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FOREWORD 

This document i s  a r epor t  of progress on t echn ica l  programs of t h e  
Nuclear Techno logy ,~ iv i s ion  of Aerojet Nuclear Company f o r  FY 72 ending 
June 30, 1972. I t - c o n t a i n s  abs t rac t s  or  expansions of a b s t r a c t s  of 
papers which have b'een pu'blished wi th in  t h e  y e w .  I n  these  cases ,  
p repr in t s  o r  r e p r i n t s  of t h e  a r t i c l e s  a re  avai lable .  Results  of work 
i n  progress a re  a l s o  reported;  s ince  t h i s  work i s  of a prel iminary 
n a t u r e , . t h e  authors should be  contacted before including any reference  
t o  these  works i n  o the r  publ ica t ions .  

The Metallurgy and Materials  Science Branch was t r ans fe r red  from t h e  
Nuclear Technology Divis ion-  t o  the .  Technical Services Division 
October 4 ,  1971. On January 3, 1972 t h e  Instrumentat ion and Control , 
Equipment Branch was in tegra ted  with t h e  remaining t h r e e  branches t o  
reform t h e  Nuclear Technology Division. The progress repor ted  by t h e  
Instrumentation and Control Equipment Branch i s  not included i n  t h i s  
r epor t  as  they published ANCR-1074, covering t h e  a c t i v i t i e s  of t h e i r  
branch f o r  t h e  calendar year ending December 31, 1971. The annual 
r epor t  for 'FY 72 w i l l  include t h e  progress of t h e  Instrumentat ion and 
Control Equipment Branch f o r  t h e  18-month per iod,  January 1, 1972 
through June 30, 1973. 
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INTEGRAL CAPTURE CROSS SECTION ME2GUREMENTS I N  THE CFRMF 

Y .  D. Harker 

This r epor t  describes t h e  i n t e g r a l  capture measurements p resen t ly  
being performed i n  t h e  Coupled Fas t  React iv i ty  Measurement F a c i l i t y  
.(CFRMF) and how these  measurements f i t  t n t o  t h e  evaluat ion process of  
t h e  nuclear  da ta  f i l e s  f o r  f i s s i o n  products.  F iss ion  products a r e  t h e  
main c l a s s  of ma te r i a l s  being measured; however, o the r  m a t e r i a l s  have 
been and w i l l  be s tudied .  

Recent rep.orts have indica ted  how uncer t a in t i e s  i n  nuclear  da ta  
f i l e s  a f f e c t  t h e  important parameters i n  t h e  design and operat ion of 
a  Liquid Metal Fas t  Breeder ~ e a c t o r [ l , * ]  r I n  one of t h e s e [ l ] ,  f i s s i o n  
products were considered a s  a  s i n g l e  e n t i t y  and t h e  e f f e c t  of t h e  
uncer t a in t i e s  i n  t h e i r  capture cross  sec t ions  above 1 keV were ca l -  
cula ted  f o r  an LMFBR system. It was found from these  ca lcu la t ions  
t h a t  t h e  cross sec t ion  u n c e r t a i n t i e s ,  assumed t o  4 0 % ~  would r e s u l t  i n  
+ 0.030 i n  t h e  breeding r a t i o  uncer ta in ty ,  + 2% i n  t h e  f i s s i l e  Pu 
inventory uncer ta in ty  and + 0.038 m i l / k ~ ( e  )h cos t  uncertainty.  These 
values a r e  s i g n i f i c a n t  and c o n s t i t u t e  an important cont r ibut ion  t o  t h e  
o v e r a l l  u n c e r t a i n t i e s  involved with an LMFBR operat ion.  

The main reason f o r  t h e  l a r g e  uncer t a in t i e s  i n  f i s s i o n  product 
capture cross sec t ions  i s  t h a t  very l i t t l e  experimental da ta  a r e  
ava i l ab le  f o r  t h e  neutron energy region between 1 keV and 1 MeV. The 
magnitude of t h e  number of f i s s i o n  products isotopes of i n t e r e s t  
combined with the  shor t  time allowed f o r  evaluat ion and t h e  l i m i t e d  
funds ava i l ab le  r u l e s  out a  program of d i f f e r e n t i a l  measurements a t  
t h i s  time. Ins tead ,  t h e  program of evaluat ion of cross  sec t ion  
information on f i s s i o n  products f o r  ENDFIB i s  t o  use c a l c u l a t i o ~ l a l  
methods t o  est imate t h e  d i f f e r e n t i a l  behavior of these  cross  sec t ions .  
The ca lcu la ted  r e s u l t s  a r e  then adjus ted  t o  be cons i s t en t  with t h e  
l imi ted  experimental da ta  ava i l ab le  and w i l l  be normalized t o  t h e  
i n t e g r a l  c ross  sec t ions  measured i n  t h e  CFRMF. Normalizing t o  an 
i n t e g r a l  r e s u l t  r a t h e r  than sca l ing  t h e  ca lcu la t ions  t o  a  measurement 
a t  a  s i n g l e  energy po in t  has t h e  advantage t h a t  t h e  i n t e g r a l  method 
ad jus t s  on an o v e r a l l  b a s i s  and i s  not a s  s e n s i t i v e  t o  c a l c u l a t i o n a l  
and experimental e r r o r s  which occur i n  t h e  region a t  which t h e  s i n g l e  
measurement was 111a.de. The combination of ca lcu la t ions  and i n t e g r a l  
measurements, i f  done proper ly ,  w i l l  reduce t h e  o v e r a l l  u n c e r t a i n t i e s  
t o  t h e  experimental e r r o r s  of  t h e  i n t e g r a l  measurements. These e r r o r s  
a r e  t y p i c a l l y  between 5% and 10%. 

The CFRMF i s  a good f a c i l i t y  f o r  use i n  these  evaluat ions  as it 
has been designed t o  have an experimental region where t h e  neutron 
spectrum approximates t h a t  of a  t y p i c a l  concept of an LMFBR. A s  such, 
it i s  s e n s i t i v e  pr imar i ly  t o  reac t ions  over t h e  energy region from 
1 keV t o  1 MeV. I n  add i t ion ,  i t s  spectrum has been s tud ied  by t h e  
most advanced techniques of measurement and ca lcu la t ion .  It has a 
moderately high f l u x  ( l o 1  n/cm2-sec ) with l e v e l  r ep roduc ib i l i ty  of 0.5%. 



At present there exists a calculated fission product library in 
ENDFIB Version 111. For the most part these values have not been 
normalized to CFRMF measurements but this will be included in later 
versions. A comparison of the calculated integrals resulting from 
Version I11 data, calculations from other data files.[ 3 3 4 1  , and CFRMF 
measurements are included in this paper. 

Description of Experiment 

The primary facility used in this program is the CFRMF. It has 
a fast zone coupled to a thermal reactor known formerly as the 
Advanced Reactivity Measurement Facili ty-I1 ( AN-11 ) . The reactor 
controls and reactivity measurement systems are those of ARMF-I1 and 
are described elsewhere L51. The flux or power level reproducibility 
of that system is + 0.5% and the reactivity sensitivity is AK/K = 
Its maximum power level is 10 kW which produces an integrated flux of 
lo1 n/cm2-sec inside the experimental region of the CFRMF. 

A pictorial sketch of the CFRMF is shown in Fig. 1. The fission 
spectrum of the 2 3 5 ~  fuel is degraded by inelastic scattering in the 
2 3 8 ~  to a softer spectrum with a mean energy of 700 keV. The boral 
around .the 2 3 8 ~  block is included to filter thermal neutrons entering 
the thermal zone into the CFRMF insert and the 'OB annulus on the in- 
side of the 2 3 8 ~  provides a l/v neutron adsorber near the experimental 
region. The 2 3 5 ~  annulus which surrounds the experimental region is 
included to reduce the energy dependence of the adjoint flux and thus 
reduces the scattering contribution in reactivity measurements. 

The CFRMF is designed so that a variety of experimental arrange- 
ments and sample configurations ca e accommodated. Its spectr 
has been measured by proton-recoil f6j and multi-foil activation I?] 
spectrometry and is presently being measured by the sandwich-foil 
technique in the neutron resonance energy region. One-dimensional 
diffusion, one-dimensional transport, two-dimensional diffusion and 
Monte Carlo reactor codes have been used to calculate the spectrum. 
Additional calculations concentrating on the resonance energy region 
are also in progress. Along with our measurements, the Interlaboratory 
LMFBR Reaction Rate Program is involved in making,fission rate and 
dosimetry measurements in the CFRMF as a part of an effort to improve 
dosimetry techniques and establish standard neutron sources in the 
U.S. These measurements will improve the accuracy of the results used 
in the multi-foil measurements and will result in an improved spectrum 
measurement via the multi-foil technique. 

Sample preparations vary with the type of measurement and the 
sample involved, the simplest being the ac,tivation measurements of 
stable isotopes where the activation product can be detected by 
gamma-ray analysis. Here it is necessary that the isotope of. interest 
be relatively abundant and its amount known. It is important that the 
chemical impurities be small, particularly those isotopes which might 
produce interfering gamma rays with those of the activation product. 
The typical sample size used when no isotope enrichment has been made 
on the sample is 50 mg. The chemical forms in most. cases are either 



metal f o i l s  o r  oxide powders. On samples where both forms a r e  
ava i l ab le  and measurements a r e  performed on both ,  t h e r e  i s  no 
evidence ind ica t ing  a dependence on t h e  chemical form used. 

The sample prepara t ions  f o r  isotopes where t h e  capture product 
i s  not radioact ive  a r e  very d i f f i c u l t .  Here t h e  r e s i d u a l  amounts of 
chemical impur i t ies  must be  reduced t o  the  order  of 50 ppb, p a r t i c u l a r l y  
those impur i t ies  with, masses equal t o  the  measured i so tope  o r  i t s  
capture product.  Important i n  t h e  prepara t ion  of t h i s  c l a s s  of samples 
i s  t h e  labora tory  i so tope  separa tor  which i s  used t o  enr ich  samples t o  
t h e  po in t  where the  r e s i d u a l  amount of capture product i n  t h e  sample 
before i r r a d i a t i o n  i n  the  CFRMF i s  t h e  order  of 50 ppb. The resul ' t ing 
sample i s  then divided i n t o  two i d e n t i c a l  p a r t s  and t h e  one used as a 
con t ro l  sample and t h e  o ther  i r r a d i a t e d  i n  t h e  CFRMF. The capture 
cross sec t ion  i s  then determined by mass spectrometry where t h e  
d i f fe rence  i n  t h e  amount of capture product.between the  i r r a d i a t e d  and 
con t ro l  samples i s  determined. 

When t h e  i so tope  whose cross sec t ion  i s  t o  be measured i s  radio- 
a c t i v e ,  it i s  necessary t h a t  j u s t  p r i o r  t o  i r r a d i a t i o n  a p u r i f i c a t i o n  
be performed. This i s  done t o  remove t h e  decay products v h i c h h a v e  
grown i n t o  t h e  sample and a l s o  t o  remove other  contaminants which 
may have been formed i n  the  production of the  i so tope  of i n t e r e s t .  
These p u r i f i c a t i o n s  a r e  done pr imar i ly  by ion  exchange columns and 
because of the  small  q u a n t i t i e s  involved a small column (60  cm long)  
was developed. This column was used successful ly  i n  t h e  prepara t ion  
of a p u r i f i e d  sample of  1 4 7 ~ [ 8 ! .  

Analysis of t h e  capture cross  sec t ion  da ta  i s  somewhat s t r a i g h t -  
forward. There the  growth of t h e  neutron capture product i s  determined 
e i t h e r  by a c t i v a t i o n  o r  mass ana lys i s .  This growth i s  then equated t o  
t h e  sa tu ra ted  reac t ion  r a t e ,  40, and compared with t h a t  of t h e  standard 
which was i r r a d i a t e d  a t  t h e  same time, t h e  f i n a l  r e s u l t  being a capture 
cross sec t lon  value compared t o  t h a t  of t h e  standard.  An absolute  
cross sec t ion  i s  then determined by multiplyTng t h a t  r a t i o  by the  
e f f e c t i v e  cross  s e c t i o n  of t h e  standard as  determined from t h e  combi- 
na t ion  of i t s  da ta  f i l e  and t h e  spectrum f o r  t h e  CFRMF. For t h e  
p resen t ,  t he  gold capture cross  s e c t i o n  i s  used as  t h e  standard,  with 
ENDFIB used as  the  d a t a  f i l e .  The low energy s e n s i t i v i t y  of gold 
causes some quest ion whether it i s  a s u i t a b l e  s tandard ,  and a l t e r n a t i v e  
standards a r e  being inves t iga ted .  

Results  

Several  f i s s i o n  product isotopes have been measured. For t h e  
most p a r t  these  include capture measurements on s t a b l e  i so topes  which 
were analyzed by gamma-ray counting. The r e s u l t s  referenced t o  the  
capture cross sec t ion  of go ld .a re  l i s t e d  i n  Table I. For some of 
these  reac t ions  the  e f fec t ive  cross  sec t ions  based on d i f f e r e n t  
f i s s i o n  product da ta  f i l e s  have been computed. These have been 
compared wi th  t h e  CFRMF r e s u l t s  i n  Table 11. No attempt has been 
made t o  normalize t h e  ca lcu la t ions  l i s t e d  t o  t h e  CFRMF r e s u l t s .  The 
da ta  were used as  they appear i n  t h e  individual  da ta  f i l e s  and have 



simply been combined with t h e  CFRMF spectrum t o  ge t  an i n t e g r a l  cross  
sec t ion  value.  Based on t h e  cross sec t ions  l i s t e d  i n  Table 11, t h e  
uncer ta in t i e s  as  ca lcula ted  from t h e  d i f f e r e n t  values l i s t e d  f o r  each 
isotope according t o  A 0 - (a} range from 5% t o  30% with an 
average uncertainty of 15%. The normalization t o  CFRMF measurements 
should reduce t h i s  t o  an uncer ta in ty  value between 5% and 10%. 

Conclusions 

S t r i c t l y  speaking, one cannot indiscr iminate ly  normalize t h e  
ca lcu la t ions  t o  t h e  CFRMF r e s u l t s  without f i r s t  analyzing the  d i f f e r -  
e n t i a l  responses f o r  each da ta  f i l e .  A s  evidenced by t h e  d i f ferences  
which occur i n  t h e  ca lcula ted  r e s u l t s  of Table 11, the re  a r e  indeed 
dif'f'erences i n  t h e  d i f f e r e n t i a l  f i l e s  which uusL be exauined, and an 
improved da ta  f i l e  determined. This f i l e  can then be normalized t o  
t h e  CFRMF resul-1;s. 

An improvement t o  t h i s  process would be t o  combine t h e  CFRMF 
r e s u l t s  with those measured i n  s l i g h t l y  d i f f e r e n t  spec t ra  so  t h a t  
d i f f e r e n t  energy regions could be emphasized. It i s  then poss ib le  
t o  make more d e f i n i t i v e  adjustments t o  t h e  d i f f e r e n t i a l  da ta  predic ted  
by t h e  ca lcu la t ions .  Such a p lan  i s  being undertaken a t  Aerojet 
Nuclear Company. I r r a d i a t i o n s  a r e  planned i n  EBR-I1 where d i f f e r e n t  
.configurat ions i n  t h e  subassemblies a r e  used t o  vary t h e  spec t ra .  
Mult i-foi l  spectrum monitors w i l l  be used t o  determine t h e  spectrum 
f o r  each sample loca t ion  i n  each i r r a d i a t i o n .  The capture i n t e g r a l s  
obtained from t h e  EBR-I1 i r r a d i a t i o n s  w i l l  be cor re la ted  with those 
of t h e  CFRMF t o  provide a broader base of measurements with which t o  
evaluate t h e  f i s s i o n  product d a t a  f i l e s .  Because t h e  CFRMF spectrum 
i s  known t o  a g rea te r  accuracy it must remain t h e  standard t o  which 
t h e  o ther  measurements w i l l  be referenced. From t h i s  process,  t h e  
r e s u l t i n g  evaluated capture cross sec t ions  should have uncer ta in t i e s  
of l e s s  than 10% on an overa l l  b a s i s  and reduce the  uncer ta in t i e s  
throughout t h e  whole energy range covered. 

Although these  methods have been described a s  they apply t o  
f i s s i o n  products ,  they can play a useful  r o l e  i n  many other  cases 
where normalization of ca lcula ted  o r  measured d i f f e r e n t i a l  da ta  a r e  
necessary and where energy'subregions need t o  be inves t igated .  
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TABLE I 

EFFECTIVE CAPTURE CROSS SECTIONS FOR THE CFRMF 

Reaction Reaction GIGAu 
T I T  T4z~e (n ,y ) 14jce 7Dir 

lo3Rb(nYy )lo4~b 0.94 140~e(n,y)141~e 2.2xl0-~ 
133~s(n,y )134m~s 0,096 159~b(n,y)160~b 2.22 
102~u(n,y) lo3h 0.225 121~b(n,y)122~b 0.701 
147~m(n,y)145~ 1.94 123~b(n,y)124~b' 0.372 
109~g(n,y )llOAg 1.25 115~n(nyy) lGZ1n 0.68 
104~u(n,y)105~u 0.212 ls8~d(nyY) lS9Gd 0.45 
98~o(n,y) "MO 0.135 8 8 ~  (n,y)90m~ 8.8 
141~r(n,y)142~r 0.19 R7~b(n,y) 8 8 ~ b  0.0341 
148~d(n,y)149~d 0.253 160Gd(n, ) 161Gd 0.23 
150~d(n,y)151~d 0.25 152~~(n,y)153~m 0.734 
1 2 7 ~  (n,y)1281 0.685 154~m(n,y)155~m 0.291 
107~g(n,y)108~g 1.04 139~a(n,y) 1401a 0.046 

INTEGRAL COWARISONS 

a' ('barns) 
- 
a =0.45 b 

E D L  (~er . 111 $ ~ustraliarl 1 ~enzi[31. 
Isotope Au Calculated 7/71 Calculations Calculations 



Figure 1 Cutaway drawing of the CF'RMF, 



CFRI& CROSS SECTION MEASUREMENT OF 147h 

E. H. Turk, Y. D. Harker 

The neutron cross section of lk7Pm (111 = 2.6 Y) was measured using 
the CF'RMF' as a source of neutrons. This f i s s ion  product, because of i t s  
long h d f  l i f e  and re la t ive ly  high f i ss ion  yield,  i s  important t o  the 
economics of f a s t  breeder reactors. Principal items affected by the 
magnitude of i ts  cross section are  fue l  inventory and shielding require- 
ments. Since the CFRMF has a neutron spectra ta i lored  t o  represent tha t  
expected i n  a f a s t  breeder reactor,  t h i s  f a c i l i t y  was selected fo r  making 
a cross section neasurement of 147Prn. 

A previously used sample of 147Pm i n  the form of an aluminum compact 
w a s  available as a source of 147Pm. Calculations of the  composition of 
the  sample showed tha t  it now contained 35.9 mg 147Pm and 98.5 mg 1 4 7 ~ m .  
1 4 7 ~  i s  produced by the  beta decw of the 1'47Pm. Last purif icat ion of 
the l4 7Pm sample was  over 5 years ago. 

To separate the two r a r e  earths from the aluminum, the  compact w a s  
dissolved i n  hydrochloric acid. Sodium hydroxide was then used t o  
prec ip i ta te  the ra re  ear ths  as hydroxides and convert the aluminum t o  a 
soluble aluminate. The rare  ear th hydroxides were dissolved i n  hydro- 
chloric acid and the  acidi ty  adjusted t o  pH 1. Then the two ra re  earths 
were adsorbed on a Dowex-50 res in  column (8 mm diameter by 50 cm long) 
and eluted from the  column using 0.4 M alpha hydroxy isobutyric acid 
(AHIB), pH 3.75. Previous t o  t h i s  use, t he  column had been calibrated 
t o  determine the amount and flow r a t e  of' AHIB t o  use t o  e lu te  .the hn. 

- For the  calibration, t racer  amounts of 147Pm and l S 3 s m  were used. The 

I 
*elut ion curve is  shown i n  Figure 1. In  order t o  p lo t  all the data on 
one figure,  the peaks were compressed by the  factors  shown i n  parentheses 

\ on Figure 1. The Sm which was activated t o  produce the  1 5 3 ~ m  ac t iv i ty  
contained a small amount of Yb and Eu which app=ared i n  the beginning 
of the elution. Very good separation of the Pm and Sm nuclides with 
t h i s  column was demonstrated. 

I n  the  147Pxn-147~m separation run the column eluate was discarded 
u n t i l  the  147Pm ac t iv i ty  appeared. A t  t h i s  point, aliquots were collected 
and t h e i r  ac t iv i ty  levels measured t o  determine 147Pm content. The f i r s t  
two fract ions off the column (% 44% t o t a l  147Pm) were discarded because 
of possible 1 4 7 ~ m  contamination and the remainder of the  fractions-com- 
bined fol the  cross section sample. To recover the  147Pm f'rom the 0.4 M 
AHIB sodium hydroxide was added- t o  break up the complex and prec ip i ta te  
Pm hydroxide. The hydroxide was dissolved i n  hydrochloric acid and 
precipi ta ted again by sodium hydroxide. This procedure was  repeated 
three  times t o  remove the  last t races  of AHIB. The precipi ta t ing agent 
was changed from sodium hydroxide t o  ammonium hydroxide and the  procedure 
repeated three times t o  get r i d  of the  sodium ion. Hydrochloric acid 
was  used t o  dissolve the  hydrdxide and convert the  Pm t o  a chloride salt. 
To convert the Pm t o  a weighing form the  Pm chloride w a s  f i r e d  t o  constant 
weight i n  a tared porcelain crucible using an e l ec t r i c  furnace a t  8 0 0 ~ ~ .  
Ni t r ic  acid was used t o  dissolve the  weighed PmnOs and excess n i t r i c  acid 



removed by evaporation using an in f ra red  lamp. The n i t r a t e  s a l t  was 
then dissolved i n  demineralized water and t r a n s f e r r e d  quan t i t a t ive ly  t o  
an aluminum ~apsi.1l.e t,o accept a l i d .  Excess water was removed 
by evaporation and t h e  capsule sea led  with t h e  screwed l i d .  The simple 
contained 11.7 mg 1 4 7 ~ m .  

I r r a d i a t i o n  of t h e  capsule was c a r r i e d  out i n  t h e  c e n t r a l  thimble 
of t h e  CFRMF f o r  24 hours with t h e  reac to r  a t  a power l e v e l  of 10 kW 
( f a s t  f l u x  2 1011 n/cm-*-sec'l) . A gold metal monitor f o i l  of 231.31 mg 
was i r r a d i a t e d  with t h e  sample. 

The gamma a c t i v i t y  of the  sample and monitor f o i l  was measured 
using a ~ e ( ~ i )  de tec to r  and an analyzer with 4095 channels. Decay of 
t h e  sample was followed per iod ica l ly  f o r  a  period of two months. A l l  
gamma spec t ra  were analyzed on t h e  I B M - ~ ~ O  using t h e  GAUSS V I  s p e c t r a l  
analys is  program. The decay of t h e  gammas shown i n  Table I was analyzed 
from t h e  GAUSS V I  da ta .  Cross sec t ions  f o r  t h e  production of 41.8-d 
1 4 8 ~ m  and 5 . 4 4  14*prn were ca lcula ted  from these  data.  The da ta  were 
f i r s t  expressed a s  [@op,/@oAu]. TO convert t o  opm a oAu f o r  t h e  CFRMF 
of 500 mi l l iba rns  was used. Table I1 shows t h e  cross sec t ions  caLculated 
from each gamma i n  Table I. 

The sum of the  two cross sec t ions  i n  Table I1 compares favorably 
with a ca lcula ted  value of 870.mb quoted i n  a CSEWG t a b l e .  



