four lattices was studied.
ratio of these was in the range 1 < ML/V < 3.
these lattices are listed in Table A.l.

The metal-to-water volume
The characteristics of

Two noteworthy points were immediately evident in the experimental
data:

TABLE A.1. CHARACTERISTICS OF LATTICES AND RESULTS OF
CALCULATIONS AND MEASUREMENTS OF RELAXATION LENGTHS

Za
Lattice P7

L-3
L-4
L-5
L-7

0.4
0.1
0.2
0.8

Ea,

0.15
0.06

' 0.07
0.30

Experimental Length, cm
CH2  Cadmium
Gap Slab

1.76
2.14
2.35

2.29
2.75
2.99

SOFOCATE Length, cm
0.3-ev 0.625-ev
Cutoff Cutoff

2.08 2.28
2.53 2.68
2.89 3.15
1.23 1.42

Calculated Length. em
CH2  Cadmium Slab
Gap (2)-mil)

1.74 2.26
2.22 2.68
2.46 3.18

KAPL -2J00-8
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A.4

1. The difference in activity between the perturbed and asymp-
totic runs followed the single exponential up to the edge
of the perturbing slab.

2. The magnitude of the relaxation length of this exponential
depends upon the perturbation, i. e., whether hydrogeneous
gap or absorbing slab.

On the basis of this evidence, a spatially dependent spectrum of the
following form was assumed:

0(E,X) = OSOF(E) + ,y(E)e-X7 , (1)

where 04j is a SOFOCATE spectrum determined by the lattice composition
and

2 f(E) D(E) dE
L2 =(2)

f(E) Za(E) dE

The further assumption that the spectrum in the hydrogeneous gap is also
a superposition of a SOFOCATE spectrum characteristic of the gap composi-
tioneplus.a spatially varying component, which is separable in space and
energy, allows flux and current matching at each energy at the gap-lattice
interface. These result in

0(E) - 0SOF(E)
1+ Dlattice(E) L ct a3)
1 + -9 coth a/Lga

Dgap(E) L7

where a is the half thickness of the gap.

This expression (3) yields a method of calculating the peaking and

relaxation length of a transient generated by a hydrogenous gap. It should
be noted that first estimates of L7 , Lgap can be obtained by using

7(E)~ 0ga F SOF t max(KTeff) (4)

since the difference between the normalized SOFOCATE spectra is approxi-
mately the Maxwellian distribution at the effective temperature of the gap
and the denominator of equation (3) is slowly varying in energy. This
latter point is consistent with the fact that the exponential relaxation
lengths appear to be insensitive to gap thickness.

Figure A.5 shows a comparison of sSOF, 7(E), and 0max(KTeff) for
lattice L-7.

KAPL-2-8
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In the case of an absorbing slab, the theory may be extended by
using a transmission boundary condition. The assumption that tht poul-
tion-dependent spectrum is

0(E,X) = 0SOF(E) + 7Cd(E)e'"'' (5)

results in

7cd(E) = SF(6)
1 + 2DLattice(E) 1 + T(E)(

Ly 1 - T(E)

where .T(E) is the energy-dependent transmission of the slab. The peak-
ing value for hydrogenous gaps is given by:

Jafoil(E) 7(E) dE

E = + 1 (7)

afoil(E) (E ) dE

and for cadmium the peaking is given by:

KAPL.-2)00-8



A.6

00

-ffoil(E) 7cd(E) dE

__=___ +l1. (8)

ffoil(E) 0(Eoo) dE
0

Table A.2 is a comparison of experimental peaking values and those
calculated where equation (7) is used for a variety of gap thicknesses

and compositions. Additional calculations of the peaking were performed

by using WANDA with both MUFT-SOFOCATE and WOXX cross-section averages.

Table A.3 is a comparison of experimental and calculated (via equa-
tion 8) cadmium peaking.

The WANDA numbers show that position-independent cross sections yield
approximately the correct peaking in soft spectra. However, in hard
spectra, the peaking is considerably underestimated (by 50% in the worst
case). The agreement of the 7(E) model with experiments over the wide
range of beta-gamma, gap composition, and thickness indicates that the change
of spectrum with position near discontinuities has been taken into account
successfully, at least to first order.

References

1. KAPL-1872, "Report of the Advanced Development Activity - July-Septem-
ber 1957," October 25, 1957. (Confidential R. D.)

2. KAPL-M-RCR-5, R. C. Rohr, "Flat Flux Loading," April 18, 1957.

A FEW-GROUP THEORY OF WATER GAP PEAKING GP Calame

The conventional calculation of power peaking near water gaps is ob-
tained with the assumption of an abrupt change in the neutron spectrum at
a gap-core interface. The spectrum in the gap is assumed to be the in-
finite medium water spectrum, and the thermal cross sections in the gap
are taken to be the water cross sections averaged over that spectrum.1'2

The cross sections in the core are obtained in a similar manner, with the

assumption that the spectrum everywhere in the core is the infinite medium
core spectrum. The diffusion equation is solved with these cross sections,

and the ratio of the power at the gap-core interface to that far from the
interface is the conventional power peaking factor.

The PPA flux transient experiments of W. Wright and F. Feiner, '5 how-
ever, have shown that the conventional method of computing the peaking is
incorrect. Standard calculations of power peaking near a 0.65-in. water
gap in a core characterized by a Py (=Za/ Es) of 0.78 yield results which
are in error by as much as 50% when the calculations are performed with

KAPL-2000 -8



C(IPAISON O PEXER 1NTA D DALUDATED

MANGANESE PFAKIG.

Lattice GaTe

L-3
py = 0.43

L..4
p7 = 0.09

L-5
Pr a 0.19

CH2

GH2

CH2
CH2
CH2

+

+

+

U
U
U

Thickness,
cm

0.821
1.772
2.616
0.381
2.667

Experimental
Peaking

1.390 0.014
1.646 0.016
1.852 t
1.209 t

2.483 t.

0.018
0.012
0.025

( + U 2.037 1.373 . 0.014

C0 2 + U 2.490 1.750 t 0.018

L-7 CH2
fj - 0.78 CH 2

CH2
CH2 +
CH2 +
CH2 +
CH 2 +
CH2 +
CH2 +

U
U
U
Fe
Dy
Al

0.826
1.638
2.451
0.889
1.740
2.629
2.778
1.968
1.956

2.090
3.000
3.650
1.847
2.186
2.560
2.636
1.898
2.093

f

f

f

f

0.021
0.030
0.036
0.018
0.022
0.026
0.026
0.019
0.021

.Calc fated Peaking -

WANDA WANDA
z (MUFT-O) (OX

1.34) 1.2E0 1.189
1.590 1.482 1.424
1.749 1.627 1.576
1.286 1.227 -
2.758 2.085 1.963

1.371 1.292 1.285

1.796

2.098
3.061
3.888
1.702
2.056
2.236
2.780

1.884
2.076

1.601 1.543

1.600
2.012
2.350
1.452
1.733
1.901
1.850

1.597

1.596
2.019
2.318
1.42)
1.722

TABLE A.3. CC(PARISON OF EXPERIMENTAL AND
CALCULATED CAD.I11vUI PEAKING

Cadmium
Thickness,

Lattice mIT

L-3
py = 0.43

.L-4 .
p7 = 0.09

L-5
p7 = 0.19

-7
p7 = 0.78

3
20

3
20

3.
20

20

Experimental
Peaidng

0.483
0.579

0.688

0.770

0.604
0.683

0.385
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Calculated
7( E)

Peakdng

0.478
0.598

. 0.698
0.791

0.604
0.715

0.493

.Ri AG.
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WOXX1'2 cross sections in the WANDA8 code. The error is defined as the
absolute value of

measured peaking - computed peaking
computed peaking

Much improved values of the power peaking may be calculated by taking
into account the fact that the change in the neutron spectrum is a gradual
one. A recipe for doing so has been derived, based on a physical picture
that is simple but more accurate than the conventional one. Although this
approach yields results somewhat less accurate than does the method of
W. B. Wright, the recipe is easily fitted into present computer codes
such as WOXX.

The epithermal flux is assumed to be constant in space. Neutrons
which become thermal in the gap are assumed to diffuse throughout the re-
actor while retaining the spectral distributions of neutrons which have
slowed down in a medium composed entirely of water; the same behavior is
assumed for neutrons which have slowed down in the core. There results an
expression for the distribution of neutrons in both energy and space. For
the case in plane geometry in which a gap of width 2a is centered at the
origin surrounded by an infinite core, there results

Rge(a-x)/L
#(E,) LgDgXg(E)

1 + gecoth a
c g L

1 - e(a-x)/L
+ R0x3(E) Lc DC ; x- a, (1)

1 + -L- coth a-
LcDc

c' g g

where Rg is the ratio of the epithermal removal cross section in
the gap to the thermal absorption cross section in the

gap,

Lc is the diffusion length in the core, computed with the
infinite medium gap spectrum to obtain the thermal cross
section averages,

Xg(E) is the infinite medium gap spectrum, etc.

An analagous expression for the spectrum for 0 < x < a may be obtained.
If WOXX cross sections are used to compute the quantities appearing in
equation (1), excellent agreement results with the experimental peaking
obtained by Wright and Feiner.

Equation (1) is now utilized to derive an expression which may be
used in conventional calculations to obtain improved estimates of the
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power distribution. The core is subdivided into a number of zones, of
width axj = xj - xj _1, with x. = a, the core gap interface. The total
number of neutrons in the jth zone that are distributed in the gap spec-
trum is given by equation (1) as

a-x E
-Nj L ,'co a - x a - x.

Ag = RgE e dx X (E)dE =aRgEgLi exp1L

j-o LLc c

where Eg is

LgDg a -1
1 + g coth -

L DE Lg
g g/

Eco is an energy which separates thermal from epithermal neutrons, and

Eco

the spectrum is normalized so that X(E)dE = 1. Similarly, the total

number of neutrons in the jth zone which have originated in the core is

Ac _=Rctxj-EcL[ex a ax a -x

Lc c

where

Ec = 1 + g coth a
Lc Dg L

The fraction that originated in the gap is then

.Ag

j~g = Ag + Ac '>

and in the jth zone, the average cross sections (jZ) are taken to be

Eco co
= jEg Xg(E)(E)dE + (1-jEg) Xc(E)(E)dE

= Eg~g + (1 - F )7c.

The gap is treated similarly and may, in fact, be considered a single
zone. Power peakings that were computed by utilizing the above recipes
showed a considerable improvement over those obtained from conventional
calculations when compared to the experimental results of W. Wright and

KAPL.-O-8
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F. Feiner.? The addition of even a single zone, of the order of a trans-
port mean free path in width (as computed with core cross sections aver-
aged over the gap spectrum) in the core next to the gap and the subse-
quent calculation of the lattice; with the preceding recipes reproduced
the peaking better than did the conventional calculation (Table A.4),
although such an approximation cannot correctly reproduce the complete
power distribution. The method is described in detail in KAPL-M-GPC-1.8

TABLE A.4!,.. COMPARISON OF SINGLE-- ONE AND EXPERIMENTAL*
FUEL PEAKINGS

Experimental WOXX-WANDA Fuel Peaking
Fuel Fuel from Fuel Peaking,

Gap Width, in. Peaking Peaking Equation (1) Stele-Zone Scheme

0.33 2.37 1.74 2.30 2.16
0.65 3.64 2.29 3.31 3.10
0.96 4.18 2.68 4.09 3.72

*By Wright and Feiner, in the L-7 lattice.
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USE OF DIFFUSION THEORY IN PREDICTING GAMMA HEAT GENERATION
CR Greenhow, GO Mueller

The cooling problems arising from gamma energy liberation in struc-
tural regions of reactors and reflectors of high metal content demand an
accurate prediction of the spatial distribution of the energy sources.
Present methods (i.e., transport kernels, method of moments, etc.) limit
the user to simple geometries such as slabs, spheres, or cylinders.

A method has been developed in which diffusion theory and existing
nuclear codes are utilized for the prediction of gamma energy distribution

in reactor cores.

A three-step process is involved in obtaining a solution with this
method. First a standard neutron diffusion problem is solved for the core
or configuration being investigated.

The second step in the solution is the use of these group-dependent
neutron sources to generate a gamma source distribution by means of fis-
sion and capture events. Inelastic scattering sources are neglected.
To determine the gamma source distribution, an equivalent fission cross
section, based on the energy liberated per fission or capture event, is
introduced into the diffusion code in place of the normal fission cross
sections. The neutron diffusion problem, with these new fission cross
sections, is again solved to determine the gamma source distribution.
Only one power iteration is required to accomplish this.

The third step is to use this gamma source as input to a gamma dif-
fusion calculation by utilizing gamma cross sections. Again, since the
gamma source was derived from a converged neutron source, only one power
iteration is required for the solution. The output of this third step
will present, in detail, the spatial distribution of gamma energy in the
configuration being investigated.

The effective fission cross sections used in the second step are
calculated by utilizing a relationship of the form:

F7y = AigQCAP2+ l2.5Fi, 2 ,

where Ai 12is the capture removal cross section in the ith energy
group in region I

Fi , is the fission cross section in the ith energy group

(F = 0 for non-fuel regions) for region I

QCAPi is material-dependent energy per capture event in
region 2. The amount of energy liberated during a fis-
sion event is assumed to be 12.5 Mev.

Gamma cross sections were calculated from data presented by Davisson
and Evans,1 by using the following relationships:
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Diffusion Coefficient:

e-1.24EdE
fE- 3 Z(E)

Ej e-1. 24 EdE

Slowing Cross Section:

e-1.*24E (l - )Zs(E)} dE

E e- 1 .24 EdE

Es = Compton scattering
at energy E

= energy degradation
per scattering event

Removal Cross Section:

e-1.24E {z(E) + Ea(E)} dE

e1.2 4 EdE
fEi

Za = absorption due to
photoelectric effect
or pair production

Fission Cross Section:

JE e1. 24E La(E) + s(E) dE

= _e-1. 
24 dE

fEj

The limitations of diffusion theory, primarily that accuracy can be
expected only in high source density regions, is of little consequence
since the majority of the gamma heating problems arise in regions within
or immediately adjacent to the active core. This limitation is outweighed
to a great extent by the advantages of unlimited source distribution defi-
nition and complex geometry representation.

This method has been successfully applied to pressurized water cores.
In regions where hand calculations had been performed, the area of agree-
ment was extremely good. At the present time, the gamma diffusion code is
being applied to the pressurized water core for the purpose of studying the
reflector heating problem in the rodded and unrodded regions of the core.
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SWAKRAUM - A TWO-REGION, THERMAL SPACE-ENERGY CODE FOR THE IBM 704
GP Calame, FD Federighi

Knowledge of the spatially dependent thermal spectrum near an inter-
face between different media is important for many reactor calculations.
The Kantorovich variational method1 has been utilized to solve the equa-
tion

Ec
-Dn(E)V (E,r) + Ztn(E)n(E,r) = Zsn(F'-+E) (E',r)dE' + Sn(E) , (1)

J0

where I(E,r) = neutron flux at r with energy between E and E + dE
Zt(E) = total cross section

Es(E/-+E) = cross section for the change of a neutron's energy
from E' to E through a scattering collision

D(E) = diffusion coefficient
Ec = cut--off energy such that number of neutrons which

scatter from an energy below Ec to one above it is
negligible

S(E) = a source which includes

fsn(E'-E)@n(E',r9dE1.

Ec

The subscript n denotes the nth spatial region. If the system of equa-
tions (1) is written symbolically as

KD = S (2)
then the functional

= (S+,A)(+,S) (3)
(Vr,KG)

is stationary about the function ( which is. the solution to (2) and the
adjoint function e+ which is the solution to

K = S+4)

The stationary value of J is

J = (s+, ) - (5)

For an m region problem, trial functions of the form

= Z(E,r) =Xnm(r)0m(E) , (6)
m

where- m(E) is the solution to

Z+t(E)sm(E) f Ecsm(E'-E)0m(E/)dE/ + Sm(E) (7)
0
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(i.e., Om is the infinite medium spectrum for the mth region) are in.
serted into J, together with similar trial functions for the Zj(E,i).
The energy integrations in J are then performed. When the resulting ex-

pression is made stationary with respect to arbitrary variations of the
Xn, there results in the nth region the set of m coupled differential
equations

<Dr >mjli + > m, jXnj =<Sn> (8)

where <Dn> m, j Ec

<Hx> m, j f= c 0 (E) fEcH(EIE)s (EI )dE'

<Sn>m [= Ec+ ()dE

and

H = Zt(E) -fEcs(E E)...dE'.

A code, SWAKRAUM, has been developed which can be used to calculate
the spectra 0m(E), and the constants appearing in equations (8), and then
to solve equations (8) themselves for the one-dimensional, two-region case.

The flux as a function of position is then calculated with equation (6).
The quantities

(Activity)n = Ecn detector(E)dE + epithermal absorption

and

(Delta-activity)n = fEcn(Exdetector(Ed

- ~n(E, )Zdetector
0

are also calculated for up to three different detectors, so that a direct
comparison may be made between calculations and experimental activation
measurements.

Calculations have been performed and compared with the experimental re-
sults of W. Wright and F. Feiner.2'3  Typical results are shown in Fig-
ures A.6, .7, and .8. Agreement with experiment is generally excellent.

Reports on the theory and on the code are now in preparation.
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AUTOMATED TRANVAR-SWAK (TRANSWAK) RA Pfeiffer

For a periodic array of slabs in a lattice structure, with one
source region per period, the energy-dependent spatial average of the
thermal flux in the moderator region satisfies a spectrum equation of the
infinite medium type. The absorption cross section that is appropriate
for the infinite medium calculation is

Z (E)i(E)

0modm(E) mod

wherein the sum includes all elements (widths ti and microscopic absorp-
tion Zi) in which the average monoenergetic fluxes are 0i(E).

The above statements are derivable from the Boltzmann equation. Ac-
cordingly, in the first exploitation of these facts, the monoenergetic
transport theory code TRANVAR1 was employed to calculate the flux ratios;
the results were used in manual preparation of proper energy-dependent
cross sections for the infinite spectrum code, SWAK.

TRANSWAK is an automated combination of the above-named codes, elimi-
nating the intermediate manual steps. The code input data consist of
microscopic cross sections, atom number densities, and region widths. The
output includes the moderator spectrum, energy-averaged cross sections,
and energy-averaged flux ratios. At present, periods of ten or fewer ele-
ments can be calculated. The limitations in TRANVAR of an isotropic
source and istropic scattering by heavy elements are of course implicit
in TRANSWAK. Interaction of a neutron with hydrogen is counted as pure
absorption in the non-integral terms of the energy-dependent Boltznann
equation.

With this code, one can now very readily perform calculations of
average self-shielding, and thermal utilization, as reported in KAPL-2054.2
While it lacks generality, it is quite fast and simple for the problems it
does handle, and should remain useful even in the face of the development
of other more general techniques.
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THERMAL SLAB SPACE-ENERGY PROBLEMS NC Francis

TRANVAR, a one-velocity slab geometry code for the calculation of
certain space-energy problems, has been generalized to permit up and down
scattering in hydrogen. The problem is solved in two steps. At first,
the one-velocity problem is solved when sources are assumed to be present
in N distinct moderator slabs. The spectrum is next found by solving the
coupled set of integral equations obtained when the source in each moder-
ator region is expressed as an integral of the fluxes at different ener-

gies.

The input information required for the solution of this problem is
the thickness of each slab, the microscopic cross sections of the material,
and the energy exchange matrix.

The assumptions are as follows:

1. The source is isotropic in each region.

2. The scattering is isotropic. (Transport corrections can
be introduced to modify the input cross sections, thereby
approximately correcting for the presence of anistropic
scattering of the thermal neutrons in water.)

3. At present, constant trial functions will be assumed for
each spatial and energy region.

4. The energy exchange kernel for mass one, free proton gas
will be used.

5. Energy exchange in heavy element scattering is neglected.
Subsequently, more realistic trial functions and scattering
kernels will be used.

The integral equation to be solved may be written as follows:

p 9  (idX'E X-X/I [S X' E
4r jd~i 2L(X',E)

Ec (E(X',)E+E)

+(X(, E ),E)&E' + p (X' ,E) (1)
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where r(X,E) f g(XE p)dp

X = fT(z)dz

E1(X) = ,fCO e-dt

IH

p = ,
T

EH is the heavy particle scattering cross section and S(X,E) is the source

scattered into E from energies above the thermal cutoff, Ec. In the fol-
lowing the energy limits 0 and Ec of the integrals will be suppressed.

The source in equation (1) will be written as the sume of sources in
the various regions:

S(XE) s(X,E/-. E)*(X,E') dE' p
,E) + iT(X (x,E) Q(X) . (2)

ET(X,E)ET 1

where Q (X) = 1 when X is in the ith region
whr 1Q) 0 otherwise

a S(XXE))s=(XE)-+E) '(X,E') dE'
and d(X,E) EX+lZTT(XT(

when X is in the ith region. Then by inserting (2) into (1), we obtain

*(X, E) = dXE1(I X-X', ) P1(X , E) + Z (X/, E) Q( 3

1

It is convenient to replace * by the sum of the' solutions of equation (3)
when each source fi(X,E) Qi(X) is treated separately. That is

* =Z i(X,E)
1

where

*i(X, E) = dX I- 2 {Pi(X1, E) + J1(X', E) Qi(X) . (4)

Formally, equation (4) is identical to the problem solved by TRANVAR.
In TRANVAR, equation (4) is solved by assuming spatially constant trial
functions in each of a number of regions.. The resulting matrix equation
is solved by successive approximations or iteration. We shall also assume
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constant trial functions but it is now more convenient to solve the re-
sulting equation by matrix inversion.

Let
p*i (X,E) + Si(X,E) Q(X) = 0 (XE). (5)

Then equation (4) may be written

_P Ei(X-X'I)
si(X,E) = P dX' 2 i(X(E)

Constant trial function will now be used for Oi(X,E):

where 0;(E)
to a source

where

Oi(XE)=- Q (X)(E) , (7)

may be interpreted as the average flux in the jth region due
Si(X,E)Qi(X) in the ith region. Equations (6) and (7) give

tj0 = P ZL2 I + i {(E) . (8)

2

and

Ej 2 =ffQ (x)Q2 (x')E1 (lx/1 ) dXdX' .

Dividing (8) by tj yields

3l = p 0 + . j+1-
= :PZ a %'.