TABLE I 

GAMMAS USED FOR 1 4 7 ~ m  CFRMF CROSS SECTION 

Nuclide 

4b.8-d 1481Tm 

Gamma (kev) 

TABLE I1 

CFRMF CROSS SECTION OF lG7pm 
(~aS.ed on l g 7 ~ u  Cross Sect ion  i n  CFRMF of 500 mb) 

Nucl ide  Gamma (kev) ~ ( m b )  - 
915 464 

i465 532 - 
498238 (Std.  Dev. ) 



A N C - A - I 1 0 7  

Vo lume E l u a n t  ( g r a m s )  

Figure 1 Elu t ion  curve of 1 4 7 ~ m  and 1 5 3 ~ m .  



FISSTON PRODUCT ISOTOPE REACTIVITY MEASUREMENTS I N  CFRMF 

J .  W .  Rogers 

Reac t iv i ty  measurements i n  t h e  CFRMF have been made wi th  f i s s i o n  
product i so tope  samples of samarium, molybdenum and zirconium. These 
measurements were made t o  t e s t  c r o s s  s e c t i o n  s e t s  on an i n t e g r a l  b a s i s  
i n  t h e  CF'RMF neutron spectrum. The comparison of t h e  measurements and 
ca lcula t ' ions .provides  a check on a l l  t h e  nuclear  r e a c t i o n s  which pro- 
duce r e a c t i v i t y  e f f e c t s  and a l s o  checks t h e  adequacy of c a l c u l a t i o n a l  
techniques .  These t e s t s  on f i s s i o n  product i so topes  a r e  important 
because f o r  most f i s s i o n  products only ca l cu la t ed  c r o s s  sec t ions  e x i s t  
i n  t h e  energy range important t o  LMFBR's and have not been checked 
a g a i n s t  any type of measurement. 

~ s o t o i i c a l l ~  enr iched  sample ma te r i a l s  were obta ined  from t h e  
s t a b l e  i so topes  pool  a t  ORNL. These m a t e r i a l s  were i n  t h e  forms of 
meta l ,  metal  powder and oxide powder. The forms and enrjch.ment.s of 
t h e s e  ma te r i a l s  a r e  summarized i n  Table I .  Samples from t h e s e  

TABLE I 

Mate r i a l  ( ~ n r i c h m e n t  ) 
5 

Negative Reac t iv i ty  (uk/g) 
For Four Sample Diameters 

1.27 cm 1 . 9  cm 2.54 cm 3.175 cm 
0.3516 0.3490 0.3534 0.3510 
0.21.68 0.2132 - - - - - -  
0.2028 0.2099 - - -  - - - -  
0.2204 0.2217 - - - - - -  
0 ;2375 0.2399 0.2368 0.2338 
0.1847 0.1876 0.1836 0.1821 
0.2642 0.2673 0.2647 0.2614 
- - - - - -  0.1313 - - -  
0.2298 0.2257 0.2326 0.2301 
0.1993 0.1954 0.1964 0.1921 
0.4536 0.4505 0.4480 0.4431 
0.5859 0.5761 0.5774 0.5669 

t ~ s t i m a t e d  u n c e r t a i n t i e s  a r e  + 1.2%. 
*Solid metal  sample. 

m a t e r i a l s  were prepared by vibra-compaction of t h e  m a t e r i a l  i n t o  s t a i n -  
l e s s  s t e e l  capsules .  These. capsules  a r e  c y l i n d r i c a l  shaped wi th  a 
sample l e n g t h  of 14.2 cm and wi th  i n s i d e  diameters  of 1.27 cm, 1 . 9  cm, 
2.54 .cm and 3.175 cm. These capsules ,  wi th  volumes of 16.4 cm3, 
36.9 cm3, 65.6 cm3 and 102.5 cm3, a r e  dksigned t o  be  se l f -pos i t i on ing  
a t  t h e  cen te r  of t h e  CFRMF by having end caps of t h e  appropr ia te  



diameter .  The samples of d i f f e r e n t  s i z e s  were made so  t h a t  t h e  e f f e c t s  
of sample s i z e  on r e a c t i v i t y  could be i n v e s t i g a t e d .  The l eng th  of t h e  
samples were kept  t h e  samc because  of t h e  r e a c t i v i t y  gra.d.i.ent i n  t h e  
v e r t i c a l  plane of t h e  CFRMF. 

R e a c t i v i t y  measurements were made on each of t h e  empty and f i l l e d  
capsules .  The r e s u l t s  of t h e s e  measurements a r e  summarized i n  
Table I .  The es t imated  combined u n c e r t a i n t i e s  on t h e  sample weights 
and t h e  measurements.are + ~ 2 %  f o r  each sample. There a r e  no observ- 
a b l e  r e a c t i v i t y  e f f e c t s  i n d i c a t i n g  se l f - sh i e ld ing  due t o  sample s i z e  
and wi th  t h e s e  m a t e r i a l s  p a r t i c l e  s e l f - sh i e ld ing  could not  b e  i n v e s t i -  
ga ted .  These measurements a r e  t h e  t o t a l  r e a c t i v i t i e s  of t h e  sample 
m a t e r i a l  and have not  been co r rec t ed  f o r  oxygen e f f e c t s ,  i s o t o p i c  
concent ra t ions ,  o r  impur i t i e s .  The measurements on 9 8 ~ 0  and 9 8 ~ 0 0 3  
were not  c o n s i s t e n t  sugges t ing  t h a t  oxygen has a  very  l a r g e  r e a c t i v i t y  
e f f e c t  o r  t h a t  t h e r e  was some impuri ty  i n  t h e  samples.  Measurements 
wi th  oxides and meta ls  a r e  being made t o  determine t h e  r e a c t i v i t y  
e f f e c t s  of oxygen. Due t o  t h e  hygroscopic na tu re  of ox ides ,  mois ture  
accumulation i s  common and t h e  oxide samples used h e r e  have been and 
a r e  being checked f o r  mois ture  and t h e  samples checked have been found 
t o  con ta in  some. One check was made a t  t h i s  l abo ra to ry  by t a k i n g  smal l  
po r t ions  of t h e  oxide m a t e r i a l s  and i g n i t i n g  them below v o l i t i z a t i o n  
temperature.  Table I1 summarizes t h e s e  r e s u l t s .  Also, a t  ORNL, t h e  
e n t i r e  l o t  of sample m a t e r i a l  i s  being i g n i t e d  a s  it i s  reprocessed 
i n t o  t h e  poo l .  A s  y e t  only one m a t e r i a l ,  9 0 ~ r 0 2 ,  has been i g n i t e d  a t  
ORNL and t h e  r e s u l t  i s  included i n  Table 11. Measurements a r e  being 
made i n  an  at tempt  t o  measure t h e  r e a c t i v i t y  e f f e c t s  of mois ture  i n  
order  t o  c o r r e c t  f o r  t h e  e f f e c t  i n  t h e  samples. 

TABLE I1 

WEICHT LOSSES I N  OXIDE SAMPLES 

% Weight Loss % Weight Loss ' 
Mate r i a l  (ANC , (ORNL) 

O Z ~ O ,  2.39 2 .24 



FBR PHYSICS FUELS IRRADIATION PROGRAM 

R.  G. Nisle 

The purpose of  t h i s  program i s  t o  measure. the r e a c t i v i t y  response 
of t y p i c a l  FBR f u e l s  t o . i r r a d i a t i o n  i n  a t y p i c a l  FBfi spectrum. The 
measured r e a c t i v i t y  change i s  expected t o  r e f l e c t ,  i n  p a r t ,  t h e  
magnitude of the  gross f i s s i o n  product cross sec t ion.  Such information 
i s  necessary t o  an evaluation of FBR performance. This ob jec t ive  i s  t o  
be accomplished by i r r a d i a t i n g  a s e r i e s  of mixed oxide samples i n  t h e  
EBR-11. React iv i ty  measurements a r e  being made i n  t h e  Advanced React iv i ty  
Measurement F a c i l i t y  (ARMF) and i n  t h e  Coupled Fast  React iv i ty  Measurement 
F a c i l i t y  (CFRMF.) both before and a f t e r  i r r a d i a t i o n s .  The ARMF measurements 
a r e  used t o  measure content changes and t h e  CFRMF measurements r e f l e c t  t h e  
r e a c t i v i t y  response i n  an FBR spectrum. 

A 20% Pu02-U02 sample received an estimated unperturbed reac to r  
f luence of 1 .2  x nvt i n  row 7 of t h e  EBR-I1 between September .21, 
1971, and March 1, 1972. The i r r a d i a t i o n  capsule has been unloaded and 
t h e  samples a r e  i n  the  process of being measured. 

The o r i g i n a l  approval-in-principle has been up-dated and approval 
has been received f o r  add i t iona l  i r r a d i a t i o n s  with depleted uranium i n  
p lace  of s t a i n l e s s  s t e e l  i n  the  surrounding loca t ions  i n  t h e  hexagonal 
sub-assembly. 

Two t o p i c a l  r epor t s  have been issued:  "The Fabr ica t ion and Evalua- 
t i o n  of Samples f o r  t h e  I r r a d i a t i o n  Por t ion of t h e  FBR Physics Constants 
Programt', by R. G. Nisle,  ANCR-1001 ( ~ c t o b e r  1971). "Experiment 
Descript ion and Hazards h a l u a t i o n  f o r  t h e  I r r a d i a t i o n  of FBR Physics 
Constants Samples i n  t h e  EBR-II", by R. G. Nisle, ANCR-1050 ( ~ u n e  1972). 

The f i r s t  i s  a study of t h e  i r r a d i a t i o n  and standards samples t o  
confirm t h e i r  quoted content  and uniformity. The second i s  a documen- 
t a t i o n  of t h e  Data Packages and Safety Analyses t h a t  were submitted t o  
' the EBR-I1 Pro jec t  a s  required  f o r  t h e  i r r a d i a t i o n  of these  samples. 

A second capsule containing depleted uranium has been submitted t o  
t h e  EBR-I1 Projec t  f o r  i r r a d i a t i o n .  



FAST NEUTRON TRANSMISSION OF NATURAL I R O N  

J. W. Rogers, B. W. Howes 

Re la t ive  i n t e n s i t i e s  and s p e c t r a  of f a s t  neutron t ransmiss ion  
through .vkry t h i c k  n a t u r a l  i r o n  f i l t e r s  have been measured a t  " 24.5 keV 
and between 90 keV and 355 keV us ing  a p ro ton - reco i l  spectrometer .  'From 
t h e  r e l a t i v e  i n t e n s i t i e s  t h e  c ross -sec t ion  minima a t  seven "holes" i n  
t h e  t o t a l  c ross -sec t ion  have been determined. Because of t h e  r e c e n t  
i n t e r e s t  and e f f o r t  [1,2,31 t o  e s t a b l i s h  t h e s e  minima i n  t h e  eva lua ted  
c ross-sec t ion  f i l e s  and t h e  r ecogn i t i on  t h a t  such information could be 
obta ined  us ing  t h i s  unique technique,  t h e s e  measurements were analyzed 
i n  such a w a y  a s  t o  ob ta in  va lues  f o r  c e r t a i n  i r o n  c ross-sec t ion  
minima. The es tab l i shment  of  t h e  c o r r e c t  va lues  f o r  t h e s e  minima a r e  
impor tan t .  i n  t h e  a n a l y t i c a l  i n v e s t i g a t i o n s  and checks of neutron t r ans -  
p o r t  i n  i r o n  as appl ied  t o  LMFBR, o r  any o the r  r e a c t o r ,  design and 
sh i e ld ing .  

Neutron spectrum measurements were made wi th  a  pro ton- recoi l  
spectrometer  (hydrogen gas coun te r )  i n  an i r o n  f i l t e r e d  beam wi th  t h e  
leakage neutrons from a r e a c t o r  a s  a source.  Collimated f i l t e r s  of i r o n  
(magnetic i ngo t  99.7 wt% p u r i t y )  ranging from - 8 inches t o  ' 38 inches  
th i ck 'were  used i n  t h e s e  measurements. De ta i l s  of t h e  experimental  
equipment and techniques have been r epor t ed  previous ly  [ 4  5  1. This  
technique of ob ta in ing  cross-sec t ions  has not  been ex tens ive ly  used 
because of t h e  b e t t e r  r e s o l u t i o n  gene ra l ly  obta ined  by t ime-of-f l ight  
techniques.  However, f o r  c e r t a i n  experimental  condi t ions  where t h e  
pro ton- recoi l  spectrometer  has  adequate r e s o l u t i o n  and t h e  energy of 
t h e  t r a n s m i t t e d  neutrons a r e  i n  keV reg ion ,  c ross -sec t ion  minima can 
be measured. 

Neutron f l u x  i n t e n s i t i e s  a t  t h e  peaks due t o  t h e  c ross -sec t ion  
minima f o r  d i f f e r e n t  th icknesses  of i r o n  were obta ined  from t h e  spectrum 
measurements. Spec t r a  obta ined  at t h e  2 4 . 5 - k e ~  minima a r e  shown i n  
Figure 1 and s p e c t r a  between 90 keV and 355 keV a r e  shown i n  F igure  2. 
Using t h e s e  i n t e n s i t i e s  and t h e  t ransmission-of- the-difference method, 
t h e  c ross -sec t ion  minima were determined. The r e s u l t s  of t h e s e  
determinat ions a r e  presented  i n  Table I along wi th  some of t h e  r e c e n t l y  
r epo r t ed  r e s u l t s  ob ta ined  by t ime-of - f l igh t  measurements. The es t imated  
random e r r o r  on t h e s e  r e s u l t s  i s  + 5%. No co r rec t ions  have been made t o  
t h e  mcaourements f o r  t h e  ef'rects of Impur i t i e s  such a s  manganese and 
a r e  t h e r e f o r e  s t r i c t l y  experimental  t ransmiss ion  r e s u l t s .  

No va lue  f o r  t h e  minima at 82 keV was g iven .because  inadequate  d a t a  
were obta ined  between 50 keV and 90 keV. The.spectrometer  d id  not  r e so lve  
t h e  minima a t  128 keV and 183 lteV which may be due t o  t h e  d e t e c t o r  
r e s o l u t i o n  ( -  5%) o r  t o  t h e  shape of t h e  source f lux .  Likewise, no 
r e s u l t s  above 355 keV a r e  given due t o  inadequate  d a t a  al though s e v e r a l  
t ransmiss ion  peaks i n  t he  f l u x  due t o  c ross -sec t ion  minima were observed 
up t o  1 MeV. Because of t h e  agreement between pro ton- recoi l  and time- 
o f - f l i g h t  measurements i n  t h e  important  cross-.section minima r eg ions ,  
-it appears f e a s i b l e  t o  u t i l i z e  t h i s  technique f o r  t s s t i n g  t h e  



adequacy of sh ie ld ing codes and neutron cross-section da ta  s e t s  f o r  a 
v a r i e t y  o f  sh ie ld ing configurat ions.  

TABLE I 

MEASURED TOTAL-NEUTRON CROSS-SECTION M I N I M A  I N  NATURAL IRON 

Energy ( k e ~ )  
amin (b) 
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ANC-  0-1024 

Figure  1 Neutron s p e c t r a  measured wi th  a  pro ton- recoi l  spectrometer  
f o r  d i f f e r e n t  th icknesses  of i r o n  a t  t h e  24.5 keV minima. 



Figure  2 

E (keV) 

Neutron s p e c t r a  measured wi5h a pro ton- recoi l  spec t rone te r  f o r  
INC'B- 13782 

d i f f e r e n t  th icknesses  of i r o n  between 100 keV and 355 keV. 



J .  R. Smith, R. C. Young 

Version T I 1  of ENDF/B involved a n  ex tens ive  r eeva lua t ion  of c r o s s  
s e c t i o n s  f o r  m a t e r l a l s  of importance t o  t h e  f a s t ,  b reeder .  r e a c t o r  program. 
Aeroje t  Nuclear Company was assfgned t o  provide t h e  resonance f i l e  f o r  
2 3 5 ~ .  A thorough examination of t h e  a v a i l a 6 l e  resonance d a t a  and d e t a i l e d  
f i t t i n g  of s e l e c t e d  d a t a  s e t s  were used en t h e  eva lua t ion .  The s e l e c t e d  
d a t a  sets were: 

1 and 2 Simultaneous c a p t u r e  and f 2 s s i o n  measurements by 
deSaussure e t  a 1  . This  experiment measured t h e .  
two most important p a r t i a l  c r o s s  s e c t i o n s  of 2 3 5 ~  

. simultaneously,  under t h e  same cond i t i ons  of ; resolu-  
t f o n  and background. These d a t a  were used p r i n c i p a l l y  
t o  i n d i c a t e  t h e  r a t i o  of c a p t u r e  t o  f i . s s ion  f o r  t h e  
resonances , 

3 [21 T o t a l  c r o s s  s e c t i o n  measurements of Michaudon . 
These d a t a  were obtained a t  l t q u i d  n i t r o g e n  tempera- 
t u r e s  and f a i r l y  high r e s o l u t i o n .  They turned o u t  
t o  g ive ,  i n  most. c a ses ,  t h e  b e s t  i n d i c a t i o n  of t h e  
t o t a l  widths of t h e  resonances.  

4 F i s s t o n  c r o s s  s e c t i o n s  measured by Blons e t  a1L3] . 
on t h e  Saclay l t n e a r  a c c e l e r a t o r .  These d a t a  were 
obtafned a t  l f q u t d  n f t rogen  temperature,  with reso lu-  
t f o n  s f m l l a r  t o  t h a t  of Mechaudon" t o t a l  c r o s s  
secti 'on measurement, 

5 F i s s i o n  c r o s s  s e c t i o n s  measured by Cao e t  alL41 on 
t h e  l i n e a r  a c c e l e r a t o r  a t  C.B.N,M.  eel) . These 
d a t a  a r e  t h e  h i g h e s t , r e s o l u t i o n  room temperature 
measurements of o f o r  t h e  2 3 5 ~ .  They a r e  u s e f u l  f o r  

f comparing w i t h  the Blons d a t a  t o  confirm t h e  e f f e c t i v e -  
ness  of the Doppler correcti 'ons i n  t h e  a n a l y s i s  code. 

The deSaussure d a t a  were r a i s e d  by 1.5% t o  b r ing  them i n t o  b e t t e r  
agreement with t h e  i n t e g r a l  from 0.5 e V  t o  1 eV of t h e  low energy 
pointwise f i l c s  of ENDF/B, 

The Cao d a t a  were r a i s e d  by 7% and t h e  Blons d a t a  were given a n  
energy dependent normalfzat ion between 17 .eV and 40 e V  t o  b r ing  them 
i n t o  b e t t e r  agreement w i th  t h e  renormalfzed deSaussure d a t a .  



The d a t a  were f i t t e d  w i t h  s i n g l e  lev.el  parameters p lus  smooth 
f i l e s ,  u s ing  t h e  Automated Cross Sec t fons  Analysis  Program (ACSAP) [51. 
The smooth f i l e s  were used t o  account f o r  i n t e r f e r e n c e  e f f e c t s  t h a t  
cannot b e  descrrbed by s ing le - l eve l  parameters.  The n e c e s s i t y  of using 
the smooth f i l e  is  one of t h e  principal drawbacks t o  t h e  s i n g l e  l e v e l  
t reatment .  Not a l l  processing codes handle t h e  smooth f i l e  proper ly .  
Doppler broadening and se l f - sh i e ld ing  c o r r e c t i o n s  should b e  done on t h e  
complete c r o s s  s e c t i o n s ,  inc luding  t h e  smooth f i l e .  

The a n a l y s i s  t o  30 eV was presented i n  t h e  Annual Report f o r  1971. 
The completed f f l e  extends t o  82 eV. The der ived  parameters a r e  shown 
i n  Table 1. A complete d e s c r i p t i o n  of t h e  a n a l y s i s ,  inc luding  curves  
showing t h e  f i t  t o  the f i v e  experimental  d a t a  s e t s ,  i s  contained i n  a 
s e p a r a t e  r e p o r t  [61. 

There a r e  two main c h a r a c t e r i s t i c s  i n  which t h e  Version 111 param- 
e t e r s  d i f f e r  from t h o s e  used i n  VersTons I and 11: t h e  h i g h  energy 
boundary of t h e  reso lved  reg ion  has been moved from 64.5 t o  82 e V ,  and 
the widths  of resonances a r e  sys t ema t i ca l ly  narrower i n  t h e  new f i l e .  
The p r i n c i p a l  e f f e c t  of t h i s  l a t t e r  d i f f e r e n c e  should be t o  y i e l d  
somewhat s t ronge r  s e l f - sh i e ld ing  e f f e c t s  than  d i d  t h e  previous  f i l e .  
There i s  l i t t l e  change f n  the resonance i n t e g r a l s ,  

A comparison of f t s s i o n  and c a p t u r e  resonance i n t e g r a l s  i n  GAM 
i n t e r v a l s ,  a s  ca l cu la t ed  from ENDFIB-rI'1 parameters,  ENDF/B-I1 param- 
. e t e r s ,  and t h e  desaussure  d a t a ,  i.s shown i n  TaGle 11. Below 1 eV t h e  
ENDFtB 2 n t e g r a l s  u s e  d a t a  from t h e  low- energy smooth f i l e ,  which. is  t h e  
same i n  b o t h  ve r s ions .  

[ l ]  G. desaussure e t  a l ,  Simultaneous Measurements o f .  t h e  Neutron 
F i s s i o n  and Capture Cr0s.s Sec t ions  f o r  2 3 ' ~  f o r  Inc iden t  Neutron 
Energies  from 0.4 eV t o  3 keV, USAEC Report O R N L - T M - ~ ~ O ~  (1967).  

121 A. Michaudon, Cont r ibut ion  a l l E t u d e  par  des Methodes du Temps de 
Vol de l l I n t e r a c t i o n  des  Neutrons Lents Avec 1"35~,  CEA-R2552 (1964).  

131 J. Blons, H. Der r ien ,  and A. Michaudon, "Measurements and Analysis  of 
t h e  F i s s i o n  Cross Sec t ions  of 2 3 3 ~  and 2 3 5 ~  f o r  . ~ e u t r o n  ~ n e r ~ i e s  
Below 30  keVfl, CONF-710301, Vol. 2,  p. 829 (1971). 

141 M .  G. Cao e t  a l ,  J. Nucl. Energy 22, 211 (1968). 

[ 5 ]  N .  H. Marshal l  e t  a l ,  The Automated Cross Sec t ion  ~ n a l y s i s  
Program (ACSAP), USAEC Report ANCR-1042 (1972).  

161 J. R.  Smith and R.  C .  Young, 2 3 5 ~  Resolved Resonance Parameters 
f o r  ENDF/B, Version 111, USAEC Report ANCR-1044 (-19712. 

171 H. M. E i land  e t  a l ,  Nucl. Sci .  Eng. - 44,  180 (1971). 



TABLE I 

U-235 RESOLVED RESONANCE PARAMETERS FOR ENDFIB-111 

Resonance 
Energy (eV) 

-1. , 4 9 0 0 t  00 
2,vooot+or 
1 . 1 4 0 0 f  0 0  
2,0350E QO 
2o9200f  UO 
3.1470F: Ocf 
3 - 6 0 9 9 f  00 
4*8f+MOE 03  
5-4480E 30 
5.6OOUF. 00 
ri,.?lCoE 0 0  
h.:3820E 011 
. f .  0.770fz 00 

IU 
W 

8.78lOE c.)U 
9,2860E 00' 
9,7300E OC) 
1.0lSOE 01  
1 e0800F, 01 
1,1(. ,66% 01  
1 .2396E 01 
1.2961F 01 
1,3275F 01 
1.3'700F (11 
1,399hE 0 1  
1  . 4.'j4/rF 0  1 
1.5406E U'l 
1-6OUUfi 01 
1,6667E 01 
1.*0052E 01. 
2.896UE 01. 
1,9297E 01 
2 , 0 1. .3 0 F u 'L 
Z,0200f-: 01 
2.0610E 01 
Z, 1 0 7 2 ~  ill 

Resonance Total Gamma-N- Gamma- 
Spin Width (eV) Gamma-N (eV) Noupht (eV) Gamma (eV) 



TABLE I (Contd.) 