(11)

Equation (5) can be multiplied by Qj and integrated to give a relationship
between and 0

S *(E) = (12)

Combining (11) and (12) gives

_ rEj =E ,p A + s2iAi.
Vi j= Pj 21-

i
Ij = 2%

('3)

('4)E2ji.
2j

KAPL-2000 -8
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Let Hj = 8
JjE - _ ,

2tJ

then

E ji~i
Hjp =2 = j (15)

Multiply equation (15) by Hg and sum over j:

H j;Ej iJi
tJ =1 - (16)

Let Kki = Hj Ei
2 J

then we obtain 4 = Kki i (17)

and

S (E) + p zs(E - E)4i(E)dE'
.1+ .(1g)

E T(E) -ET(E)

..c _fs(xE) dX Qi(X)

and

(E/ -> E)

P i E(E - E)

WhenJi of equation (18) is substituted in (17) we obtain

. [.Si Pi s(E -+E)* (E/)dE/
1f = Kki -- + ( (19)

L E ;J 4(E)T JT

but with equation (17) we can obtain

* = *VK ki (20)

Kki
where Khki =Kk (21)

Kim

KAPL-2000 -8



A.21

and
dEI(E'-+ E ) -*)+ pit. 94 .

E(E)

In equation (22) we have suppressed the superscript in * .

T

where $ will represent the flux in the ith slab due
ith slab.

to a source in the

Let us now change the dependent variable:

N

nji = 1

j=1

where N moderator regions have been assumed. Then

Ai ijj = -
i i, j

11(2 . '

(24)

Q =K'.i Combining Equations (22), (23), and (25) gives

7J /JJ

si(E)

_T(E)

dEZs(E'-+E)ri(E')

+ piI .
T

P(E) =f1 in ath energy region
a -0 otherwise

M

S = L (E)

a=i

(26)

(27)

and M = number of energy regions. Substituting ni of equation (27) into
(26), multiplying by PE(E) and integrating over energy yields the follow-
ing set of algebraic equations:

KAPL-2000-8
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Z 6 iZjpdi + Pi dis Z0l

where Q.. =fp (E)Q. .(E)24(E)dE ,

11. p= P (E)/'.(E)dE,

and =p (E' ) (E'-E)P (E)dEdE .
,, a s

Equation (28) represents a set of (NM) linear algebraic equations

that must be solved either by matrix inversion or by iteration (successive

approximations). The elements Zap will be calculated by using the mass
one, free proton, energy exchange model. When a superior chemical binding

model becomes available, it will be possible to change the input tape with

ease. In this development, constant trial functions were assumed. At a
later date, improved energy dependent trial functions will be employed.

When this has been done, the pre-problem calculation of Zap will be modi-

fied. In addition, the single dimensional energy integral Qjj and Pip
will be modified.

The physical and, especially, the mathematical aspects of this problem
have been discussed with personnel from the Applied Mathematics Laboratory
of the David Taylor Model Basin. Approvals have been given for KAPL and
DTMB to collaborate in producing a FORTRAN code for this formalism.

NEUTRON SLOWING-DOWN TIMES AND CHEMICAL BINDING TJ Krieger, FD Federighi

Recent experiments by Engelmann,' Haynam, and Crouch2'3 on the slowing-.
down time of neutrons in water indicated that this measurement might be

very sensitive to the effects of chemical binding of the water molecules.
In previous analyses of these experiments the effects of the finite temper-
ature of the water and the associated upscattering were neglected. It was
desired, therefore, to utilize methods of calculation that would include

these effects.

The equation satisfied by the flux in an infinite homogeneous medium
after a unit pulse of neutrons at time t = o and energy E0 is

1( a (E,t) + Z(E) + E = (E'E)(E',t)dE
1 )(E- aE) (1)t)E

+ (t)5(E- E0) (1)
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where Z(E/-+E) is the scattering kernel, Zs(E) =4 (E-+ E') dE' and Za(E)

are the macroscopic scattering and absorption cross sections, and v(E)
is the velocity of the neutrons at energy E. The Laplace transform of
the equation with respect to time is

Ec

+ Za(E) + Zs(E)j (E,s) -f (E'-+E) (E',s)dE1 = K(E) (2)

where K(E) = Z(F/-+E) (Es)dE'

(the source energy E has been taken to be infinite). This equation is
now just the steady-state equation for the flux in the medium with an
additional absorption equal to s/v(E). It can be solved easily for any
given value of s by approximating the integral by a sum and writing the
matrix equation:

(. + H)0 = K; (3)

thus, =(.. + H 1K . (4)

If the slowing-down time to energy E is defined as the first moment
of 0(E,t) (which is what a resonance detector would measure), the defi-
nition of the Laplace transform gives

E= J t0(E,t)dt _- (E,s)
E (E,t)dt #(E,s)

s= o

Equation (3) can be expanded in a series in s, giving

(E,s) = H-'K - sH-v-'H-K + s2(H-br1) 2 H-1K- - (6)

Thus, <t> = (7)
E H-1K

A matrix inversion code for the IBM 704 was used to compute these
quantities for several cases. The results are shown in Figure A.9. The
upper curve shows <t>E for water, assuming a free hydrogen, mass one,
slowing-down kernel. For energies down to about 0.5 ev, the curve follows
the asymptotic form (no upscattering, T = 0) closely. The curve then
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rises sharply until a limit is reached. This limit is determined by the
lifetime of the neutrons in the medium. The calculation was repeated
for another kernel for which it was assumed that, for all collisions be-
low 0.1 ev, the mass of the target was 18 while for all other collisions
mass one was used. The results of this calculation were indistinguish-
able from those of the previous case.

The lower curve is the result of the same calculation for water with
additional 1/v absorber to give a P7 of 0.77. Again the two kernels gave
nearly identical results. The previous analysis is valid when a resonance
detector is used. The only experiment of this type is one by Engelmann
which was performed at the 1.44-ev indium resonance. This is clearly in
the asymptotic region and the asymptotic theory does agree well with the
experimental value. In their experiment, Haynam and Crouch use a 1/v de-
tector bare and covered with cadmium. Thus, the total number of neutrons
below 0.35 ev as a function of time was recorded. In order to calculate
this function, equation (3) was solved by matrix inversion for eight values
of s for both kernels previously mentioned and also for another kernel.
The latter kernel4 represents an attempt to explain the slowing-down
properties of water, taking into account the details of the chemical

binding of the water molecules. From these results, fo (3  ) (Es)dE

was calculated, and the Laplace inversion was performed with the NILT
code. 5 The results are shown in Figure A.10 along with Crouch's data.
All three kernels again gave results with negligible differences. The
slowing-down time predicted by this theory is much less than the experi-
mental value (1.6 psec as compared with the experimental 5.2 psec).

Even if the origins of the two curves are shifted, good agreement
cannot be obtained since the theoretical curve rises much faster than the
experimental curve. Because of the insensitivity of this result to the
kernel used, it seems that some strong modification of the scattering
kernel must be introduced if agreement with experiment is to be obtained.
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B. EXPERIMENTAL PHYSICS

RESULTS AND ANALYSIS OF WATER-GAP EXPERIMENTS IN HIGHLY ENRICHED CORES
RG Luce, W Skolnik, JA Bistline

Water-gap reactivity effects as a function of temperature were meas-
ured in highly enriched cores using the pressurized critical facility at
KAPL and were compared with results of two-dimensional diffusion-theory
calculations.

This experiment consisted of observing the reactivity effects of a
single gap bisecting a slab reactor. A study of the temperature for
criticality as a function of gap thickness was made. The water-reflected
core contained Zircaloy, U23 5 , and water in a metal-to-water volume ratio
of 1.53. The core loading was held constant at 8.256 kg of U235 through-
out the experiments. Before introductions of the gap the core size was
8 X 30 X 32 in. A single plane gap was introduced in the middle of the
8-in. dimension, thus making a gap 30)X 32 in. in area and of variable
thickness. The temperature at which the core was critical with no control
rods inserted was determined; also, the temperature coefficient of reac-
tivity was measured by determining the supercriticality of the clean core
at each of two temperatures. The degree of supercriticality was determined
from period measurements. The results of the experiments are shown in
Figure B.1 as critical temperature vs water gap width.

The cores were analyzed in the following way. Two-dimensional dif-
fusion-theory calculations were made in a plane, perpendicular to the gap
for each of the critical reactors. The core structure is such that it
can be broken down into 2- X2-in. cells (see Figure B.2). The average
cross sections for the fast groups were obtained by assuming no boundary
effects at the cell interface. For the thermal group a one-dimensional
transport calculation was made by first carefully estimating the self-
shielding effect of the full slabs and then homogenizing the region to
obtain an average spectrum; this was then used to give average cross sec-
tions for a transport calculation to obtain the fine structure flux in
the cell. Self-shielding factors of about 0.9 were obtained from these
calculations. The fine structure results were then used to obtain the
average cross sections for the diffusion-theory calculations. Throughout
the calculations no effort was made to include core boundary effects in
the water-gap spectrum.

Both three-group and four-group calculations were made using the
Deutsch prescription and the MUFT SOFOCATE code, respectively. The
results are compared in Table B.1.
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Good agreement between the experiments and calculations was obtained,
especially for the large water gaps when the three-group calculations were
used. Unfortunately, the accuracy of the calculations is not entirely a
function of the water gap. Analyses of the critical temperatures of slab
reactors without water gaps by,,means of the same mathematical techniques
indicate about the same deviations as obtained here.
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FIGURE B.2. PTR CORE COMPONENT CAN

A 2- x 4-in. Zircaloy can showing the slab geometry with one

side loaded for a 1.53 metal-to-water ratio experiment.

Forty-eight such cans were used to build the 8- x 32- x 30-in.
core. Note the natural breakdown of the cans into 2- x 2-in. cells.
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TABLE B.1 COMPARISON OF TIi2EE- AND FOUR-GROUP CALCULATIONS
FOR AN 8- X 20- X 32-IN. CORE WITH VARIABLE WATER GAP

Temper-
ature, OF Four-Group

317
440
540
515
103
226

479
375

0.9764
0.9753
0.9730
0.9865
0.9958
0.9994
0.9900
1.0039

k
'hree-Group

0.9899
0.9883
0.9858
0.9962
1.0007

1.003
0.9960
1.0089

KAPL-2000- 8

Water Gap,
in.

0
0.28
1.00

1.575

1.83
1.95
1.95
2.07
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DISTRIBUTED REACTIVITY COEFFICIENTS IN A PMA SLAB CORE--AEASUREMENTS AND
ANALYSIS TF Ruane, ML Storm, NE French

A series of measurements of the core distributed reactivity coef-
f icents of moderator and structural materials was made in a CH2-moderated
and -reflected slab reactor (PMA-6). The experiments were analyzed by
means of various cross-section routines currently employed in nuclear de-
sign studies at this Laboratory.

The measurement, in reactors of simple geometry, of small reactivity
changes associated with a uniform regional change in reactor composition
provides useful data for analytical purposes. In particular, the evalua-
tion of these distributed reactivity coefficients provides a more stringent
test of the validity of a given calculational procedure than can be pro-
vided by the determination of criticality alone. Apparently satisfactory
criticality calculations may be misleading because of cancellations stem-
ming from inadequate input data. In addition, the entire criticality cal-
culation is sensitive to the self-shielding factors employed for strong
absorbers. The reactivity coefficient analysis, on the other hand, can
be used to determine the adequacy with which the individual reactor con-
s tiTuenZt are treated in the calculational scheme. For the case of moder-
ator and structural materials, the calculation is usually quite insensi-
tive to moderate changes in the self-shielding factors employed for fuel
and poison.

The PMA-6 was a slab reactor which was 45.25 in. long, 12.75 in.
wideand 48.00 in. high. The core contained 40.7 kg of U 23 5 , 0.30 kg of
natural boron, a metal (aluminum) volume fraction of 0.65, and a CH2
volume fraction of 0.25. The reflector, which was composed of 85% poly-
ethylene, 7% aluminum, and 8% void, was at least 9 in. thick on all sides
of the core. This reactor separates vertically into two sections, each
core section being 24 in. high. The core possessed eightfold symmetry
and it was only necessary to sample each type of material location in an
octant of the core in order to measure a distributed reactivity coefficient.
In the sampling process, representative positions were chosen throughout
the core volume instead of locating all changes in one octant alone, in
order to avoid disturbance of the core symmetry.

We shall consider here the reactivity coefficients for CH 2 , alu-
minum, and zirconium. All values quoted are relative to void. In the
CH2 measurements, the reactivity changes were brought about by substitut-
ing perforated CH2 strips for solid CH 2 strips of like over-all dimensions.
In the aluminum measurements, the reactivity changes were introduced by
the substitution of aluminum spacers (to maintain positioning of core com-
ponents) for aluminum plates, while in the case of zirconium, the zircon-
ium was substituted for the aluminum spacers. The zirconium data were
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then corrected to void using the experimental reactivity data for alumi-
num.

All reactivity changes .were measured on the calibrated control rods.
The control rod calibration was made by means of doubling time measure-
ments which are accurate to within 1.5j. The smallest reactivity change
measured was 7' and this involved a change of about 4.5 in. in the setting
of the control rod employed. Since the critical setting of the rod is
sensitive to within 0.020 in., each individual measurement is accurate
to within 1%. Several measurements were made for each material in order
to sample each type of material location in the core (e.g., a CH2 strip
was located either between two fuel plates or between a fuel plate and
an aluminum plate). Thus, final error considerations involve the de-
tailed nature of the sampling and the weighting factors to be applied in
obtaining average core distributed reactivity coefficients. This uncer-
tainty is within 2%, with the net result that the uncertainty in the
final values obtained for the core distributed reactivity coefficients
is within 5%. The values obtained are shown in Table B.2.

TABLE B.2 CORE DISTRIBUTED REACTIVITY

COEFFICIENTS IN PMA-6

Material Reactivity Coefficient, '/kg

Aluminum 0.727 0.036
Zirconium 0.745 0.037
Polyethylene 43.6 2.2

For comparison with the experimental values, two-dimensional (x,y)
three-group calculations were performed on the I]BM 704 with the CURE
code.' In the two-dimensional calculations, the axial leakage is in-
cluded in the absorption cross section and was calculated using an ex-
perimentally determined reflector savings of 4 in. Both flux and adjoint
distributions were obtained and used in first-order perturbation calcu-
lations to calculate the various reactivity changes. The pertinent
integrals were calculated by means of the PSP code which evaluates the
perturbation equations given in KAPL.-71.2  As a check, some reactivity
changes were evaluated by adding the material under consideration to the
reactor model and performing another eigenvalue calculation. The reac-
tivity change was then obtained from the difference in eigenvalues of
the two multigroup calculations. It was found that both methods were
in agreement.

The perturbation calculations were performed by the use of various
cross-section routines employed at KAPL. Most of the detailed multi-
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group design calculations for water-moderated, highly enriched reactors
employ three energy groups and cross-section data generated via a scheme
whose basic format was constructed by R. W. Deutsch. Some calculations
employ cross sections generated by the MUFT-SOFOCATE scheme,4 but to date
this procedure has not been employed in lifetime studies. The coding of

the original Deutsch scheme for use in digital computers is called WOX, 5

and several versions of the WOX code have appeared. These variations,
entitled D-WOX and S-WOX, maintain the same basic format as the original
code, and differ only in the choice of specific constants to be employed
in the cross-section routine. The original WOX was normalized3 to give

agreement in criticality with a set of experiments performed at Bettis
in the SFR slab facility. However, it was found that this cross-section
scheme did not yield the desired agreement for all reactors of interest,
and this disagreement motivated the creation of the other versions of the
WOX scheme.

The differences between the three schemes lie in the choice of the
age to indium for a fission-neutron source in water and the treatment of

the epithermal zirconium absorption cross section. In the original WOX,
the age is taken as 30.9 cm2 and the zirconium absorption is taken as 1/v
in the epithermal group. In the S-WOX, the age is taken as 27.5 cm2 and
the WOX epithermal absorption cross section is increased by 0.10 barns.
In the D-WOX, the age is taken as 26.5 cm2 and a value of 0.08 barns is
used for the epithermal absorption cross section. Table B.3 summarizes
the results of the reactivity coefficient calculations and compares them
with experiment. The calculated reactivity changes were converted to
units of cents by means of a calculated value of 0.0078 for the effective
delayed neutron fraction. Finally, it should be noted that in the three-
group MUFT calculations the aluminum was represented in terms of zirconium
(element 3 in the MUFT library) by means of the relationship

NZr = 0.365 N

where N = actual density of aluminum (nuclei per cc), and
N = equivalent density of zirconium (nuclei per cc).

This procedure had been found to yield reasonable criticality agreement
in previous calculations and its use reflects the lack of satisfactory
cross sections for aluminum.

When the results in Table B.3 are examined, it is seen that the
MUFT-SOFOCATE value for CH2 is in good agreement with experiment, while
all the WOX values are low by values ranging from ll for WOX to 16% for
D-WOX. As the age is decreased (and the nonleakage probability is in-
creased) the moderator reactivity coefficient becomes smaller.
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TABLE B. 3 CCAPARISON OF EXPERMENTAL AND CALCULATED
REACTIVITY COEFFICIENTS

.... . Caleultion, d 1 ...

Maeia jgL.SWO -WXM FT- OCATE Fxuer:Imen, a s

CH2  38.7 37.0 '36.4 44.7 43.6
Al 1.26 1.15 1.12 0.540 0.727
Zr 1.10 0.634 0.753 0.830 0.745

The aluminum reactivity coefficient is predicted only to within 25%
by all the codes. In the WOX scheme, the value is higher than experi-
ments, while in MUFT-SOFOCATE it is too low.

Finally, the zirconium calculations in the WOX scheme show the effect
of increasing the epithermal cross section. It is seen that agreement
is best for the D-WOX. The MUFT.-SOFOCATE value is high by about 11% even
though the data used (element 3 in the MUFT library) do not include in-
elastic scattering and treat the absorption as 1/v. Accordingly, the
zirconium calculation was repeated using element 53 of the KAPL-UFT
library. Although element 53 considers both inelastic scattering and
resonance absorption, the calculated reactivity coefficient was 0.81j/g.
This is in good agreement with the value of 0.83 obtained with element
3, showing that there is a fortuitous cancellation of effects for the
particular spectrum under consideration.

A more detailed discussion of the measurements and calculations as-
sociated with this study will appear in KAPL4A4AS-12.
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INVESTIGATION OF TEMPERATURE COEFFICIENTS OBTAINED FROM THE PRESSURIZED
TEST REACTOR GD Hickman, JA Bistline

Theory

The Fermi criticality equation for a bare fission reactor",2,3 can be

written as

ke = kLfLt = effective multiplication (1)

where Lf = e-Bz = fast nonleakage probability

Lt = (1 + B 2L 2 ) - = thermal nonleakage probability

k = crpf.(c =1)

Differentiating Equation (1) with respect to the temperature T and dividing
through by ke results in

1 dke = 1 dk+ 1 dLf + 1 d = Temperature Coefficient. (2)
ke dT k dT Lf dT LtdT

The quantities q and p are usually assumed to be temperature-independent.

This assumption will be maintained. The thermal utilization, f, involves

the ratio of absorption cross sections of uranium and moderator. Therefore,
as long as all cross sections vary as 1/v and the system is homogeneous, f
will be independent of temperature. Any deviations of the cross sections
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from 1/v will result in f being temperature-dependent. The change in
criticality caused by a change in f (due to temperature variations) is
usually small and will be neglected. With these assumptions the first
term of Equation (2) is equal to zero.

Upon assuming that the buckling, B2, is independent of temperature,
which only represents a fixed size bare reactor, the contributions to the
temperature coefficient from the fast nonleakage probability can be
written as

1 dLf 2 1 dpm + 1
2B2 (3)

and from the thermal nonleakage probability as

1 dLt B2L2

Lt dT 1 + B 2L 2
Sd .7251

LPmdT Tn I
T = neutron age

density of moderator
temperature of moderator
en [(10 Mev/E(Tn)]
buckling
diffusion length
neutron temperature4 = T(1 + 0.75Za/EZs) 2 .

The temperature coefficient at temperature T1 is obtained,
Equation (2), by adding Equations (3) and (4), that is

as shown by

TJTi
= 2B 1 E dT +

B2L2

1 +
[1 dpm 0. 7251
LpmdT (

(5)

Equation (5) can be written at temperature T2 in an identical manner, i.e.,

E dke]ke dT ~T
2B2 T2  ldpm2 L Pm dT

+ 1
2T2 Au T

+ B2L [ dpm
1 + B2L2L Pm dT

0.7251

(6)

From the definition of age and diffusion length the following relations re-
lating the various quantities involved at temperatures T1 and T2 can be
written

(Pm22

prat

Aul'

2'
L2(T1 ) (Pm) ()d m 2 

f l

1/2

Tn z

(7)
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where fl and f2 are the shielded fuel densitities at temperatures T1 and T2.

Also,

B2 = B.

Substituting Equation (7) into Equation (6) results in the following expres-
sion:

[1dke] =2BT1 dpm2 2 1uJ m2) 2
k~ T T = 2 1 p mt dT +2T2Au2 pmt u

2 1t(8)

+ BL [](1/2

where (1 + B2 L2 )- 1 1 has been assumed.

From an examination of Equations (5) and (8) it is apparent that if
temperature coefficients are observed at Ti and T2, the quantities 2TB

2 and

B2L2 should be determined. This would then make it possible to calculate the

temperature coefficients at any other temperatures. If this could be accom-

plished with a reasonable degree of accuracy, such a scheme could be very

useful in designing various experiments to be carried out in the PTR
critical assembly. 5

Experimental Procedure

The temperature coefficients which are determined in the PTR (Pressurized
Test Reactor) critical assembly are obtained in the following manner. For
a given fuel load the reactor is heated until it is critical with all

control rods except one withdrawn from the core. The remaining control

rod is partially inserted in the core. This occurs at temperature T. In

actuality when all the control rods are withdrawn the reactor is super-
critical with a doubling time of 10 to 15 sec. This doubling time is,
from the inhour expression, converted into cents of reactivity. The tempera-

ture of the moderator is then raised a few (5 to 10) degrees. The control
rods are again withdrawn, this time resulting in a doubling time of 60 to

80 sec, which is converted into cents of reactivity; a temperature coeffi-

cient (in 1'/0F) is then formed from the measurements, i.e.,

Temperature Coefficientav T -(T + T (9)

The observed temperature coefficient is converted into per cent change in
reactivity6 by multiplying by Peff (~,0.0085/$). Temperature coefficients at
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other temperatures are obtained by varying the fuel density in the core
and repeating the procedure which has been described. The value of
ke ' 1 at the temperatures at which the doubling times are obtained;
therefore,

=' k . (10)
ke dT dT

Two quantities which are needed in this analysis are the density of
the moderator (pm for H20) and the change of pm with temperature (dpm/dT).
A polynomial fit was made of 1 - pm as a function of temperature. The
polynomial used7 was

1 - Pm = Ao + AiT + A2T2 + ... + AnTn. (11)

The function which best describes the density of water is given as the
fourth order equation

pm(T) = 1 + 0.07980T - 1.82623T2 + 2.95744T3 - 2.70536T4  .(12)

(T in "F x 10-8)

The derivative of pm(T) with respect to T is then given as

dpm(T) = 0.07980 - 3.65246T + 8.87232T2 - 10.82144T3  (13)
dT

(T in OF x 10-3)

With Equations (12) and (13) which give pm(T) and dpm/dT, respectively,
and experimentally determined temperature coefficients (dk/dT)T and

(dke/dT) , the quantities K1 = 2B r and K2 = B2L2 are determined.