Resonance 
Energy (eV) 

2,2'33!9E 0 1  
2.341ZE 0 1  
203629E 0 1  
Ze4245E 01 
20.4370E 01  
2052U0E 0 1  
2.5590E 0 1  
2 .64 ' 80~  0 1  
2.6740E 0 1  
2,1149E 01. 
2 ,  '7 7 9 6 f  0 1. 
2,8090f  0 1  
2-8351E 01  
2 . Y ' l l O E  01: 
%.Y644E 0 1  
3,059OE 01  
3-U(J6OE 0 1  
3.207C)E 01 
3 - 3 5 2 0 E  0 1  
3.4370E 0 1  
3.4U50E 01 
3.518'fE 01 
305300E 01  
:3*6400F: 01. 
3,7500E 01  
3.8300.E 01  
3oY4lOE 01  
3-990UE 01  
4,!1536E 01 
4.,1.35OE 01 
4..1590E 01 
4. li373E 01 
4.2230E 0 1  
4.2690C 0 1  
4e33YUE 01 
4034'00E 0 1  
4-3970F 01 
4.o46OOE 0 1  
4.4750f OL 

Resonance 
Spin 

3.5030E r30 
1.500OE 09 
3.5090E 0 0  
3 50GOE 00  
3.5000E 00  
3.5r)i')OE 00  
3.5000E 0(? 
3.5UOOE 0 0  
3.50OOE 0 0  
3.5000E 09  
3,5000E 00  
3.5000E O C  
305000E 00  
30509C)E 00  
3.5000E 00  
3.5000E 0 0  
3.5000E 00 
3.500(3E 00  
3.5000E 00. 
3.SG00E 00  
3.5000E 00  
3 .50t30~ on 
13.5000E 0 0  
3.5000F 0 0  
3.5000E 30  
.3.5000E 0 0  
3.5000E 00  
3.5000E 3 0  
3.5000E 00  
3.5000E 0 0  
3.5000E 09  
3.5000E 09  
3.5000E 00  
3 500.0F: 00  
:3.500OE 0 0  
3.5000E 0 0  
305400E 0 0  
3.5000E 0 0  
3,5000E 0 0  

Total 
Width (eV) 

7.5436E-02 
3 2 2 0 4 ~ - 0 2  
2 -  2586E-01 
5,8268E-02 
1.0015E-01 
80 5068E-01 
3.8556E-01 
109248E-01 
2. 5009F-01 
1 * 1559E-01 
1.2067E-01 
6 -  503' lF-02 
1,4919E-01 
1.3004E-01 
6,1177E-02 
11 5523E-Ol 
50 4532E-02 
9oV823E-02 
5,6859E-02 
8. 7253E-02 
l . lh1OE-01 
i. O ~ ~ O E - O  I 
6.. 91  5'7E-01 
1 .5~tOlE OD 
1,5402F 09 
3.0834E-01 
9,5523  E-02 
'1.5024f-01 
2.0915E-01 
4.45646-01 
1-h522E-01 
4.1233E-02 
1. 4545E-01 
6 .1345~ -02  
7,0754E-02 
1,1020E-01 
%;5034E-01 
1.7584F-01 
5.3576E-01 

Gamma-N- 
Nought (e~). 



TAB - (Contd. ) 

Resonance 
Energy (eV) 

Resonance 
Spin 

Total 
Width (eV) 

Gamma-N- 
Nought (eV) 

2 ,  7770E-05  
1.1740E-04 
1.3660E-04 
1- 4 2 7 0  € 4 4  
1.1093 E-04 
9 * 8 3 6 0 € - 0 5  
2.4250E-05 
1 o4413E-04 
4 ,4620E-05  
1.3565E-04 
2 , 6 6 0 3 ~ - 0 5  
4 ,9507E-04  
4 ,8110E-05  
3 - 4 7 0 0 E - 0 4  
7- 3500E-05 
2 ,9100E-05  
402699E-04  
3.1514E-Oft 
1- 0240E-04  
6- 5466  E-04 
1. 4800E-04  
1 -  7768E-04  
1- 7400E-04  
3 ,5000E-05  
1,4520E-04 
5 ,9300E-05  
40 6400E-05  
2 -  8 7 0 0  E-05 
2m1700E-05 
3 -  3120E-05 
1, 14SOE-05 
1,2830E-05 
1,3463 E-04 
L.5523E-04 
5.2180E-05 
5.5 160E-05 
9.8700 E-06 
4 ,  5500E-Oh 
1 -3090E-05  



TABLE I (Contd.) 

Resonance 
Energy ( e V 1  

\ 

Resonance 
Spin 

Total Gamma-N- 
Width (eV) Gamma-N (eV) Nought (eV) 

Gamma- 
Gamma (eV) 

1.6000E-01 
1-2000E-01 
2,0000E-Of 
P.2000E-01 
1 0500 E-01 
3 -  2000E-01 
6-0937E-02 
2, 4000E-01 
2,OOOOE-01 
8- OOOOE- 02 
7-20 00 E- 02 
~ ~ 0 0 0 0 E - 0 1  
8, 5000E-02 
1.3400E-01 
9-0000E-02 
6.9100E-02 
2-740OE-02 



TABLE I1 

COMPARISON OF RESONANCE INTEGRALS 

ENDF/ B 
Vers.  IT 

0.1026 
0.2267 
0.5484 
0.4191 
1.9015 
0.4644. 
1.5115 
0.5654 
0.6918 
0.4991 
0.6706 
0.5434 
0.4324 

EhlF / B 
Vers. 111 --- 

0.1026 
0.2233 
0.5718 
0.4056 
1.8456 
0.4456 
1 .4755 
0.5254 
0.6628 
0.4648 
0.6307 
0.5214 
0.4316 , 
0.4027 
0.3968 

* Mali- le thargy i n t e r v a l s ,  0.53 t o  10.7 eV; q u a r t e r  l e t h a r g y  i n t e r v a l s ,  10.7-78.9 e V .  

** Resonance I n t e g r a l s  measured by Ei land  e t  a 1 r 7 ] .  



MULTILEVEL . FITTING OF 235u 

J.  R. Smith 

A s  has  been shown i n  t h e  previous s e c t i o n ,  a  good accounting of 
the resonance c r o s s  s e c t i o n s  of f i .ss2le  n u c l e i  can b e  made us ing  s i n g l e  
l e v e l  parameters  and a  smooth f i l e .  I n  p r i n c i p l e ,  a t  l e a s t ,  a  t r u e  s e t  
of Reich-Noore m ~ l t i l e v e l ~ p a r a m e t e r s  has t h e  fol lowing advantages over 
t h e  s i n g l e  l e v e l  d e s c r i p t i o n .  

1. An adequate  f i t  can b e  achieved without  r e s o r t i n g  t o  t h e  
smooth f i l e  maneuver, , 

2. The m u l t i l e v e l  parameters  a r e  on a sounder t h e o r e t i c a l  b a s i s  
and produce more r e l i a b l e  p r o j e c t i o n s  i n t o  the 'unreso lved  
resonance reg ion ,  

3 .  The m u l t i l e v e l  f i t  g ives  a t r u e r  accounting of i n t e r f e r e n c e  
e f f e c t s .  Because of asymmetry i n  t h e  f i s s i o n  resonances,  t h e  
e f f e c t i v e  capture- to- f i ss ion  r a t i o  may change wi th  s e l f -  
sh2eldtng o r  Doppler broadening of t h e  resonances.  

4.  ' I f  i t  becomes' e s t ab l i shed  t h a t  v a r i e s  over resonances 
t h e  m u l t i l e v e l  d e s c r i p t i o n  may be 'needed t o  d e s c r i b e  such 
v a r  t a t  i o n s ,  

On t h e  o tke r  hand, Reich-Moore m u l t i l e v e l  f i t t i n g  is v a s t l y  more 
d i f f t c u l t  than  s imgle  l e v e l  a n a l y s i s .  Not only  a r e  t h e  parameters  more 
expensive i n  time and money t o  o b t a i n ,  b u t  they  a r e  a l s o  more expensive 
t o  u s e  i n  r e a c t o r  c a l c u l a t i o n s .  It is  t h e r e f o r e  worth determining whether 
t h e  s t a t e d  advantages of m u l t t l e v e l  parameters a r e  r e a l l y  s i g n i f i c a n t  f o r  
r e a c t o r  applkcat2ons.  

To make poss ib l e  a meanfngful s i n g l e - l e v e l ~ u l t i l e v e l  comparison, 
i t  2s necessary  that matched sets of parameters be  used,  That is, t h e  
two sets of parameters should desc r tbe -equa l ly  w e l l  t h e  same experimental  
d a t a ,  ~ a c h u s i n g  the same t n t e r p r e t a t t o n  of t h e  experimental  cond i t i ons .  

A m u l t i l e v e l  f i t  t o  t h e  2 3 5 ~  resonance d a t a  i s  beink der ived .  These 
parameters  w i l l  m a t c h  t h e  E N D F / B ~ V ~ ~ S ~ O ~  111 d a t a  a s  descr ibed  above. 
The d a t a  being f i t t e d  a r e  essent i 'a l ly .  the same as- used i'n t h e  ENDF/B 
e f f o r t :  desaussure  cap tu re  and f t ss i 'on  d a t e ,  Michaudon t o t a l  c r o s s  
s e c t i o n s ,  and Blons f iss i 'on.  The Cao f i s s i o n  d a t a  a r e  n o t  being followed, 
bu t  the Poortmans s c a t t e r i n g  measurements a r e  brought i n t o  t h e  p i c t u r e .  
Spin assTgnments Fiave been made, us ing  measured va lues  where poss ib l e ,  
and being gu2ded 5y i n t e r f e r e n c e  e f f e c t s  and the Poortlnans s c a t t e r i n g  
d a t a  h o t h e r  cases .  

The p r i n c i p a l  computer programs used i n  t h e  a n a l y s i s  a r e  ACSAP and 
MULTI. These two programs complement each o t h e r  w e l l  £or m u l t i l e v e l  
f i t t i n g .  The coord ina t ion  of AC AP and MULTI i s  d iscussed  f u r t h e r  i n  
another  s e c t i o n  of t h i s  r e p o r t  T h e  i n t e r a c t i v e  graphics  program 
SCORE was a l s o  used t o  examine some troublesome a r e a s  i n  t h i s  f i t t i n g  
e f f o r t .  



The fitting was not quite completed at the end of June 1972, so 
it would not be appropriate to quote numerical values for the parameters. 
Some qualitative conclusions are beginning to emerge, however. By and 
large the multilevel fitting places the resonances close to the energies 
selected in the single level fitting. There does not seem to be any great 
systematic difference in the resonance widths between the two analyses. 
Therefore, it is likely that the two sets of parameters may show comparable 
statistical distributions, both in fission widths and level spacings. 

[I] J. R. Smith, "Incorporation of the Multilevel Least Squares Program, 
MUL'I ' i ,  Into the Resonance Fitting System of Aerojet Nuclear Company", 
this report. 



EVALUATION O F  THE 2 3 9 ~ ~  CROSS S E C T I O N S  I N  THE RESONANCE 

R E G I O N . F O R  THE E N D F I B  V E R S I O N  I11 DATA FILE 

0. D. Simpson, F. B. Simpson - 

An ex tens ive  evaluati .on of 23%u kn the reso lved  resonance r eg ion  
from 1 t o  300 8 fias- Feen c o m p l e t e d ~ l ~ . .  Tlieese parameters- a r e  important  
t o  the f a s t  Eireeder r e a c t o r  program as. t hey  ell b e  used t o  p r e d i c t  t h e  
nuc lear  cross. s e c t i a n s  i n  the unresolved energy regfon.  The resonance 
f2les- produced ih tWs- work b e  Eeen sutimitted f o r  i n c l u s i o n  f n  Version 
IZm of the ENDFIB d a t a  f 2 l e .  T b  approach. used i n  this evaluatkon was 
t o  s e l e c t  a few s e t s  of c r o s s ~ e c t f o n  d a t a  wktch we f e e l  r ep re sen t  t h e  
c r o s s  s e c t f o n s  of 239Pu, The d a t a  s e l e c t e d  f o r  d e t a i l  u s e  a r e  a s  
fo l lows  : 

1. Gwin's f i s s i o n  and cap tu re  c r o s s  sections"] which were 
measured us ing  t h e  Rensselaer  Poly technic  I n s t i t u t e  (RPI) 
E lec t ron  Linear  Acce lera tor ,  

2. The t o t a l  c r o s s ~ s e c t i o n  measurements of ~ e r r i e n ' ~ '  which 
were made us ing  t h e  Saclay Elec t ron  Linear  Acce lera tor .  

3.  The f i s s i o n  measurements of ~ l o n s ' ~ ]  w e r e  a l s o  obtained 
us&ng t h e  Saclay. E lec t ron  Linear  Acce lera tor .  

\ The f f s s f o n  and cap tu re  d a t a  of Gwin were normalized by h i m  t o  
the ENDFIB f i l e [ 5 ]  below 1 eV. This  normal iza t ion  was checked and 
found ' t o  Be i n  e x c e l l e n t  agreement, Blons '. f i s s i o n  d a t a  were lowered 
6% t o  b.rtng them t n  b e t t e r  agreement w i th  ~ w i n . ' s  f i s s i o n  d a t a  by us ing  
tELe i n t e g r a l s  of ,thei.r f i s s f o n  c r o s s  s e c t i o n s  over t h e  energy r eg ion  
of 54 t o  300 eV, 

The eva lua t ron  of t h e s e  d a t a  r e p r e s e n t s  a complete a n a l y s i s  of 
fou r  sets of da ta ,wi th .  one set of resonance aramet,ers being s e l e c t e d  
that b e s t  descr i l ies  t h e  c r o s s  s e c t i o n s  of 238Pu. The Automated Cross 
Sectkon Analysts  Program (ACSAP) [ 61 was used t o  accomplish t h i s  purpose. 
A p o t e n t f a l  s c a t t e r i n  c r o s s  s e c t i o n  of 10.2 6 was assumed throughout 
t h e  ana1ysi.s. S ince  q39Pu i s  a f i s s i l e  m a t e r i a l ,  i t  was known t h a t  
the d a t a  could n o t  tie descr ibed  us ing  s fng le - l eve l  parameters;  t h e r e f o r e ,  
smooth f i l e s  were c r ea t ed .  

L i s t e d  i n  Table I a r e  t h e  c a p t u r e  and f i s s i o n  i n t e g r a l s  of adE/E 
as a functi.cn of q u a r t e r  l e t h a r g y  groups us ing  Version I1 and I11 d a t a  
of ENDFtB. The d a t a  between 0.414 and 1.0 e V  have been included f o r  com- 
p l e t e n e s s  of the t a b l e  and were ob'takned from t h e  smooth f i l e  of Version 
I1 of EM)F/B. The v a l u e  of a lpha-oEtained from Table  I from the cap tu re  
and f i s s t o n  i n t e g r a l s  of d E / E  i n  the energy r eg ion  of 61.4 t o  275.4 e V  
w a s  found t o  be 0.71. Calcu la t lhg  an  a 1  ha v a l u e  from t h e  Version I1 
eva lua t ion ,  3s suggested by N, C. Paikt7T, and us ing  t h e  same i n t e g r a t i o n  
technique  a s  ab-ove, g ives  a v a l u e  of 0.47 from 61.4 t o  275.4, The va lues  
of a lpha  from t h t s  p re sen t  eva lua t ion  a s  g iven  i n  Table I seem t o  b e  more 
c o n s i s t e n t  w i t h  a lpha  above 300 e V ,  a s  recommended by. Paik.  



TABLE I 

QUARTER LETHARGY GROUP CROSS-SECTION STRUCTURE OF 2 3 9 ~ ~  

WDCtil~tUl fi..jt:l thc surn v:;luc-5. 

li.>lr:: 'I'l~is ti11,lc rvns C U I C I L I ~ ~ C ~ ~   US!^:: CIC ACSAI' oodu and assullil!:;; root!) tcluj~criitilrc at14 in!i~~ltc dilutl~iil. 

Lover 
Enerey (eV) 

0.414 
0.532 
0.683 
0.876 
1.125 
1.44 
1.66 
2.38 
3.06 
3.93 
5.C4 
6.48 
8.32 

[I] 0. D. Simpson and F. B. Simpson, Evaluation of the 239~u Cross 
Sections in the Resonance Region for the ENDFIB Version I11 Data 
F&, ANCR-1045, ENDF-162, Aero j et Nuclear Company (Dec . 1971) . 

0.755 0.781 
0.514 0.d73 
1.061 0.879 
0.936 0.979 
3.444 1 3.535 
0.7C9 1 0.665 
G . 4 2 9  0.557 
0.iUO 0.561 

0.345 0.563 
0.627 1.130 I 
0 . 5 8 ~  0.64, 1 J .--<.:I. 1 

[2] R. Gwin et al, Measurements.of the Neutron Fission and Absorp- 
tion Cross Sections of 2 3 9 ~ ~  over the Enerzv Region 0.02 eV t n  

30 keV, Part 11, ORNL-4707, Oak Ridge National Lab. (July 1971). 

j any ~ E / E  anf ~ E / E  

[3] H. Derrien et al, "Sections Efficaces Totale Et De Fission de 239putt Y 

Paris Conf. Proc., 11, 195 (1966). 

k l p h ~  

WDF/B 
V e r s i o n  I 1  

37.52 
12.09 

5.78 
3.72 
2.34 
1.39 
0.61 
0.47 
0.53 
0.38 
0.39 

20.82 
1.46 

EXDF/B 
Version I1 

72.14 
27.22 
14.53 

9.51 
6.90 
5.46 
4.09 
3.32 
2.67 
2.25 
2.05 

22.54 
i . 8 3  . 

[4] J. Blons et al, "Mesure A Haute Resolution Et Analyse De La Section 
Ef f icace De Fission 2 3 9 ~ ~ t t ,  Helsinki Conf . , IAEA/CN/26-63 (1970) . 

ESDFiB 
Version I1 

0.520 
0.444 
0.398 
0 :3?1 
0.339 
0.255 
C.149 
0.141 
0.161 
0.169 
0.190 
0.924 
0.298 
0.524 

UiDI'IB 
Version I11 

37.52 
12.09 

5.78 
3.67 
2.19 . 
1.37 
0.65 
0.23 
0.18 
0.22 
0.41 

21.00 
2.Cl 

EZiDF/E 
Version I11  

72.14 
27.22 

.I(;. 53 
9.38 
6.57 
5.18 
3.84 
3.09 1 
7.45 
2.00 
1.73 

22.16 
4 .  CO 

[5] B. R. Leonard, Jr., Thermal Cross Sections of the Fissile 
Fertile Nuclei for ENDFIB-1'1, BNWL-1586, ENDF-153, Battelle 
Northwest Labs. (1971) . 

ESDFlE 
Version i.1. i --- 
0.520 
0.444 
0.39e 
0.391 
0.333 
0.764 
0.169 
0.091 
0.073 
0.110 
0.237 
0.947 
0.523 
0.571 

[6] N. H. Marshall et al, An Automated Cross Section Analyses Program 
- . - - .- . 

(ACSAP). 3rd Neutron Cross Section Tech. Conf. (March 1971). 

[7] N. C. Paik et al, "Integral Testing of Modifications to ENDFIB 
Version I1 ~ata", 3rd Neutron Cross Section Tech. Conf. (March 1971). 



NEUTRON RESONANCE PARAMETERS OF 2 4 2 ~ u  BELOW 500 eV 

F. B. Simpson, 0. D. Simpson, H. G. M i l l e r  (ANC) 
J. A. Harvey, N. W. H i l l  ( O ~ L )  . 

242 
The t o t a l  neutron c r o s s  s e c t i o n  and resonance parameters  of Pu a r e  

important  i n  the eva lua t ion  of r e a c t o r  parameters f o r  t h e  product ion of 
t h e  t ransplutonium isotopes and the F a s t  ~ r e e d e r  Reactor Program. T o t a l  
neut ron  c r o s s  s e c t i o n  measurements on 2 4 2 ~ u  have been made from 15.0 t o  
30,000 eV us ing  t h e  Oak Ridge Elec t ron  Linear  Acce lera tor  (ORELA) [ I ] .  
However, because of funding l i m i t a t i o n s  t h e  d a t a  have no t  been analyzed 
above 500 eV. 

Transmission d a t a  were taken on t h r e e  d i f f e r e n t  meta l  samples 'a r  
l i q u i d  n i t r o g e n  temperature (77OK) havfmg i n v e r s e  t h i cknesses  of 4.1.19, 
175.5, and 763.9 barns/atom. The meta l  sarnples.were made a t  Los Alamos 
and w e r e  o r i g i n a l l y  prepared f o r  thermal c s s e c t i o n  measurements on 
t h e  M a t e r i a l s  Tes t ing  Reactor f a s t  chopper €97. 

The ORELA measurements were made us ing  a 28 nsec a c c e l e r a t o r  b u r s t  
w id th  w i t h  a pu l se  r a t e  of 600 b u r s t s l s e c .  The neut rons  produced by a 
(y,n) r e a c t i o n  on tantalum were moderated i n  a 3 cm t h i c k  s l a b  of water  
1 5  cm i n  diameter  around t h e  t a r g e t .  Neutrons from t h e  moderator were 
co l l imated  and allowed t o  s t r i k e  a 1.25 crn t h i c k  6 ~ i  g l a s s  s c i n t i l l a t i o n  
neut ron  d e t e c t o r  l oca t ed  a t  a f l i g h t  pa th  of 78.188 meters.  The sample, 
open, and background d a t a  s e t s  w e r e  normalized us ing  a BF3 beam monitor.  
The backgrounds were composed of s t a t i c  and t ime d e  endent i n t e r f e r e n c e s .  
These backgrounds were determined from c a l i b r a t e d  lpB4C and a 
"blacking-out" resonance technique.  

The channel  widths were va r i ed  from 4-128 nsec,  w i t h  t h e  s h o r t e r  
channel  widths used f o r  the h i g h  energy a n d . t h e  longer  channel widths 
f o r  t h e  low energy. The neut ron  resonance parameter (resonance 

0 energy) ,  rnO (reduced neut ron  wid th  where rn = rnE0 -EP2) and ry ( cap tu re  
width)  a r e  l i s t e d  i n  Table I from 20-500 eV.  

These d a t a  g ive  a d d i t i o n a l  in format ion  i n  t h e  resonance energy r eg ion  
us ing  good m e t a l l i c  samples and w i l l  add g r e a t l y  i n  p r e d i c t i n g  average 
parameter f o r  t h e  unresolved region.  

[ I ]  N. C. Per ing  and T. A. Lewis, "Performance of t h e  140 MeV High Current  
Shor t  P u l s e  LINAC a t  O.RNL1', IEEE Trans. Nucl. Science NS-16 ( 3 ) ,  316 
(1969). 

[2 ]  T. E. Young F. B. Simpson, and R.. L Tate ,  "'l'he Low-Energy. T o t a l  Neutron Cross 
Sec t ion  of 2 4 2 ~ u " ,  Nuc. Sci .  Engr., 42, 341 (1971). 

[3]  0. D. Simpson et a1 , -  "The Determination of Background f o r  Neutron 
Sources", Nuc. I n s t r .  and Methods, 30, 293 (1964). 