Here 'r and L2 are in cm2 and B2 is in cm-2 .

Results

The temperature coefficients which were obtained from measurements
made on 10 different cores and reflectors have been examined. Three to
five experimental determinations of temperature coefficients were made in
the range from 68 to 550 F on each core. The procedure followed Was to
use two of the experimental temperature coefficients (usually the points
with the largest AT) to evaluate the constants K1 and K2 which odour in
Equations (5) and (8). Once K1 and K2 are known, the temperature
coefficient at any other temperature is calculable. This has been done
for each core, and the results of the study are presented in Table B.4.
It should be noted that K and K4 have been listed in Table B.4 instead
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TABLE B.4. TDEATURE COEFFICIENT DATA AND CALCULATED VALUES OF Ea AND Ki

FOR VARIOUS CORES EXAMINED IN THE PTR CRITICAL ASSEMBLY

Description of Core*

CS 8 X 30 X 32 in., R water

CS 8 X 3) X 32 in., R water,
0.03)-in. Bas bisects
8-in. dimension (0.32 wt % B1 0),
SW 3753.6 gm

CS 8 x 3) X 32 in., R water,
0.030-in. BssS bisects 8-in.
dimension (0.82 wt B10 ),
SW 3825.4 ga

CS8x30X
0.03)-in.
dimaensian
SW 3753.3

32 in., R water,
BssS bisects 8-in.
(1.24 wt % B' 0),
gm

CS 8-1/4 x 30 X 32 in., R water,
1/4-in. water gap bisects 8-in.
dimension

Avg Temp for TC*
MA Measurement, F

1.160 197.4
370.0
498.0

1.160

1.160

1.53

217.9
338.2
437.4
534.5

210.6
262.6
385.0
441.8
527.2

276.0
420.3
530.8

258.6
327.5
404.3
510.2

TC.* -/OF
Exp Calc *

0.74 t 0.03
2.03 0.07
4.15 0.18

1.00 0.05
1.94 0.13
3.25 0.)
5.27 0.35

0.88 0.04
1.42 t 0.05
2.34 t0.16
3.36 0.14
5.23 0.''

1.55 0.09
2.88 0.25
5.09 t 0.3)

1.26
1.90
2.75 t
4.82

0.06
0.09
0.14
0.24

a
2.03

a

a
1.84
3.00

a

1.12
a

2.50
3.3)

a

a
2.88

a

a
1.80
2.67

a

Fuel Load, 8

Za//Es kg U2

0.153
0.144
0.176

0.211
0.22)
0.252
0.325

0.269
0.277
0.32
0.333
0.402

0.3)2
0.358
0.465

0.164
0.171
0.185
0.226

6.545t'
6.890
8.268

1 0 . 5 0 7 1
11.024
12.402
15.158

13.4351t
13.780
15.158
16.535
19.291

15.158
17.913
22.047

6.890
7.1481t
7.751t
9.3011

2888 -191

2745 -31

2844 +106

2514 +299

3133 .a16

0

0



CS 14 X 30 X 32 in., R water

CS 14 x 30 x 32 in., R 6-in.
stainless steel on two 30- x
32-in. sides (20%5SS)

CS 14 X 30 X 32 in., R 6-in.
stainless steel on two 30- X
32-in. sides (80%5SS)

CS 14 x 30 X 32 in., R 6-in.
Zircaloy on two 30- x 32-in.
sides (60% Zircaloy)

CS 24 x 30 x 32 in., R water

1.53

1.53

1.53

1.53

1.53

230.7
410.8
461.5
494.0

101.5
295.5
407.4
497.4

104.8
260.6
410.7
504.5

142.5
280.0
436.0
541.5

23.0
393.8
543.0

0.96 0.05
2.38 0.12
3.29 t 0.16
3.,8 t 0.17-

1.09 0.05
1.94 t 0.10
3.46 0.17
4.481 0.22

1.01 t 0.05
1.76 t 0.09
2.94 t 0.15
4.45 t 0.22

0.62 t 0.03
1.22 t 0.06
2.68 t 0.13
4.78 t 0.24

0.22 * 0.01
1.08 t 0.05
3.43 0.17

a
2.26
2.94

a

0.93
a

3.05
a

1.01

3.00
a

0.60
a

2.68
a
a

1.23
a

0.094
-0.098
0.102
0.107

0.104
0.104
0.111
0.126

0.101
0.100
0.107
0.121

0.092
0.090
0.096
0.109

0.072
0.071
0.079

6.O28t
6.1,8].t

6 .6 3 ]t
6.933r

6.631t
7.084t
7.536t

8.i40f

6.179t
6.631t
7.234
8.139t

5.576t
5.7271
6.179t
6.782

7.234t
7.751
-8.009t

2298 +40

2546 +466

2051 +628

2439 +50

2168 -385

CS = Core size, R = Reflector, BssS = Borah - stainless steel septum
SW = Septum weight, TC = Temperature coefficient

"Points marked with a were used to calculate the temperature coefficient curves
tNnmuniforu loading of fuel

"See Equation (14) on p. B.14.
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of K1 and K2 , where

K-=1 2 = 0.01 X Ki=1 2 x neff (Peff "0.0085) (14)

An example of a calculated temperature coefficient curve is shown
in Figure B.3. The two experimental temperature coefficients which were
used to determine the curve of temperature coefficient as a function of
temperature are denoted by the symbol a.

In each case considered, excellent agreement was found to exist
between the curve calculated from two experimental points, denoted by
a, and the remaining measured coefficients. This is quite striking when
one considers the large variance in the size, fuel loads, and types of
cores examined. There were only two temperature coefficient determina-
tions which were in marked disagreement (~,20%) with the calculated curve.
One such case, for which no explanation can be given, occurred in the
8- X 30- X 32-in. core which contained the 0.82 wt % B1O - stainless

steel septum. There is always the

possibility that an error was made
' in measuring the temperature coef-

ficients which were used to calculate

4 the curve, or that the temperature
coefficient which failed to fall on
the curve was incorrectly determined.

The other case of major disagreement
occurred in the 14- x 30- x 32-in.
core (20% stainless steel reflector).
In this core the temperature coef-
ficient measured at 1000F could very
well be a poor experimental deter-

mination caused by deaeration prob-
lems. It should be noted that by

-4 choosing two experimental points
(a) to determine the constants K1
and K2 in Equation (8) and comparing

.2 the remaining experimental points
with the calculated curve, one is

in effect saying that there is no
~0 oo 40 600 error associated with the two points

TEMPERATURE, "P designated by a -- that all the error

FIGURE B.3. TEMPERATURE COEFFICIENT VS TEMPER falls with the other experimental
A eRE FOR 6- X 30- X 32-IN. CORE - 0.32 WT % values. This is, of coursenot the
Be - STAINLESS STEEL SEPTUM, M/W=1.160+0.015

KS-27645 case, and a mnch better fit would be
UNCLASSIFIED obtained if four or five points were
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used to determine the curve. However, even with this seemingly crude method,

very good agreement between the calculated curve and the experimental points
is realized. Therefore, it appears that the determination of two tempera-
ture coefficients (with a AT as large as possible) is sufficient to deter-
mine the temperature coefficient at any temperature in the range from 200
to 550OF. Since this analysis has not been applied to any great extent
to values much below 200 F, such an investigation would be necessary for a
complete understanding of temperature coefficients.

It has been seen that a knowledge of K1 and K2 for each core should
be enough to determine the age and diffusion length. Table B.4 shows
values for K2 that are sometimes negative. It is difficult to see how this
result is possible since K2 = B2L2 > 0. Therefore, it is apparent that a
quantity or quantities of some importance have been left out of this
analysis. For this reason there is little merit in attempting to obtain
a value for L2 from this procedure. However, such may not be the case for
the age T. Table B.4 shows the values of K1 all to be within 30% of each
other despite the great range of fuel densities and core sizes examined.
There is also some correlation between K1 and the size of the core.
While K1 is temperature-dependent (through T), the value for K1 in each core
with a metal-to-water ratio of 1.53 was determined in the range from 203
to 2600F. Therefore, it may be reasonable to connect the values of K1
with a smooth curve (an isotherm), and it may be possible to extract an

age from such an analysis. However, a more comprehensive treatment of the
problem, i.e., including reflector savings, q(T), p(T), etc., should be
performed before reliance is placed on an age obtained in this manner.
In doing so one would hope to clear up the problem of the negative sign
for K2 which was obtained for some of the cores.
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A COMPARISON BETEEN EXPERIMENTAL AND CALCULATED RESULTS IN THE REGION
FROM 68 TO 5500F OF AN 8- x 30- x 32-in. CORE HAVING VARIOUS WEIGHT PER
CENT B10 - STAINLESS STEEL SEPTA GD Hickman, JA Bistline, LA MacNaughton

Introduction

A series of experiments with boron - stainless steel septa has been
carried out in the pressurized critical assembly at this Laboratory. An

8- x 30- x 32-in. water-reflected core with a metal-to-water ratio of

1.160 0.015 was selected for these experiments. The metal used was
Zircaloy. The 0.030-in. boron - stainless steel septa contained various
weight per cents of B1 0 (0.32, 0.82, and 1.24) and bisected the 8-in.
dimension. A set of experiments with the same size core but containing
no boron - stainless steel septa was also completed. Several important

quantities were determined in these experiments. They are:

1. The temperature at which, for a given fuel load, the reactor

goes critical,
2. The temperature coefficient, determined at a temperature

approximately Tcrit, and
3. Neutron density distributions in all three dimensions of

the core.

By changing the fuel loads in the core, it was possible to make three
to five determinations of the above quantities in the temperature range

from 68 to 5500 F for each of the four variations of the core.

The method by which temperature coefficients are obtained in the PTR
critical assembly together with a discussion of the coefficients obtained
in this set of experiments has been presented in Reference 2 and will
therefore be omitted here.

To obtain the neutron density distributions in the reactor, use was
made of both P-metal (72% manganese, 18% copper, 10% nickel) and U23 5

foils. The P-metal foils, for a few hours after activation, can be des-
cribed by the decay constant characteristic of manganese. Two P-metal

strips 42 x 0.75 x 0.005 in. were placed in the core parallel to the 30-in.
dimension, and two strips were placed parallel to the 32-in. dimension.
The strips were then beta-counted with gas-flow counters on automatic
triple bed scanners. Apertures 0.5 x 0.25 in. were used to scan the strips
in 1-in. increments. A more detailed investigation was made of the neutron

KAPL-2000-8



B.17

distribution in the 8-in. dimension. Both U235 and P-metal foils,
1 x 0.5 x 0.005 in., were placed in the core and reflector. The foils
were placed as close to the boron septum as possible in increments of

0.2 to 0.5 in. through the core and ~u7 in. out into the water reflector.
In the core region the foils were tied onto Zircaloy strips or, in some
cases, the fuel strips. In the water reflector the foils were attached
to a frame which in turn was attached to the side of the core.

Calculational Methods

Three-Group Constants

Many schemes have been developed to try to explain and predict reactor

operations. One such scheme which is commonly employed is that of examining
the balance of neutrons in each of a finite number of energy regions. The
result is a set of coupled partial differential equations which are to be
solved. The behavior of the neutrons in each energy group is determined by
the group constants. If the number of energy groups to be solved in each
region of the reactor is chosen as three, the neutron balance equations can
be written as:

-p Di(r)V0(r) + [Di(r)Bi(r) + Zia(r) + Zisl(r)]0i(r) =ZEf(vz fs(r)

-V D2(r)V0 2(r) + D2(r)B2(r) + Z2a(r) + Z 2 sl(r)]02 (r) = Zisi(r)0,(r) (1)

-V Ds(r)V03(r) + Ds(r)B3(r) + Z3a(r) + Z3 sl(r)]03 (r) = Z251 (r)02(r)

where the subscripts 1, 2, and 3 designate the three groups. The symbols
are standard reactor notation and will not be described.

R. W. Deutsch has developed a scheme for determining the group constants
for U285 -loaded homogeneous hydrogenous reactors.3 Although diffusion theory
breaks- down for geometrically thin absorbing regions, it has been found that

the multigroup equations can be used if the multigroup constants are modified.
Such a method for obtaining modified group constants, called "thin region
theory," has been developed by E. L. Wachspress (Reference 4). To calculate
the cross sections for the present experiments, the reactor was divided in
five regions as shown in the diagram on the following page. The cross sections
in regions I, II, IV, and V of the diagram were calculated by means of the
IBM-704 WOX cross-section code, which calculates the cross sections prescribed
by Deutsch. The cross sections for region III were also calculated Deutsch
cross sections but were modified by thin region theory.

In Deutsch's theory the flux in an absorbing medium is treated as a
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IV i pINI ______

9 In. 4 In. -0.030 In.--- 4 in. 9 In.

shifted Maxwellian with most probable energy corresponding to a calculated

'eff. There have been several formulas proposed for calculating Teff. The
expression which was used for these calculations was.

Teff = T (1 + _C )(2)

where A = constant = 0.75 (Reference 5)
To= operating temperature, and

Za = macroscopic absorption cross section at temperature
of moderator.

The quantity ZEa /9 is sometimes referred to as 17.
The average absorption cross sections for groups 3 and 2 at an effective

temperature Teff can then be written, respectively, as

.. 1.0502 T
%3(Teff) = 1.050 aa(Teff) = 1 + 0.75 Ea A I a3(To) (3)

and

-(T = 21k-..
c2 (Teff) = 0.93uc 4 3(Teff) (4)

where uc = the lethargy of thermal group cut-off. The effective cross
sections of thin region theory are defined as

(Ea)eff = a~a

Seff = aS = slowing-down cross section (5)

Deff = t (in which t = thickness
of thin region)
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where a and 0 are functions of t a = Zat, that is,

a l E 1 1(6)
l.= E and =F -.. (6)

In Equation (6), f(it) is the self-shielding factor, and E, the escape
probability, is defined as

E = (t)(7)

1 -1 - f(t)

In the multigroup picture, cross sections averaged over the various
energy groups must be employed. Therefore, in thin region theory average
"effective" cross sections must be used. There are many ways to determine
these average cross sections. The two methods which were employed in this
analysis will be discussed.

Method)

Group 3 Contants. Equation (3) was used to calculate Qa-3(Teff),

where as-3 = aa-3(To)]b + [aa-(To)] ti . In region II (IV)

the spectrum, and therefore the effective temperature used in the calcula-
tions, is due to the constituents of the region (no boron). Values of

to = Eat and Et = Z t were then calculated, and a self-shielding factor

f(it) was obtained from Placzek self-shielding curves. The values of a
and P were then obtained from Equations (6) and (7), and the effective
cross sections for Za and D calculated from Equations (5). The slowing-
down cross section was zero.

Group 2 Constants. The same procedure was followed in obtaining
the group 2 constants as was used to obtain the group 3 constants except
that Equation (4) was used to calculate 2a(Teff). The slowing-down cross
section was taken as the slowing-down cross section for group 2 of water.

Group 1 Constants. The value of Zs was assumed Et, that is,
Za = 0. Therefore, Equations (6) and (7) reduced to:

E~E 1; a = 1; 13"-'

and the effective cross sections became (Za)eff = Ea = 0, Seff = slowing-

down cross section for group 1 for water, Deff = 1
4 srtainless steel
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Method (ii)

The only difference between methods (i) and (ii) is the manner

in which the group 2 absorption cross section for region III was calculated.
The following procedure was used to calculate the group 2 absorption. From
thin region theory,

1la 1 - (T+ R)(8)
2 a eff_2 a 2(1+ T + R)

Therefore, the effective value for Za can be calculated once the value of

T + R is obtained. Since average cross sections are necessary, the average

value of T + R was calculated, where T + Ris given by Equation (9):

T + R = 1 - 2tf(t) + 2-sf2( t) (9)

1 - [l - f( t)

Comparisons of Calculated and Experimental Results

Direct measurements of four important quantities were afforded by these

experiments. These quantities were (1) keff, (2) bucklings, (3) temperature
coefficients, and (4) neutron density distributions. In the case of (1) and
(4), comparisons have been made with calculated values. These experimental
and calculated values are listed in Table B.5.

keff Determinations

The experimental values of keff are determined by the following proce-

dure. The temperature of the reactor is adjusted until the reactor is

critical at temperature Ti with all but one of the control rods withdrawn

from the core. When the remaining control rod is withdrawn, a slow doubling
time (60 to 80 sec) is found to exist. The value of keff is corrected to a
nonrodded core, at the temperature T1, by the reactivity worth of the control

rod and the values of Peff = 0.0085, that is,

,k = Ap x ef f . (10)

It should be noted that generally the temperature at which the slow doubling
time is obtained is the same temperature at which the foils are activated.

The fuel densities which were used to bring the reactor critical (one
rod inserted) at temperature T1 are given in Table B.5. The core of the
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TABLE B. 5. EXPERIMENTAL AND CALCULATIONAL RESULTS OF BORON SEPTA EXPERIMENTS

Description of Run
Septum No.

No septum

Septum weight
3753.6 gm,
0.35 wt % B' 0

Septum weight
3825.4 gm,
0.82 wt % B' 0

Septum weight

3753.3 gm,
1.24 wt % B'0

1
2
3

4
5
6
7

9
10

11
12

13
14
15
16

Fuel Density,
gm/cc,

x 91.34088

4*
5
6

7*
8
9

11

9*
10
11
12

14

10
11
13
16

Experimental

Activation Temp Coeff,

TempF _F_/F

203.5 0.5
374.5 0.5
500.5 0.5

224.3 0.5
342.7 0.5
440.6 0.5
536.5 0.5

161.5 0.5
255.7 0.5
387.5 0.5
441.1 0.5
525.0 0.5

0.74 0.03
2.03 0.07
4.15 0.18

1.00 0.05
1.94 0.13

3.25 0.20
5.27 0.35

0.88 0.04
1.42 0.05
2.34 0.16
3.36 0.14
5.23 0.20

DID NOTGO CRITICAL
280.3 0.5
423.5 0.5
533.0 0.5

1.55 0.09
2.88 0.25
5.09 0.30

Experimental Buckling. cm-2

30-in. dimen

0.00111 0.00002
0.00109 0.00001

0.00112 0.00001
0.00111 0.00001
0.00108 0.00001

0.001 3 0.00002

0.00116 0.00002
0.00116 0.00001
0.00112 0.00001
0.00102 0.00001

0.00118 0.00001
0.00116 0.00002
0.00108 0.00001

32-in. dimen

0.000963 0.00003
0.000927 0.00003

0.00094 0.00004
0.00094 0.00003
0.00087 0.00004

0.00101 0.00002
0.00102 0.00003

0.00102 0.00003
0.00098 0.00002
0.00095 0.00004

0.00098 0.00005
0.00088 0.00005
0.00092 0.00007

k t
exp

1.002

1.001
1.001

kc (one-dimen)

Method i Method ii

0.998
0.989
0.990

1.001 0.989

1.001 0.988
1.001 0.989
1.001

1.001
1.003
1.001
1.001
1.003

1.002
1.001
1.001

Lk (k -k )
exp calc

kcalc(one-dimen,
(two-dimen) Method ii)

- 0.004

- 0.012

0.991

- 0.992

- 0.990

- 0.991

0.995 - 0.997

0.981 - 0.989 0.998

0.980 - 0.991

0.978
0.983

- 0.984

- 0.990

0.985 - 0.992

0.973

0.979
- 0.985

- 0.990

0.980 - 0.989
Average, 0.990 0.003

0.989

0.011

0.009
0.011
0.010

0.004

0.012
0.012
0.017
0.011
0.011

0.017
0.011
0.012

*Nonuniformly loaded cores.

*Temperature of slow doubling time, no activations made.

tAt the temperature at which a control rod is partially inserted in the core.

The keff is then corrected to this temperature by the reactivity worth of the
control rod and the value of Peff = 0.0085 (!,k = Ap x Peff)-
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reactor consisted of sixty-four 2- x 2- x 30-in. cells. The 64 cells were
loaded uniformly in all but three of the cores. Each of the fuel strips,
which measured 29.77 x 1.61 x 0.00157 in., contained 21.5288 gm of U235 .
A Zircaloy cladding of 0.010 in. encased this fuel.

The calculated values of keff were obtained by using the WANDA code.
The cross sections for this code were calculated by WOX for regions I, II,
IV, and V and by methods (i) and (ii) for region III (see diagram on p. B.18)
WANDA is a one-dimensional few-group diffusion equation code for the
IBM-704 computer. It is seen in Table B.5 that the results for keff which
were obtained using the cross sections for region III (boron region) cal-
culated via method (ii) are in closest agreement with experimental results.
These results using method (ii) show an agreement with experiment from
0.5 to 1% better than the results calculated using method (i). It is seen
that the eigenvalues calculated (all 15 cases) by means of the prescription
previously described are within 1% of each other. The difference between

kc lc [one-dimension, method (ii)] and kexp is between 1 and 1.5%. The
calculated values are too low in all cases. Therefore, as far as gross
criticality is concerned, a core containing a-boron septum is calculated
with the same degree of uncertainty as a core containing no septum.

For three of the cores, two-dimensional calculations with the-IBM-704
CURE code were obtained. In two of these cases the cores were uniformly
loaded, and no change in kcalc is observed. In the remaining two-
dimensional calculation the core was nonuniformly loaded and a difference
of 1% between kcalc (one dimension) and k cal (two dimensions) is observed.
In each core ~10% of the reactivity was controlled by the boron septum.

Bucklings

Flux scans were obtained with P-metal foils to determine the neutron
distributions in all three dimensions of the reactor. The scans in both

the 32- and 30-in. dimensions of the core were employed to determine the
bucklings. The experimental points were then fit to a cosine curve by

means of the IBM-704 COFIT program, i.e., to the curve

y = A cos B(x - c) , (11)

where B2 is equal to the buckling. The results of the COFIT calculations
are presented in Table B.5. The errors for B2 are those given by the COFIT
program.