TABLE I 

2 4 2 ~ u  RESONANCE PARAMETERS 

[ ] a s s u m e d  = 29 meV.  
Y 



AN EXMNATI~N OF THE TOTAL NEUTRON CROSS SECTIONS OF 2 4 3 ~ m  

0.  D. Simpson, F. B. Simpson 

De ta i l ed ,  energy-dependent c r o s s  s e c t i o n s  of many of t h e  t r a n s -  
plutonium nucl ides  a r e  needed f o r  accu ra t e  p r e d i c t i o n  o r  r e a c t i o n  r a t e s  
i n  AEC product ion r e a c t o r s ,  i n  t h e  Oak Ridge HFIR r e a c t o r ,  and i n  power 
r e a c t o r s  whose f u e l  i s  c u r r e n t l y  taken  t o  exposures of approximately 
30,000 ~Wd/ ton .  P r e c i s e  information on t h e  243Am neutron c r o s s  s e c t i o n s  
i s  important  because t h i s  i so tope  i s  a major l i n k  i n  t h e  production cha in  
l ead ing  t o  heav ie r  nuc l ides  having p r a c t i c a l  o r  s c i e n t i f i c  u se fu lnes s .  
E a r l i e r  measurements were made by Cote1 i n  1959, b e 1  w 15  eV us ing  t h e  
f  ast-chopper f a c i l i t y  a t  Argonne Nat iona l  LaboratoryP1] . La te r  2 4 3 ~ m  
measurements made w i t h  t h e  Mate r i a l s  Tes t ing  Reactor (MTR) f a s t  chopper 121 
provided c ros s  s e c t i o n s  i n  t h e  low-energy reg ion  and resonance parameters 
below 20 eV. The MTR r e s u l t s  i n d i c a t e d  a hermal abso rp t ion  c ros s  s e c t i o n  P value  one-half t h a t  publ i shed  i n  ~ N ~ - 3 2 5 [ ~  and s u b s t a n t i a l 1  improved t h e  
low-energy resonance parame l r r s  . These improvements t o  t h e  '"Am c ross  
s e c t i o n s  supported i n t e g r a l  c r o s s  s e c t i o n s  i n f e r r e d  from Savannah River 
i r r a d i a t j o n  experience and t h u s  gave increased  confidence i n  l a t t i c e -  
des ign  opt imi za t ion  c a l c u l a t i o n s  f o r  t h e  product ion  of 5 2 ~ f .  

The t o t a l  neutron c ros s  s e c t i o n  f o r  2"d41 w a s  determined from 
t r ansmis s ion  measurements i n  t h e  energy reg ion  of 0 5 t o  1000 eV us ing  
t h e  Oak Ridge Elec t ron  Linear  Acce lera tor  ( O R E L I L ) [ ~ ]  and t h e  a s soc i a t ed  
neut ron  t ime-of - f l igh t  e l e c t r o n i c s .  Breit-Wigner s ing le - l eve l  resonance 
parameters  were obta ined  below 250 eV. Most o f . t h e  resonances below 20 eV 
were analyzed wi th  t h e  shape a n a l y s i s  method f o r  which Lhe resonance 
energy Eo, t h e  reduced neut ron  s c a t t e r i n g  width 2gPn0 (rnO = P ~ E ~ - ~ / ~ )  , 
and t h e  r a d i a t i o n  width r a e l i s t e d  i n  Table I ,  a long  wi th  t h e  comparable 
parameters  from t h e  MTR d~atar ' l ] .  A s e t  of recommended resonance parameters 
de r ived  from the'MTR and ORELA d a t a  i s  a l s o  l i s t e d  i n  Table I .  The Bre i t -  
Wigner parameters of t h e  resonances above 20 eV de r ived  from a r e a  a n a l y s i s  
of t h e  ORELA d a t a  a r e  l i s t e d  i n  Table 11. 

Resonance absorp t ion  i n t e g r a l s  have been c a l c u l a t e d  from t h e  resonance 
parameters  of  Tables I and 11. A comparison between t h e  MTR, ORELA, and 
recommended parameters i s  presented  i n  Table I11 along wi th  t h e  va lue  
quoted i n  t h e  Neutron Cross Sec t ion  ba rn  book. 

[ l ]  R.  E. Cote1 e t  a l ,  Phys., 114,  . . p. 505 (1959).  

[ 2 ]  J. R .  Ber re th  and F. B. Simpson, T o t a l  Neutron Cross Sec t ion  of 
243Am from 0.01 t o  25 - eV, USAEC Report ,  IN-1407, p .  66 (1970).  

131 D. J. Hughes and R .  Schwartz, Neutron Cross S e c t i o n s ,  USAEC Report 
BNL-325, 2nd ed. (1965).  

2 4 3  - . -  

143 0. D. Simpson e t  a l ,  The T o t a l  Neutron Cross Sec t ion  of Am 
from O..5 eV t o  1000 eV, USAEC Report ,  ANCR-1060 (1972).  

153 N. C.  Per ink and T. A. Lewis, 1EEE.Trans. Nucl. S c i ,  NS-16 ( 3 ) ,  
316 (1969 ) . 



2 4 3 ~ m  RESOXANCE PARAMETERS 

2gr,0  me^) 

ORELA MTR 

--- 0.79 
--- 0.0001 0.0013 

0.0143 + 0.0007 0.0151" 
0.951 + 0.040 0.950 
0.182 + 0.008 0.181 
0.0062 + 0.0006 0.0066 
0.156 + 0.006 0.154 
0.0066 + 0.0006 0.0068 
0.140 + 0.006 0.137 
0.390 + 0.015 0.356 
0.027 + 0.002 0.027 
0.490 i 0.020 0.455 
0.0023 + 0.001 0.0044 
0.040 + 0.002 0.041 
0.050 + 0.003 0.048 
0.149 + 0.010 0.125' 
0.004 + 0.002 0.005 
0.086 + 0.004 0.084 
0.030 + 0.002 0.032 
0.049 2 0.003 0.050 
0.680 + 0.030 0.663 
0.400 + (3.020 0.367 
0.019 + 0.007 0.033 
0.360 + 0.030 0.306 
0.143 + 0.007 0.132 
0.048 + 0.004 -0.048 
0.055 + 0.030 0.052 
0.014 2 0.002 0.013 
0.050 ? 0.004 0.056 
0,020 + 0.004 0.026 

ry  (meV) 

ORELA MTR - 
-- 3 9 
39 + 2 39 
36 + 2 40 
43 t 2 43 
38 + 2 40 
2 7 2  6 37 
36 + 4 42 
43 + 6 56 
39 + 3 42 
37 + 3 42 
40 + 6 42 
39 + 4 42 
39 + 6 42 
37 + 1 0  42 
39 + 9 42 
49 + 5 42 
3 9 4 2 
41 + 6 42 
26 + 14 42 
37 + 11 42 
36 + 6 42 
41 + 8 42 
39 4 2 
44 + 11 42 
48 2 9 42. 
36 + 10 42 
42 + 10 42 
39 4 2 
3 9 42 
3 9 4 2 

Recommended 



TABLE I1 

2 4 3 ~ m  RESONANCE PARAMETERS 



TABLE I1 (Contd.) 



TABLE I11 

2 4 3 ,  RESONANCE ABSORPTION INTEGRAL (BARNS) 

Experiment 

ORELA [ a 

MT.R [ b l  

Recommended [ c I 

DNL Id] 

[ a ]  Includes  t h e  MT.R resonance parameters f o r  t h e  -2.0 and 0.42 eV l e v e l s  
~ l u s  t h e  ORELA psrameters of Tables I and 11, and average va lues  f o r  

0 r = 39 meV and rn = 0.13 meV above 250 eV. 
Y 

[b ]  Inc ludes  t h e  MTR resonance parameters of Tab le  I p l u s  those  w o t e d  C 21 
0 

between 20 and 25 eV, and average va lues  f o r  r = 42  meV and rn = 0.133 meV 
above-25 eV. Y 

[ c ]  Obtained from an  eva lua t ion  of t h e  MTR and ORELA parameters of Table I ( see  
recommended colum_ns) and ORELA parameters of Table 11. Average v a l u e s  f o r  - 0 ry = 39 meV and rn  = 0.13 meV obtained from ORELA d a t a  were used i n  t h e  
energy reg ion  above 250 eV. 

[ d l  Th is  is t h e  BNL recommended v a l u e  determined from experimental  i n t e g r a l  
measurements[3] whose lower l i m i t s  were determined by t h e  cutoff  energy 
of Cd (,approximately 0.5 eV) . 

[ e l  T h i s  v a l u e  was obtained from t h e  recommended s e t  of resonance parameters 
( s e e  f o o t n o t e  c )  which do not  r epresen t  an  average of t h e  MTR and ORELA 
parameters;  t h e r e f o r e ,  one would n o t  n e c e s s a r i l y  expect t h i s  v a l u e  t o  l i e  
be tween t h e  ORELA and MTR numbers ' quoted above. 



EVALUATION OF THE 2 4 4 ~ m  CROSS SECTIONS IN THE 
RESONANCE REGION 

0 .  D. Simpson, F. B. Simpson, T. E. Young 

Cross s e c t i o n  information on t h e  i so tope  2 4 4 ~ m  i s  important because 
of i t s  l i n k  i n  t h e  product ion cha in  l ead ing  t o  heav ie r  nuc l ides .  To 
produce t h e  b e s t  s e t  of Breit-Wigner resonance parameters it became 
necessary t o  do a complete eva lua t ion  of t h e  c r o s s  s e c t i o n s  i n  t h e  
reso lved  r sonance r e g i  n Therefore,  t o t a l  c ros s  s e c t i o n  measurements 
of Cote' and BerrethY2] and cap tu re  and f i s s i o n  measurements of 
~ooreL3. l  have been combined wi th  r ecen t  h igh  r e s o l u t i o n  t o t a l  measure-. 
mcnts t o  produce a s e l f - c o n s i s t e n t  s e t  of resonance parameters .  These 
new t o t a l  c ros s  s e c t i o n s  were measured us ing  t h e  Oak Ridge E lec t ron  
Linear  ~ c c e l e r a t o r l ~ ] .  A s o  inc luded  i n  t h e  e v a l u a t ' o  a r e  t h e  i n t e g r a l  
measurements of Schuman[5j, and Benjamin t7?. 

The neutron resonance parameters Eo (resonance energy) , r  O (reduced D 
neutron s c a t t e r i n g  w i d t h ) ,  r ( cap tu re  w i d t h ) ,  and I' ( f i s s l o n  wid th)  

Y f  were determined from t h e  t ransmiss ion  d a t a  us ing  a r e a  a n a l y s i  o r  t h e  
7.667 and 16.785 l e v e l s  by assuming absorp t ion  widths of 37.2B1fj and 
38;4 meV, r e spec t ive ly .  The parameters f o r  t h e  7.667 eV l e v e l  were t h e n  
combined wi th  those  of Cote'  and Berre th ,  and an eva lua t ion  produced t h e  
recommended parameters ( s e e  Table I ) .  The f i s s i o n  width of 1 .00  was 
determined by r e q u i r i n g  t h a t  t h e  resonance f i s s i o n  i n t e g  a a s  ca l cu la t ed  f 7f from t h e  parameters of Table I1 y i e l d  a va lue  of 18 b-eV . The 
resonance parameters above 20 eV, Table 11, were obta ined  from a r e a  
ana lyses  of t h e  t o t a l  d a t a  of ~ i m ~ s o n [ ~ ]  ( t h i s  r e p o r t )  and t h e  cap tu re  
and f i s s i o n  d a t a  of . ~ o o r e [ 3 1 .  These s e t s  of. d a t a  were t h e  only ones 
used above 20 eV, because of  t h e i r  s u p e r i o r  r e s o l u t i o n .  

The resonance i n t e g r a l s  f o r  t h e  absorp t ion  capture  and f i s s i o n  c ros s  
s e c t i o n s  a r e  l i s t e d  i n  Table 111. The absorp t ion  i n t e g r a l s  of Cote' 
Ber re th ,  and Simpson were c a l c u l a t e d  from resonance parameters a s  de te r -  
mined by each experimenter .  The dat.a of  Schuman, Thompson, and Benjamin 
were determined by d i r e c t  i n t e g r a l  measurements. The recommended i n t e g r a l s  
a r e  compared wi th  t h e  ENDFIB Bers ions  I1 and I11 va lues .  



[ l ]  R. E. Cote ' ,  R. F. Barnes, and H. Diamond, "Total  Neutron Cross Sec t ion  
of 244cmM, Phys. Rev., 134, B1281 (1964). 

[2]  J. R. Ber re th  e t  a l ,  "The T o t a l  Neutron Cross Sec t ion  of t h e  Cm I so topes  
from 0.01 t o  30 ev", Nuc. Sc i .  and Engr., - 47, pp 145-152 (October 1972). 

[3]  M. S. Moore and G. A. Keyworth, "Analysis of t h e  F i s s i o n  and Capture 
Cross Sec t ions  of t h e  Curium Isotopes",  Phys. Rev. C,  2_, 1656 (1971). 

[4]  N. C. Per ing  and T. A. Lewis, "Performance of t h e  140 MeV High Current  
Shor t  P u l s e  LINAC a t  ORNL", IEEE Trans. Nucl. Science NS-16 ( 3 ) ,  316 (1969). 

[ 5 ]  R.  P. Schuman, Nuclear Technology Branch Annual Progress  Report f o r  
Pe r iod  Ending June 30, '1969,  USAEC Report IN-1317, p. 59 (1970).  

[6]  M. C.  Thompson . e t  a l ,  "Thermal Neutron Cross Sec t ions  and Resonance 
I n t e g r a l s  f o r  244Cm through 2 4 8 ~ m " ,  ,J. Inorg.  Nucl. Chem., 33, 1553 (1971). 

[7]  R. W. Benjamin c t  a l ,  "F iss ion  Cross Sec t ions  f o r  Five I so topes  of 
Curium and Californium 249" ,' Nuc. Sc i .  and Engr., 47, 203 (1972). 

TABLE I 

2 4 4 ~ m  RESONANCE PARAMETERS FOR THE 7.667 eV LEVEL 

Cote '  Ber re th  Simpson Recommended 

[ a ]  Assumed 

[b  1 Adjusted s o  t h e  resonance f i s s i o n  i n t e g r a l  a s  c a l c u l a t e d  from t h e  
J resonance parameters  of Table I1 was 18  b-eV. 

[ c 1 Obtained by s u b t r a c t i n g  t h e  f i s s i o n  width from t h e  abso rp t ion  width. 



TABLE I1 

CIII FGSONANCE PARAMETERS 

(a) Value o b t a i n e d  by B e r r e t h  ( s e e  ENDFIB 1 1 1 ) .  

(b) Scc T a b l e  I. 

Note: These pa ramete rs  were o b t a i n e d  by doing a  complete  a n a l y s i s  o f  t h e  t o t a l  
d a t a  of Simpson e t  a l ,  and t h e  f i s s i o n  and c a p t u r e  d a t a  of Moore e t  a l .  
The Automated Cross S e c t i o n  A n a l y s i s  Program (ACSAP) w a s  used i n  o b t a i n i n g  
t h e  above paramete rs .  



Table  I11 

244Cm RESONANCE INTEGRALS 

Cote'  (1964) 648 + 32 -- -- 
Schuman (1969) [667 + 701 650 1 50 -- [a1 

B e r r e t h  (1971) 605 t 36 -- -- 
Cbl Thompson (1971) [662 + 701 650 + .50 12 .5  + 2.5 

Benjamin (1972) . 

Simpson (1972) 

[d l  
, i: 

Recommended * 624 + 23''' 606 k 23 1 8  + 1 J' 
. . 

'9 
W F / B  I1 654 + 35 637 + 37 17- + 11 3 .  

[ a ]  Obtained by s u b t r a c t i n g  1 b-eV ( t h e  e s t ima ted  i n t e g r a l  between Cd c u t o f f  
and 0.625 eV) and adding 1 8  b-eV due t o  E i s s ion .  The e r r o r  was a r b i t r a r i l y  
i n c r e a s e d  t o  + 70 by t h e  a u t h o r s  of t h i s  r e p o r t .  

[b ]  Summation of f i s s i o n  p l u s  c a p t u r e  n i n u s  t h e  1 b-eV desc r ibed  zbove. 

[ c ]  Obtained by weight ing  t h e  i n d i v i d u a l  v a l u e s  i n v e r s e l y  a s  t h e  squa re  of 
t h e  e r r o r .  

[ d l  Obtained by s u b t r a c t i n g  t h e  recommended f i s s i o n  and a b s o r p t i o n  i n t e g r a l s .  

* Calcula ted  from t h e  resonance parameters of Table  11. 



L. G. Miller, M. S. ~oore[l], G. E. stokesi2] 

It is now well established that fission is a few-channel process. 
In the interest of accuracy in reactor calculations, it is important 
that such calculations take into consideration the effects of the 
channel structure upon nuclear 'data. One well known effect is the 
interference between resonances, which requires that the fission cross 
section be described by a multilevel formula. A second effect accord- 
ing to the theory of ~andenbosch[~] is that ;, the average number of 
neutrons per fission event, roily 'vary. Both the interference effect and 
the T variation can be predicted if the channel assignments of the 
resonances can be established. 

The quantum number characterizing the fission channels is K, the 
projection of the angular momentum on the nuclear symmetry axis. Channel 
assignments can be made by measuring experimental quantities strongly 
correlated with K. A measurement of the relative yield of fission events 
associated with the hi hest kinetic energy fragments has been made for 
several resonances in q35U. These results show that the yield is strongly 
correlated with K. 

Pattenden and ~ostmal~3 have recently reported a measurement of 
fission fragment anisotropies observed in the irradiation of aligned 
2 3 5 ~  nuclei by neutrons, in the energy region below 100 eV. The quantity 
reported by Pattenden and Postma is A2, the leading coefficient in the 
Legendre expansion describing the anisotropy, which depends strongly on 
K, the quantum number usuallv assumed to be connected with fission 
channels. It has been noted[5$ 6] that the Pattenden-Postma results are 
strongly correlated with variations in the mass distribution of the frag- 
ments, as determined by Cowan et a1 [ 71 ,  and with the relative yield 
of high kinetic energy heavy fragments'from fission induced by low- 
energy (<I eV) neutrons, as measured by Moore and ~iller[~l. It is 
expected that correlations also should exist between A2 and fragment 
kinetic energies, and between A2 and F, the number of neutrons emitte 
per fission, for higher energy resonances. Previously available data f9-111 

have not shown that such a significant correlation exists, however. 

The measurement reported in the present paper was an attempt to 
determine the relative yield of the highest kinetic energy fragments 
across various resonances in 2 3 5 ~ ,  to assist in multilevel analysis of 
different fission channel contributions. The experiment was carried 
out as follows: A thin rolled foil (7-8 mg/cm2) of 2 3 5 ~  was placed in 
a back-to-back gas scintillation fission chamber, which was positioned 
in a neutron beam at the Rensselaer Polytechnic Institute electron 
linear accelerator. Time-of-flight spectra were recorded for both 
singles and coincidences (between the two halves of the chamber) in 



.different sections of memory of an on-line data acquisition computer. 
The fission foil was thick enough to elimiuate the possibility of 
observing coincidences except for those fission events associated 
with the highest kinetic energy release; the coincidence-to-singles 
ratio was about 0.1%. 

The statistical accuracy of the data was so low, however, that 
significant results were obtained for only a few of the largest reso- 
nances. The observed ratio of coincidences to singles for these reso- 
nances, compared to the A2 coefficients reported by Pattenden and 
Postrna 1 4 1 ,  is shown in Table I and plotted in Figure 1 for these five 
resonances. The correlation coefficient, given by the expr.ession: 

1 

2 -5 

r = [ i=l i, (xi-;)(yi-i)]. [ "xi-;) :' (ii-7) ] . 
i=l i=l 

is. found to be 0.97. Even with a sample of only five valu,es or three 
degrees of freedom in a bivariate distribution, this corresponds to a 
significance level (probability that a random bivariate sample would 
give this result) of much less than 1%. It can be concluded that 
fission-channel properties are correlated with fragment kinetic 
energies and thus, presumably, also'with T. 

The effects observed in 
the present experiment on 2 3 5 ~  
can be compared to similar,work 
(of considerably higher quality) 
reported b Felvinci and 
Melkonian [I2] for 3 ~ .  The - 
importance of indirect methods 
such as this for determining 
fission-channel properties for - - 
2 3 9 ~ ~ ,  which does not permit 
direct determination by nuclear - 
alignment studies, should also A 2  

be pointed out. - 

- I  - 

- 

Fig. 1 A2 as re orted by Pattenden and P ~ostrna[4 vs' relative yield of 
high-energyfragments, as revealed 
by the coincidence-to-singles ratio. 



TABLE I 

RELATIVE YIELD OF HIGH KINETIC ENERGY FRAGMENTS AND A2 VALUES 

OF PATTENDEN AND POST MA[^] FOR SELECTED RESONANCES IN 23513 

( E r r o r s  a r e  s t a t i s t i c a l  o n l y )  

Neutron 
Energy 

(ev> 

R e l a t i v e  Y i e l d  
of ~ i ~ h - ~ n e r ~ ~  

Fragments 

*A 19% c o r r e c t i o n  sugges ted  i n  Reference 4  h a s  n o t  been a p p l i e d .  

P r e s e n t  a d d r e s s :  Los Alamos S c i e n t i f i c  Lab, Los Alamos, New Mexico 
P r e s e n t  a d d r e s s :  Brigham Young U n i v e r s i t y ,  Provo, Utah. 
R. Vandenbosch, Nuc. Phys . ,  46 ,  129 (1963). 
N.  J: P a t t e n d e n  and H. Postma, Nuc. Phys . ,  A167, 225 (1971).  
N .  J .  P a t t e n d e n ,  p r i v a t e  communication (1971).  . . 

'M. S. Moore, i n  S t a t i s t i c a l  P r o p e r t i e s  of Nuc le i ,  (J .  B. Garg, 
e d . )  Plenum P r e s s ,  New York-London, p .  55 (1972).  
G. A. Cowan, B. P. Bayhurs t ,  R. J .  Prestwood, J .  S. Gilmore, and 
G. W. Knobeloch, Phys. Rev. C 2 ,  615 (1970).  
M. S. Moore and L. G. M i l l e r , " P h y s i c s  and Chemistry of - 
F i s s i o n " ,  IAEA,  Vienna,  Vol. L, p. 87 (1965).  
E. Melkonian and G .  K .  Mehta, ."Physics and Chemistry of ~ i s s i o n " ,  
IAEA, Vienna,  Vol. 11, p. 355 (1965). 
S. Weins te in ,  R. Reed,and R. C .  Block,  "Physics  and Chemistry of 
F i s s i o n " ,  IAEA, Vienna,  p. 477 (1969).  
Yu V. Ryabov, So Don S i k ,  N .  Chikov, and N .  Yaneva, JINR P r e p r i n t  
~ 3 - 5 2 9 7  (1970). 
J .  P. F e l v i n c i  and E. Melkonian, "Neutron Cross S e c t i o n s  and 
Technology", CONF-710301, p  . 855 (197'1). 
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EVALUATION OF DECAY SCHEMES OF LONG-LIVED FISSION PRODUCTS 

R. G. Helmer, R. C. Greenwood, C. W. Reich 

Gamma-ray spectroscopy, especially with ~e(Li) detector systems, 
is currently being used to measure the levels of various fission products 
in many phases of reactor research. These uses include: (1) the 
measurement of fission yields (e.g., for differing neutron spectral 
distributions for the fast-reactor program), (2) the measurement of 
fission product (e.g., to determine fuel burn-up or fission product 
migration) distribution in irradiated fuel elements, and (3) the 
measurement of the distribution of fission products in the reactor 
systems of nuclear power plants. 

In order to ma&e-.quantit'ative determinations of the fission product 
levels, it is- necessary that certain nuclear decay scheme information 
be accurately known. It is the purpose of this study to make a critical 
evaluation of the data currently available and provide a recommended set 
of information to be used for fission products. Initially, this study 
will concentrate on the products with half-lives over 10 days. There- 
fore, we have evaluated the data pertinent to the half-life and gamma- 
ray energies and intensities. The uncertainties in these quantities 
have also been evaluated. 

In most analyses, only the one or two strongest gamma rays will be 
used. However, in the determination of minor activities in complex 
gamma-ray spectra, it is often necessary to be aware of the possible 
interference in any particular peak. For this reason, these evaluations 
include all of the established transitions in each isotope. 

Tables I-VI give the decay scheme information for the first group 
of evaluations, incl~iding 95~r, 95Nb, 97~r, 97Nb, lo3nu, and I4OLa. 

TABLE I 

Gamma-Ray Int'ens ity 
- L%l 



TABLE I1 

.SUMMARY OF 'GAMMA-RAY DATA FOR 5hib 

Gamma-Ray Intensity 
( %  > 

99.83 + 0.04 

SUMMARY OF Gum-RAY DATA FOR 9 7 ~ r *  
- -- 

E 
Y Gamma-Ray Intensity 

(keV) - ( % >  

*Only the stronger (intensity >I%) gamma rays are included here. 

TABLE IV 

SUMMARY OF GAMMA-RAY DATA FOR 9 7 ~ b  

Gamma-Ray Intensity 
( % >  



TABLE V 

SUMMARY OF GAMMA-RAY DATA FOR 313u 

Gamma-ray Intensity 
( %  

TABLE VI 

(q = 40.26 + 0.02 hours) 
E Gamma-r ay E 
Y Y Gamma-ray 

( kev - Intensity - (kev ) Intensity 
( % I  ( % )  



EYALUATION OF DECAY SCHEMES FOR FISSION GAS MONITORING 

R. C .  Greenwood, R. G. Helmer, C .  W.  Reich, J .  E. Cline, R.  J. Gehrke 

In  response t o  a request from the  Environmental Inspection Branch 
of AEC Regulatory, an evaluation of nuclear data  f o r  those f i s s i on  
product gases, and t h e i r  radioactive daughter products, which woiild be 
of use i n  e f f luen t  monitoring was undertaken. The purpose of such an 
eval-utt.l;ion I s  t o  provide a consis tent  s e t  of nuclear data  t o  be used 
i n  repor t ing by a l l  groups involved i n  monitoring gaseous f i s s i o n  
product e f f luen ts .  

.The nuclear data  which was t o  be evaluated by us included: hal f -  
l i v e s ,  and t he  energies and absolute branching r a t i o s  of t he  p r inc ipa l  
gamma-rays (which would normally be u t i l i z e d  f o r  monitoring purposes). 
A summary of nuclear l i t e r a t u r e  (up t o  March 1972) i s  shown i n  Table I. 
In  column 5 of t h i s  t ab l e ,  a l i s t  i s  provided of t he  most recent ,  and 
per t inen t ,  references used i n  t h i s  evaluation. 



TABLE I 

EVALUATION OF' NUCLEAR DATA OF K r  AND X e  RADIOISOTOPES, AND THEIR DAUGHTER 
ACTIVITIES, PRODUCED I N  NUCLEAR FISSION 

Gma-Ray Gamma-Ray References 
Energy Branching Rat io  and 

I so tope  H a l f  -Lif e (kev ) ( $ 1  Comments 

85mKP (4.480 + o.oo8)h 151.17 f 0.02 75 + 3 1- 3 
304.86 k o . 0 3  1 4  i 2  



TABLE I (Contd. ) 

3,14,28-31 
(1t i s  
recommended 
t h a t  3 8 ~ s  
be used t o  
character i  ze 
t h e  k 1 3 8  
chair1 
y i e l d .  ) 

1. F. K. Wohn e t  a l ,  Nucl. Phys. A152, 561 (3.970). 

2. D. J. Horan, Nucl. Data Sheets B5, 131  (1971). - 
3. ANC-NRTS da ta .  

4. A. Shihab - Eldin e t  a l ,  Nucl. Phys. ~ 1 6 0 ,  33 (1971). - 
5 .  J. P. Bocquet e t  a l ,  Nucl. Phys. A125, 613 (1969). 

6. H. Lychlama e t  a l ,  C a n .  J. PHys. 47, 393 (1969). 

7. H. Verheul, Nucl. Data Sheets B5, 457 (1971). - 
8. R. S. Hager and E. C. S e l t z e r ,  Nucl Data Tables ~ 4 ,  1 (1968)~. - 
9. C .  D. Goodman e t  a l ,  Nucl. Data Tables A8, 345 (1970). 

10. R.  C. Ragaini and R .  A.  Meyer , Phys . Rev. C_I, 890 ( 1972 1. 

11. W. W. ' P r a t t ,  Nucl. Phys. ~ 1 6 0 ,  626 (1971). . -  

12. Y. Kawase, Nucl. Phys. ~ 1 5 4 ,  127 (1970). - 



M. W. Johns e t  a l ,  Nucl. Data Tables g, 373 (1970). 

G. C. Carlson, ~ u c l .  ~ h y s .  A125, 267 (1969). 

J. E. E t c h i n g  and M. W. Johns, Nucl. Phys. &8, 337 (1967). 

J. E. E t c h i n g  and M. W. Johns, Nucl. Phys. 44, 2661 (1966). 

M. J. Martin and P. H. Blichert-Toft,  Nucl. Data Tables g, 1 (1970). 

J. F. f i e r y  e t  a l ,  0 ~ ~ ~ - 4 4 6 6  (1970) p. 75. 

I. Bergstrom, Phys. Rev. - 81, 638 (1951). 

P. Alexander and J. P. Lau, Nucl. Phys. A121, 612 (1968). 

Nucl. Data Sheets ,  National Academy Sciences, National Research 
Council, Washington, D. C . , 1961 . 
C. M. Lederer e t  a l ,  Table of Isdtdpes,  6 th  Ed. (wiley,  1967) . 
G. Anderson e t  a l ,  Arkiv Fysik 3, 37 (1965). 

OSIRIS Collaberation, CERN 70-30 (1970). 

S. Amiel e t  a l ,  Arkiv Fysik - 36, 169 (1967). 

N. P. Archer and G. L. Keech, Can. J. Phys. 44, 1823 (1966). 

G. Holm, Arkiv Fysik 37, 1 (1968). 

T. Alvager e t  a l ,  Phys. Rev. - 167, 1105 (1968) . 
V. V. Ovechkin and N .  N. D&midov, Soviet-Phys. JETP 20, 1123 (1965). 

T. Nagahara e t  a l ,  J. Phys. Soc. Japan - 26, 232 (1969). 

31. G. M. St inson e t  a l ,  Can. J. Phys. - 4 5 ,  3393 (1967). 

32. J. C. H i l l  and D. F. N l e r ,  Phys. Rev, C, 532 (1972). 

33. J. P. Bechemilh e t  a l ,  Nucl. I n s t r .  Methods 93, 509 (1971). 

34. L. C. Carraz e t  a l ,  Nucl. Phys. A171, 209 (1971). 

35. T. Nagahara e t  a l ,  J. Phys. Soc. Japan - 28, 283 (1970). 

36. M. E. Bunker e t  a l ,  Phys. Rev. - 103, 1417 (1956). 



EVALUATION OF DECAY SCHEMES FOR ILRR PROGRAM 

. . R .  ~ . ,He lmer ,  R.. C .  Greenwood 

The purpose of t he  ILRR ( ~ n t e r l a b o r a t o r ~  LMFBR Reaction   ate) 
program i s  t o  develop t he  capabi l i ty  t o  measure accurately neutron 
induced react ion r a t e s  f o r  LMFBR fue l s  and mater ia ls  development. A 
goal  i s  t o  be able t o  measure f i s s i on  and non-fission react ion r a t e s  
by means of gamma-ray spectroscopy with accuracies of about ?5% a t  the  
95% confidence l eve l .  

I n  order t o  accomplish t h i s  goal and t o  est imate r e a l i s t i c a l l y  the. 
experimental uncer ta in t i es ,  it i s  necessary t o  have avai lable  c e r t a i n  
decay scheme information. The l i t e r a t u r e  avai lable  f o r  the  decay schemes 
of i n t e r e s t  has been c r i t i c a l l y  evaluated and t he  "best" values of the  
ha l f - l i f e  and energies and absolute i n t e n s i t i e s  o f ' t h e  s t rongest  gamma 
rays have been determined. This information i s  given i n  Table I. 



TABLE I 

A SET OF RECOMMENDED HALF-LIVES, GAMMA-RAY ENERGIES, AND 
BRANCHING RATIOS FOR THE ILRR RADIOCHEMISTRY FOIL MEASUREMENTS 

Gamma-Ray 
Energy[ "1 

(kev) 

Gamma-Ray Branching 
  at ioi["] Half-Life La] 

tS 

9.46(2) m 

Radioisotope 

7 ~ g  

55*5(17))  sum = 99.6(1)  
44.1(12) 

83'7(15) ) sum = 99.93(2) 
16.2(15) 

[a]  The numbers i n  parentheses ind ica te  t h e  uncer ta in ty  (1 a )  i n  the  l a s t  
d i g i t ( s  ). 

[b]The combined i n t e n s i t y  of t h e  1037-keV gamma ray  and a  1212-keV gamma 
ray  i s  (99.98 2 0.01)%. 

[c]The e f f e c t i v e  line-energy of t h i s  peak may be lower than t h i s  energy 
due t o  e l ec t ron  binding e f f e c t s  and t h e  f i n i t e  width of t h e  ann ih i l a t ion  
r a d i a t i o n  energy d i s t r i b u t i o n .  



TABLE I (~ontd.) 

[dl The ratio t%(~a)/[t~(Ba)-t~(~a)], which is the ratio of the 140La to 
140~a activities in a mixed 140~a-140~a source at equilibrium, is 
therefore 1.15096 + 0.00012. 

[el There is also a gamma-ray transition of 226.4 keV which has an intensity 
of 0.7%. 

[f] There are also gamma-ray transitions of 272.8 keV and 280.5 keV, but 
both have intensities of less than 0.1%. 



NUCLEAR DATA COMPILATION PROJECT FOR NAS-NRC 

L. A.  Kroger [11, C.  W. Reich 

Our involvement i n  t h e  Nuclear Data Compilation Pro jec t  supported 
by t h e  National Science Foundation through t h e  National Academy of 
Sciences-National Research Council, Committee on Nuclear Science, has 
begun t h i s  f i s c a l  year.  This program i s  a nationwide e f f o r t  t o  br ing 
t h e  Nuclear Data Sheets up t o  date  by t h e  l a t t e r  p a r t  of 1974. To carry  
out  t h e  compilation, two groups o f ' 1 2  postdoctora l  nuclear phys ic i s t s  
have been chosen, one group t o  begin work i n  1971 and one t o  begin i n  
1972, from various l abora to r ies  and u n i v e r s i t i e s  around t h e  U.S. Although 
t h e  program extends f o r  th ree  years ,  each ind iv idua l ' s  p a r t i c i p a t i o n  i n  
it i s  l imi ted  t o  two years.  Each postdoctora l  p h y s i c i s t ,  under t h e  
d i r e c t i o n  of a sponsor, i s  given a group of mass chains t o  update. Our 
respons ib i l i ty  i s  f o r  t h e  mass chains A = . I 5 3  through 156. A t  present ,  
the  da ta  compilation f o r  A = 153 i s  nearing completion. Over 200 papers 
have been read i n  order t o  e x t r a c t  t h e  da ta  t o  be included i n  t h i s  mass 
chain. 

[l] Nuclear Information Research Associate.. 



STUDIES RELATED TO MEASUREMENT OF 
CONTINUOUS ELECTRON SPECTRA 

R. G. Helmer, R .  G. Hughes [ 1 1 

Two types of e lec t ron  spec t ra  occur i n  t h e  decay of radioact ive  
i sotopes .  The f i r s t  consis ts  of d i s c r e t e  groups of monoenergetic 
e lec t ron  l i n e s  from the  internal-conversion process.  Each such group 
i s  r e l a t e d  t o  a p a r t i c u l a r  gamma-ray t r a n s i t i o n ,  and .each member of 
t h e  group i s  r e l a t e d  t p  a p a r t i c u l a r  atomic s h e l l  or subshell .  , 

The second type of e lec t rons  cons i s t s  of t h e  continuous spec t ra  . 

t h a t  r e s u l t  from t h e  be ta  decay process ( i . e . ,  t h e  nuclear transformation 
from one element t o  another) .  These spec t ra  o f t en  a r e  composed of sev- 
e r a l  components, each r e l a t i n g  t o  t h e  decay t o  a p a r t i c u l a r  nuclear  s t a t e  
i n  t h e  product,  o r  daughter, nucleus. An analys is  of these  continuous 
spec t ra  i s  o f ten  important i n  t h e  determination of absolute  gamma-rqy 
i r l t e n s i t i e s  as  wel l  as  f o r  the  study of c e r t a i n  nuclear s t r u c t u r e  
p roper t i e s .  

The analys is  of a  continuous spectrum cons i s t s  of a  determination 
of (1) t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  various components and ( 2 )  t h e  
shape ( i . e . ,  t h e  energy dependence of the  shape f a c t o r )  of each component. 
For any spectrum consis t ing  of more than one component, t h e  decomposition 
of t h e  t o t a l  spectrum t o  determine t h e  i n t e n s i t i e s  of t h e  individual  
components usually depends on a knowledge of t h e  shape f a c t o r s  of each 
component. There a r e  severa l  experimental problems involved i n  these  
measurements which a r e  not important when d i s c r e t e  spec t ra  a r e  studced. 
The shape of t h e  continuous spectrum can be d i s t o r t e d  by counting (1) 
elect rons  s c a t t e r e d  from t h e  w a l l s  of the  vacuum chamber, ( 2 )  e lec t rons  
produced by gamma rays  s t r i k i n g  t h e  chamber w a l l s ,  and ( 3 )  e lec t rons  
which a r e  s c a t t e r e d  (and change energy) i n  t h e  source. I n i t i a l  s tud ies  
of t h e  f i r s t  two e f f e c t s  have been made f o r  t h e  ITG elec t ron  spectrometer. 
Also computer programs f o r  t h e  analys is  of t h e  experimental da ta  have 
continued t o  be developed. 

The primary b a f f l e s  which def ine  the  transmission and reso lu t ion  of 
t h e  spectrometer a r e  % 113 of t h e  way around t h e  e lec t ron  o r b i t s  (from 
t h e  source . to  the  d e t e c t o r ) .  It i s  therefore  poss ib le  f o r  e l ec t rons  o r  
gamma rays t o  pass through t h i s  b a f f l e  and s t r i k e  t h e  vacuum chamber 
wa l l s .  For some of t h e  r e s u l t i n g  energies and emission angles t h e  . 
s c a t t e r e d  secondary e lec t rons  can then be counted. The magnitude of 
these  e f f e c t s  has been s tudied by t h e  in t roduct ion of a  secpndary b a f f l e  
placed % 213 of t h e  way around t h e  o r b i t .  This b a f f l e  should i n t e r c e p t  
most of t h e  s c a t t e r e d  and secondary e lec t rons .  

For t h e  continuous e lec t ron  spectrum from t h e  decay of 3 2 ~  (end 
point  1710 k e ~ ) ,  spec t ra  taken wi th  and without t h e  secondary b a f f l e  a r e  
shown i n  Figure 1. The two spec t ra  a r e  compared by subtrac t ing t h e  back- 
ground, normalizing, and subtrac t ing t h e  two spect ra .  This d i f ference  
divided by t h e  associa ted  e r r o r s  i s  a l s o  shown. I f  the re  i s  no di f ference  
between t h e  two spec t ra  except f o r  t h e  s t a t i s t i c a l  f luc tua t ions ,  



t h e  sum of t h e  squares of these  res idua l s  should be % 1.0.  For two such 
comparisons t h e  a c t u a l  values a r e  1.08 and 1.39. The devia t ion from 1.0 
probably r e s u l t s ,  i n  p a r t ,  from var ia t ions  i n  t h e  background during t h e  
experiment. ( s ince  these  experfme~lts were c a r r i e d  o u t ,  a  second detec tor  
has been mounted i n  the  same chamber so  t h a t  f luc tua t ions  i n  t h e  back- 
ground can be monitored.) The l ack  of any observable change i n  these  
spec t ra  ind ica tes  t h a t  t h e  s c a t t e r e d  e lec t rons  do not contr ibute  s i g n i f i -  
cantly (compared t o  t h e  counting s t a t i s t i c s )  t o  t h e  spectrum. 

The e f f e c t  from elec t rons  produced by gamma rays s t r i k i n g  t h e  
chamber wal ls  was s tudied under a ' v a r i e t y  of experimental condit ions 
with a 1-mc source of 6 5 ~ n .  This source does not emit a  continuous 
e lec t ron spectrum; i t s  rad ia t ions  cons i s t  of a ' l l l5-keV gamma ray and 
t h e  associa ted  conversion-electron l i n e s ,  together with X-rays and 
posi t rons  from t h e  "beta" decay process,  The e lec t ron  spectrum was 
scanned from 120 t o  740 keV with t h e  primary b a f f l e  s e t  a t  a  r e so lu t ion  
of 0.15% and t h e  secondary b a f f l e  a t  1.0%. The t o t a l  count ( f o r  840 
minutes ) i n  each spectrum i s  given i n  Table. I. These . r e s u l t s  show a 
fac to r  of -3 reduction i n  t h e  e lec t ron  count r a t e ,  which ind ica tes  t h e  
necess i ty  of using t h e  secondary b a f f l e .  

The computer programs f o r  t h e  analys is  of t h e  continuous e lec t ron  
spec t ra  have been more completely developed. The program t o  determine . 

t h e  s p e c t r a l  shape (described i n  Reference '21 has been modified t o  handle 
data  i n  t h e  form generated by our e lec t ron  spectrometer. Subroutines t o  
make de tec to r  e f f i c i ency  correc t ions  and t o  p l o t  various spec t ra  have 
been added. 

For t h e  ~ t u d y  of t h e  parameters of i n t e r e s t  i n  nuclear  s t r u c t u r e  
(i .e.,  t h e  beta-decay matrix elements ) , severa l  computer programs have 
been obtained from D r .  P. Simms, Purdue University. Along wi th  these  
programs, we have obtained some i n s t r u c t i o n  i n  t h e i r  use. 

TABLE I 
6 5 

TOTAL COUNTS I N  Zn ELECTRON SPECTRUM 

WITH AND WITHOUT SECONDARY BAFFLE 

Configuration 
Counts (840 minutes) 

Gross Background Net 

no secondary b a f f l e  22,811 + 144 20,832 + 151 19'79 & 209 . 

with secondary b a f f l e  2 1 , 5 4 6 5 1 4 7  2 0 , 9 1 6 + 1 4 5  630 + 206 

[ l ]  Graduate student  from Utah S t a t e  Universi ty,  Logan, Utah, on AWU 
program. 

[2]  R. G. Helmer, Nuclear Technology Division Annual Progress Report 
f o r  Period Ending June 30, 1971, USAEC Report ANCR-101'6, p.  492 
(1971) 
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Figure 1 Continuous e lec t ron  spectrum of 3 2 ~  measured with and without 
a  secondary b a f f l e .  The di f ferences  between t h e  two spec t ra  
( a f t e r  background sub t rac t ion  and normali za t ion)  a r e  shown a t  
the  bottom i n  u n i t s  of t h e  associa ted  standard devia t ions .  
These spec t ra  were tdken with t h e  primary b a f f l e  s e t  a t  a  
r e so lu t ion  of 0.15% and t h e  secondary b a f f l e  s e t  a t  1.0%. 
The d a t a  spans t h e  energy range 120 t o  1730 keV. 



NEUTRON CAPTURE GAMMA-MY STUDIES USING THE 
2-keV NEUTRON BEAM FACILITY -- 

R.  C.  Greenwood ' 

The a n a l y s i s  of t h e  neutron capture  gamma-ray d a t a  obta ined  us ing  
t h e  2-keV scandium f i l t e r  beam f a c i l i t y  of  t h e  MTR i s  cont inuing.  P r i o r  
r e p o r t s  on t h i s  e f f o r t  a r e  t o  be  found i n  References 1-3. As we have 
noted i n  t h e s e  r e p o r t s ,  one of  t h e  major emphases of t h i s  program has 
been t o  o b t a i n  an understanding of how neutron cap tu re  gamma-ray s p e c t r a  
vary as  a  func t ion  of neutron energy, and thence  t o  apply t h i s  under- r 

s tanding  t o  t h e  i n t e r p r e t a t i o n  of t h e  prompt gamma-ray s p e c t r a  of  com- 
ponent m a t e r i a l s  of a f a s t  r e a c t o r .  Since s t a i n l e s s  s t e e l  i s  one of 
t h e  p r i n c i p a l  s t r u c t u r a l  m a t e r i a l s  i n  t h e  core  reg ion  of a f a s t  r e a c t o r ,  
we have i n i t i a l l y  pu t  p a r t i c u l a r  emphasis on t h e  a n a l y s i s  of t h e  2-keV 
neutron cap tu re  gamma-ray s p e c t r a  of t hose  elements which a r e  components 
of s t a i n l e s s  s t e e l .  To t h a t  end, we have r e c e n t l y  completed t h e  analy- 
s i s  of t h e  2-keV neutron capture  d a t a  from coba l t  and n i c k e l .  These 
d a t a  a r e  summarized i n  Tables I and 11. For comparison, we have r e c e n t l y  
measured thermal  neutron capture  gamrna-ray s p e c t r a  wi th  t h e s e  same 
samples of coba l t  and n i c k e l ,  us ing  t h e  2 5 2 ~ f  neutron capture  gamma-ray 
f a c i l i t y  descr ibed  elsewhere i n  t h i s  r e p o r t .  ' F i n a l  a n a l y s i s  and 
i n t e r p r e t a t i o n  of t h e  2-keV d a t a  f o r  coba l t  and n i c k e l  w i l l  t hus  await  
completion of  t h e  a n a l y s i s  of t h e  thermal  da t a .  

I n  a d d i t i o n  t o  our i n t e r e s t  i n  t h e  2-keV neutron f a c i l i t y  a s  a  
means of provid ing  b a s i c  d a t a  f o r  f a s t  r e a c t o r  s h i e l d i n g  s t u d i e s ,  we 
have a l s o  recognized i t s  va lue  as a t o o l  f o r  provid ing  b a s i c  nuc lear  s t ruc -  
t u r e  informat ion  ( a s  d i scussed . in :Refe rence  5 ) .  Table I11 summarizes 
t h e  a n a l y s i s  of t h e  prompt gamma-ray spectrum obta ined  as a r e s u l t  of 
2-keV neutron capture  i n  an enr iched  sample of 1 5 6 ~ d .  I n  t h i s  t a b l e  
a r e  shown t h e  ene rg i e s  of t h e  primary gamma-ray t r a n s i t i o n s ,  r e l a t i v e  
t r a n s i t i o n  i n t e n s i t i e s ,  reduced t r a n s i t i o n  i n t e n s i t i e s  (assuming E - 3  Y 
energy dependence) and t h e '  ene rg i e s  of t h e  1 5 6 ~ d  l e v e l s  which a r e  popu- 
l a t e d  by t h e  primary t r a n s ' i t i o n s .  These d a t a  were obta ined  by us  a s  
p a r t  of our c o n t r i b u t i o n  t o  a coopera t ive  s tudy of l S 6 ~ d  l e v e l  s t r u c t u r e  
involv ing  s e v e r a l  groups a t  d i f f e r e n t  l a b o r a t o r i e s .  A pre l iminary  
r e p o r t  of t h i s  work i s  t o  be  found i n  Reference 5 -  

[l] R .  C.  Greenwood, "Devel opment of  a Prompt-Neutron Ac t iva t ion  
Analysis  F a c i l i t y  U t i l i z i n g  a  2 5 2 ~ f  ~ o u r c e " ,  t h i s  r e p o r t .  

121 R .  C .  Greenwood e t  a l ,  Nuclear Technology Branch Annual Progress  
Report f o r  t h e  Per iod  ~ n d i n g  June 30, 1969, USAEC Report IN-1317, 
pp. 109 and 116 (1970).  

[3] R. C.  Greenwood and C. W. Reich, Nuclear Technology Branch Annual 
Progress  RepoFt f o r  t h e  Pe r iod  Ending June 30, 1970, USAEC Report 
IN-1407, pp. ' q6 and 102 (1970 ) . 