Temperature Coefficients

The temperature coefficients are determined from the period measurements

of the reactor at two different temperatures differing by about 10 deg. The
periods are taken when the control rods are withdrawn. A more complete
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investigation of the temperature coefficients is to be found in Reference 2.
However, a complete list of the temperature coefficients obtained in these
experiments is given in Table B.5. An attempt to calculate the temperature
coefficients by the WOX-WANDA methods met with no success.

Neutron Density Distributions

The method which was used to obtain the experimental neutron density
distributions has previously been discussed. Attention will now be focused
on the foil activations in the 8--in. dimension. A fairly extensive inves-

tigation comparing the experimental activations of both U235 and P-metal
foils for all 15 runs has been performed. Three calculated values for each

run have been obtained; these are

1. Calculated group-3 flux output from WOX-WANDA code,
2. Calculated neutron density distribution for P-metal (manganese)

foils (includes thermal and epithermal absorption), and
3. Calculated neutron density distribution for U235 foils (in-

cludes thermal and epithermal absorption).

Figure B.4 is typical of the neutron density distributions in the 8-in.
dimension of the core. This figure contains the experimental neutron density

determination for the P-metal and uranium foils. It also includes the three
calculated curves as outlined above. In all cases the distributions are

normalized by the core average, i.e., from 0 to 4 in. Figure B.5 is a set
of calculated fuel neutron density distribution curves, for a given wt %
B10 septum, as a function of the activation temperature. Obviously the
third-group flux is not the quantity which should be compared with the ex-
perimental activations of the U2 3 5 and P-metal foils. An attempt has been

made to include a contribution to the neutron density from group 2. The
activation of a foil at position X in space [A(X)] can be defined as:

A(x) =[a(E)0(E,x)dE (12)

= Q(x) 
(13)

groups

a202 (x) + a3 03 (x) (14)

ra2-H 200 2 (x) + Q3-H 2 003(X)

LQ2-core02(x) + a3-ore X(') (15)

Quantities proportional to 02(x) and 03 (x) are output quantities from the
WANDA code. Therefore, what remains is the determination of a2 and a3 .
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The calculation of a3 for manganese is accomplished by means of
Equation (3). This expression is for the calculation of the average ab-
sorption cross section for a 1/v absorber (manganese is 1/v in the thermal
region) in a Maxwellian distribution. The calculation of a2 for mawanese
is somewhat more involved. This is due to the fact that the cross section
from the cadmium cut-off to infinity is made up of a 1/v contribution and
a resonance contribution. It has been found that:

aa~dE = 6 barns for the 1/v contribution

,Cd
=4.5 barns for the resonance contribution
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FIGURE B.5. CALCULATED FUEL NEUTRON DENSITY DISTRIBUTIONS
INCLUDING EPITHERMAL ABSORPTION FOR RUNS 8, 9, 10, 11, AND 12
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in a flux (0) = 1/E.
contribution is 0.75.
written as:

i8o key

c
02 =

The ratio of the resonance contribution to the 3/v
The average epithermal cross section can now be

1Eiso key
an(1/v) - + 0 . 75 e a (1/v)

E ,.s ev

dE
E

(16)
180 key dE

EE

or finally as

- 2% To= 1 + .75
C2 + l a(To)'
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The average fission cross sections are calculated for the weighting
Factors used in Equation (15) for the calculated fuel curve. These cross
socticns have to be obtained for both the spectrum of the core and the
spectrum of the water.

Once the average cross sections in groups 2 and 3 have been obtained,
A(x) can be calculated for both P-metal and U235 absorbers by Equation (15).
The problem which then remains is that of joining the value of A(x) for the
core to the value of A(x) for the reflector. The following method which
was developed by Goldsmith was used. Instead of weighting the fluxes by
the average velocities in the various regions as did Goldsmith, the fluxes
were weighted by the average cross sections.

Equation (15) was used to calculate A(x) to within one thermal diffusion
length (L) from the core-water interface. To within Lc (core side) a value
of os-core was used; to within L. (water side) a value of 3-H 20. Linear
interpolation was then used to calculate a value for a3 to be used in the
region k + Lce

From an analysis of the cores examined one finds that in the water
reflector, in all cases, the experimental fuel points are 10 to 15% larger
than the experimental manganese points. In the core region, in the majority
of cases, the experimental manganese points are higher than the fuel points.
The calculated group-3 flux is in fair agreement with the experimental fuel
activations in both the core and reflector. However, the agreement of the
group-3 flux with the experimental manganese activations is fairly poor
(10 to 20% difference).

When the calculated curves (including epithermal absorption) for
manganese are compared with the experimental manganese activations, much
closer agreement is obtained, both in the core and reflector, the difference
now being in the neighborhood of 3 to 5%. In the reflector the calculated
values are still larger than the experimental points. The improvement is
not as marked when the calculated curves (including epithermal absorption)
for fuel are compared with the experimental fuel activations. In some cases

it appears that the agreement is not as good as it was with the group-3 flux.

It is also of interest to observe the calculated curves for manganese
and fu4l when plotted as a function of temperature. For a given weight
per cent B10 in the septum, the curves, although in close agreement in the
core region, are in wide variance in the reflector region. As can be seen
from Figure B.5, the peaking is a continuous function of temperature and
becomes larger with increasing temperature. A slight spacial shift of the
peak in the reflector is also evident.

Experimental and calculated values of the neutron density distributions
are obtained for the following ratios: (1) peak value in the reflector/minimum
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TABLE p.6. RATIO OF PEAK NEUTRON DENSITY DISTRIBUTION IN
THE REFLECTOR TO MINIMUM DISTRIBUTION IN THE CORE

Run T GK Group 3 . P ja1Fuel
Bo. off'.- Flux (Cede) Exp Cale . EM Ca Q

1 410.5 2.303 - 2.165 - 2.273
2 568.5 2.505 2.16 1 0.06 2.286 2.26 0.09 2.493
3 683.5 3.039 2.57 0.07 2.710 2.77 0.12 2.991
4 439.2 5.908 - 4.481 - 5.378

5 608.0 6.076 4.84 * 0.14 4.684 4.95 0.21 5.583
6 707.1 6.493 5.12 t 0.14 4.941 6.30 0.27 5.937
7 1075.1 7.434 5.80f 0.16 5.578 7.42 0.31 6.861
8 416.0 10.437 6.29 t 0.18 6.637 8.76 f 0.35 9.536
9 579.5 10.401 6.28 t 0.18 .6.841 9.02 1 0.38 8.697

10 813.6 10.677 6.06 0.17 7.053 8.63 f 0.37. 8.997
11 782.8 11.059 7.24 0.21 7.247 9.60 t 0.37 9.296
12 926.8 12.100 7.42 0.21 7.825 10.17 t 0.43 10.252

14 617.9 12.976 8.29 0.24 7.916 10.94 t 0.46 10.044
15 961.8 13.717 8.86 1 0.25 8.332 12.10 t 0.51 11.020
16 1000.2 15.333 10.60 t 0.30 9.195 14.30 * 0.61 12.368

value in the core, (2) peak value in the reflector/average value in the
core, (3) average value in the core/average value in the reflector.
These ratios are given in Tables B.6, B.7, and B.8, respectively. The
same general temperature dependence found in the experimental ratios is
found in the calculated ratios. In most cases vast improvements are
observed when the experimental ratios are compared with the calculated
ratios which have been corrected for epithermal absorption. In a large
number of cases, the calculated values are well within the accuracy of
the experimental values.

Conclusions

The 15 experiments which were performed in the Pressurized Test
Reactor at KAPL covered a wide range of temperatures (68 to 550F) and
fuels (6.545 to 22.047 kg U235). This was made possible by the avail-
ability of the various weight per cent B1 0 - stainless steel plates. The
experimental values of keff were compared with calculated values, which
where determined using Deutsch cross sections and thin region theory.
The results of this comparison are that the values of keff which were
calculated for the cores containing the boron septa were approximately
the same as were calculated for the cores which did not contain any boron.
In all cases, keff was calculated to be ~0.990 or about 1% low. The
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TABLE B.7. RATIO OF PEAK NEUTRON DENSITY DISTRIBUTION IN
THE REFLECTOR TO AVERAGE DISTRIBUTION IN THE CORE

T K Group 3
Tef fFlux (Cale)

pCMeta.

a Qc_.

2.08 0.06
2.38 0.07

3.06 t 0.09
3.58 t 0.10
3.97 t 0.11
3.65 f 0.10

Run

1
2
3
4

5-
6
7
8

9
10
11
12

14
15
16.

f 0.10
f 0.11
f 0.12
t 0.13

f 0.12
0.13
0.16

Fuel
Exp_ gg_

2.111
2.177
2.492
3.069

3.265
3.478
4.038
3.821

3.952
4.201
4.407
4.960

4.261
4.744
5.572

2.21 f 0.09
2.73 t 0.12

3.41 * 0.14
4.05 0.17
4.49 * 0.19
4.23 f 0.18

4.35 f 0.18
4.76 0.20
4.77 f 0.20
5.67 0.24

4.72 f 0.20
5.47 0.23
6.44 f 0.27

TABLE B.8. RATIO OF AVERAGE NEUTRON DENSITY DISTRIBUTION N
THE CORE TO AVERAGE DISTRIBUTION IN THE REFLECTOR

T K Group -3
eff' Flux (Calc)

410.5
568.5
683.5
439.2

608.0
707.1

1075.1,
416.0

579.5
813.6
782.8
926.8

617.9
961.8

1000.2

0.715
0.623
0.504
0.449

0.408
0.359
0.293
0.361

0.342
0.305
0.280
0.239

0.311
0.261
0.212

P Metal
Exp JCaic

- 0.744
0.735 0.021
0.595 0.017

0.494 0.014
0.399 0.011
0.337 0.010
0.463 0.013

0.425 0.012
0.376 0.011
0.341 0.010
0.300 0.008

0.381
0.301
0.238

0.011
t 0.009

0.007

0.661
0.541
0.495

0.446
0.399
0.334
0.402

0.378
0.342
0.312
0.269

0.348
0.293
0.239

Fuel
Exp Calc

-.
0.699 *
0.510 t

0.428 t
0.352 *
0.298
0.403 t

0.711
0.030 0.617
0.022 0.499

0.443

0.018
0.015.
0.013
0.017

0.366 * 0.016
0.301 * 0.010
0.308 0.012
0.236 0.010

0.334 0.014
0.262 0.011
0.209 0.009

0.402
0.353
0.287
0.354

0.335
0.297
0.271
0.230

0.310
0.250
0.203

KAPL-2000-8

3.62
3.90
4.21
4.54

4.09
4.75
5.67

410.5
568.5
683.5
439.2

608.0
707.1

1075.1
416.0

579.5
813.6
782.8
926.8

617.9
961.8
1000.2

2.185
2.291
2.654
3.360

3.520
3.814
4.423
4.268

4.339
4.595
4.864
5.462

4.723
5.24
6.14

2.202
2.336
2.696
3.440

3.628
3.923
4.621
4.407

4.493
4.805
5.084
5.805

4.804
5.531
6.544

Run
No.

1
2
3
4

5
6
7
8.

9
10
11
12

14
15'
16

i

I

1

I
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spread in keff for all the cores was about 1%, with no evidence of varia-
tion of Ak with temperature (ik = kexp - kcalc)*

The boron content of the boron - stainless steel plates was measured
by three separate experiments. The weight per cent BiO was determined by
chemical analysis and transmission and reactivity measurements. The results

of these experiments were then used in the calculations which determined

keff and the neutron density distributions. Since these three determina-
tions of the weight per cent B1O were found to agree with each other
(within the uncertainties), these experiments should provide a very complete

test of the theory which was used to calculate the cores. A fairly exten-
sive study showed the same type of agreement between the experimental and
calculated neutron density distributions for all cores. The distributions
were found to vary smoothly with temperature, the peaking increasing with
temperature. These distributions were obtained with both fuel and manganese
foils and were compared with calculated curves which have the effect of
epithermal absorption included in them.

Although some discrepancies were found between the calculated and ex-
perimental ratios between (1) the peak in the reflector and the core average,

(2) the peak in the reflector and the minimum in the core, and (3) the core
average and the reflector average, in the majority of the cases fairly good
agreement was found to exist. Again the agreement was as good for. the cores
containing boron septa as for the ones which did not. It therefore appears
that the boron has been well represented by thin region theory. It is felt

that the main discrepancies between calculated and experimental values
arise from the inadequacies of adapting the Deutsch scheme to this particular
core.
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TEMhPERATURE DEPENDENCE OF PLATE EQUIVALENTS FOR BURNABLE POISON PIN ARRAYS
RA Heftfley

The temperature dependence of plate equivalents for burnable poison
pin arrays was investigated by a direct comparison technique in the KAPL
Pressurized Test Reactor (PTR). Reactivity differences between the pin
arrays and various thicknesses of homogeneous poison plates were measured
as a function of temperature to 5250F, and an equivalent plate thickness
for each pin array was found by interpolation.

The measurements were made in a water-moderated (W/W = 1.33) water-
reflected slab core which measured 12.56 x 24 x 30 in. All structural
material was Zircaloy. The 12.56-in. dimension was bisected by a 0.56-in.
water gap. The core had a uniform fuel load of 0.11 gm/cc U 2 35 and a
nonuniform boron load of 75.6 gm Bn.

The pin array and a nearly equivalent plate were mounted on opposite
ends of a long thin Zircaloy plate positioned in the 0.56-in. water gap.
The long Zircaloy plate was moved remotely, so that either the pin array
or the poison plate section was in the center of the 30-in. core dimension
while the other section was out of the core. After criticality was attained
with one of the sections in the core, the reactor period resulting from
the interchange of the two sections gave a direct measure of the reactivity
difference.

The plate-to-pin ratio (mass of B1 0 in equivalent plate divided by
actual mass of B1 0 in the pin array) increased with temperature as shQwn
in Table B.9. The increases in the plate-to-pin ratio were dependent on
the boron content of the pins, although relatively insensitive to the pin
spacing. The increase in the plate-to-pin ratio with temperature is a direct
result of the decrease in the self-shielding caused by the reduced moderator

density. Since the change in self-shielding with temperature is greater for
K0e pins than for the plates, the absorption effectiveness of plates relative
to pins increases.
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TABLE B.9 PLATE-TO-PIN RATIOS

Pin Center-to- Wt % B'O Temperature, Plate-to- Per Cent Increase in
Center Spacing, in. in Pins *F Pin Ratio* Ratio frcm 70 to 525F

0.28 0.497 70 0.695 * 0.007 5.6
525 0.734 0.008

0.28- 0.600 70 0.625 0.010 9.6
525 ).685 0.005

0.35-0.497 .70 0.643 t 0.005
525 0.678 t 0.016

0.35 0.600 70 0.590 t 0.004 8.6
525 0.641 0.009

Errors are based only on the uncertainty in measurement of the equivalent
plate thickness; an additional absolute error of 5% is introduced because of
uncertainty in the chemical determination of B'O in the plate material.

CRITICAL REACTORS OVER A WIDE RANGE OF GEOMETRIES AND TEMPERATU ES

W Skolnik, JA Bistline, LA MacNaughton

Introduction

Any system for calculating the properties of critical reactors should
be accurate over a wide range of geometries and temperatures. Comparisons
with experiment are most unambiguously made for reactors of simple geometry
and simple structure. The experiments described in this paper were con-
ducted with critical reactors covering a wide range of metal-to-water
ratios, temperatures, loadings, and sizes and of very simple structure
and geometry. Similar experiments conducted over a more restricted range
have shown excellent agreement with calculations,1 but such good agree-
ment is not found when the same calculational methods are applied to the
wider range of experiments covered here.

This series of experiments was performed in the KAPL PTR (Pressurized
Test Reactor), a critical assembly facility which can be operated in the
range from room temperature to 560 F. The cores studied were composed of
Zircaloy, water, and highly enriched uranium. Core geometries were:

1. 6 X 30 X 32 in., metal-to-water ratio 1.72, water-reflected.

2. 8 X 30 X 32 in., metal-to-water ratio 1.54, water-reflected.
3. 8 in. thick and 30 in. high, of variable length; in this

series of experiments, for a fixed core load, the core
length for criticality was found as a function of tempera-
ture; the metal-to-water ratio was 1.54 and the core was
water-reflected.
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4. 14 x 30 x 32 in.,.metal-to-water ratio 1.54, water-reflected.

5. 14 x 30 x 32 in., with 6-in.-thick metal-water reflectors on

both 30- X 32-in. faces; metal-to-water' ratio was 1.54 for

core and reflectors.

6. 24 x 30 X 32 in., metal-to-water ratio 1.54, water-reflected.

7. 24 X 24 X 30 in., metal-tc -water ratio 2.38, water-reflected.

Experimental Method

The experimental method was as follows. On the basis of one-dimensional

calculations, an expected core loading.for criticality at a particular tem-

perature was chosen. Sufficient borated stainless steel control rods were

provided to ensure suberiticality at room temperatures. The assembly was

then heated until onl3y a single control rod was left partially inserted

in the core. The worth of the partially inserted rod was evaluated by

withdrawal on a period. Temperature coefficients of reactivity for the

core were then measured by determining the supercriticality of the clean

core at two different temperatures. From these two measurements the

temperature for criticality of the clean core could be determined. Mea-

surements of flux distributions were made by activating a predominantly

thermal absorber, manganese, and power distribution measurements were made

by activating fuel.

Camposition and Structure of the Corea

All of the cores described in this report utilized the same basic

structure. The basic units were 2- x 4-in. Zirealcy cans loaded with

Zirealcy and fuel. By stacking these cans together, reactors were con-

structed having the necessary dimensions for the experiments. Into each

can an 18-layer sandwich of Zircalcy plates was inserted, the plates

being separated by spacer. In Figure B.6 a cross section of this
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sandwich is shown; the sandwich appears unshaded. Into the spaces in
the sandwich additional Zircaloy plates or Zircaloy-clad fuel were added.
The shaded portions of Figure B.6 represent additional Zircaloy plates
that have been added to obtain a metal-to-water ratio of 1.54. Different
ratios may be obtained by adding or removing similar Zircaloy plates.
Dimensions for the fine structure are shown in Figure B.7.

Fuel elements were made of solid highly enriched uranium clad on
all sides with Zircaloy. These elements have the same outer dimensions
as the 23-mil Zircaloy fillers shown in Figures B.6 and B.7. Fuel
changes were made by replacing a Zircaloy filler with a fuel plate or
vice versa, thus maintaining the metal-to-water ratio. Before the fuel
elements were clad and rolled to size, the weight of the fuel in each
particular element was determined. Thus very accurate information on
the total fuel load in the core was available.

All the cores were in the shape of rectangular parallelepipeds. The
outside dimensions of many of the cores were measured with vernier calipers.
The length was always found to be within 1/16 in. of the nominal dimension.
Typical outside dimensions for the core thickness are shown in Table B.10
for a nominal 8-in.-thick core. For the case in Table B.10, the average
was 8.00 in. with an rms deviation of 0.06 in.

The cores to be considered in the following analysis had the charac-
teristics described here.

Core A

Dimensions were nominally 6 in. thick, 30 in. high, and 32 in. long.
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Control rods were placed along both

TABLE B.10 MEASURVIENTS OF CORE THICKNESS sides of the core adjacent to the

FOR A M(INAL 8-IN.-THICK CORE 30- X 32-in. faces.

Core B
East End West End

4 in. down Dimensions were nominally 8-1/4 X
from core top 7.92 8.00 30 X 32 in. The core was bisected

10 in. up"from by a 1/4-in. water gap to provide a
lore bottom 7.99 8.08 .place for rod insertion.

Core C

For this series of experiments,
instead of changing the fuel load with temperature while keeping the core
size fixed, the core size was charged while the fuel density and spacing
were kept constant. Changes in core size were made by adding 2- X 4-in.
cans to an 8-in.-thick core, thus increasing its length. The available
temperature range was covered by using three lengths--24 in., 28 in., and
40 in. Control rods were placed in the reflector adjacent to the core.

Core D

Dimensions are nominally 14 in., 30 in., and 32 in. Here the rods
were placed in the reflector adjacent to the core. There were rods on
both sides of the core along the 30- X 32-in. faces. It was found that
shutdown was sufficient in this arrangement so that there was no need to
introduce water gaps in the core.

Core E

This core had outer dimensions of 14-in, thickness, 30-in. height,
and 32-1/2-in. length. Zircaloy-water reflectors 6 in. thick were added
to the two 30- x 32-1/2-in. faces. The reflectors had the same metal-to-
water ratio as the core, and their structure is shown in Figures B.6 and
B.7. Two channels 1/4 in. thick were inserted into the core for control
rods. By placing these channels across the core, the core-reflector
interface could be well defined.

Core F

This core was nominally 24 in. thick, 30 in. high, and 32-1/4 in.
long, except for the lowest temperature run; here the length was 32 in.
Originally the rods for these cores were placed only in the reflector,
but since there was insufficient shutdown the core, when loaded for high
temperature operation, was bisected by a 1/4-in. water gap to provide a
place for rod insertion.

Core G

The core had nominal outer dimensions of 24-1/4 X 24-1/4 X 30 in.
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The cross section of the core was bisected by a cross-shaped water gap to
accommodate shutdown rods.

Analysis of the Experiments.

The cores have been calculated using few-group diffusion theory in two
dimensions on a plane parallel to the top of the core. A cell homogeniza-
tion was made for the thermal group by the use of one-dimensional one-
velocity transport theory, where each element in the fine structure was
explicitly taken into account. Cross sections for the transport calcula-
tion were averaged over .a thermal flux determined by the contents of a
cell in which a self-shielding factor was used to homogenize the fuel.
Above thermal energies, the cell contents were taken directly as the
homogenized equivalent.