141 R .  C .  Greenwood and C .  W. Reich, Nuclear Technology Divis ion  Annual 
Progress  Report f o r  t h e  Pe r iod  ~ n x i n g  June 30, 1971, USAEC Report 
ANCR-1016, p .  29 (1971). 

[ 53 R .  C .  Greenwood e t  a l ,  "Neutron Capture Gamma-Ray Symposium, . 
Studsvik Symposium 1969" (IAEA, Vienna, 1969) p .  607. 

163 A .  Backl in e t  a l ,  "Neutron Capture Gamma-Ray Symposium, Studsvik 
Symposium 1969" CIAEA, Vienna, 1.969) p .  147. 



TABLE I 

2-kev NEUTRON CAPTURE I N  COBALT 

Gamma-Ray 
Energy 
(kev  ) 

Rela t ive  I 
_Y 

[ a ]  Normalization. 



TABLE I1 

PRIMARY CAPTURE GAMNA-RAY ENERGIES AND INTENSITIES 
FOR 2-keV NEUTRON CAPTURE I N  NICKEL 

- - 

Gamma-ray Energy . 
(kev ) 

9423.9 
9000.6 
8535.5 
8122.8 
7821.2 
7754 4 
7584.2(?) 
7538.4 
7415.2 
7368.7 
7165.4 
7146 ( ? )  
7130.1 
7110.8 
7008.1 
6985.1 
6838.7 
6807.2 
6729.4 
6720.4 

Uncertainty 
( k e ~ )  

Re la t ive  I n t e n s i t y  
Gamma-ray 

6 
100 

3 3 
14.9 
36 
67 
9 

53 
7 
6 

22.4 
5 
4 
5 
8 
5 

109 
9 

1 2  
1 5  

8 
1 3  
2 1  

4 
7 
7 

11 
7 
8 

26 
15  
24 
1 2  
1 8  
12 
19 

Uncertainty 
( p e r c e n t )  



TABLE I11 

1 5 5 ~ d ( n , y )  - PRI'MARY GAMMA-RAY ENERGIES AND INTENSITIES 
2-keV 'NEUTRON CAPTURE 

Gamma-Ray 
Energy Er ro r  
( kev ) (kev)  

8537.4 0.7 
8448.8 0.5 
7488.8 0 .7  
7419.7 1.0 
7408.4 0.5 
7383.6 0 .5  
7368.5 0. 5. 
7289.9 0 .5  
7279.1 0.5 
7261.3 0.9 
7254.3(?)  1 . 3  
7216.8 0.9 
6823. o 0 . 7 .  
6766.9 0.5 
6730. o 0. 7 
6710. o 0.5 
6687.0 0.7 
6678.6(?)  1.1 
6622.7 0.5 
6572. o 0.6 
6550.8 0.8 

Re la t ive  
Gamma-Ray 
I n t e n s i t y  

45.4 
100 

17.9 
11 .7  
45.9 
43 ..6 

q56.4 
24.4 
35.4 

a 1 . 8  
5.1 
9.7 

20.4 
28.4 
14.5 
30.2 
15 .7  

8 .0  
38.0 
25.8 ' 

13.4 
21.5 
20.6 
23.2 
20.6 
12 .5  
11 .3  . 
12.5 
11.1 
20.6 
14 .5  
41.3 
32.0 
15 .5  
12 .2  
39.8 
17  9 
15 -  7 
19.6 
17.0 
16 .7  
12.7 
20.4 
23.3 

Er ro r  
% 

1 0  
7 

15 
25 
1 0  
1 0  

1 2  
1 2  
25 
4 0 
2 5 
2 5 
1 5  
20 
12  
20 
30 
10 
12  
2 0 
15  
15  
1 5  
2 0 
2 0 
25 
25 
2 5 
15  
2 5 
1 2  
1 2  
2 5 
3 0 
1 2  
2 0 
30 
30 
20 
25 
25 
20 
1 5  

Level 
Energy 
(kev) 

0.3 
88.9 

1048.9 
1117.9 
1129.3 
1154.1 
1169.2 
1247.8 
1258.6 
1276.3 
1 2 8 3 . 4 ( ? )  
1320.8 
1714.6 
1770.8 
1807.6 
1827.6 
1850.7 
1859 .1 (? )  
1915.0 
1965.7 
1986.9 
2003.9 
2026.3 
2048.4 
2054.6 
2069.9 
2082.1(?)  
2106.2 
2118.4 
2147.0 
2157.7 
2175.0 
2189.4 
2217.6 
2270.2(?)  
2301.2 
2323.1 
2361.6 
2367.4 
2382.2 
2402.8(?)  
2506.4 
2534.1 
2574.0 

Er ro r  
(keV) 

0.4 
0.4 
0.5 
0.9 
0.3 --- 
0.4 
0.4 
0.3 
0.8 
1 . 2  
0.8 
0.5 
0.5 
0.7 
0.5 
0.6 
1 . 0  
0.4 
0.5 
0.7 
0.5 
0.5 
0.6 
0.7 
0.8 
0.9 
0.7 
1.1 
0.6  . 

0.8 
0.4 
0.4 
1 . 0  
1 . 2  
0.4 
0.7 
1 . 4  
1 . 2  
0 .7  
1 . 0  
0.9 
0.6 
0.6 



TABLE I11 ( ~ o n t d .  ) 

I 

Gamma-Ray 
Energy Error 
( keV ) (keV ) 

Relative 
Gamma-Ray Error 
In tens i ty  % 

Level 
Energy Error 
(kev) (kev) 



J. W. Rogers 

Because t h e  115~nCn, n c ) 1 1 5 m ~ n  r e a c t i o n  i s  be ing  used a s  a  
f a s t  neutron f l u x  moni t o r  i n  LMFBR dosimetry and s p e c t r a l  measuremerrLs 
t h e  h a l f - l i f e  of t h e  radioisotope 'lSrnIn was measured. This  measure- 
ment i s  important 6ecause i n  order  t o  ob ta in  very  a c c u r a t e  r e s u l t s  
from a c t i v a t i o n  analysis, t h e  decay scheme parameters must be  p r e c i s e l y  
known. 

The measurement was made by counting wi th  a  N ~ I ( T ~ )  s c i n t i l l a t i o n  
d e t e c t o r  a n  indium f o i l  which had been i r r a d i a t e d  i n  t h e  CFRMF, The 
116111~n a c t i v i t y  was allowed t o  decay u n t i l  i L  was no longer  observable 
and then  t h e  f o i l  was counted a t  equal  i n t e r v a l s  over a  e r i o d  of !? s e v e r a l  h a l f - l i v e s  t o  o b t a i n  t h e  d a t a  t o  determine t h e  5 m ~ n  h a l f - l i f e .  
These d a t a  were then  f i t  by l i n e a r  l e a s t  squares  t o  a  s t r a i g h t  l i n e  
func t ion ,  I n  y = - A t  + C, where y  i s  t h c  a r e a  under t h e  335 keV 
ga.rnma-ray peak and t i s  t h e  t ime i n  hours a t  which t h e  counting i n t e r -  
v a l  occurred .  - 

The r e s u l t  from t h e s e  measurements i s  t h a t  t h e  h a l f - l i f e  of  
l l S m I n  i s  4.496 - + 0 . 0 0 ~  hours .  



CORIOLIS BAND-MIXING ANALYSIS OF THE OCTUPOLF- 
VIBRATIONAL STATES IN 172yb 

C .  W. Reich 

The p r o p e r t i e s  o f  t h e  oc tupole-v ibra t iona l  bands i n  t h e  deformed 
even-even nuc le i  a r e  a  t o p i c  of g r e a t  cu r r en t  i n t e r e s t  i n  nuc lear  phys ics .  
Extensive t h e o r e t i c a l  c a l c u l a t i o n s  of  t h e  p r o p e r t i e s  of t h e s e  bands have 
been publ i shed  ( s e e ,  e . g . ,  [l] and [21) .  Espec ia l ly  i n t e r e s t i n g  i s  t h e  
s t rong  C o r i o l i s  coupling among t h e s e  ? J:c7 , a  phenomenon which was re -  
vealed i n  recenl; decay-scklrrne s t u d i e s  and which t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  a r e  ab l e  t o  p r e d i c t  q u i t e  n i ce ly .  I n  s p i t e  of  t h e  exten- 
s i v e  c h a r a c t e r  o f  t h e  t h e o r e t i c a l  c a l c u l a t i o n s ,  r a t h e r  l i t t l e  i n  t h e  
way of d e t a i l e d  experimental  d a t a  on t h e s e  bands has t h u s  f a r  been pub- 
l i s h e d .  As one f e a t u r e  of t h e  sys temat ic  s tudy of nuc lear  l e v e l  schemes 
a t  t h i s  l a b o r a t o r y  u t i l i z i n g  t h e  ( n , y )  r e a c t i o n ,  a  sys temat ics  o f  t h e  
oc tupole-v ibra t iona l  band s t r u c t u r e  i n  t h e  deformed even-even r a re -ea r th  
nuc l ides  i s  emerging. 

Data on t h e  energy-level scheme of 1 7 2 ~ b ,  s tud ied  us ing  t h e  ( n , ~ )  
r e a c t i o n ,  have been presented  p rev ious ly  151.  The s t a t e s  belonging t o  
t h e  oc tupole  bands i n  t h i s  nuc l ide  a r e  shown a t  t h e  r i g h t  i n  Figure 1. 
Members of t h e  bands wi th  K' = 0-, 1- and 2- a r e  observed i n  t h i s  s tudy.  - 
I n  a d d i t i o n ,  t h e  band head of  t h e  band wi th  KT = 3 has been l o c a t e d  a t  
2032 keV by ( d , d l  ) r e a c t i o n  s tudiesL61.  A C o r i o l i s  band-mixing s tudy 
of t h e s e  oc tupole-v ibra t iona l  s t a t e s  forms t h e  sub jec t  of  t h e  present  
r e p o r t .  

The C o r i o l i s  mat r ix  element between two s t a t e s  of  sp in  I ,  o r i g i n a t i n g  
from r o t a t i o n a l  bands cha rac t e r i zed  b  sp in-pro jec t ion  quantum numbers K 
and K+1, i s  given by t h e  express ion  [ l y  

I n  t h e  a n a l y s i s ,  t h e  C o r i o l i s  mat r ix  elements between t h e  bands, a s  
we l l  a s  t h e  band-head ene rg i e s  and moments of  i n e r t i a ,  were t r e a t e d  a s  
v a r i a b l e  parameters .  It was found p o s s i b l e  t o  f i t  t h e  observed energy 
l e v e l s  w i th  a v a r i e t y  of d i f f e r e n t  choices  o f  input-parameter va lues .  
This  nonuniqueness a r i s e s  p r imar i ly  from t h e  l a c k  of information on t h e  
p o s i t i o n  of t h e  higher-spin ( I  > 4) members of t h e  K' = 3- .band and 
involves  mainly t h e  parameters r e l a t e d  t o  t h e  K' = 2- and 3- bands. I n  
p a r t i c u l a r ,  t h e  parameters involv ing  t h e  coupling of  t h e  KT = 0- and 1- 
bands a r e  f a i r l y  we l l  e s t a b l i s h e d  by t h i s  a n a l y s i s .  

A t y p i c a l  energy-level  fit ,  involving t h e  coupling of a l l  f o u r  
bands, i s  shown i n  F igure  1. I n  t h e  va r ious  4-band f i t s ,  it was 
( a r b i t r a r i l y )  assumed t h a t  t h e  (h2/23) parameters f o r  t h e  K' = 2- and 3- 
bands were equal ;  and f o r  t h e  fit shown i n  Figure 1, t h i s  va lue  w a s  
t r e a t e d  a s  a  v a r i a b l e .  This  f i t ,  a s  we l l  as t h e  o t h e r s  ob ta ined ,  g ives  
an e s s e n t i a l l y  exact  reproduct ion of t h e  observed energy-level spectrum, 



r e f l e c t i n g  i n  p a r t  t h e  r e l a t i v e l y  small  number of l e v e l s  t o  be f i t t e d  
a n d ' t h e  comparable number of parameters  t o  be determined. No.netheless, 
t h e  va lues  o f  t h e  (+62/23) parameters  f o r  KT = 0- and 1- bands (given i n  

I 

t h e  f i g u r e )  and t h e  va lue  of t h e  ma t r ix  element <H ) ( -  51.3 k e ~ )  i n  
C 

O Y 1  
t h i s  f i t  a r e  regarded as r e a l i s t i c  ones ( s i n c e  a l l  t h e  f i t s  considered 
y i e l d  va lues  c l o s e  t o  t h e s e ) .  Consequently, t h e  K = 0 and 1 mixing 
ampli tudes i n  t h e s e  two bands can be  regarded a s  reasonably we l l  de te r -  
mined, which al lows an a n a l y s i s  of  t h e  branching r a t i o s  of  t h e  E l  t r a n -  
s i t i o n s  from t h e s e  s t a t e s  t o  members of  t h e  ground-state r o t a t i o n a l  
band t o  be  made. The reduced t r a n s i t i o n  ~ r o b a b i l i t ~  f o r  t h e s e  gamma- 
r ay  t r a n s i t i o n s  can be wri t tenL2] 

where <0*I M '  (1 $ 0 )  I 0-> i s  t h e  i n t r i n s i c  E l  mat r ix  element connect ing t h e  
KT = 0- band and t h e  ground-state  band (o'), a. and al a r e  t h e  admixed 
amplitudes of fl = 0- and 1-, r e s p e c t i v e l y ,  i n  t h e  i n i t i a l  s t a t e ,  t h e  
q u a n t i t i e s  i n  parentheses  a r e  Clebsch-Gordan c o e f f i c i e n t s ,  and Z ,  t h e  
"band-mixing1' parameter ,  i s  def ined  by t h e  express ion  

Since  a l l  q u a n t i t i e s ,  except  Z ,  appearing i n  Eq. ( 2 )  a r e  presumed t o  be 
known, t h e  E l  branching-ra t io  d a t a  can be  used t o  determine Z .  The 
r e s u l t s  of t h i s  a n a l y s i s  a r e  summarized i n  Table I. A va lue  of +0.028 
f o r  Z g ives  a good f i t  t o  t h e  E l  branching-ra t io  d a t a ,  wi th  t h e  poss ib l e  
except ion  of t h a t  involv ing  t h e  1710-keV s t a t e .  

[ l ]  K. ~ e e r ~ g r d  and P. Vogel, Nuclear Physics  ~ 1 4 5 ,  33 (1970).  

[2 ]  L.  Kocbach and P. Vogel, Physics  L e t t e r s  . -¶ 32B 434 (1970).  

[ 3 ]  C .  Giinther, H. Kyde, and K. Krien, Nuclear Physics  A122, 401 (1968).  

[41 C .  J .  P a p e r i e l l o ,  E. G. Funk, Jr., and J. W. Mihelich, Nuclear 
physics  ~ 1 4 0 ,  261 (1970).  

[ 5 ]  R .  C .  Greenwood, C .  W. Reich, and S. H. Vegors, Jr., Nuclear 
Technology Branch Annual Progress  Report f o r  Pe r iod  Ending June 30, 
1970, U.  S . AEC Report IN-1407, p. 1 1 4  (1970 ) . . 

' ' - 
[61 D.  G. Burke and B. Elbek, Mat. Fys. Medd. Dan. Vid. Se lsk .  - 36,  

NO. 6 (1967) . 



TABLE I 

S W Y  OF El BRANCHING RATIO CALCULATIONS FOR SEVERAL MEMBERS 
OF THE K' = 0- AND 1- OCTUPOLE-VIBRATIONAL BANDS IN 172Yb 

State 
[~',~(kev) 1 

B(E~;I+I-1) 
B(E~;I+I+~) 

calculated calculated ex~erimental 

* i.e., no band mixing. 



E EXPERIMENTAL 
( MeV) UNPERTURBED CORlOLlS COUPLED SPECTRUM , 

Figure 1 Results of a Coriolis band-mixing calculation involving the 
, four octupole-vibrat ion.al bands in 72~b. In this calculation 

the (h2/23) values for the K' = 2' and 3- bands were assumed 
to be equal. At the left is shown the. assumed unperturbed 
band structure, the quantities in parentheses under each band 

. being the assumed unperturbed h2/23 values in keV. In the 
center is shown the Coriolis-mixed energy-le~el~structure, 
while at the right is shown the experimental spectrum.  h he 
KT = 3- band head at 2032 keV is not shown.) 



8 4 ~ e  and Ol'b CONVERSION ELECTRON STUDIES 

R.  G. Helmer 

The internal-conversion-electron spect ra ' f rom the  decay of 1 6 0 ~ b  
and 1 8 4 m ~ e  have been remeasured with the  .rrG e lec t ron  spectrometer. A 
preliminary study of t he  conversion l i n e s  from 160Tb, f o r  t r an s i t i ons  
from 298 t o  1312 keV, was reported i n  Reference 1. These measurements 
have been repeated with a  s t ronger .source  t o  obtain b e t t e r  s t a t i s t i c a l  
accuracy. The gamma-ray shielding between the source and detector  has 
a l so  been improved, so t h a t  t he  "background" counting. r a t e ,  was s i g n i f i -  
cant ly  reduced fo r  t h e  l a t e r  measurements. Therefore, it was poss ible  
t o  observe several  weak t r an s i t i ons  t h a t  could not be seen e a r l i e r .  A 
l i s t  of t he  l i n e s  observed and t h e  resolut ion used i s  given i n  Table I. 

I n  December 1969, a  source was prepared t o  study the  e lec t ron  spec t ra  
from the  decay of 1 8 3 ~ e ( 7 1 d  ), 184~e (38d j ,  a r1d l~~%e(165d ) .  I n  the  
i n i t i a l  s tud ies ,  t he  data  r e l a t i v e  t o  t he  1 8 4 m ~ e  t r an s i t i ons  was l imi ted 
due t o  the  presence of t he  much s t ronger  1 8 3 ~ e  and 1 8 4 ~ e  a c t i v i t i e s .  
After these  two a c t i v i t i e s  had decayed, t he  1 8 4 m ~ e  measurements were 
repeated f o r  a  few t r ans i t i ons  whose mul t ipo la r i t i e s  would be he lp fu l  
i n  determining t he  spins  and p a r i t i e s  of several  l eve l s  i n  1 8 4 ~ .  These 
measurements a r e  summarized i n  Table I. 

Both t he  160'I'b and 184%e sources a r e  qu i t e  th ick .  A s  a  r e s u l t ,  
due t o  e lec t ron  s ca t t e r i ng  i n  the  source t he  observed l i n e  shape changes 
with t he  e lec t ron  energy. h f a i r l y  good determination of t he  r e l a t i v e  
conversion l i n e  i n t e n s i t i e s  can be obtained without taking t h i s  f a c t  
i n t o  account d i r ec t l y .  However, it i s  f e l t  t h a t  t he  be s t  analys is  may 
be obtained i f  corrections can be made f o r  t h i s  change i n  shape. The 
analys is  of t h i s  data  has, therefore ,  been deferred u n t i l  t h i s  capab i l i ty  
i s  developed. 

[ l ]  R.  G. Helmer, Nucl. Tech. Division Annual Progress Report f o r  Period 
Ending June 30, 1971, ANCR-1016, p .  49. 



TABLE I 
J 

SUMMARY OF INTERNAL CONVERSION MEASUREMENTS MADE FOR 6 0 ~ b  AND l e 4 R e  

R e s o l u t i o n  Gamma-Ray O b s e r v e d  
S o u r c e  ( %  E n e r g y  ( k e ~ )  L i n e s  



THE DECAY OF lg21r 

R. J. Gehrke 

The decay of 74-day lg21r  has been s tudied by many authors,  some of 
the  more recent ly  published r e s u l t s  being those i n  References 1-5. A 
question e x i s t s ,  however, on t he  existence of several  gamma ray s well  

827 as a l e v e l  proposed a t  905 keV i n  lg20s by Schellenberg and Kern 
For these  reasons we have re invest igated t he  gamma rays emitted from the  
decay of 74-day lg21r with ~ e ( ~ i )  spectrometers. The lg21r a c t i v i t y  
used i n  t h i s  invest igat ion was purchased commercially, and several  
sources of d i f fe ren t  s t rengths  were prepared. The gamma-ray spectrum 
emitted from these  sources was followed f o r  a period of one year t o  
assure t h a t  a l l  gamma rays decayed with t h e  lg21r  ha l f - l i f e .  A t yp i ca l  
gamma-ray spectrum i s  shown i n  Figure 1. The energies of the  weaker 
gamma rays i n  t he  decay of lg21r  were measured r e l a t i v e  t o  those of t h e  
stronger t r an s i t i ons  using the  techniques described i n  References 6 
and 7. The values used f o r t h e  energies of the  stronger gamma rays 
a r e  those reported i n  References 6 .and 7. The e f f i c ienc ies  of t he  
~ e ( ~ i )  detectors  u sed ' i n  t h i s  study were determined using NBS, IAEA and 
H IT B-y ca l ib ra t ion  standards L8]. From the  detector  e f f i c i enc i e s  and 
the  areas of t h e  gamma-ray peaks, the  r e l a t i v e  i n t e n s i t i e s  of t h e  gamma 
rays were determined. The values of t he  energy and r e l a t i v e  i n t ens i t y  
measurements along with t h e i r  uncer ta int ies  a r e  given i n  Table I. 

We repor t  previously unreported gamma rays a t  329, 420, 593, and 703 
keV. The 329-, 420-, and 703-keV gamma rays e s t ab l i sh  t he  existence of 
a l e v e l  a t  909 keV i n  lg20s .  The 593-keV gamma ray i s  placed ,between t he  3- 
s t a t e  a t  1377 keV and t h e  612-ke~ s t a t e .  Upper gamma-ray i n t ens i t y  
limits of t he  110, 212-, 280-, 739-, 768-, and 1055-keV t r ans i t i ons  a r e  
a l so  reported i n  Table I. A proposed decay scheme of 74-day 1 9 2 ~ f 2 \ s  
shown i n  Figure 2 and i s  s imi la r  t o  t h a t  of Schellenberg and Kern 
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Meth. 96 (1971) 173. --  
R. G. Helmer, R. C. Greenwood, R. J. Gehrke, Nucl. I n s t r .  and 
Meth. 96 (1971) 173. -- 
R. C. Greenwood, "Precise Measurement of ~ e ( ~ i )  Detector Efficiency", 
t h i s  repor t .  



TABLE I 

[ b l y - r a y  energy value from those  adopted o r  measured i n  References 6 and 7. 

RELATIVE G ~ ~ - F + Y  INTENSITIES 

Energy (keV) 
[a1 

Presen t  Experiment 

( 110 1 
136.39 + 0.04 
201.281 2 0.020 
205.774 f 0.012 

( 212 1 
( 280 1 
283.255 f 0.020 
295.949 + 0 . 0 0 6 [ ~ ]  
308.445 + o.o07[b] 
316.497 + 0.007[b] 
329.13 f .0.20 
374.472 + 0.025 
416.458 + 0.018 

4 
cn 420.50 f 0.06 

468.062 '2 o . ~ o [ ~ ]  
476.5 + 0.7 
484.570 + 0 . 0 1 1 [ ~ ]  
489.056 + 0.030, 
588.572 f 0 . 0 1 2 [ ~ ]  
593.38 f 0.05 
604.401 f 0 . 0 1 2 [ ~ ]  
612.450 + ' 0 . 0 1 3 [ ~ ]  
703.7 + 0.4 

( 739 1 
(765 1 [ b l  884.523 f 0.018 
1055 
1061.48 + 0.04 
1089.9 f 0 . 8  
1378.0 k 0 . 5  

[ a ]  Values i n  parentheses  
not been observed. 