Few-group cross sections for the diffusion calculation were obtained
by two different methods: the method of Deutsch, 2 herein referred to as
a three-group calculation, and the MUFT-IV3 and SOFOCATE 4 codes, herein
referred to as four-group calculations. Since the diffusion calculation
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TABLE B.11 C(PARI3ON OF EXPERIMEINTAL
RESULTS OBTAINED WITH THREE- AND FOUR-GROUP

CALCULATIONAL MODELS

T,* F

Core A 330
480

Core B 78.2
263.6
337.4
404.0
504.8

Core C 268
382
507

Core D 119
240
414
466

Core E 151
284
439
543

Core F 224
420
550

Core G 229
399
590

Exp k

1.001
1.000

1.000
0.999
1.000
0.999
0.999

1.001
1.001
1.000

1.001
1.001
1.000
1.000

1.001
1.001
1.001
1.000

1.001
1.000
1.000

1.000
1.000
1.004

k -4.- ef
3-group 4-group

-0.012
-0.012

.0.Oo10
0.018
0.018
0.017
0.019

0.006
0.007
0.00

-0.042
-0.008
-0.004
-0.002
-0.039
-0.041
-0.042
--0.037

-0.033
-0.032
-0.023

-0.036
-0.038
-0.035

0.010
0.023

0.015
0.024
0.031
0.027
0.036

0.016
0.019
0.022

0.013
0.018
0.023
0.029

0.008
0.014
0.019
0.028

-0.007
.0.004
+0.012

0.010
0.015
0.034

was done two-dimensionally, the
buckling in a direction perpendicular
to the plane of the calculation was
necessary. This buckling was found
by a manifestly convergent iterative
method on one-dimensional calcula-
tions through the thickness and the
height directions of the reactors.
In Figure B.8 a comparison is made
of the bucklings found from the
iterative method and from cosine fits
to experimental flux scans with
manganese as the activated nucleus.
Exact agreement in the buckling values
is not to be expected because the
experimental buckling is found from
essentially the shape of the thermal
flux, whereas the analytic buckling
is found from the requirement that
the transverse buckling properly
account for the neglected dimension
in a diffusion theory calculation
done in fewer dimensions than nec-
essary. The behavior with tempera-
ture should be the same and is
demonstrated to be so in the figure.

The calculational results are
given in Table B.11. The temperature
listed is the temperature at which
the calculation was made, and the

experimental keff is corrected to this temperature using the measured
temperature coefficient. The water density employed in the calculation
is that for the saturated liquid at the temperature of the calculation.
Eigenvalues are from two-dimensional diffusion calculations where the
same mesh was used for both the three- and four-group calculations.

Discussion

Experimental uncertainties in the microscopic cross sections upon
which these calculations are based make absolute agreement with criticality
measurements unlikely. Rather, consistency over the range of experiments
is the desirable factor. The three-group calculations, based on the method
of Deutsch, have thus been found to be unsatisfactory, since variations of
6% exist over the experimental range. On the other hand, the four-group
calculations based on the MUFT and SOFOCATE codes appear to be more
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consistent. Variation from core to core is noted to be reasonably small,
the largest variation being found when temperature changes are made in a
single core. Hence, further analysis of these experiments should be
directed toward a better understanding of the behavior for changing
temperature.
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C. CROSS SECTIONS

REACTOR SPECTRA EFFECTS ON FISSION-FRAGMENT CROSS SECTIONS
CR Greenhow, EC Hansen

In neutron power reactors that have both "hardened" neutron energy

spectra and high fuel depletion, it becomes essential, from design con-

siderations, that the poisoning of the reactor by fission fragments be
properly estimated. In the definitive paper by R. W. Deutsch, 1 the ef-
fects of epithermal fission and capture are ignored. For a completely
thermal reactor, this introduces no error. For a reactor in which the
epithermal neutron density is not very small, the ignoring of epithermal
effects leads to significant errors in the estimation of the poisoning
by fission fragments.

The concentration of each fission fragment is governed by the fol-
lowing differential equation:

i J Zf(E)0(E)dE - NiJ ai(E)0(E)dE + Ni.. 1 ai,1(E)0(E)dE

- XiN +ZXkNk, (1)

k=1

where Ni = concentration of ith fission fragment, nuclides/cm 3

yi = yield of ith fission fragment
ai = absorption cross section of ith fission fragment
Zf = microscopic fission cross sectionXi = decay constant of the ith fission fragment.

By neglecting radiative decay terms and assuming constant power op-
eration, equation (1) may be rewritten:

d Zi _ ai +Zi_1/fo - Zi/fo-=- - - yi 1 2
dp Z fo au t (1 - P) (1 -P)

where = fractional burnup of fuel

FU = effective total cross section of fuel

Zi /fo = ratio of the removal by the ith fission fragment to the
initial removal by fission.
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It is convenient to define Ef/Zfo as the total removal by fission

fragments to the initial removal by fission, i.e.,

ff/ fo = ,i.fo "(3)

In order to obtain the effective absorption cross sections required,
it is necessary to have a knowledge of the energy dependence of the neutron

flux. In many reactors the flux may be approximated by a combination of a

thermal Maxwell-Boltzmann component and an epithermal l/E component above

some energy cutoff of E = kT.

Therefore:

0th(r,E) = (r) E e-E/kT 0 < E < Ec (4)
(kT)2

0EPI(r,E) = MB(r) --5 E Ec < E < 105 ev . (5)
10O E
likT

The effective absorption cross sections are then:

a = ath + AaEPI , (6)

where

ath = a(E) 0th(r,E)dE f0th(rE)dE (7)

iovv icev
EPI = a(E)sEPI(r,E)dE c0EPI(rE)dE (8)

lc5 ev CO

A = OEPI(r,E)dE / Oth(rE)dE . (9)
Ec

It should be noted that A is just the ratio of the epithermal flux
to the thermal flux.

In order to solve the set of coupled differential equations implied
by equation (2), a knowledge of the fission fragment chains, the yields,

and the appropriate cross sections is required. The first two may be
obtained directly from the literature; 2,3,4 the latter requires extended
discussion.

In calculating ath and aEpI as defined by equations (7) and (8), re-
spectively, various schemes were employed. The scheme that was employed
depended upon the knowledge of the pertinent parameters in the field that
are available. For example, if nothing was known about the energy de-
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pendence of the cross section, it was assumed to be 1/v across the com-

plete energy spectrum.

For the thermal cross section, ath, it was assumed that all nuclides
were 1/v in the thermal region. Because of the limited knowledge of
non-i/v behavior in the thermal region, it was believed that this was
most consistent.

Greebler, Hurwitz, and Storm5 use a statistical analysis to deter-
mine the average cross section in the energy region of 102 ev to 106 ev.
The results presented for the energy region of 102 ev to 106 ev, below
the region where non-spherically symmetric contributions become important,
may be fitted by:

a(E) = a(l)E- 102 ev < E < 105 ev. (10)

For the epithermal cross section, aEP1, four schemes were employed.

The first scheme was to assume that the cross section is 1/v from
Ee = pkT to E = 105 ev. This scheme was used whenever there was no
knowledge of the resonance structure, no data available from the work of
P. Greebler, et al.5, or no data available from the work of C. H. Westcott.6

The second scheme was to assume that the cross section is 1/v from
E = pkT to E = 102 ev and that from E = 102 ev to E = 10 5 ev the cross
section varies as indicated by equation (10). This scheme was employed
whenever no resonance data were available for the energy range Ec < E < 102
ev and when no data were available from C. H. Westcott,6 but data were
available from the work of P. Greebler, et al.

The third scheme was to use the known resonance structure and reso-
nance parameters to calculate the contributions to aEPI in the energy
range Ec < E < 102 ev from the individual resonances by using the single-
level Breit-Wigner formula, and to use the data from P. Greebler, et al.5

to obtain the contributions to aEPI in the energy range 102 ev < E < 105
ev. For closely spaced resonances, this tended to overestimate QEPI.

The fourth scheme was to use the data of C. H. Westcott,6 whenever
available, to calculate aEPI.

An examination of equation (2) indicates that the cross sections
enter the calculation only in ratios. It is convenient to use the thermal
cross sections equal to the conventional 2200 m/sec cross section, ao,
since the latter may be read directly from the literature. In order to
do so the epithermal cross section, aEPI, mustbe normalized by a factor
of /2.

The schemes described above may be summarized by the following equa-

tions:
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ath = uo (11)

aEPI = 0.08175ao (12)

aEPI =O. 0 7 916ao + 0.08175a (l00)/a (13)

aEPI = 1.675 x 05 'k k + 0.08175a(100)/a (14)
k grk

+a } .(15)

-EPI - 105 s +

The results of the machine calculation of equation (2) by using the
Runge-Kutta numerical solution of a set of coupled differential equations
are presented in Figure C.l. It is a plot of the fission fragment cross
section, Zff/Efo, versus burnup with neutron capture coupling between suc-
cessive nuclei. It has been plotted parametrically in A. Neutron capture
coupling implies a contribution to the population of the ith fission frag-
ment as a result of neutron capture by the ith - 1 fission fragment. The
curve labeled A = 0, no epithermal absorption, is equivalent to the re-
sults presented by R. W. Deutsch,1 and reproduces the Deutsch results to
within a few per cent.

The microscopic epithermal cross section, aff(EPI), was calculated
by assuming that the microscopic thermal cross section, aff(th), is a
constant independent of the epithermal-to-thermal flux ratio, A, and equal
to ff(th) for A equal to zero.

Consider:

aff(Eff) = aff(th) + Aaff(EPI) , (16)

where the machine calculation has supplied values for aff(Eff) for all
values of A and P considered. That is:

fa(th) + A4(EPI) Z
a ff(Eff) = 2---u.E(17)

~fo (7

By rearranging equation (16) we have

aGff(EPI) = [aff(Eff) - aff(th)]/A (18)

and obtaining aff(th)A=0 = aff(Eff)A=O from equation (16), equation (17)

becomes:

aff(EPI) = [acff(Eff) - aff(th)A=0]/A . (19)
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TALE 0.1. MICROSCOPIC CROSS SECTIONS
- AS A FUNCTION OF BURNUP

Ocff(Eff) = aff(th) + AOff(EPI)

Burnup Qff(th), ff(EPI)*,
Fraction barns barns

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

59.0
37.7
29.7
25.5
22.7
2O.6
18.9
17.3

4.82
3.08
2.43
2.08
1.86
1.69
1.55
1.42

Off(EPI)**,
barns

14.2
11.7
10.6
9.84
9.24
8.70
8.24
7.76

*Calculated on the basis of 1/v behavior
of boron in the epithermal region.

"Calculated from the results of this report.
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Figure C.2 is a plot of

aff (th)A=O and aff(EPI) as cal-
culated by equation (19).

In simulating the contribu-
tion by the fission fragments to
the thermal and epithernal ab-
sorption cross sections to be
used with standard 3-group pro-
duction codes, the fission frag-
ment contribution to the thermal
absorption cross section is rep-
resented by an equivalent amount
of boron. The fission fragment
contribution to the epithermal
absorption cross section is then
calculated by assuming that the
normal 1/v behavior of this
amount of boron would predict
correctly the epithermal con-
tribution. In Table 0.1 the
aff(EPI) is presented, as calcu-
lated by both the above assump-
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tion and the results presented in Figure C.2. An inspection of Table C.1

indicates that the error in aff(EPI) is a significant 200% at 10% burnup
and then rises to 450% at 60% burnup. This error could be equivalent to a
substantial tieup of reactivity: a tieup that could significantly effect
the calculated lifetime of a closely designed core.

The validity of the analysis and results presented is dependent upon
the assumptions made. Of course, in any analysis the experimental errors
in the yields and cross sections are limiting. It is believed that the
errors introduced by the assumptions upon which the analysis is based are
small compared with the errors introduced by the uncertainties in the yields
and cross sections. The errors introduced by the assumptions are dis-
cussed in detail in report KAPL-2059.7
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A MEASUREMENT OF THE RESONANCE INTEGRAL OF Zr91  F Feiner

A measurement of the resonance integral of Zr91 has been made on a
4-gm sample of Zr02 obtained from ORNL. The zirconium in the sample is
88% Zr91 as opposed to the natural Zr91 abundance of 11%. The measure-
ment was performed in the KAPL Thermal Test Reactor by determining the
reactivity worth of the sample, in a 20-mil-thick cadmium cover, rela-
tive to that of gold whose resonance integral is known.

The reactivity signal resulting from the epithermal absorptions is
only ~0.031 while that of the cadmium box is ~20. Hence, extreme re-
actor stability and reproducibility are required in order to obtain a
meaningful measurement. The approach taken was to (1) perform repeated
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cyclings of measurements with and without the sample in the cadmium shield,
and (2) use more than one cadmium box in the course of the measurements.

Three sets of runs were performed over a period of about six months.
The first and third runs consisted of four complete cycles each, i.e., four
measurements with and four without the sample in the cadmium box. The
second set consisted of only two cycles.

Averaging all the measurements on a basis of equal weights leads to
a value of 0.0355 0.0107/ for the signal from the sample, where the
error quoted is the RMS deviation of the individual measurements. The
standard deviation of the mean is 0.0034/.

A small correction of 0.0013/ must be made for hafnium contamination
of the sample,which was determined to be 100 ppm by ORNL. From a gold
calibration curve based on measurements by G. B. Gavin and D. E. McMillan
et al.1 and a value of the resonance integral of 1560 barns for thin
gold2, the sensitivity of the TTR is 0.361 x 10-24/ per barn atom. As-
cribing the total hafnium corrected signal to the Zr91 present in the
sample then leads to a value of 5.4 1.6 barns for the effective absorp-
tion integral for Zr91 . Included in the quoted error are contributions
from the spread of the Zr91 measurements, the calibrations, and limita-
tions on the accuracy of control rod positioning.

While there is temptation to ascribe these absorptions to the 300-ev
Zr91 resonance, a calculation by N. C. Francis and D. M. Keaveney3 in-
dicates that, for the sample size used, the resonant energy flux is
strongly .uppressed in the sample. The 1/v portion of the epithermal
cross section, however, contributes only 0.75 barn to the epicadmium

absorption integral so that the bulk of the observed absorption appears
to come from other resonances in Zr91 .

It should be noted that this strong energy self-shielding must be
present in reactor zirconium elements also, so that the observed absorp-
tion integral may be quite appropriate for calculational purposes. Addi-
tional evidence for this interpretation is that, in the course of the
present experiment, the shape of the Zr02 sample changed from its initial
disc form with a thickness of 0.1 in. to a powder form with thickness
about 0.3 in. without an observable change in signal.
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MAGNESIl4CROSS SECTIONS NC Francis

Magnesium cross sections have been prepared for use as input for
the MUFT code. The basic nuclear cross sections required are: scatter-
ing (both total and angular distributions), (n,7), and inelastic.

Of these, the (n,y) cross section requires the least discussion.
A 1/v velocity dependence normalized to the BNL-325 thermal value was
assumed. The resonance capture was neglected because the magnesium reso-
nance integral is probably less than 0.1 barns. For intermediate and
fast reactors, however, this approximation is inadequate.

Since there is not very much experimental information available per-
taining to the elastic and inelastic cross sections, the optical model
with a Saxon potential was used extensively to calculate these cross'
sections. At 14 Mev, the Saxon well parameters were found by requiring
that the total and differential cross sections agree with experiment. The
calculated and measured cross sections are shown in Figure C.3. The ex-
perimental points were obtained from BNL-400 and the standard surface
imaginary optical model parameter notation was used.l The energy de-
pendence of V and W was found by fitting the predicted total and reac-
tion cross sections to experiment at 8 Mev. A linear extrapolation of
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these optical model parameters was used in the calculation of inelastic
and compound elastic cross sections in Hauser-Feshbach theory. At 2.6 Mev,
the calculated inelastic cross section was 20% larger than the experimental
value. This difference was not considered significant since the measure-
ment was in the resonance region where fluctuations are present.

The inelastic cross section was then calculated for incident neutron
energies below 5 Mev. At these energies, only the excitation of the
l.37-Mev state is considered (isotopes other than Mg24 are neglected). For
neutron energies between 5 and 14 Mev, the cross section for the excita-
tion of the 1.37-Mev level was assumed to vary linearly. The cross sec-
tions at 5 and 14 Mev were taken to be 0.7 and 0.16, respectively. The
remaining part of the inelastic cross section in this energy range was
found by using the optical model to calculate the total and shape elastic
cross sections. The total inelastic cross section is then the difference
between these, since the compound elastic and other cross sections are
small. The cross section for the excitation of all levels other than the
1.37-vMev one was then found. The neutron spectrum was taken to be a
Maxwellian whose temperature was given by the statistical model of the
nucleus.

All elastic scattering cross sections and angular distributions for
energies in excess of 1.5 Mev were found by using the optical model. Be-
low 5 Mev, corrections introduced by compound elastic scattering were in-
cluded. Below 1.5 Mev, the scattering cross sections were taken from the
results obtained by Langsdorf2 (ANL-5567). These cross sections were
used for convenience. Since these cross sections were measured with poor
energy resolution, important flux depression effects can not be properly
represented. Consequently, the MUFT input cross sections given here
should be used with caution. In fact, it is recommended that the scatter-
ing cross section for energies between 10 and 1500 key should be multiplied
by an appropriate factor that is determined from the analysis of reactor
experiments. This factor will be, of course, less than one. At present,
the individual resonance parameters are being used to obtain a set of im-
proved cross sections.

The magnesium cross sections for use in MUFT calculations are listed
in Tables C.2 and C.3.
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.TABLE C.2. MUFT INPUT CROSS SECTIONS FOR MAGNESIUi

Miorosoopio
Slowing Do

Power

I0. 2

0.0,272300

0.02743000
0.05211000
0.05715000
0.06703)00
0.08565000
0.11292)00
0.1558300
0.16016000

0.17892000
0.22878000
0.23184000
0.39480000
0.53536999
0.50438999
0.47946000
0.49600000
0.52310000

.0.59378000
0.66080000
0.68040000
0.56512)00
0.41328000
0.29365000
0.29260000
0.29255000
0.29155000

smooth
Capture

0.00000337
0.00000381
0.00000432
0.00000490
0.00000555
0.00000629
0.00000713
0.00000807
0.00000915

0.00001037
0.00001175
0.00001331
0.00001509
0.00001710
0.00001938
0.00002195
0.00002487
0.00002818

0.00003194
0.00003619
0.00004341
0.00005572
0.00007155
0.00009188
0.00011800
0.00015150
0.00019470

N

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

Symnetric
Scattering

0 s

0.63649999
0.63339999

0.98009999
1.15529999
1.41290000
1.75250000
2.13499999
2.63099998
2.83100000

3.63099998
4.13099998
4.83099997
7.05100000
7.85100001
6.95099998
6.15099996
6.25099999
6.45099998

7.25099999
8.25099993
8.25099993
6.45099998
4.85099995
3.55100000
3.55100000
3.55100000
3.50000000

E (ev)

7.79 X 10'5
6.07 x 106
4.72 X 106
3.68 x 108
2.86 x 106
2.23 X 106
1.74 x 106
1.35 x 106
1.05 X 10

821 X 103
659 X 103
498 x 103
387 K 103
302 X 10

235 x 103

183 x 103
143 x 103
111 x 103

86.5 x 103
67.4 x 103
10.9 x 103
24.8 x 103
15.0 x 103
9.12 X 103
5.53 X 103
3.35 x 103
2.03 x 103

r

1.13)19999
1.12)50000
0.83466999
0.69650000
0.52610999
0.38059000
0.26782D00
0.12427000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.3980000
0.30430000
0.35480000
0.46950000
0.60869999
0.72470000
0.77999999
0.76109999
0.8792)000

1.45080000
1.35300000
2.01600000
2.31239998
1.42870000
0.84869999
0.34770000
0.24800000
0.17415000

0.12325000
0.06640000

-0.08200000
-0.38400000
-0.15840000
-0.02345000
-0.01155000
-0.00595000
0.00000000



28 1.23X 103

29 750
30 454
31 275
32 167
33 130
34 101
35 78.7
36 61.3

37 47.8
.38 37.2
39 29.0
40 22.6
41 17.6
42 13.7
43 10.7
44 8.52
45 6.50

46 5.10
47 3.97
48 3.06
49 2.38
50 1.855

.51 1.440
52 1.125
53 0.855
54 0.625

0.2912a000
0.29085000
0.29015000
0.28980000
0.28910000
0.28910000
0.28910000
0.28910000
0.28910000

0.28910000
0.28910000
0.28910000
0.28910000
0.28910000
0.28910000
0.28910000
0.28910000
0.28910000

0 . 28910000
0.28910000
0.28910000
0.28910000
0.28910000
0.28910000 .
0.28910000
0.28910000
0.28910000

0.00025011
0.00032090
0.00041160
0.00052880
0.00067880
0.00082370
0.00093330
0.00105800
0.00119800

0.00135800
0.00153900
0.00174000
0.00197600
0.00223900
0.00253700
0.00287500
0.00325700
0 .00369200

0.00418300
0.00474000
0.00537200
0.00608600
0.00689700
0.00782300
0.00886500
0.0Jx15000
0.01176000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

3.50000000 0.00595000
3.50000000 0.01155000
3.50000000 0.01750000
3.50000000 0.02345000
3.50000000 0.02905000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000

3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000.

3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
3.50000000 0.03255000
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TABLE 0.3. MGNESIIU fNELASTIC SCATTERING MATRIX

i a (1-.d) _ (-..i _a(3-) c(4-+3) c(5-. ) a (7-3) a(8-'i)

2 0.5712A117
3 0.00735971
4 0.01426013
5 0.03023420
6 0.04679075
7 0.05939300
8 0.06585656
9 0.06220471

10 0.05255978
11 0.04287005
12 0.03209373
13 0.02325535
14 0.01580602
15 0.01074272
16 0.00702365

0.69719750
0.02)96455
0.02230915
0.03675240
0.04896585
0.05642838
0.05491570
0.04755402
0.03947521
0.02997337
0.02197300
0.01501470
0.01035342
0.00677902

0.59632996
0.59632996
0.2)714005
0.00232873
0.00343884
0.00430690
0.00447383
0.00405650
0.00351396
0.00273772
0.00206163
0.00144398
0.00100160
0.00065939

0.33074695
0.36575304
0.00000000
0.00000000
0.000000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.05255839
0.31605005
0.15730155
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.03680116
0.13149956
0.11223927
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000
0.00000000

0.00000000
0.00000000
0.01272145
0.10943928
0.07073929
0.05660911
0.00832920
0.00000000
0.00000000

OO)

0.00000000
0.00000000
0.00000000
0.00000000
0.000000000
0.03128000
0.02948057
0.02027962
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INFLUENCE OF CROSS SECTIONS UPON CALCULATED NEUTRON AGE AND REACTOR
CRITICALITY JR Stehn

Ever since zirconium was shown to have a markedly small affinity for
thermal neutrons and became a promising structural material for reactors,
there have been doubts about the nuclear properties of this material.
During early use of zirconium in critical assemblies at KAPL, it was in-
dicated that it might not be a favorable reflecting material, despite its
low thermal absorption cross section. Since little was known about the
cross sections of zirconium, it became customary to assign to it the
modicum of nuclear properties required to fit reactor criticality data:
namely, a 1/v absorption cross section at all energies (that is, no reso-
nance absorption at all), no inelastic scattering, and a reasonable amount
of elastic scattering. In fact, this assignment of cross sections agreed
not only with criticality data but also with an early measurement or two
of neutron age in zirconium-water mixtures.

However, nuclear data began to accumulate which indicated that zir-
conium (at least Zr91) absorbs neutrons fairly strongly in the resonance
energy region, and that it also exhibits considerable inelastic scatter-
ing. The doubts about zirconium cross sections were compounded with
doubts as to whether the customary computational approximations were
adequate for proper reactor predictions, for there was a continuing dis-
crepancy between the early measured age for fission neutrons in pure
water (about 30 cm2 to the indium resonance) and the roughly 25 cm2

values computed with the customary approximations, even though the cross
section data for hydrogen and oxygen were better known than those for
zirconium.

The work described here was undertaken in order to develop an under-
standing of zirconium cross sections and to determine whether the usual
computational techniques masked the effects of strong scattering reso-
nances in oxygen and in zirconium. In summary, the conclusions have
been that the microscopic cross-section measurements on zirconium can
probably be used to make meaningful reactor predictions, and that the
computational techniques can take adequate account of neutron-scattering
resonances.

Cross Sections

For zirconium, the total cross section is well known. The integrated
scattering cross section, which is the greater part of the total, is hence
quite well known but the angular distribution of the scattering is not so
well known and the absorption in the resonances is quite uncertain. Various
measurements1'2 ,3 have been made of the angular distribution for some neu-
tron energies up to 7 Mev, and calculations4 have been made with the optical
model of the nucleus in which the angular distribution was estimated for
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intermediate energies. The absorption was estimated by assigning a value
of 0.2 ev as the absorption width of each one of the resonances observed
by Newson 5 and by using this in the integrated Breit-Wigner formula. The

oxygen cross sections have been studied by Emmnerich6 and by Goldstein,7

each of whom has produced a table of usable cross sections. In this work,
Goldstein's table was used below 4.7 Mev and Eimmerich's table was used

above that energy.

Computations

The neutron ages were computed for a one-dimensional infinite homo-
geneous slab with a plane source by using a Fourier transform of the flux
and the slowing-down density; this involved the MUFT-4 code8 '9'1 o and the
IBM-704 digital computer. The number of lethargy groups was 54 in most
cases, but was increased to 96 for one particular comparison. Computa-
tions by the same code supplied flux-weighted average cross sections for
the three fast groups of four-group diffusion theory criticality computa-
tions. These were performed under the direction of W. Skolnik for two
clean rectangular-parallelopiped-shaped critical assemblies, a cold one
that was set up at Bettis and a hot one that was set up in the Pressurized
Test Reactor facility at KAPL. The temperature and pressure at which the
hot assembly was just critical determined the density of the water to be
used in computing the criticality of that one of these two U235-Zr-H20
assemblies. The criticality computations were one-dimensional ones, in
which the reactor was treated as a slab with perpendicular bucklings
which were estimated by an approximation scheme for the two directions in
which the parallelopiped was thickest. The thermal group average cross
sections were determined by flux-weighting over a Wigner-Wilkins spectrum,
by using the SOFOCATE11 code.

Results with Zr-H20 Mixtures

It facilitates comparison to epitomize the fast cross sections chosen
for the zirconium by their averages over four particular ranges of lethargy,
corresponding to four ranges of energy within which cross sections are
readily characterized. These ranges are "epithermal" (0.625 to 101 ev),
"resonance" (101 to 5530 ev), "intermediate" (5.53 to 821 kev), and "mega-
volt" (0.821 to 10 Mev). In Table C.4 the previously customarily used zir-
conium cross sections (called Zr 3 here) are compared with the cross sections
now considered to be realistic (Zr 52).

It is worth-while to compare the two zirconiums as to total absorp-
tion integral: the "old" Zr 3 has 0.06- barn absorption above 0.625 ev,
the "new" Zr 52 has 1.52 barns. The latter figure includes 0.23 barn that
arises from the fast neutron (n,p) reaction. It appears to be somewhat
larger than the 0.6 barn that has been measured at Harwell but it is not
inconsistent with the 0.5--barn contribution from the single isotope, Zr91 ,
that was measured at KAPL and is reported by F. Feiner (see page C.6).
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TABLE 0.4. ZIRCONIi CROSS SECTIONS IN BARNS

Cross Section

Elastic Scattering, ci
Zr 3*
Zr 52**

Forward Scattering, as cos 9
Zr 3
Zr 52

Inelastic Scattering, aj
Zr 3
Zr 52

Absorption, 0 a
Zr 3
Zr, 52

Absorption Integral, faa dE/E
Zr 3
Zr 52

Epithermal
0.625-101

ev

10.4
6.2

0
0.04

0
0

0.01
0.01

0.06
0.06

inerg y ne

Resonance Intermediate
101-5530 5.53-821

ev key

9.4
6.5

0
0.05

0
0

0
0.28

0
1.14

8.8
8.6

0.54
0.65

0
0

0
0.01

0
0.07

Megavolt
O.821-10

5.1
3.9

1.02
1.70

0
0.99

0
0.01

0
0.25

*Zr 3 - Cross section used previously
**Zr 52 - Cross section recommended currently

Computations were carried out with these two sets of zirconium cross
sections and also with three artificial modifications of the "new" (Zr 52)
cross sections. These three modifications were made to test the effec-
tiveness of three different "components" of the cross section in determin-
ing age and criticality. Each modification eliminated one component of
the Zr 52 cross sections., (A similarly motivated set of modifications of
the cross sections for oxygen was reported by M. Reier 1 2 at the 1958 Geneva
Conference.) The first modification, to be called "No Absorption," en-
tirely eliminated the absorption in the resonance and intermediate energy
regions, reducing the absorption integral by 1.2 barns. The second modi-
fication, to be called "No Inelastic," eliminated the inelastic scattering
entirely. The third modification, to be called "Isotropic Scattering,"
reduced the forward scattering component (as cos0 ) to a value between
0.03 and 0.06 barn that corresponds to scattering that is isotropic in the
center-of-mass system.

The results of the computations for the five sets of cross sections
are listed in Table C.5.

The absolute values are not of prime interest here, neither those
of age nor of criticality. Nevertheless it is evident that the old and
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Zr-H20 Mixture
(MAl.O) 68OF 6-in. Slab 24-in. Slab

Zirconium Age, Fission to (M#=1.O) 68 F (M/W=1.5) 548 F
Cross Section 1.1k ey. cm2  Reaivity k Reactivity, k

Zr 3 (old) 60 0.994 0.978
Zr 52 (new) 44.5 1.008 0.983.
No Absorption 45.0 1.035 1.056
No Inelastic 56.8 0.961 0.895

Isotropic Scattering 39.1 1.027 1.013

Experimental Value - 1.000 1.000

new zirconium cross sections are about equally close to the experimental
reactivities, and that both are within 2% of the correct values.

An illuminating way of viewing the results just displayed is to see
them compared in terms of percentage changes from the values for Zr 52.
This comparison is made in Table C.6.

Another similar coparison, made with somewhat less up-to-date
cross sections, gave, in the case of the No Inelastic modification, a

15% change in age. Hence, it may be that a change of'~Z2% is more rep-
resentative than the 28% given here.

The most striking feature shown in Table C.6 is the way in which the
net effect of combining the three modifications, which would produce a re-
sult approximately the same as that of the "old" Zr 3, is practically zero

TABLE c.6. Rl ATIVE AGES AND CRITICALITIES

Zirconium
Cross Section

Zr 3 (old)
Zr 52 (new)
No Absorption
No Inelastic
Isotropic Scattering

Zr-1H 20 Mixture
(M/#=1.0) 68 F
Age, Fission to

1. 46 ev.5

+35
0

+1

+28
-12

6-in. Slab
(MA=1.o) 68 F
Reactivity. 5;

-1.4
0
+3
-5
+2

24-in. Slab
(MA=1.5) 548 F
Reactivity. .

-0.5
0
+7

-9
+3
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as far as reactivity is concerned. (The correspondence is not exact,
for there is an appreciable forward scattering component in Zr 3.) This
may explain why the oversimplified assumptions initially used in pre-
paring the Zr 3 cross sections have given such good results in estimates
of reactor criticalities. One can imagine that some assemblies may be
such as to emphasize the differences between Zr 3 and Zr 52, particularly
those with a higher metal content and a faster spectrum; therefore it is
recomunended that the Zr 52 cross sections, or some near to them be used
in the future.

The cancellations that occurred in the reactivity comparisons do
not occur in the age comparisons, where inelastic scattering dominates
and absorption is of no importance. It is of interest to compare the
ages calculated for Zr 3 and Zr 52 with experimental values. Since the
only recent age measurements an Zr-H2 0 mixtures were made with a Po-Be
source that is faster than a fission source, age calculations with this
source were made to allow comparison. The results are shown in Fig-
ure C.4 for various metal-to-water volume ratios between zero and three.
It is evident that the age measurements of the "new" Zr 52 agrees much
better with the experimental data than does that of the "old" Zr 3.
(The agreement is not perfect, however, for the Zr 52 ages are all below
the experimental ones, and substantially so at the highest metal-to-water

ratio. There is, possibly, a lack
of consistency in the trend of, the

data here.) This gives added reason
for employing a zirconium cross sec-
tion somewhat like that of Zr 52.

(METAL WLI.E /(WATER WLUMEl

FIGURE C.4. AGES OF POLONIUM-BERYLLIUM
NEUTRONS IN VARIOUS ZIRCONIUM-

WATER MIXTURES
KS-27471

UNCLASSIFIED

A further modification of the
zirconium cross sections was made
in Zr 7, which differs from Zr 52
solely by having three times as
much absorption in the epithermal
energy range as does Zr 52. This
modification gave reactivities in
the 6-in. and 24-in. slabs that were
respectively 0.3 and 0.6% lower than
those found in Zr 52. This, the re-
sult of adding 0.12 barn to the ab-
sorption integral over the energy
range from 0.6 to 101 ev, indicates
how sensitive is the dependence of
reactivity upon absorption in the
metal.

A final modification of the zir-
conium cross sections was made in
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Zr 53, in which resonance parameters are used to portray explicitly the
scattering and absorption in the resonance energy region, in a manner pro-
vided by the MUFT code. This modification gave reactivities higher than
those given by Zr 52, by 1.0 and 3.4% for the 6- and 24-in. slabs, re-
spectively. The increase in reactivity results from "energy self-shield-
ing" of the resonances; that is, far more scattering than absorption oc-
curs at the neutron energies where the absorption is the greatest, and
the scattering process subtracts enough of the neutron's energy to remove
it from the peak of the resonance. The somewhat simplified Zr 52 cross
sections do not take advantage of the ability of the MUFT code to factor
in this effect, and the Zr 53 cross section set is, accordingly, the best
available to date.

Results with Water Only

The comparison shown in Figure C.4 included pure water, for which
there are sufficient experimental data to indicate that there is a dis-
crepancy. This could mean that the oxygen cross sections used were not
quite correct, or that some computational approximations were cruder than
had been anticipated. Trials of slightly different high-energy oxygen
cross sections indicated that it was possible to resolve the discrepancy
in the case of the age of Po-Be neutrons. However, this change in cross
section did not explain the corresponding discrepancy in the age of fission
neutrons, a discrepancy which apparently has been resolved by more recent
experimental age determinations.

An attempt was made to determine whether the averaging procedures in
making up the cross sections for the many-group computations were not some-
how concealing the effect of the narrow scattering resonances in oxygen.
The three lowest energy resonances each have a total width less than that
of the energy interval used (smallest lethargy interval, 0.25) in the cus-
tomary 54-group formulation of the MUFT-4 code, and they would not be ex-
pected to be properly represented in detail in this formulation. A 96-
group formulation was therefore set up, in which the lethargy intervals
were subdivided so narrowly (smallest lethargy interval 0.02) that 10 or
12 groups were required to cover each resonance. Computation of the age
of fission neutrons in water in this fine-grained formulation gave an age
of 25.4 cm2, as compared with 25.0 cm2 obtained with the customary coarser
formulation. The agreement between these two indicates that little is wrong
with using averages in the 54-group formulation.

In connection with the widths of the groups, a question arises whether
the age approximation was valid. The age approximation requires that the
product of the flux and the scattering cross section be well represented
by a linear function of lethargy over the possible lethargy range traversed
by neutrons colliding with an atom of the nonhydrogenous material .-- in
this case, oxygen. Age computations were undertaken, accordingly, with
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oxygen of mass 16 replaced by a fictitious oxygen of infinite mass; for
such a material, the age approximation is automatically valid. The age
of fission neutrons in water containing this fictitious oxygen was in-
creased by 1.4 cm2 in both the coarse- and the fine-grained formulation.
Analysis of the flux and cross section variations in these computations
shows that, in calculations with water, the age approximation is valid;
for in the power series expansion of the quantity 0ss, in the lethargy
range open to a scattered neutron, the second term is at most only about
5% of the first term, and the neglected third term, accordingly, may be
presumed to be less than 1% of the first term.

In conclusion, we believe that there are no serious obstacles, aside
from the lack of experimental information, to computing neutron ages from
nuclear data, and that certain reactor predictions from such data are also
possible without major modification of existing computational techniques.
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CROSS-SECTION VALUES FOR SAMARIUM, EUROPIUM AND GADOLINIUM JR Stehn

Designers of reactors based on the use of burnable poisons fre-

quently require a summary of what is known about the thermal and pile
neutron absorption cross sections of the particular poison being con-
sidered, and of its neutron capture products as well. A tabulation is
presented in Table C.7 of all the data available on the nuclides of three
particular elements. Wherever possible, the values upon which the BNL-325
compilation was based are given. The values in parentheses are those
tabulated in BNL-325. The reader should note the comments on the refer-
ences which indicate how the originally reported values have been changed
to conform to recently adopted standard values for boron, etc.

The following notation applies to Table C.7:

abs = absorption
act = activation

f-factor = Maxwellian average value
Value at 2200 m/sec

ms = mass spectrometer
osc = pile oscillator

spec = neutron spectrometer
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TABLE 0.7. CROSS SECTIONS IN T RIMAL REGION

Element or
- Nuclide,
Abundance

or Half-Life

Se arium

3.1%

SM147
15.0%

SM148
11.2%

13.8%

7.4%SM151
80 y

SMis2
26.89

tot
at

220 rm/sec,
barns

~3,000
~6,300

5,530

cabs
at

220 m/sec,
barns

5,730
5,7Z0

(5,E0 t ao)-

f-factor

1.62
1.62

Cabs
for

Pile Neutrons,
barns

9,600
6,000
7,040

~8,700
10,900

9,290 90
9,270 130

fact
for

Pile Neutrwns,
barns

"0.03 to P2 145

<2

87 t 60

- 47,000
- 66,a20 2,500

33,900
42,100 700
43,100 500

(40,800 900)

1.62 68,20 700

7,230
12,000

(10,000 200)

224

. .100 to ikS3

- 138t 30to a 1 5 3

- (1140 *40) to .$l'53
t7 .

How
measured Comments and References

abs Meitner 1941
abs Reizler 1942
abs Banke 1942
spec Borst 1946
spec Stura 1947
osc Harris 1950
osc Pomerance 1951
spec McBenod 1954
osc CiMins 1956

ose Bose 1958 -
BNL-325 1958

(Harwell published)
- Parker 1953
- BNL-325

(Arguzme-tklpublshad)
ose BNL-325

(Bose)

ms
ms
spec
osa
ma

ms
ma

-

Ingbram 1950
Melaika 1955
Hay 1958
Bose 1955
Aitken 1959
BNL-325

Ingbr 1950
Mlaika 1955
BNL-325
Both 1946
Serer 1947
BNL-325
Rose 1958

(dNL325)

V4 C)

N

ME



TABLE C.7. CROSS SECTIONS IN TEMAL REGION (continued)

0abs
at

220 m/sec,
barns

(abs
for

Pile Neutrons,
f-factor barns

tact
for

Pile Neutrons,
barns

4.85 1.0 to an
(5.5 t 1.1) to Smi

2,700

4,070
(4,3)0 100)

7,?00 80

456 1 16
450 t 2

0.

0.95

2,600
4,3,0 t20
3,870 1AP

1,900 t 400 to 9-h ti115M
1, 0 o30 to 9--i Eu3ma

3,500 to 13-y Euis5 2

8,600
8, 390 t 360

"total"
- 8,070 t 410

n n

- 5,30 to EiE
153

(5,500 t 1,500) to EML153

1,00 to Eti1

(42 t 100) to EZ'
- -
- 49 80

-total"

330t 801

- 1,450 to Dui1 5

- (1,500 400) to E i135

- 13,100 to jd156

- (14,000 t 4,000) to Gdisa

How
Measured

abs
spec
ms
050
ose

ms
os

Czuents
and

References

Seren 1947
BNL-325
Bomrie 1942
Sturm 1947
Hayden 1949
Pcmerance 1951
Cu=ins 1956
BNL-325

(Harell)
Seren 1947
BNL-325
Moore 1959
Hayden 1949
aouse 1958

osc House 1958

spec Hay 1958
(BNL-325)

ms Hayden 1949
- BNL-325

(Hayden)
ms Hayden 1949

- B)L-325
ose House 1958

ose House 1958.

spec
m

ma

ma
-0

H 1958
ENL-325
Hayden 1949
BNL-325
Hayden 1949
BNL-325

flnet or
Nuclide,

Abmdance
orHalf-L.ife

22.7%
Europium

Qtot
at

220 rm/sec,
barns

4,600

47.8%

gIk52

13 y

52.2%

r

EU 1 5 4

16 y
EULISS

1.7 y



'ABLE C.7. CROSS SECTIONS IN TH~AAL REGION (xantinued)

6abs
at

220 m/sec,
barns

tot
at

2200 rm/sec,
barns

48,000
50,000

Gabs
for

Pile Neutrons,
f-factor barns .

22,500

0.85
-e

aoCt
for

Pile Neutrons,
barns

38,800
40,000 1,500
36,100
39,400

Element or
Nuclide,

Abimdance
or- Half -Life

Gadolinis

Gdi 2

0.2O%
Gd1 5

4

2.15%
Gdss

14.7%

Gdls
15.7%

24.9%

Gd160
21.9%

-

(61,000 t5,000)

238,000

(240,000 t 12,000)

0.893

0.893

- ~'57,500

- 41,000

49,800 t600

88,700
(70,000 20,000)

. ~188,000

. 59,500

213,000 2,000

230,000

How
Measured Coments and References

abs Bake 1942
spec Sturm 1947
spec Brill 1947

.os Harris 1950
osc Coloer 1950
osc P ermnce 1951
osc ns 1956

- BNL-325
(Harell-Ubpnhshed)

- Seren 1947
- BNL-325 (Seren)

ms
ma
os

spec

ms
ms
08c

spec
-

- (160,000 t60,000)

... 3.6 1.5 to Gd1

. 4.5 to Gdl5 .

. (41 2) to Gds15

. 2.3 to Gd 11

- 0.82 to Gd 1

. 0.73 to Tb 61

- (0.8 + 0.3)

Lapp 1947
Ingbram 1950
Rose 1958
Hay 1958
Low 1959
BNL-325
Lapp 1947
Ingbrem 1950
Rose 1958
Hay 1958
Low 1959
BNL-325
Seren 1947
Butement 1949
BNL-325
der Mateosi 1948
Butement 1949
Buteient 1949
BNL-325

n-
N)J

N)

1z

46, 30
(46,000 t 1,000)

<1w to 0G4S3
<125 to Gd

66,000

264,000
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D. BURNABLE POISONS

DUJiUP OF EUROPIU'1M AND DYSPROSIIM UNDER NEUTRON IRRADIATION
JC Corelli, F Feiner

Introduction

Because of the rapid burnup of boron relative to fuel burnup, it
seemed desirable to investigate the feasibility of using a rare earth as
a burnable poison. To this end, experiments were initiated in 1956
(directed by Dr. E. B. Fehr) on two materials proposed at that time,

namely, europium and dysprosium. The mode of burnup of these two is con-

siderably more complicated than that of boron because of the intermediate
nuclides formed in the course of life. However, both of these elements
appeared promising on the basis of their relatively large thermal neutron

absorption cross sections (a = 1100 barns for dysprosium, a = 4300 barns
for europium). A disadvantage lay in the lack of knowledge of all the
pertinent cross sections in the rather complex decay modes, particularly
in the case of europium. This difficulty was almost entirely eliminated
in the case of dysprosium by the recent cross-section measurements made
by L. L. House using enriched separated isotopes.

In order to make the measurements easier to interpret, sufficiently
small quantities of europium and dysprosium were used to make the self-
shielding correction a negligible one. The thermal self-shielding factors

were 0.97 and 0.96 for europium and dysprosium,respectively.

Experimental Method, Measurements, and Corrections to the Data

Method

The experiment consists in measuring the burnup (or depletion)
E(t)/Z , where Z(t) is the macroscopic cross section remaining after an
irradiation time, t, and Io is the macroscopic cross section prior to
neutron irradiation. The samples, consisting of Dy203 and Eu203 powder,
were contained in cylindrical aluminum capsules, 0.345 in. in diameter
and 2.377 in. long, suitable for sensitive pile oscillator measurements
subsequent to their irradiation in the MTR. Four capsules were mounted
in a specially constructed aluminum holder and irradiated simultaneously
in the MTR. The aluminum holder also contained four cobalt wires which
were used to monitor the neutron flux. This arrangement facilitated in-

sertion of samples into the MTR.

The irradiated capsules were returned to KAPL in the latter part of
1956 and preliminary experiments on dysprosium using a pile oscillator
in the FPR were performed by Dr. Fehr.2  Because of the intense radio-
activity induced in the europium samples as a result of the irradiation,
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no measurements were taken at that time. These capsules were stored in

the RML at KAPL until January 1959 when this investigation was begun.

The experimental method used in this work was to measure the reac-
tivity coefficient (or absorption cross section when calibrated with boron)
of the irradiated sample by means of a highly sensitive pile oscillator

inserted into the PPA, a plastic-moderated reactor. For any particular
measurement it is necessary to oscillate three different capsules, namely,
the irradiated one, another containing the same amount of Dy203 or Eu203
powder but not subjected to any irradiation, and a dummy capsule having
the same aluminum content--to determine the contribution of the aluminum
to the signal. The pile oscillator measurements have been described in

detail by Feiner, Frost, and Hurwitz,3 and use of the pile oscillator in
the PPA was discussed in detail by L. L. House.4 Since the pile oscil-

lator has been adequately described elsewhere..we shall discuss only those

experimental details which bear directly on the present work.