Presen t  Experiment 

- c 0.0028 
0.218 t 0.010 
0.551 + 0.012 
3.86 + 0.06 

- < 0.0032 
- c 0.0041 

0.320 + 0.008 
34.64 2 0 . 3 5  
35.77 2 0 . 3 6  

100 
0.019 + 0.003 
0.875 + 0.015 
0.802 4 0.015 
0.070 + 0.006 

58.0 t 0.9 
0.0035 + 0.0015 
3.81 + 0.05 
0.480 + 0.010 
5.52 + 0.10 
0.045 + 0.003 

10.04 + 0.26 
6.55 + 0.13 
0.007 k 0 . 0 0 2  

- c 0.00061 
c 0.00070 . - 

0.364 t 0 . 0 0 7  
- < 0.00031 

0.067 + 0.003 
0.0020 + 0.0007 
0.0015 + 0.0007 

a r e  t r a n s i t i o n s  

Hirose e t  a 1  15' ~ e g r a n d  e t  a 1  [ 4 1  Pelaska e t  a 1  [31 Schellenberq & Kern 12] Lindstrom e t  a 1  

37.3 + 2 . 8  
39.5 f 2 .3  

100 

0.433 + 0.078 

54.9 + 2.4 

4.88 f 0.45 

10.6 + 0.42 
6.30 + 0.32 

0.648 + 0.014 

0.160 + 0.007 
0.0050 + 0.000g 
0.003.7 + 0.0013 

[ l l  

not  observed 
0.22 f 0.08 
0.56 0.08 
4.2 +. 0 . 2  

0.29 + 0.10 
36.5 + 1.0 
37.4 f 1.0 

100 

0.82 f 0.05 
0.70 + 0.15 

57.4 + 2.0 

3.5 f 0 . 2  
- 0 .41  + 0.13 

5.37 + 0.25 

10.0 f 0.04 
6.b + 0.2 

not  observed 
0.35 0.04 

0.362 + 0.020 

n.>t observed 

] 7 + 0.07 

0.33 + 0.02 
31.9 f 0 . 3  
35.5 + 0.3 

100 

0.74 + 0.02 
0.91 + 0.02 

57.7 + 0.1 

) 4.25 f 0.02 

5'.34 + 0.03 

9.70 + 0.04 
5.84 + 0.03 

' 

0.33 t 0.01 

0.054 + 0.004 

Reference 4 b u t  t h e  repor ted  from internal-conversion s t u d i e s  o f  

0.58 t 0.07 
4.0 f 0 .5  

< 0.15 
- 0.44 + 0.05 

34.6 f 1 . 5  
37.6 + 1 . 5  

100 

0.8 + 0.2 
0.93 + 0 . 2  

61.9 + 3 

4.15 + 0.2 
0.66 + 0.10 
5.5 + 0 .5  

11.1 f 0.7 
7.2 + 0 .5  

c o . 0 0 4  
< 0.002 

0.43 f 0.05 
< 0.003 

0.082 + 0 . 0 0 7  
0.0023 + 0.0004 
0.0012 + 0.0002 

y-rays f r o n  t h e s e  

0.27 f 0.05 
0.56 + 0.06 
3.8 + 0 .4  

- < 0 . 1  
0.4 + 0.2 

36 + 2 
37 + 2 

100 

0.6 + 0.2 
- < 0 .3  

60 + 4 

4.0 + 0 .4  
0.4 + 0 . 2  
4.9 + 0.5 

10.5 + 0.7 
7.0 i 0.5 

0.7 + 0.4 

0.05 f 0.03 

t r a n s i t i o n s  have 



192  
Figure 1 Typical Ir gamma-ray decay spectrum. 
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Figure 2 ~ r o ~ o s e d  decay scheme of 74-day lg21r. 



PROTON SPALLATION CROSS SECTIONS FOR 
CARBON, ALUMINUM, I R O N ,  AND COPPER 

E. B. Nieschmidt, J .  E. Cline 

The ope ra t ion  of  t h e  Los Alamos Meson Physics F a c i l i t y  (LAMPF) w i l l  
provide high energy, h igh  cu r ren t  proton beams s u i t a b l e  f o r  t h e  l a r g e  
s c a l e  product ion of rad ionucl ides  by t h e  s p a l l a t i o n  process .  This  a n t i c i -  
pated f a c i l i t y  w i l l  r e q u i r e  well-known c ros s  s e c t i o n s  f o r  nuc l ide  pro- 
duct ion as func t ions  of atomic mass, atomic number, and beam energy. 

S p a l l a t i o n  c r o s s  s e c t i o n s  p r e s e n t l y  a v a i l a b l e  d i f f e r  g r e a t l y  i n  
magnitude from each o t h e r .  There e x i s t  a l s o  severe  d i s p a r i t i e s  between 
va lues  obta ined  i n  t h e  l a s t  few yea r s  by var ious  experimenters  u s ing  t h e  
same a c c e l e r a t o r s .  For t h e s e  reasons an e f f o r t  was i n i t i a t e d  t o  produce 
r ad io i so topes  s imultaneously i n  t h r e e  s e t s  of t a r g e t s  t o  be analyzed a t  
t h r e e  sepa ra t e  l a b o r a t o r i e s ,  Los Alamos, B a t t e l l e  Northwest Laboratory 
and the  NRTS. 

Three t a r g e t - p a c k e t s  were i r r a d i a t e d  a t  t h e  Space Radia t ion  E f f e c t s  
Laboratory, Newport News, V i rg in i a  wi th  590-MeV pro tons  f o r  e i g h t  hours 
during t h e  month of February 1972. These packets  contained carbon t a r -  
g e t s ,  aluminum t a r g e t s ,  i r o n ,  and copper t a r g e t s .  Each packet contained 
t h r e e  f o i l s ,  one f o r  each of t h e  previous ly  mentioned l a b o r a t o r i e s .  The 
f o i l s  were separa ted  by 1 2  mg/cm2 Kapton H* and t h e  packets  by 36 mg/cm2 
Kapton H. 

The f o i l s  rece ived  a t  t h e  NRTS were counted a t  t imes  o f  36 hours ,  
10  days, and 40 days a f t e r  i r r a d i a t i o n  us ing  a  .high r e s o l u t i o n  G e ( ~ i )  
spectrometer .  The d a t a  were-subsequent ly analyzed us ing  t h e  gamma-ray 
a n a l y s i s  program GAUSS v l t l ] .  The r e s u l t s  a r e  presented  i n  Table I. 
These r e s u l t s  agree favorably  wi th  those  obta ined  by LASL and BNWL and 
w i l l  be publ ished i n  a  paper  j o i n t l y  with members of  t h e s e  o t h e r  groups. 

* Trade mark of W o n t  de NeMours Company. 

[ l ]  J .  E. Cl ine ,  M. H. Putnam, and R. G. Helmer, "Development of Gamma- 
Ray Spectrum Analysis  Program (GAUSS ' V I )  For Use i n  Analyses of 
Large Amounts of Data", t h i s  r e p o r t .  



TABLE I 

590-MeV PROTON SPALLATION YIELDS I N  mb 

Target  
Carbon Aluminum .Iron Copper 

1.0.8 + 0.2 5  2 1  1.8 + 0.3 1 . 9  + 0.2 

1 6  + 2 

10 .8  + 1% 0.45 + 0.02 0.. 22 + 0.04 

.0.07 + 0.01 

1 . 5  + 0.1  

0.8 + 0.2 0.4 + 0.1 

8 + 2  3.5 2 0.1 

8.4 t 0.3 4.8 + 0.4 

2.6 + 0.2 1 . 7  + 0.1  

0.6 + 0.3  0.45 2 0.05 

1 9  + 1 8 . 7  + 0.8 

0.85 + 0.05 0.30 + 0.02 

44 t 3 27 f . 3  

10 + 1 8 " 1  

35 ' 1 22 " 2 

0.63 + 0.02 0.27 + 0.01 

1 . 5  + 0.3 

0.6 t 0.1 1 . 5  + 0.1 

1.1 2 0 . 3  1-0 + 1  

27 + 5 

0.07 + 0.02 27 2 6 

1 2  f 2 

1 . 2  + 0.3 

* Used as t h e  b a s i s  o f  c r o s s  s e c t i o n  c a l c u l a t i o n s .  For  l onge r  l i v e d  
i s o t o p e s  c ros s  s e c t i o n s  were c a l c u l a t e d  u s ing  11..0 mb a s  t h e  

2 ~ ( p ,  3p3n) 7 ~ e  c r o s s  s e c t i o n .  
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ATR SAFETY ASSURANCE CALCULATIONS 

E. F. Aber, A. C. Smith 

Previous annual reports made no comment about rout ine calculations 
which help t o  assure  s a f e  ATR operation. T h i s  sect ion s t a t e s  why ca l cu~a r lons  
a r e  needed and out l ines  b w  the computational methods a r e  ver i f ied  using ATRC 
measurements. Some recent computational improvements a r e  described. Refer- 
ence can be made t o  Frgure l f o r  a pic ture  of the  core structure.  

The ATR is operated a s  c lose  a s  is safe  t o  conditions of maximum 
permissible heat f lux  and f u e l  burnout, Power d i s t r ibu t ions  cannot be 
determbed throughout l f f e  from experimental measurements i n  t he  ATRC 
because they provfde only s tar t -of- l i fe  data. For the  same reason, the  
burnout d i s t r ibu t ion  and the maximum burnout density achieved during a 
cycle cannot be obtained experimentally. Therefore, re l iance must be 
made on calculations t o  ensure tha t  heat  f luxes and f u e l  burnouts s tay  
within acceptable bounds. However, t he  calculation models and methods 
must be subjected t o  ver i f ica t ion .  This is accomplished by comparison 
against  start-of-l ife measurements on ATRC, and by using any da ta  which 
become avai lable  from measurements on the ATR. 

It has been shown t ha t  the calculations agree w e l l  with ATRC data 
on the way the  power fs dis t r ibuted among the lobes and on the detai led 

a power dfatr2Butfons in the fuel .  However, t o  achieve t h i s  agreement, 
it is necessary t o  describe the nuclear properties of the  lobe experiments 
correctly.  

The ATR calculations a r e  f o r  a t w o d h e n s i ~ n a l  midplane section. To 
obtafn a value f o r  the  ax i a l  peak t o  average power,reliance has been on 
dofag a two-dimensional radial-axial calculation of a cyl indr ical  model 
of an ATR lobe, This seems to  be qu i te  adequate. 

Before the maximum burnout density of 2 3 5 ~  was raised from 1 . 5 ~ 1 0  21 

t o  1 . 8 ~ 1 0 ~ ~  f i s s ions  cc the  ATR cycle time was normally l imited by the 
time t o  reach 1. 5x10i1 f iss ionstcc  a t  t h  maximum burnout location.  Now 
that the l imi t  has been raised t o  1.8~10' f issions/cc the a b i l i t y  t o  main- 
t a i n  a desfred power s p I t t  among the  lobes is sometimes the  l imit ing factor .  
Calculations can be used t o  show how to make small changes in 
the power d i v i s i ~ n s  toward the end of a cycle t o  permit using the f u l l  
r e a c t h i t y  potent ta l  without exceeding allowed burnout l imi t s .  This pro- 
vides a means f o r  maximiztng the  l i f e  of any given f u e l  charge. 

Recent ATR loadtngs have been highly unsymmetrical and there  a r e  plans 
t o  use  unsynrmetrtcal dis t r tbutfons of fue l ,  Because of this,computational 
methods have been extended t o  permit calculating a f u l l  core geometry ra ther  
than j u s t  a half or  quarter core segment. This is now used routinely f o r  
unsysmnetrical loads and has proved useful i n  t h e  analysis of e f fec t s  aris- 
$ng from severe power t f l t s ,  



Figure 1 ATR core geometry. 
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ATR POWER VARIATION SURVEILLANCE 

J. A. Close, N. C.  Kaufman 

High-speed record ings  of i on  chainber output  have been used f o r  many 
yea r s  t o  de t ec t  r e a c t o r  power anomalies a t  t h e  Test  Reactor Area. Two 
ins t ances  of small  power v a r i a t i o n s  of  i n t e r e s t  have been observed a t  t h e  
ATR i n  t h e  p a s t  yea r .  

High-speed recordings a t  t h e  ATR have c o n s i s t e n t l y  shown a 7-Hz 
o s c i l l a t i o n  wi th  a mean peak-to-peak amplitude of about 0.3% of r e a c t o r  
power. Other v a r i a t i o n s  i n  power occur ,  again of t h e  order  of 0 . 3 % ~  b u t  
at random t ime i n t e r v a l s .  

Beginning wi th  Cycle 9A and cont inuing through Cycle 11F, a p e r i o d i c  
v a r i a t i o n  i n  ATR power was observed having a mean peak-to-peak amplitude 
of 0.35% of r e a c t o r  power at f u l l  power (220 MW) and a frequency of 
approximately 0.5 Hz. This v a r i a t i o n  occurred wi th  t h e  r e g u l a t i n g  rod i n  
both  se rvo  and manual modes of ope ra t ion  wi th  t h e  same i n t e n s i t y  and 
appeared t o  modulate t h e  7-Hz o s c i l l a t i o n .  A dependence on r e a c t o r  power 
was a l s o  observed. The maximum mean peak-to-peak amplitude of t h e  
v a r i a t i o n  was 0 . 5 2 % ~  which occurred a t  150 MW. Frequency remained 
r e l a t i v e l y  constant  wi th  varying power. It i s  i n t e r e s t i n g  t o  note  t h a t  
t h i s  behavior  i s  q u i t e  s i m i l a r  t o  t h a t  observed during Core 2 i n  t h e  180 
t o  195 MW range. Comparison of power s p e c t r a l  dens i ty  (PSD) curves 
from Core 2 and Cycle 10B show nea r ly  t he  same amplitude f o r  t h e  0.5-Hz 
o s c i l l a t i o n s .  A thorough i n v e s t i g a t i o n  of r e a c t o r  instrumentation 
revea led  t h a t  t h e  power v a r i a t i o n  was independent of d e t e c t o r  l o c a t i o n  
f o r  those  d e t e c t o r s  on t h e  per iphery  of t h e  core.  The f u e l  elements were 
a l s o  e l imina ted  a s  t h e  source of power v a r i a t i o n  s i n c e  i t  p e r s i s t e d  a f t e r  
e n t i r e  f u e l  charges were replaced.  Since no s p a t i a l  dependence could be 
noted a t  t h e  per iphery  of  t h e  core it suggested t h a t  t h e  source could be 
near  t h e  core cen te r .  Since t h e  f u e l  elements had been e l imina ted  a s  a 
source ,  t h i s  f u r t h e r  suggested t h a t  t h e  source could be  w i t h i n  t h e  neck 
shim housing. Add i t iona l ly ,  a review of a l l  core changes, opera t ing  
condi t ions ,  and r e a c t o r  maintenance was undertaken. The only a c t i o n  
which had not  been e l imina ted  a s  a power v a r i a t i o n  d r i v i n g  source was 
t h e  removal and replacement of H-hole p i e c e s ,  which a r e  l oca t ed  near  t h e  
cen te r  of t h e  core.  This removal had been r equ i r ed  t o  change in-board 
A-hole experiments and took p l ace  dur ing  t h e  shutdown j u s t  p r i o r  t o  t h e  
commencement of t h e  power v a r i a t i o n .  The H-hole p i eces  were aga in  
removed and rep laced  during Cycle 12A shutdown. Since t h e  two t imes 
t h e  H-hole p i eces  were "exercised" n i c e l y  bracke ts  t h e  occurrence of t h e  
0.5-Hz power v a r i a t i o n ,  and s i n c e  t h e i r  l o c a t i o n  and r e a c t i v i t y  worth 
were cons i s t en t  w i th  t h e  d a t a  taken ,  it  has been concluded t h a t  loose .  
H-hole o r  inboard A-hole p i eces  were t h e  source of t h i s  power v a r i a t i o n .  

Review of t h e  high-speed record ing  h i s t o r y  i n d i c a t e d  t h a t  t h e  
amplitude of  t h e  7 -Hz 'osc i l l a t i on  may have increased  s l i g h t l y  from Cycle 
9B t o  12B. Since then  it has continued s t eady  through Cycle 13B. Close 
s u r v e i l l a n c e  of t h e  7-Hz o s c i l l a t i o n  i s  continuing., t h e  source of which 
i s  be l i eved  t o  be i n  t h e  in -p i l e  t ubes .  



A no i se  band analyzer  developed by t h e  Phys ica l  Ins t rumenta t ion  
Sec t ion  w i l l  soon be  a v a i l a b l e  t o  i nc rease  t h e  e f f e c t i v e n e s s  of 
s u r v e i l l a n c e  of  t e s t  r e a c t o r  power v a r i a t i o n s .  Output from t h i s  instrument  
w i l i  g ene ra t e  an amplitude versus frequency curve having t h e  same shape 
a s  a PSD curve. This w i l l  e a s i l y  provide q u a n t i t a t i v e  d a t a  which t o  da t e  
can only be  der ived  from time-domain record ings  a t  unreasonable t ime expense. 

ATR FUEL COST EFFECTIYENESS - ATR FUEL RECYCLE CAPABILITY 

J. A. McClure[ l l ,  A.  W .  Brown 

The e f f i c i e n t  uke of ATR f u e l  r e q u i r e s  r ecyc l ing  of f u e l  from 
e a r l y  cyc l e s  which were not  c a r r i e d  t o  f u l l  burnup. I n  a d d i t i o n ,  f u t u r e  
ope ra t ions  a r e  expected t o  employ non-unif orm power d i s t r i b u t i o n s  which 
w i l l  produce non-uniform burnout d i s t r i b u t i o n s .  Recycling t h e  l i g h t l y  
burned elements from these  cores  w i l l  b e  d e s i r a b l e .  

There i s  no p rov i s ion  i n  our  PDQ code f o r  making c a l c u l a t i o n s  wi th  
f u e l  which has been dep le t ed  i n  one l o c a t i o n  and moved t o  another .  The 
problem i s  complicated because t h e  c ros s  s e c t i o n a l  a r e a  of t h e  core  i s  
d iv ided  i n t o  r ec t angu la r  segments f o r  numerical ly  so lv ing  t h e  four-group 
neutron d i f f u s i o n  equat ions .  The fue l . e l emen t s  themselves a r e  p i e  shaped 
and con ta in  curved p l a t e s .  When a f u e l  element i s  moved t o  a new l o c a t i o n ,  
it w i l l  g e n e r a l l y  b e  r o t a t e d  and p laced  i n ' a  reg ion  where t h e  over lay  of 
mesh r e c t a n g l e s  i s  q u i t e  d i f f e r e n t  from t h e  o r i g i n a l  s i t u a t i o n .  

A program has been w r i t t e n  which b u i l d s  a  concen t r a t ion  l i b r a r y  
from t h e  atom concent ra t ions  i n  a  f u e l  element which has been dep le t ed  
i n  one core  l o c a t i o n  and then  provides f o r  us ing  t h e  l i b r a r y  t o  cons t ruc t  
a concen t r a t ion  f i l e  s u i t a b l e  f o r  use  by t h e  PDQ code when t h e  f u e l  
element i s  i n  a new l o c a t i o n .  The t r a n s l a t i o n  cannot b e  exac t  because 
t h e  mesh s t r u c t u r e  i n  t h e  new l o c a t i o n  i s  usua l ly  not  t h e  same a s  i n  t h e  
o r i g i n a l  one. Tes ts  a r e  i n  progress  t o  determine whether t h e  t r a n s l a t i o n  
i s  adequate  f o r  g iv ing  good f l u x  and power d i s t r i b u t i o n s  i n  cores  with 
r ecyc led  f u e l .  

[ I ]  Member of Computer Science Branch, Technical  Serv icgs  Div is ion ,  
ANC . 



ATR FUEL COST EFFECTIYENESS - FLUX ENERGY SYNTHESIS 

A.  W .  Brown, R .  L .  C u r t i s  111  

The ATR i s  a thermal  r e a c t o r  and t o  c a l c u l a t e  t h e  f u e l  dep le t ion  
accu ra t e ly  it i s  necessary t o  have a  good d e s c r i p t i o n  of neut ron  
energ ies  i n  t h e  thermal range ( 0  Q 1 e ~ ) .  The usua l  four-group d i f fus ion  
theory  method al lows f o r  only one thermal  group and i s  l i m i t e d  i n  i t s  
a b i l i t y  t o  fo l low changes of energy d i s t r i b u t i o n  near  i n t e r f a c e s .  

A more accu ra t e  r e p r e s e n t a t i o n  can be  achieved by assuming t h e  f l u x  
i n  t h e  thermal  energy range i s  t h e  sum of two components having d i f f e r e n t  
s p e c t r a l  d i s t r i b u t i o n s .  Var i a t ions  i n  energy d i s t r i b u t i o n  can b e  achieved 
by making t h e  mixing depend on l o c a t i o n .  A c o n s i s t e n t  procedure f o r  doing 
t h i s  i s  provided by v a r i a t i o n a l  c a l c u l u s [ 2 ] .  Conditions on t h e  equat ions 
a r e  s e t  such t h a t  t h e  i n t e g r a l  o f  t h e  t o t a l  cap ture  r a t e  i n  t h e  r e a c t o r  
i s  s t a t i o n a r y  with r e spec t  t o  smal l  changes i n  nuc lear  parameters .  The 
theory  de f ines  t h e  forms of t h e  coupled p a i r  of equat ions which must be  
so lved  t o  determine how t h e  two f l u x  components a r e  mixed. 

The necessary adjustments i n  t h e  c r o s s  s e c t i o n  process ing  codes have 
been made s o  t h i s  technique can be  used In  ATR c a l c u l a t i o n s .  It i s  . ... -: 
expected t o  provide more accu ra t e  c a l c u l a t i o n s  of power d i s t r i b u t i o n s  . '.I .. 
and f u e l  burnout .  Evaluat ion a g a i n s t  measurements on ATR and ATRC a r e  

-_: i 

planned. . .. 

1 Member of Computer Science Branch, Technical  Se rv i ces  Div is ion ,  ANC.  
[ 2 ]  The formula t ion  used i s  based mainly on work by R .  J. Bus l ik ,  - * ?  

WAPD-BT-25 ( ~ a ~  1962 ) . lr 



ATR FUEL COST EFFECTIYENESS - BURNLTP ESTIMATES 

K.  A. S t rong ,  A .  W .  Brown 

ATR ope ra t ing  po l i cy  s t a t e s  t h a t  cyc les  a r e  t o  be te rmina ted  i f  
t h e  c a l c u l a t e d  burnup a t  any p o i n t  exceeds 1.8 x f i s s / c ' c  . A 
20 l i m i t  of 20% i s  assumed. This i s  t h e  va lue  e s t a b l i s h e d  by comparing 
c a l c u l a t e d  and measured burnups from f u e l  p l a t e s  taken  from elements.  
used i n  Cycle 8 and S t a r t u p  Core 2. U n t i l  r e c e n t l y  t h e s e  c r i t e r i a  
have proved adequate because the.  p o s i t i o n  of maximum calculatecj  burnup 
has always been i n  t h e  same l o c a t i o n  and t h e  f l u x e s  a t  t h i s  l o c a t i o n  
a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  c o n t r o l  drum motion. This  favorable  
cond i t i on  may be  a t t r i b u t e d ,  i n  p a r t ,  t o  u s ing  f r e s h  f u e l  a t  t h e  s t a r t  
of each cyc le  and t o  t h e  r a t h e r  symmetrical loadings  of experimental  
p e r t u r b e r s .  

Future  experimental  l oads  w i l l  be  much l e s s  symmetrical t han  i n  
t h e  p a s t ,  and f u e l  w i l l  b e  recyc led .  This  poses two new f a c e t s  t o  
t h e  problem of a s su r ing  maximum use of f u e l :  

1. The p o s i t i o n  where t h e  c a l c u l a t e d  f i s s i o n  density'  reaches ' 

t h e  allowed l i m i t  of 1 .8  x . 1 0 ~ ~  f i s s / c c  may s h i f t  from i t s  
p re sen t  p o s i t i o n  t o  some o t h e r  l o c a t i o n  where t h e  20 va lue  
should be  ass igned  a  l a r g e r  va lue .  