Measurements and Corrections

Radial and Longitudinal Flux Shapes in the PPA. The fuel and moder-

ator loading5 in the PPA is such that a flat radial and a cosine longi-
tudinal flux are obtained. A BF3 detecting chamber (operated at -1500 v)
and the pile oscillator tube in which the capsule is oscillated into and
out of the active volume of the reactor were located in the fifth ring of

the core region of the PPA. A radial flux traverse was made by activating
a 5-mil 1/2-in.-wide manganese strip placed along the midplane of the re-
actor. The flux shape measured is shown in Figure D.1, which also shows

the position occupied by the chamber and oscillator tube.

In order to measure the longitudinal flux shape inside the oscil-

lator tube, manganese foils in the form of disks 1/4 in. in diameter and
5 mils thick were activated. These disks were mounted on a banjo wire

9 in. long, and this was then inserted inside the oscillator tube. It
was hoped that such a procedure would give a better spatial resolution

longitudinally along the tube. This measurement was checked by attach-

ing a manganese strip 12 x 1/2 x 0.005 in. on the outside surface of the
oscillator tube. The results of these measurements are shown in Figures

D.2a and D.2b. These measurements were made in order to see what the ef-

fect on the signal would be if the capsule containing the sample did not

always stop at the same point when it was in the reactor during its cy-

cling period. Unless the capsule were stuck somewhere at the middle of

the tube the difference in flux at the various points where the capsule

stopped would be small. Moreover, since the capsule is longer than the

period of fuel planes in the reactor, it would tend to integrate the flux,
and on the average always be in the same flux field. Errors caused by

this effect would be much smaller than those caused by the signal-to-noise
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error to be discussed later. Recent work has shown that when a capsule

is oscillating properly it is always located at the same position inside
the reactor.

Pile Oscillator Signals and Corrections to the Data. The measure-
ment of a signal from a capsule that is made with the pile oscillator is
the reading of the galvanometer deflection. Further details are found
elsewhere (References 3 and 4). In any particular run at least 100 read-
ings of the galvanometer deflections were made for each sample. During
the start of the experiments with the europium samples, the reactor would
scram each time a capsule was brought near any of the chambers. This is
explained by the fact that none of the neutron detector chambers used in
the PPA is electrically compensated for gamma radiation.

The gamma radiation from the "hot~ europium capsules was sufficient
to produce a measurable current in the neutron detector chambers. Since
small signals were obtained from the "hot" europium samples, it was nec-
essary to investigate the effect of the gamma radiation from the oscil-

lating sample on the true signal. This was done by oscillating a "hot,
europium sample with the reactor completely shut down. This signal proved
to be a large fraction of the true signal and was of opposite phase.
These measurements were made for all the europium capsules oscillated in

order to obtain a correction factor for the gamma radiation.

Figure D.3 shows typical traces of galvanometer deflections measured

from various samples. It can be seen that the "hot" europium sample
yields a rather irregular curve as a result of the low signal-to-noise
ratio. On the other hand, the signals obtained for the gamma radiation
correction with the reactor shut down show practically no detectable

noise. This is evident in Figure D.3 and tends to justify the assumption3

that pure detecting chamber noise is very small compared with reactor
noise which results from statistical variations in the number of fissions
occurring in a critical reactor.

The data obtained for each sample are corrected for differences in
weight of sample (~3%) contained in each capsule. A further correction
is applied to the data to account for the contribution of the aluminum

capsule and the aluminum oxide powder to the signal. The desired amounts

of Dy203 and Eu203 powder were mixed with A1 203 powder prior to inserting

them into the capsule. This correction is obtained by measuring the sig-
nal obtained by oscillating an unloaded aluminum capsule ("dummy") con-
taining only A 203 powder and subtracting this from the measured signal.
These "dummy" aluminum capsules were also subjected to the same neutron

irradiations as the europium and dysprosium capsules. It is of interest

that only very small differences in signal were obtained from irradiated
and unirradiated aluminum "dummy" capsules.
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The linearity of the detecting system was checked by oscillating an
unirradiated europium capsule at different reactor power levels. These

experiments were performed with the reactor operating at ~10 watts where

the signals measured were found to be linear with reactor power level.

Gamma Radiation Spectra of Radioactive Capsules. Some 7-ray spec-
troscopy was performed on the irradiated capsules in order to obtain ad-

ditional data on the relative irradiations.

The energy spectra of gamma radiation emitted by the radioactive cap-
sules containing Dy203 were measured with a 2- x 2-in. NaI(Tl) crystal
directly coupled to a Dumont 6292 photomultiplier tube with Dow-Corning
200 fluid. An RCL 256-channel pulse height analyzer was used to sort out
and record the light pulses from the photomultiplier tube. Gamma radi-
ations from Cs1 37 (662 kev), Cs1 34 (605 key and 800 key, most prominent
lines), and Co60 (1.17 Mev and 1.33 Mev) were used as energy-calibrating
standards for the scintillation spectrometer.

Gamma radiation spectrum measurements of the irradiated aluminum

"dummy" capsules containing only A1 203 powder indicated the presence of
7-rays up to an energy of ~1.3 Mev. Since the capsule was irradiated

~2.4 years ago, these 7-rays are attributed to impurities in the alumi-
num which give rise to long-lived isotopes subsequent to thermal neutron
irradiation. It was not considered worthwhile to attempt to identify the
impurities. These results are not included here since they are of no
interest. Figure D.4 shows the 7-ray spectra from two dysprosium capsules
which received the same total integrated dose of 1 x 1021 neutrons/cm2 .
It is of interest to compare the areas under the peaks at 1.17 and 1.33
Mev from each spectrum. These 7-rays are due to the small and equal
amounts of cobalt which were included in these two capsules before irradi-
ation in order to obtain a further cross-check on the flux measurements
obtained from the cobalt wires. The ratio of areas under the 1.33-Mev
peak from each capsule yields the value 0.99, which indicates that all cap-
sules in this particular irradiation run received the same total dose to
within 1%. Unfortunately, this cross-check is not possible with the
other capsules since no cobalt "tracer" was included in them. However,
measurements of the y-ray intensity (resulting from the aluminum impuri-

ties) indicate that all capsules in the same MTR irradiation run were sub-
jected to total integrated doses which differed by at most 2 to 3%. It
must be realized that this measurement is not as reliable as the Co6 0

tracer technique.

Gamma radiation spectra for the irradiated Eu203 samples were taken

with a 1-l/2-X 1/2-in. NaI(Tl) crystal mounted onto a Dumont 6292 photo-
multiplier tube. The light pulses were sorted by a Detecto Lab Model
Dz-18 20-channel pulse height analyzer. These measurements were made with
the source and detector in an open field (out-of-doors) and separated by
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about 75 ft. No lead shielding collimation was used in order to minimize
the number of Compton scattered 7-rays recorded in the spectrum. This

procedure, utilizing 1/r2 intensity decrease from source to detector, was
found to give well-defined 7-ray spectra. Moreover, it was not considered

worthwhile to produce sources of lower intensity by means of chemical

methods because an attempt was made to study the gamma radiation spectrum

from each of the Eu203 capsules which resulted solely from the MTR irradi-
ation. This procedure allows an ideal comparison to be made.

Figure D.5 shows the complete 7-ray spectrum from the europium con-

tained in capsule Eu #79. This capsule was subjected to a total neutron
flux-time of 1.2 x 102 neutrons/cm2. The peaks are associated with the

known 7-rays emitted by Eu152 (T,/ 2 = 13 years) and Eu 54 (T/ 2 = 16 years).
The same 7-ray energy-calibrating standards mentioned previously were used
for these measurements, in which we are primarily concerned with the in-
tensity of the 1.28-Mev 7-ray from Eu'5 4. From the intensity ratios of the

1.28-Mev 7-ray from each europium capsule it is possible to compare the

neutron flux-times. This is done by comparing the amount of Eu 5 4 formed

as a function of neutron flux-time.

In Figure D.6 is shown the 7-ray spectrum from the europium contained

in capsule Eu #66, which was subjected to a total neutron flux-time of
2.45 x 1020 neutrons/cm2 . This 7-ray spectrum is to be compared with that
from capsule Eu #79 shown in Figure 13.7. The capsule designated Eu #79
was irradiated with a total neutron flux-time of 1.2 x 1021 neutrons/cm2 .

The intensity of the 1.28-Mev 7-ray, emitted by Eu'54 , is higher for cap-
sule Eu #79 than for capsule Eu #66. This would indicate the reasonable

result that more Eu'5 4 was formed in the higher irradiation. A quantita-

tive measure of the ratio of intensity in the 1.28-Mev 7-ray peaks from
these two capsules can be made by taking a ratio of the area included
under the photopeaks. The unfolding of the photopeaks was done in the

following manner. The energy resolution and 7-ray spectrum shape of the

scintillation detector wereobtained for a y-ray close to this energy. The

1.33-Mev 7-ray from Co6 0 was used. The energy calibration of the detector
was used to locate the position of the 1.28-Mev peak. Then from a knowl-

edge of the spectrum shape (e.g., the width of the peak at one-half maxi-

mum) the 1.28-Mev peak was drawn. The 7-ray is shown as a dotted line in

Figure D.6. The 1.17-Mev 7-ray from Eu'5 2 was also unfolded from the two

spectra and is shown as a dotted line in Figures D.6 and D.7.

The area under the 1.28-Mev 7-ray peak in Figures D.6 and D.7 was

measured with a planimeter. The ratio of these two areas, which is a

measure of the relative amount of Eu'5 4 formed, is 2.9.

The calculation giving the per cent abundance of Eu' 5 4 as a function
of flux-time is given in Figure D.8. (The flux-time appearing as the
abscissa of Figures D.8, D.12, and D.13 differs by 10% from the flux-
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times used for identifying the capsules. The reason for this is that
when the original irradiation doses were calculated, a cobalt thermal
cross section of 34 barns was used. A value of 37 barns is now pre-
ferred.) The calculated ratio of per cent Eu'5 4 abundance correspond-
ing to the flux-time ratio 1.2 x 1021/2.45 x 1020 is 2.96 for curve B
(see p. D.14), which is in good agreement with the measured value. This
agreement therefore justifies the validity of the burnup calculation.

It is possible to make further comparisons using the 1.28-Mev line
present in the y-ray spectra arising from capsules Eu #68 and Eu #67,
both subjected to a total neutron flux-time of 1.0 X 1021 neutrons/cm2 .
The pertinent parts of these 7-ray spectra are shown in Figures D.9a
and D.9b, respectively. The measured intensity ratio of the 1.28-Mev
y-ray from capsules Eu #67 to Eu #68 is 1.06. This indicates a flux
gradient of about 6%; however, this particular experimental determina-
tion has a 3 to 4% error because of statistical uncertainty in the
number of counts recorded. Moreover, the definition of areas "under the
peak" (1.28-Mev 7-ray) is uncertain to e5%. Basically the measurement
shows that no gross flux gradients (say as much as 10 to 20%) were pres-
ent during the irradiation in the MTR.

A final comparison of 7-ray intensities is possible, namely, a com-
parison of the 1.28-Mev 7-ray intensity from capsules Eu #67 and Eu #79.
These capsules were subjected to flux-times of 1.0 and 1.2 x 1021 neu-

trons/cm2, respectively. This is shown in Figure D.10. The measured
ratio of intensity for the Eu #79 to Eu #67 1.28-Mev 7-ray line is 1.09,
which is in good agreement with the calculated ratio (obtained from
Figure D.8) of 1.05. Again this measurement may be said to lend credence
to the burnup calculation.

We have attempted in the 7-ray-spectrum measurements to extract as
much significant physical data as possible. While these measurements are
not of the precision type, they have served to show the following:

1. Validity of the burnup calculation for one of the
isotopes,

2. Absence of flux gradients in the various MTR runs greater
than 5%, and

3. A quantitative measure of relative per cent abundance of
various isotopes in high flux burnup experiments.

Results. Calculations, and Discussion

Experimental Results for Dysprosium and Europium

Figure D.ll shows the experimental results obtained for the burnup of
dysprosium from this work and the measurements made by E. B. Fehr, who used
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the pile oscillator in FPR-3. The spectral hardening parameter for the

neutron spectrum in FPR-3 was Za/Ags = 3 0.4 for Fehr's results,
while the measurements in the PPA were taken in a neutron spectrum hav-

ing P7 = 0.06,which is close to the P7 value of the MTR. In Figure D.12
are shown the results of the measurements on europium, which were also

taken in the PPA with a neutron spectrum that had a p7 value of 0.06.
All the data shown from this work have been corrected for weight differ-

ences and aluminum contribution to the signal; for the europium results,
the 7-ray correction has also been applied.

The errors quoted for the measurements were determined according to

the analysis described by Feiner, Frost, and Hurwitz in KAPL-1703.3 As
stated therein for small pile oscillator signals, i.e., low signal-to-
noise ratios of ~2 to 3, the main causes of the errors are the statis-

tical fluctuations in the number of fissions taking place in the reactor.
This is borne out by the gamma radiation correction measurement discussed
earlier where it was established that errors arising from chamber noise
are completely negligible when compared with "reactor noise."

Calculations and Discussion

Isotopic transmutations occurring during burnup as a result of neu-

tron irradiation are calculated by solving a system of linear simultane-
ous first-order differential equations. The equations are set up to
describe a particular decay chain in which each isotope in the chain is
considered separately together with its appropriate rate equation. A

FORTRAN code designated as BPD6 was written to solve the above system of
equations. The BPD code was purposely written to treat those systems
encountered in a complex burnable poison decay chain where, for example,
a transmutation chain may involve a branching ratio, beta decay, or

both. An important provision of the code is that different time incre-
ments can be selected for various parts of the problem to achieve the

desired accuracy with a minimum of computer time.

In the BPD calculation shown in Figure D.ll for dysprosium the iso-
topic cross-section measurements of L. L. House were employed (effective
2200 m/sec values), namely, 130, 680, 240, 220, and 2780 barns for Dylo
to Dy1 8 4, respectively. These measurements were made in a soft neutron

spectrum having a $7 ~ 0.06. Within the experimental error shown (see
Figure D.1l) there is good agreement between the experimental values of

this work and the calculated ones. The deviation from the curve of the

experimental points recorded by Fehr may be a consequence of the fact
that her measurements were performed in a reactor of considerably greater
spectral hardening (y = 0.4).
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A number of calculations were performed for the europium burnup to
investigate the importance of the various cross sections in determining
the burnup. Figure D.12 compares two calculations with the experiment.
Curve A is based on a calculation reported in KAPL -2000-4.7 It has
been corrected for the decay of the nuclides present at the end of the
irradiation during the interval between the irradiation and the time of
the measurements, a period of 2.4 years. The cross sections used in this
calculation are the 2200-n/sec values quoted in the Fifth Edition of the
General Electric Chart of the Nuclides. Curve B uses isotopic europium
cross sections determined by L. L. House4 in the PPA. These values are
8390 barns and 460 barns relative to the 755-barn boron cross section.
In addition, this calculation uses a value for the Eu'15 branching ratio
of 2.3* (ratio of 13-year to 9-hr states) rather than 5.1, and values of
the cross section for other isotopes entering into the chain appearing
in the second edition of BNL-325.

While these two calculations agree satisfactorily with the experi-
ment they predict somewhat different isotopic concentrations with irradia-
tion time, and calculation B gives somewhat better agreement with the
Eu'54 7-ray measurement described above. Calculation A gives a value of
3.5 for the Eu'5 4 abundance ratio between capsules 79 and 66, calculation
B a value of 2.9, and the experiment 3.0. [The calculated Eul5 4 abundance
(corrected for decay) was shown in Figure D.8.]

Both the initial slope and final amplitude of the Z(t)/Z calculation
depend primarily on the total Eu'15 cross section. Qualitatively this
may be understood by the following argument. For low doses 2(t) is mainly
determined by the Eu'51 and Eu'52 abundances, so the larger the Eul51
cross section, the steeper the initial slope. At high doses, however,
2(t) is quite insensitive to the initial Eu'15 cross section so that

Z(t)/ZE is affected mostly by Eo which, of course, is proportional to the
Eu'5 1 cross section. This effect as well as the dependence on the Eu'51
branching ratio is shown in Figure D.13.

Curve 3 of Figure D.13 is the same as calculation B on Figure D.12
except that no decay correction has been made. Curve 2 differs from 3
only in that the total Eul'' cross section is ~l2; less than in calcula-
tion 3--in line with the recent Harwell measurements.A Calculation 1 is
the same as 2 with an Eu5' branching ratio of 5.1 rather than 2.3, the
total cross section being the same. Curve 3 of this figure is the one
most pertinent to reactor calculations, since the decay correction in-
cluded in Figure D.12 is made only for purposes of comparison with the
present experiment.

Preliminary results from J. z. .ioore, private communication.
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Eu15 1 5 COSS-SECTION BRANCHING TIO WE Moore, LJ Esch

In order to evaluate europium as a potential burnable poison, one
requires accurate knowledge of the isotopic neutron cross sections. Pub--
lished information' quotes the following results for the natural isotopes:
aT = 7700 0 barns, al* = 1400 300 barns, and 03 = 450 20 barns;
these values represent, respectively, the Eu'51 total absorption cross sec-
tion, the activation cross section for production of the 9.2-hr isomer
Eu152* (both 2200 m/sec values),? and the Eu153 absorption cross section
(pile-averaged). One may obtain by subtraction the approximate cross sec-
tion for production of the 13-year Eu'52, viz, a1 = 6300 t 320 barns, and
the ratio al/ao* = 4.5 1.0. W. H. Johnson recently redetermined these
cross sections by means of a mass spectrometer technique, 2 with the result
that a/a* = 2.1 0.4. The present work was undertaken in order to
measure this ratio directly by a fundamentally different technique and
perhaps resolve the existing discrepancy.

An activation technique has been used in which the decay of a single
7-ray is followed for a period of time sufficient to establish the rela-
tive amounts of Eu15 2 * and Eu' 5 2 produced; from this one may obtain
directly the ratio of neutron activation cross sections. The disintegra-
tion rate at the end of an irradiation in a neutron flux 0 (cm- 2 sec-1)
lasting T hours (T << 13 yr) is given by

D* =oa,* o (1 - e *T) (1)

for Eu152*; for Eu1 5 2 ,

D = a 1ON XT , (2)

where Ni is the number of Eu1 51 atoms present at T = 0; X* and X represent
decay constants for the 9.2-hr EulS2* and the 13-yr Eu1 5 2. Both states

TReference 1 incorrectly identifies the 1400-barn value as a pile-

averaged cross section.
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decay by electron capture and beta emission, the latter leading to de-
excitation 7-rays in Gd'52; one transition is common to the decay of both
states, giving rise to a 0.344-Mav 7-ray. Therefore, it is convenient to
follow the decay of this particular 7-ray for a period of several days

and take its relative intensity as a measure of the relative disintegra-

tion rate. One may then make use of the following simple expression to
compute the cross section ratio:

-X*T
of A b* (1 - e-X ) e-;*t 3

e . (3)

Here A* represents the measured intensity of the 0.344-Mev 7-ray arising

from EulS2 * decay (obtained t hr after removal from the reactor) and b*
is the number of unconverted photons of this energy emitted per disinte-
gration; A and b are corresponding quantities for Eu'52. It will be noted
that Equation (3) does not require knowledge of several factors difficult
to determine, e.g., the neutron flux, the neutron self-shielding, and the

detection efficiency.

A 10-mg sample of "Specpure" Eu203 was dissolved in 30 cc of dis-
tilled water, placed in a polyethylene container, and irradiated in the

Thermal Test Reactor (TTR) in a thermal flux of-t~3.0 X 1010 neutrons
cm-2sec-1 for 30 min. After removal from the reactor the sample was trans-

ferred to a plastic test tube and the europium precipitated by addition of

ammonium oxalate. The precipitate was concentrated in a centrifuge and

the supernate, containing <1% of the total activity, was decanted.

The gamma activity of this sample was detected by a 2- x 2-in. cy-
lindrical NaI(Tl) scintillation crystal coupled to a Dumont 6363 photo-

multiplier; the resulting pulses were analyzed by a 256-channel pulse-
height analyzer having automatic dead-time correction. The detector was
covered with a s-ray absorber and shielded 'by a 40- x 40- x 40-in. lead
hut having 4-in.-thick walls lined with 0.020-in. copper sheet.tt Because
of the very high activity, it was necessary initially to position the
europium sample just outside of this shield, 50 cm from the face of the
crystal; later the sample was placed at 10 cm.

Complete 7-ray spectra were obtained after 4.2 hr, 86 hr, and 39
days of decay; these are presented together in Figure D.14 to illustrate

that, despite the complexity of the spectrum,* the photopeak belonging

Obtained from Johnson, Matthey and Co.,.Ltd, 73/83 Hatton Garden, London.
ttThe authors wish to thank D. G. Miller for the opportunity to use this

very convenient apparatus.

The energies shown for the observed 7-rays are taken from References

3 and 5 and correspond to those expected in Eu1 5 2 decay. The Eu54 7-rays
are not observed because of the relatively small activation cross section

(450 barns).
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to the 0.344-1ev r-ray may be easily observed throughout the period of
the experiment. The area under this photopeak, determined by any of
several arbitrary methods, may be taken as a measure of the unconverted
7-ray intensity. In order to obtain this area, one requires a deter-
mination of the "background" under the peak, contributed in the present
case by Ccinpton scattering of higher energy 7-rays. Because the con-
tributing 7.-rays have energies considerably greater than 0.344 Mev, the
Cczpton contribution may easily be determined by inserting sufficient
lead absorber between the sample and detector to absorb completely just
the lower energy 7-rays. This was accomplished with 14 gm/cm2 of lead,
which reduced the intensity of the higher energy 7-rays and the associated
Compton distribution by only one-half . A simple analytical procedure
was used to normalize this "background" distribution in a region free of
peaks (B in Figure D.14) and then determine the contribution under the
0.34441ev phbotopeak. For comparative purposes, the data'were also ana-
lyzed by means of a standard technique often used to obtain peak areas;
in this method the "background" was determined directly by averaging the
available data ad jacent to the 0.344-Mev photopeak.

KAPL-2000-8
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4 __The decay of the 0.34441ev y-ray

was followed for 220 hr, with twice
the gain used for the data of Figure
D.14; the photopeak areas, determined
by the first method described above,
are plotted as a function of time in

103 Figure D.15. The standard errors
shown are those contributed by count-
ing statistics for both the peak and
background and by the required 50-

- to 10-cm normalization; they are gen-
erally less than 3%. In order to as-

E 102 certain the effect on the half-life
determination of possible systematic

8 errors inherent in the two methods of
sa deriving the peak areas, or that oc-

casioned in normalizing and plotting

10Eu' 52 the 50- and 10-cm data together, the
data have been treated separately and
then averag ed. The long-lived com-

ponent was subtracted, and 'the resulting

data were fit with an exponential func-
tion using the method of least squares.

100 The results, displayed in Table D.l, do
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HOURS AFTER REMOVAL indeed indicate a systematic variation

FIGURE D.15. DECAY OF THE 0.344-MEV 7-RAY larger than that expected on the basis
KS-27551 of the statistical standard deviations.

UNCLASSIFIED The weighted average half-life, whose
error is .computed to take this into account, is in agreement with previously
published information.

The relative intensities of the Eul52* and Eu1 52 0.344-ev 7-rays,
obtained most conveniently at t = 50.2 hr, may now be inserted into Equation
(3) to yield the desired ratio a 1/l 1*; the results are shown in Table D.1.t
It will be noted that the average ratio is in close agreement with Johnson's
result, .but disagrees with the result derived fram BNL-325 cross sections.
It is therefore concluded that a real discrepancy exists in one or both of
the older cross sections. In particular, .the 1400-barn cross section quoted
before1 apparently rests upon an analysis of an activation experiment 4 which
neglected the electron capture mode of decay for Eu1 5 2*. If this correction
(25% electron capture3 ) is made, the cross section should be 1870 400 barns,

1The ris errors quoted represent contributions from uncertainties in
the ratio A/A* (6%), the ratio b*/b (2.6/27 10%), and the uncertainty
of factors dependent on half-life determinations (12%).
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TABLE D.1. EU"2 HALF-LIFE AND
BRANCIM RATIO

Source
Distance,

Method cm
Half -Life,

hr

9.21.
9.00
9.15
9.48
9.25

t

t
t
t

0.07
0.12
0.10
0.13
0.10

1.57 i 0.26

2.09 0.35
1.83 1 0.34

and the ratio a/0i = 3.2 f 0.8.
This result is seen to be in sanewhat
closer agreement with Johnson's result,
but still does not agree with the ratio
determined by the present work. The
present results tend to favor Johnson's
cross sections and suggest that a dis-
crepancy may exist in accepted values
of the Eu1 5 1 activation cross sections.
Fortunately the effect on evaluation of
europium as a burnable poison does not
appear to be serious.t
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PARTICLE SELF-SHIELDING OF BORON CARBIDE DA Gavin, DJ Anthony

Introduction

To enhance the endurance of power reactors, it is often convenient
to use burnable poisons. When this is done, it is necessary that the
effectiveness of lumped poisons be well-known so that a proper match of
poison and fuel may be made. One must know the self-shielding of the

lumped poison as a function of both the boron atom density and the boron
carbide particle size in computing the effectiveness of a lumped poison
such as boron carbide, B4C. Thus, the importance of the particle size
of boron carbide arises from the fact that it introduces a second self-
shielding factor which can strongly influence the effectiveness of a
lumped burnable poison.

Experimental Procedure

The particle self-shielding is related to the total self-shielding
by the following expression:1

F = f(6 )f (i ).
tot o o mac mac

In this expression, f ( ) refers to the self-shielding caused by the
0 .0particle size of the poison element, while f (m ) refers to themac ma.cself-shielding introduced by the quantity of the poison element con-

tained in a given volume. The values f and f are not directly sepa-
o mac

rable since the particle self-shielding is also contained in f .
mac

In measuring the reactivity coefficient of boron carbide, the total
self-shielding due to both the particle size and boron atom density is
inherent in the measurement. However, the self-shielding can be sepa-
rated by using B4C samples in which the boron concentration is gradually
reduced so that the reactivity coefficients can be extrapolated to their

zero mass value. By extrapolating the reactivity measurements to thin
values, f approaches unity and the total self-shielding is essentiallymac
due to the particle size of the boron carbide.

A series of reactivity coefficient measurements was made with boron
carbide aluminum disks with boron concentrations of 0.12, 0.36, 0.72,
and 2.0 wt %. The disks used in all these measurements possessed the
same geometry; they were 2 in. in diameter and 0.070 in. thick. The
boron carbide before fabrication was screened to obtain particle sizes
of 0 to 5, 36 to 44, and 150 to 2O0 for each concentration of boron.
The measurements were made in the Thermal Test Reactor, TTR, and in the
Plastic Mockup.Assembly, PMA. These critical assemblies were used to
measure the particle self-shielding in a thermal neutron spectrum (TTR)
and in a hardened neutron spectrum (PMA).
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Reactivity Coefficient Measurements

The results of the reactivity coefficient measurements in the TTR
are presented in Figure D.16. The errors indicated are mean deviations
of a number of measurements. The extrapolated zero mass reactivity co-
efficient for each particle size of boron carbide is given in Figure D.17.
The unshielded value of the boron was obtained by extrapolating the re-
activity coefficients of Figure D.17 to the zero particle size value. Thus,
the unshielded reactivity coefficient of the boron was obtained by a double
extrapolation, i.e., the zero mass, zero particle size. Similar results
of measurements in the PMA are shown in Figures D.l8 and D.19.

The self-shielding caused by the particle size of boron carbide was
obtained by dividing the extrapolated zero mass boron reactivity coefficient
in which f is unity by the unshielded boron reactivity coefficient, i.e.,

mac
zero mass, zero particle size reactivity coefficient. (See Figures D.24
and D.25 on page D.2$.)

Particle Distribution

The particle size of the boron carbide before fabrication had been
limited by a double sifting process. Since it is essential to know the
particle sizes quite accurately, a series of photomicrographs was taken
to examine the boron carbide after fabrication. In general, the cold-
rolling and hot-rolling during fabrication had reduced the particles to
smaller sizes. The results of the photomicrographic analysis are shown
in Figures D.20 through D.22.

Although the samples after fabrication contained a wide range of
sizes, the particle breakup was found to be independent of the concentra-
tion of the B4 C, depending only upon the initial size of the B4 C before

fabrication.

To obtain an average particle size from the range of sizes (see
Figures D.20, D.21, and D.22) in each sample, the following technique
was used. The average particle size was first determined from the aver-

age particle mass or diameter cubed. To a first approximation, this is
correct because the reactivity changes which were used to evaluate the
self-shielding are directly proportional to the mass of the particle.

However, this approximation neglects the particle self-shielding; there-

fore, the average particle size was again computed using the measured
self-shielding values. This process was repeated until the average

particle size for each array of sizes, weighted with the measured parti-
cle self-shielding, reached a constant value. The iteration process is
indicated in Figure D.23.

The purpose of this iteration process was to attach the measured
particle self-shielding to the average "self-shielded particle" in each

KAPL-2000-8
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array of particle sizes. Thus, one measures an effective particle self-
shielding for an array of particle sizes and then, by weighting the indi-
vidual particle diameters cubed with the proper self-shielding factor,
obtainsthe average particle size from the given array of sizes.

The expression used to determine the average self-shielded particle
size is as follows:

d = (z.N.df.j1/3 ,
avg 1 1 1 1

where d. = particle diameter
f. = particle self-shielding
N. = fraction of the total number of particles with dia-

meter d.
d = average particle diameter.
avg

Calculations of Particle Self-Shielding

The Placzek expressions for the self-shielding of spherical and
cylindrical bodies were used to compute the particle self-shielding of
the boron carbide in the manner suggested by H. Hurwitz, Jr. and

P. Zweifel. 1  The cross sections for the boron carbide in the TTR meas-
urements were taken at 0.025 ev and averaged over a Maxwellian distribu-
tion. The neutron spectrum and most probable neutron energy of the TTR
had been measured previously. 2

The cross sections used in calculating the particle self-shielding
in the PMA were obtained by a MJFT-SOFOCATE code calculation in which the
MUFT code gave the eipthermal component of the absorption cross section
of boron while the SOFOCATE code gave the hardened thermal component of
the absorption cross section of boron. The MUFT-SOFOCATE cross sections
were weighted by a cadmium fraction measurement which indicated that 20%
of the neutron absorptions occurred with epithermal neutrons. It was
noted that in both the thermal and hardened neutron spectra the measured
particle self-shielding was very close to the Placzek expression for the
self-shielding of spherical bodies. See Figures D.24 and D.25 (in which
H-Z denotes the Hurwitz-Zweifel method of computation).

Results and Conclusions

The consistent results of the particle self-shielding both in a
thermal neutron spectrum and in a hardened neutron spectrum suggest the

following conclusions:

1. The experimental technique yields self-shielding values

which may be readily calculated with the Placzek expres-
sion as indicated by Hurwitz and Zweifel.
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2. A comparison of the calculated and measured self-shielding
values indicates that the boron carbide particles in the
Binal samples must be very nearly spherical.

This conclusion, from the calculated self-shielding values, is in
excellent agreement with the data obtained from the photounicrographic
analysis which indicated that the majority of the B4C particles in a two-
dimensional plane were equiaxed. Since the photomicrographs were taken in
planes of the B4 C aluminum samples which were at right angles to one another,
the results show that the B4 C particles are very close to being spherical.
Thus, the photomicrographs indicated the proper particle geometry to be used
in calculating the particle self-shielding which in both experiments was in
good agreement with experimentally determined self-shielding values.
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E. ATHEMATICAL THEORY AND METHODS

ADVANCED DIFFUSION THEORY TECHNIQUES EL Wachspress

During the past few years, the primary tool of the nuclear engineer
has been the group diffusion calculation. Computer improvements have made
feasible steady-state calculations in three space dimensions. Lifetime

burnup studies in two dimensions are commonplace now and as computations
increase in scope and complexity, they become more costly. Reactor kinetics
computations, however, have not kept pace with steady-state calculation
techniques. A study has been initiated in an attempt to reduce the amount
of detail in multidimensional steady-state calculations without too great
a sacrifice in accuracy. A kinetics program consistent with this steady-
state calculation detail has been investigated also. One basic concept
that has been examined is that of simultaneous group inversion.1

Simultaneous Group Inversion

In the past, the group diffusion equations

0 = M- 1 FO0(1)

have been solved by an iterative procedure which converges at a rate governed

by the (dominance) ratio Q of the two largest eigenvalues of the matrix

M~1 F.

By solving simultaneously for all groups with an estimated value of

vt -- say ve -- this ratio may be transformed to vc Iv" A reasonably
v2 - ve

good guess for ve virtually eliminates these iterations.

For problems that may also be solved by simultaneous line inversion
(described in the next section) certain properties of "essentially non-
negative" matrices2 enable us to

1, Establish rigorously the mathematical validity of this calculational
scheme,

2. Determine without calculating fluxes whether or not ve < v, and
3. Generate a flux guess that is quite close to the actual fluxes.

Thus, criticality searches no longer require flux calculations. We need

only estimate ve = physical and ascertain whether or not ve < vc'
Simultaneous Line Inversion3

One-space dimension problems are solved by performing certain simple
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matrix operations first in order of increasing and then decreasing space
index along a line of space points. Use is made of a well-known factor-

ization method.4

One can extend this technique to three space dimensions by considering
all points on a plane as components (which must be determined simultaneously)
of a vector, and applying the factorization method with submatrices replacing
the elements encountered in one-space dimension problems. Hence, to solve
an N-line and G-group problem with both simultaneous line and group inversion,

i must consider submatrices of rank N x G. For small N x G, this technique

is more rapid than standard techniques. With the increased number of

strategies now available, optimizing the computation scheme becomes a

difficult task. Much numerical analysis is required. Simultaneous in-
version appears best for flux synthesis computations.5

Flux Synthesis

Detailed flux distributions are not required for current thermal codes.
Axial flux distributions along the average channel, the hot channel, and
perhaps a few other channels are required. It is possible to calculate
these distributions directly instead of averaging more detailed calculations
over the various regions of interest. Each channel of interest is represented

by a vertical line and coupling constants are determined between lines, as a

function of height, from two-space-dimension calculations. Hence, the fluxes

on a plane are representative of the average fluxes in the selected channels
at that elevation. This type of synthesis calculation is a far more effective
tool than is the earlier single-channel synthesis computation. During life

studies, one may recalculate coupling constants whenever it is considered

necessary. The sensitivity of the coupling between channels to burnup has
not yet been evaluated. This simultaneous calculation of channel fluxes
employs a reactor model similar to that used for thermal analysis. A thermal
code could be combined with this neutron diffusion code with little theo-
retical difficulty. It would then be possible to analyze with much more
refined techniques the problems associated with reactor kinetics.6

Reactor Kinetics

Time-dependent perturbation theory (as developed in quantum mechanics)

may be applied to reactor kinetics problems but the concomitant space-time

coupling for detailed three-space-dimension models is time-consuming and
costly. The synthesis model, however, provides the necessary medium for

incorporating an effective kinetics code with accuracy comparable to that
of the less detailed steady-state neutron diffusion calculations.

For slow transients, one determines the neutron fluxes (and hence thermal

properties) as a function of delayed neutrons and heat generation up to the
time point under consideration. For fast transients, one uses time-dependent
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perturbation theory to determine the flux characteristics during the "prompt
flux adjustment" resulting from a sudden reactivity change. Various alterna-
tives for obtaining the required flux and adjoint modes have been considered.
No theoretical difficulties have been encountered.
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THE SYMMETRIC SUCCESSIVE OVER RELAXATION METHOD

GJ Habetler, EL Wachspress

J. W. Sheldon' described a forward-backward iteration scheme for solving
certain elliptic difference equations. His preliminary computational experi-
ments indicated that this method was superior to the method of successive
over-relaxation.2 If this were true, the advantage of this method could be
realized on the Philco S-2000, where the magnetic tapes can be read forward
and backward. However, Kahan3 has shown that for special orderings of the
iteration matrix that this was not the case. In KAPL-2038, Kahan's result
is supported for general diffusion difference equations: the symmetric
successive over-relaxation scheme is shown to be inferior to the successive
over-relaxation method. Only in special cases, not generally encountered
in KAPL reactor calculations, is the successive over-relaxation method

superior.
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3. W. Kahan, "Gauss-Seidel Methods For Solving Large Systems of Linear
Equations," Thesis, University of Toronto, 1958.
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THE ALTERNATING-DIRECTION -IMPLICIT ITERATION TECHNIQUE

EL Wachspress, GJ Habetler

Continued effort has been devoted to the analysis of the alternating-
direction-implicit iteration method as used in the large two-dimensional
diffusion codes.1

The Sheldon-Wachspress general zation2 (used in the current CURE
program3 ) of the original Peaceman-Rachford formulation4 has been shown5

rigorously to converge for constant iteration parameter. The method used
in the proof leads to a transformation of the usual equations into a form
t&. at requires less arithmetic operations per iteration than straightforward
application of the original equations. These equations will be used in the
KARE program on the Philco S-2000; they are given in Reference 1.

The use of the alternating-direction-implicit methods in the simultaneous
group solution of the few-group diffusion equations is also being analyzed.

Here Wielandt's inverse power method6 may be used to accelerate the con-

vergence of "outer iterations." Some preliminary results are given in

Reference 1.
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TRAM. A MONTE CARLO THERMAL NEUTRON CODE MA Martino, WW Stone

TRAM is a 32-group, three-dimensional code for the determination of
detailed geometric and spectral information on the neutron population be-
low 100 ev in hydrogen-moderated assemblies. The computations are carried
out by a nonbranching Monte Carlo method in which the principal random
variables are realized by a high-speed random address technique.

The code is written for an IBM 704 with 32,000 words of fast memory.
It does not use a drum. It requires three tape units, but if the program
is entered on cards, it requires only two tape units.

There is an option available for two-dimensional problems which saves
about 10% of the computing time on such problems. There is also an option
for a one-velocity mode of operation.

TRAM generates macroscopic cross sections and the corresponding ma-
terial parameters from number density input. The geometric boundaries can
be arbitrary linear surfaces, Ax + By + Cz = K, or elliptic cylinders of
the form E(x-xo)2 + (y-y0)2 = K.

Source neutrons are generated with energy uniformly distributed be-
tween 0 and 100 ev. Their spatial distribution is uniform within each
region with a total region-dependent source rate which is specified in the
input data.

The statistical design of TRAM is based on an estimator which extracts
maximum information from both the classical analog estimator and the path-
length flux estimator; this design allows a considerable reduction in com-
puting time.

The TRAM code is principally applied in the calculation of proportion-
ate captures in the various regions of a reactor cell. For such problems,
the computing time is a critical function of the geometry of the problem
and the cross sections of the materials present. A two-dimensional problem
with six or seven distinct geometric zones, in which at least one has a ma-
terial of relatively high absorption cross section, may take 20 to 30 min
in the one-velocity mode of operation. A similar problem using the full 32
energy groups may take from 45 min to 1 hr. A problem with the maximum
number of zones, 50, in the 32-group mode of operation may take from 1-1/2
to 2 hr. These figures can only be approximate and may vary extensively
from problem to problem.

Details will be reported in KAPL-2039, "TRAM, A Monte Carlo Thermal
Neutron Code," which is in the process of preparation.

UFO. THREE-DIMENSIONAL DIFFUSION CODE EH Auerbach, JP Jewett, MA Ketchum

UFO is a 704 code designed to compute criticality and steady-state
neutron flux distribution in space and energy in a nuclear reactor. As
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in CURE, PDQ, and other codes, the standard few-group diffusion-theory model
is used with three spatial dimensions on a rectangular (x-y-z) mesh.

A maximum of about 12,000 spatial mesh points is permitted. A sample
running time for a KAPL 3-group problem is 3 hr for 6000 points. The flux
iterations are memory-contained.

UFO is described in KAPL-1999, "UFO: A Three-Dimensional Neutron
Diffusion Code for the IBM 704", to be issued soon.

FLEER, A TWO-DIMENSIONAL NEUTRON DIFFUSION CODE JP Jewett, ED Reilly

FLEER is a 704 code to solve the three-group diffusion equations in
two dimensions. It uses a triangular mesh with uniform intervals over a
parallelogram with 60 deg interior angle and sides which may be unequal.
Maximum numbers of 14,000 mesh points and 250 materials are allowed.

Boundary conditions: Two sides, A and B, of the parallelogram with
an included angle of 120 deg may be specified either as periodic boundaries or
as flux zero boundaries. The other two sides may be given a net current
boundary condition, or may be specified as zero flux or zero current boundaries.

Cross sections: Input for WOX6 may be used in FLEER for calculating

cross sections. Pre-calculated cross sections, or a combination of pre-

calculated cross sections and WOX6 input, may also be used instead.

Mathematics of FLEER: The diffusion equation in each group is approxi-
mated by a set of difference equations each of which relates the flux at a
mesh point to the flux at its six neighbors. These equations are solved by
the method of line over-relaxation. Each line in fact comprises two straight
lines with one point in common, the first parallel to side A and the second
parallel to line B (the two sides where periodic boundary conditions are
permitted). The iteration proceeds one bent line at a time, calculating for
each bent line E and iteration t+l:

(t+l) ! (t+l) (t)

(E) = () + a (E-l) + bs*E+l),

(t+l) m(t) (t+l) -(t)
I(e) =(E) +o 0(E) -+(1);,

where JA(E) = source on bent line E

a, b = coefficients relating the flux on bent line E to the
flux on neighboring lines

w = an extrapolation number, 1< o<2.

The inner iterations in each group are terminated when the change in the flux
is smaller than some pre-assigned number or when a specified number of iter-
ations is completed.
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After the difference equations are solved in each group, the new flux

values are used to determine an improved neutron source j *(n) for source
iteration n. This source is normalized to one source neutron per cubic
centimeter of core. The normalized source is then extrapolated by:

(n) (n-1) +a(Q*(n) + n (n..1) (n-2)

The extrapolation numbers a and Pn are chosen so as to generate Chebyshev
polynomials and thus minimize the source error on each outer iteration.

The source normalization number vc is calculated for each source

iteration. The value of k effective, that is, 246 , is also calculated.

The number vc

Xmax -Xmin .
Amax - Xmin -error ratio

2%

is also calculated where X = 1 and Xmax and Xmin represent the maximum and
Vc

minimum of X calculated at all the points of the mesh. The outer iterations
may be terminated when either the error ratio or the change in vc on successive
iterations is below some preassigned number.

The extrapolation number co is at present supplied by the user. The

number as = 2 , where Xo is the largest and X1 the next largest eigen-

value, must also be supplied. A revised version of FLEER will soon be
available in which wuand as may be calculated by the code or supplied by

the user.

NUMERICAL INVERSION OF LAPLACE TRANSFORMS: APPLICATION TO FLUX DISTRIBUTIONS

RA Pfeiffer, CR Mullin

In studies of the distribution in space and in energy of neutrons in
hydrogenous media, it is sometimes reasonable to assume a constant cross

section and easily develop an analytic solution in terms of the Laplace
transform with respect to lethargy. However, in application to detailed
flux studies, the advantage of the technique disappears when the Laplace
inversion cannot be done easily, too. By the use of a method developed by

H. Salzer, 1 a FORTRAN program, NILT, has been written for the numerical in-
version of Laplace transforms. The scheme is applicable to functions in
which f(s) goes to 0 as s approaches eo, where s is the transform variable.

To the extent that the transformed function can be described by an eighth
degree polynominal in 1/s, the inversion will be exact.
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In order.to investigate the accuracy of the method, a series of known
functions was inverted; these are plotted in Figure E.l. The solid lines
represent the exact function and the encircled points are the calculated
values. It will be noted that the best agreement occurs when the function
is increasing.

One problem of physical interest is the determination of the neutron
flux from a unit isotropic slab source in an infinite hyd 'ogenous medium
with constant unit cross section:

1 -i B- x I
0 (x,u) =- e

0 2 A

3+
where A = A-- B = 2 "

s + 3
s +

2
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This is the isotropic component of flux in the P1 approximation; x = 0 and
u = o locate the monochromatic source in space and energy. The inversion
cannot be done exactly. Since this function does not go to zero as s

approaches infinity, it was necessary first to subtract a term J3 e_3 l .
This changes the flux by a delta function at u = o. Figure E.2A is a plot
of the flux for x = 2; it is smooth to u = 4. Note that s (xu) is a de-
creasing function of u for large values of lethargy. In order to make the
inversion one of an increasing function, we made the transformation

s goes to s - 1/2 and then multiplied the results by e u/2 This inversion
is shown in Figure E.2B, the accuracy is distinctly improved by this simple
artifice. Figure E.2C shows 00 (x=6,u). This is an increasing function,
and we were able to obtain a smooth curve even without the factoring artifice.

Schmittroth and Clayton(2) have developed a numerical inversion code
for the IBM 650. Their scheme is particularly applicable to exponential or
oscillating types of inversions. The NILT program was compared with their
results and, as expected, NILT gave accurate inversions for small values of
time while the Schmittroth method gave accurate inversions over a much
larger range. The difference lies in the fact that the Schmittroth scheme
uses a Gaussian integration while NILT depends on a less elegant polynominal
fit.
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