2. When r ecyc led  f u e l  i s  used, it w i l l  b e  necessary t o  determine 
how t o  l o c a t e  f u e l  wi th  l a r g e  u n c e r t a i n t i e s  i n  burnup s o  t h a t  
t h e  c a l c u l a t e d  b u n u p  i s  su re  t o  b e  l e s s  than  2.2 x 
f i s s / c c .  This  i s  t h e  95% confidence l i m i t  f o r  t h e  p re sen t  
h igh  burnup p o s i t i o n .  

I n  view of t h e s e  problems, a l l  d a t a  on f u e l  burnup have been 
c r i t i c a l l y  examined t o  e s t a b l i s h  more accu ra t e ly  t h e  u n c e r t a i n t i e s  i n  
c a l c u l a t e d  burnups and t o  determinedwhether u n c e r t a i n t i e s  can be 
reduced s i g n i f i c a n t l y  by c o r r e c t i n g  f o r  mismatches between t h e  condi- 
t i o n s  assumed i n  t h e  c a l c u l a t i o n s  and those  fol lowed i n  p r a c t i c e .  This  
work i s  needed, a l s o ,  t o  e s t a b l i s h  an invent.ory of used f u e l  which 
inc ludes  both  t h e  f u e l  conten t  and t h e  u n c e r t a i n t y  i n  burnup f o r  each 
element a v a i l a b l e  f o r  r ecyc le .  

A re-examination of measured burnups i n  s e l e c t e d  f u e l  elements 
from S t a r t u p  Core 2 and Cycle 8 was made, and new burnup d a t a  from 
f u e l  used i n  C'ycles 8 and 10  were added. S ince  it was known t h a t  
d i f f e r e n c e s  between c o n t r o l  drum s e t t i n g s  used i n  t h e  c a l c u l a t i o n s  
from those  employed i n  p r a c t i c e  could a f f e c t  burnup, c a l c u l a t i o n s  were 
made t o  s e e  how t o  c o r r e c t  f o r  mismatches i n  drum s e t t i n g s .  

An unexpected outcome of t h i s  work was t h e  f a c t  t h a t  co r r ec t ions  
f o r  c o n t r o l  drum s e t t i n g s  were not  a s  s i g n i f i c a n t  as a n t i c i p a t e d .  A s  
a r e s u l t ,  s i g n i f i c a n t  u n c e r t a i n t i e s  between c a l c u l a t e d  and measured 
burnups remain. It appears t h a t  u n t i l  computat ionalmethods a r e  
improved t h e  ' e f f i c i e n t  use ..of recyc led  f u e l  w i l l  depend on developing 
methods f o r  l o c a t i n g  recyc led  f u e l  w i th  l a r g e  burnup u n c e r t a i n t i e s  i n  
p l aces  where subsequent burnup w i l l  b e  low. 



ATR FUEL COST EFFECTIVENESS - BERYLLIUM POISON PRODUCTION I N  ATR 

U. D. Simpson, A. W. Brown 

Fuel  usage i n  t h e  ATR i s  a f f ec t ed  by bui ldup  of poison i n  t h e  
bery l l ium because it saps  r e a c t i v i t y  and can in f luence  t h e  f l u x  
d i s t r i b u t i o n s .  Work i s  progress ing  towards incorpora t ing  i n t o  our  
c a l c u l a t i o n s  t h e  s p a t i a l l y  dependent bu i ldup  and decay of t h e  Li  
poison toge the r  wi th  helium gas .  The gas i s  important f o r  a s se s s ing  
damage bu i  ldup . 

I n  pursuing t h i s  e f f o r t  t h e  rel.eva.nt, c ros s  s e c t i o n s  f o r  Be werc 
re-evaluated.  Test  c a l c u l a t i o n s  were made of poison bui ldup  and decay 
using a  one-dimensional model which i s  r e p r e s e n t a t i v e  of p a r t s  of t h e  
core.  As expected, most of t h e  poison bui ldup  comes c l o s e  t o  t h e  core.- 
bery l l ium i n t e r f a c e .  Analysis  of t h i s  model calculation has provided 
a  b a s i s  f o r  p u t t i n g  i n t o  t h e  PDQ c a l c u l a t i o n s  t h e  space-time v a r i a t i o n  
i n  poison content  of t h e  bery l l ium.  This  problem i s  r a t h e r  complex f o r  
t h e  Be near  t h e  hafnium c o n t r o l  drums because t h e  f l u x  v a r i e s  s i g n i f i -  
can t ly  a s  t h e  drums t u r n  during r e a c t o r  ope ra t ion .  

ATR FUEL COST EFFECTIVENESS - SUPPORTING PLOT PROGRAMS 

M. E.  ~add ' ' ' ,  A .  W.  Brown, R .  J. Wagner 111  

To support  t he  ATR f u e l  c o s t  e f f e c t i v e n e s s  s t u d i e s  and o the r  
work involv ing  c a l c u l a t i o n s ,  some a u x i l i a r y  programs have been developed. 
A p a r t i c u l a r l y  useYull one provides  f o r  p l o t t i n g  ATR power d i s t r i b u t i o n s ,  
concent ra t ion  d i s t r i b u t i o n s ,  f l u x e s  and o t h e r . q u a n t i t i e s .  Of p a r t i c u l a r  
v a l u e ' i s  t h e  a b i l i t y  t o  p l o t  along f u e l  p l a t e s  o r  on r a d i a l  l i n e s  such 
a s  a long  t h e  r a d i i  of ' f u e l  elements.  The program i s  s u f f i c i e n t l y  
gene ra l  s o  it can be used f o r  o the r  thanPDQ c a l c u l a t i o n s .  

1 Member of Computer Science Branch, Technical  Se rv i ces  Div is ion ,  ANC. 



ATR FUEL COST EFFECTIYENESS - HAFNIUM DEPLETION 

F. J. Wheeler, H .  L. McMurry 

The ATR f u e l  c o s t s  a r e  l a r g e  and any b a s i s  f o r  ob ta in ing  h ighe r  
burnouts  w i l l  produce s i g n i f i c a n t  c o s t  sav ings .  Important c o n s t r a i n t s  
on p r e s e n t  f u e l  usage a r e  t h e  u n c e r t a i n t i e s  i n  c a l c u l a t i n g  t h e  l o c a t i o n  
and magnitude of t h e  peak h e a t  f l u x ,  and t h e  l o c a t i o n  and amount of t h e  
maximum f u e l  'burnout dens i ty .  ReporLed here are improvements i n  com- 
p u t a t i o n a l  methods aimed a t  reducing u n c e r t a i n t i e s  i n  t h e  hafnium 
dep le t ion .  Also inc luded  i s  an  eva lua t ion  of t h e  u n c e r t a i n t i e s  i n  f u e l  
burnup a s  c a l c u l a t e d  by p re sen t  methods. Reference can be made t o  
Figure 1, page 82 f o r  core  geometry. 

The a b i l i t y  t o  c a l c u l a t e  t h e  burnout of hsfnium i n  c o n t r o l  rods ,  
neck rods and c o n t r o l  drums i s  needed f o r  two reasons .  F i r s t ,  it w i l l  
p rovide  f o r  c a l c u l a t i n g  t h e  way t h e  rod worth changes wi th  t ime thus  
e l imina t ing  t h e  need f o r  t h e  p r e s e n t  prac-Lice uf empi r i ca l ly  c o r r e c t i n g  
c a l c u l a t e d  r e a c t i v i t i e s  from r a t h e r  crude es t imates  of hafnium dep le t ion .  
Second, i f  t h e  a c t u a l  cap ture  r a t e s  i n  t h e  hafnium can b e  c a l c u l a t e d  t h e  
f l u x  and power d i s t r i b u t i o n s  and burnout throughout t h e  r e a c t o r  can be  
c a l c u l a t e d  more p r e c i s e l y  than  i s  now p o s s i b l e .  To o b t a i n  t h i s  c a p a b i l i t y  
a  method has  been devised f o r  determining e f f e c t i v e  cap tu re  c r o s s  s ec t ions  
a s  a  func t ion  of t ime of  s e r v i c e  of t h e  Hf i n  t h e  r e a c t o r .  This  was done 
by us ing  one-dimensional models t o  approximately r ep re sen t  t h e  configura- 
t i o n  of  ATR neck rods  and ATR c o n t r o l  drums i n  t h e  ATR. Transport  ca l -  
c u l a t i o n s  i n  conjunct ion wi th  a p o i n t  dep le t ion  code showed how t h e  
hafnium was deple ted  i n  t h e s e  models when t h e  core  power dens i ty  was 
equal  t o  t h e  average ATR power dens i ty .  Next, t h i s  information was used 
t o  o b t a i n  e f f e c t i v e  d i f f u s i o n  theory  cons tan ts  f o r  t h e  hafnium as  a  
f u n c t i o n  of i t s  "exposureH i n  t h e  ATR. Dif fus ion  theory  i s  no t  v a l i d  i n  
a  heavy absorber  l i k e  Hf b u t  e f f e c t i v e  cons tan ts  g iv ing  t h e  same capture  
r a t e  a s  a t r a n s p o r t  c a l c u l a t i o n  can be determined. 

From t h i s  a n a l y s i s  it has  been p o s s i b l e  t o  determine how t o  cons t ruc t  
l i b r a r i e s  of c ross  s e c t i o n s  f o r  t h e  Hf rods  and drums corresponding t o  
exposure i n  t h e  r e a c t o r .  The "exposure" i s  de f ined  so  i.1; t e l l s  how t h e  
cap tu re  r a t e  i n  a  rod  v a r i e s  wi th  l o c a t i o n  i n  t h e  r e a c t o r ,  wi th  r e a c t o r  
power and wi th  t h e  t o t a l  MWD- of ope ra t ing  h i s t o r y .  It w i l l  b e  p o s s i b l e  
t o  s e l e c t  f o r  each rod and drum appropr i a t e  capture  c ros s  s e c t i o n s  
s u i t e d  t o  i t s  l o c a t i o n  and MWD of s e r v i c e .  

A r e p o r t  desc r ib ing  t h e s e  procedures  i s  i n  p repa ra t ion .  



HAFNIUM BURNUP I N  THE ATR 

P. R. Napper 

Hafnium i s  used i n  t h e  ATR as  a shutdown poison i n  t h e  form of 
s a f e t y  rods and a s  a  c o n t r o l  poison i n  t h e  form of o u t e r  shims and 
neck shims. Hafnium burnup i n  t h e  neck and o u t e r  shims reduces t h e  
c a p a b i l i t y  of maintaining d ive r se  l obe  powers and reduces t h e  t o t a l  
holddown margin ( a l l  shims and s a f e t y  rods i n s e r t e d ) .  However, s i n c e  
hafnium burnup i n  t h e  s a f e t y  rods i s  l i m i t e d  t o  t h e  lower ends, t h e r e  
i s  a n e g l i g i b l e  e f f c c t  on t h c  t o t a l  worth of t h e  s a f e t y  rods. A 
hafnium s u r v e i l l a n c e  program has been e s t a b l i s h e d  t o  a s su re  t h a t  
s u f f i c i e n t  r e a c t i v i t y  i s  maintained and t h a t  m a t e r i a l  damage l i m i t s  
due t o  f a s t  f l u x  i n t e r a c t i o n  wi th  t h e  hafnium a r e  not exceeded. It 
should be noted t h a t  hafnium burnup w i l l  l i m i t  t h e  u s e f u l  l i f e  of a  
poison p i e c e ,  i n  some cases  even more seve re ly  than  m a t e r i a l  damage l i m i t s .  

The r e a c t i v i t y  l o s s  due t o  hafnium burnup i n  t h e  f i x e d  shim i n  t h e  
H-1  p o s i t t o n  of t h e  ATR has been measured i n  t h e  ATRC f o r  t h r e e  d i f f e r e n t  
va lues  of i n t e g r a t e d  ATR core power. . The r e s u l t s  of  t h e s e  measurements 
a r e  p l o t t e d  i n  Figure 1 as percent  r e a c t i v i t y  change versus  i n t e g r a t e d  
core power. A curve has been f i t t e d  t o  t h e  t h r e e  p o i n t s  by assuming 
t h a t  t h e  percent  r e a c t i v i t y  change p e r  MWd i s  g r e a t e r  during t h e  i n i t i a l  
10,000 MWd and then  s t a b i l i z e s  a t  a  f i x e d  percent  r e a c t i v i t y  change p e r  MWd. 

Reac t iv i ty  measurements were made a l s o  on t h e  SE-1, SE-2, and. SE-3 
neck shims a s  they were rep laced  wi th  new hafnium, and r e a c t i v i t y - l o s s  
curves e s t a b l i s h e d  assuming t h e  same dependence on i n t e g r a t e d  power t h a t  
t h e  f i x e d  shim exhib i ted .  These curves a r e  shown i n  F igure  2 ,  p l o t t e d  
a s  percent  r e a c t i v i t y  change versus  i n t e g r a t e d  core power. 

The r e a c t i v i t y  l o s s  f o r  t h e  o u t e r  shims has  not  been measured 
d i r e c t l y ,  b u t  i s  p r e s e n t l y  es t imated  us ing  t h e  f i x e d  shim r e a c t i v i t y  
l o s s  a s  a b a s i s .  This ou te r  shim r e a c t i v i t y  l o s s  i s  t r e a t e d  a s  a 
change i n  o u t e r  shim p o s i t i o n  (shims a r e  more i n s e r t e d  due t o  burnup) 
which i s  d i r e c t l y  p ropor t iona l  t o  t h e  i n t e g r a t e d  core power. 

No experimental  d a t a .  a r e  p r e s e n t l y  a v a i l a b l e  on burnup i n  t h e  ATR 
s a f e t y  rods.  However, experimental  d a t a  w i l l ' b e  obta ined  t o  determine 
both  t h e  change i n  t o t a l  s a f e t y  rod worth and t h e  burnup d i s t r i b u t i o n .  

The hafnium burnup d a t a  a r e  p r e s e n t l y  used t o  determine e f f e c t s  on 
t h e  ATR core  power d i v i s i o n  and t o  determine shim p o s i t i o n s  f o r  c r i t i c a l i t y .  
These d a t a  a r e  a l s o  used i n  determining shim replacement schedules  and 
procurement schedules .  
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F i g w e  1 Reac t iv i ty  change a s  a  func t ion  of i n t e g r a t e d  core  power 
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Figure  2 Reac t iv i ty  change a s  a func t ion  of i n t e g r a t e d  core power 
f o r  Hf neck shims i n  p o s i t i o n  SE-1, SE-2, and SE-3 of Am. 



APPLICATION OF SPACE-TIME DEPENDENT KINETICS CALCULATIONS TO 
TEST REACTORS 

[ l l  G .  L. O s t h e l l e r ,  L. G.  M i l l e r ,  A. W.  Brown, G .  E. Putnam , 
E. C .  Anderson 

A s tudy of s p a t i a l  k i n e t i c  e f f e c t s  f o r  t h e  t e s t  r e a c t o r s  was 
performed t o  i nves t igake  t h e  v a l i d i t y  of space-independent k i n e t i c s  
c a l c u l a t i o n s  used f o r  s a f e t y  a n a l y s i s  r e p o r t s .  When.s igni f icant  
r e a c t i v i t y  i s  added l o c a l l y  t o  a . r e a c t o r ,  t h e  neutron f l u x  and 
power d i s t r i b u t i o n  s h i f t  t o  h igher  r e l a t i v e  va lues  i n  t h e  v i c i n i t y  
of t h e  change. I n  t h e  absence of nega t ive  r e a c t i v i t y  feedback 
e f f e c t s ,  t h e  s h i f t  cont inues  s imultaneously wi th  a gene ra l  r i s e  i n  
r e a c t o r  power u n t i l  t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  power reaches  
an asymptotic shape. Af te r  establ ishment  of t h i s  asymptotic shape, t h e  
power r i s e s '  a t  t h e  same r a t e  (on t h e  asymptotic p e r i o d )  a t  each poin t  
i n  t h e  r e a c t o r .  I f  t h e  r e a c t i v i t y  a d d i t i o n  and t h e  power s h i f t  t o  
t h e  asymptotic shape t a k e  p l ace  over a per iod  of t ime t h a t  i s  s m a l l  
( say  a  few mi l l i s econds )  compared t o  t h e  pe r iod  of t ime r equ i r ed  f o r  
s i g n i f i c a n t  nega t ive  r e a c t i v i t y  feedback t o  occur (many mi l l i seconds  ) , 
t hen  t h e  consequences of t h e  acc iden t  can be conse rva t ive ly  p red ic t ed  
wi th  r e l a t i v e l y  cheap (and a v a i l a b l e )  space-independent k i n e t i c  codes. 
It was demonstrated t h a t  t h e  t ime r equ i r ed  f o r  s p a t i a l  e f f e c t s  t o  
occur was a t  most one-tenth of t h e  t ime r equ i r ed  f o r  s i g n i f i c a n t  
r e a c t i v i t y  feedback t o  occur .  This  t ime d i f f e r e n c e  makes. t h e  
c a l c u l a t i o n s  of space-independent codes such as Program f o r  t h e  
Analysis  of Reactor T rans i en t s  (PARET)[*] v a l i d  provided t h e  s p s t i a l  
e f f e c t s  a r e  included i n  t h e  i n i t i a l  condi-tions . 

The a n a l y s i s  was performed s p e c i f i c a l l y  f o r  t h e  f l u x  t r a p  
void ing  acc iden t  i n  ATR bu t  t h e  r e s u l t s  a r e  g e n e r a l l y  app l i cab le  t o  
a l l  TRA r e a c t o r s .  Two independent methods of a n a l y s i s  were employed 
t o  determine t h e  t ime r equ i r ed  f o r , s p a t i a l  e f f e c t s  t o  occur--the t ime 
t o  e s t a b l i s h  an asymptot ic  power d i s t r i b u t i o n .  Two methods were t r i e d  
because n e i t h e r  method had been used before  on TRA r e a c t o r s ,  n e i t h e r  
was o p e r a t i o n a l ,  and any schedule de lay  was unacceptable .  The two methods 
employed were (1) t h e  d i r e c t  s o l u t i o n  of t h e  space t ime d i f f e r e n c e  
equat ions us  ' ng TWIGL[ 31 and ( 2  ) t h e  success ive  genera t ion  method t us ing  PDQ-7[ I. I n  t h e  success ive  genera t ion  method a  s e r i e s  of s p a t i a l  
c a l c u l a t i o n s  i s  performed f o r  success ive  neutron gene ra t ions .  I f  each 
gene ra t ion  has a l i f e t i m e  R, t hen  t h e  t ime a t  which each s p a t i a l  s o l u t i o n  
e x i s t s  can be determined. Both codes had t o  be s i g n i f i c a n t l y  
modified and t e d i o u s l y  debugged t o  perform t h e  s tudy .  The TWIGL mesh 
s i z e ,  over lay  r eg ions ,  a n d . f l u x  input  op t ions  were increased ,  and t h e  
PDQ-7 "one i t e r a t i o n "  s o l u t i o n  opt ion  was co r r ec t ed .  



Two TTzrIGL cases  were run .  One had no delayed neutrons ( f o r  
d i r e c t  comparison wi th  t h e  success ive  gene ra t ion  method t h a t  
cons ide r s  no de lay  groups)  and t h e  o the r  inc luaed  t h e  s i x  dominant 
delayed neutron groups i n  order  t o  show t h e  e f f e c t  of t h e  delayed 
neutron "drag" on t h e  t ime response of t h e  r e a c t o r .  The r e s u l t s  
c l e a r l y  i n d i c a t e  t h a t  t h e  s h i f t  t o  t h e  asymptotic shape i s  e s s e n t i a l l y  
complete by 1 . 0  msec and t h a t  by t h a t  t ime t h e  power and f l u x e s  a r e  
a l r e a d y  r i s i n g  i n  a l l  p a r t s  of t h e  core .  The e f f e c t  of t h e  delayed 
neut rons  i n  r e t a r d i n g  t h e  s h i f t  i s  almost unobservable,  a l though 
they  conspicuously r e t a r d  t h e  o v e r a l l  power r i s e  i n  t h e  co re  a f t e r  
t h e  i n i t i a l  f l u x  s h i f t .  

One s e r i e s  of PDQ-7 cases  was run .  Each problem rep resen ted  a 
succes s ive  neutron genera t ion .  S t a r t i n g  wi th  t h e  f l u x e s  f o r  t h e  
base  case, t h e  f i s s i o n  neutron source w a s  computed and t h e  f l u x  
s o l u t i o n  was obta ined  t o  complete t h e  f i r s t  gene ra t ion .  These f l u x e s  
were then  used i n  t h e  next  problem t o  compute t h e  new source a r ~ d  
start  t h e  next  gene ra t ion .  The process  was r epea t ed  u n t i l  t h e  f lux  
shape--and hence power distribution--became s t a b l e ,  i nc reas ing  
uniformly a t  each p o i n t .  The t ime between gene ra t ions  i s  taken  t o  
be t h e  prompt neutron gene ra t ion  t ime R No delayed neutron e f f e c t s  

t? ' were considered b u t  as noted e a r l i e r  t hey  a r e  i n s i g n i f i c a n t  e a r l y  
i n  t h e  t r a n s i e n t .  The PDQ-7 r e s u l t s  were i n  good agreement wi th  t h e  
TWIGL r e s u l t s .  Again t h e  asymptotic power shape i s  e s t a b l i s h e d  i n  
1 msec. 

The 1 . 0  msec r equ i r ed  f o r  t h e  power s h i f t  t o  t a k e  p l a c e  i s  very  
s m a l l  compared t o  t h e  amount of t ime t h e  asymptotic shape w i l l  p e r s i s t  
dur ing  t h e  r i s e  t o  peak power and t h e  start of nega t ive  feedback 
r e a c t i v i t y  i n s e r t i o n .  Hence, t h e  energy produced whi le  t h e  r e a c t o r  
i s  e s t a b l i s h i n g  t h e  new shape w i l l  be small  compared t o  t h e  energy 
genera ted  during t h e  asymptotic power r i s e .  This  j u s t i f i e s  t h e  use  
of t h e  asymptot ic  power shape i n  t h e  space-independent PARET code t o  
p r e d i c t  t h e  t ime behavior  of t h e  r e a c t o r .  The i n i t i a l  nega t ive  
feedback r e a c t i v i t y  t h a t  t e rmina te s  t h e  power t r a n s i e n t  w i l l  
correspond s p a t i a l l y  wi th  t h e  energy depos i t i ons  of t h e  asymptotic f l u x  
and power dis t r ibu1; ions.  

[ l ]  Member of Computer Sciences Branch, Technical  Se rv i ces  D iv i s ion ,  
ANC . 

[ 2 ]  C .  F. Obenchain, PARET - A Program f o r  t h e  ~ n a l y s i k  of Reactor 
T rans i en t s ,  IDO-17282 ( ~ a n u a r ~  1969).  

[3 ]  J. B. Yasinsky e t  a l ,  TWIGL - A Program t o  Solve t h e  Two-Dimensional, 
'TWO-Group, Space-Time Neutron Diffusion Equations wi th  Temperature 
Feedback, WAPD-TM-743 ( ~ e b r u a r ~  1968) .  

[4] A. W. Brown e t  a l ,  Summary o f  PDQ-7 ( I B M  '360-370 Version)  Input  
Data Requirements and Operating Procedures ,  ANCR-1061 (March 1972).  



A METHOD OF PREDICTING CORE LIFE I N  ATR 

J. A. Close 

When cons ider ing  major core changes i n  ATR o r  dev ia t ions  from 
usua l  power d i v i s i o n s ,  it i s  necessary t o  consider  t h e  e f f e c t s  of t h e s e  
changes on core l i f e .  Hence, a technique f o r  es t imat ing  core l i f e  i n  t h e  
ATR has been developed based on t h e  fo l lowing  s t e p s :  

1. Using t h e  appropr ia te  core l oad ing ,  a  f l u x  run i s  performed i n  t h e  
ATRC t o  determine shim p o s i t i o n s  f o r  t h e  d e s i r e d  power d iv i s ion .  
Xenon equi l ibr ium condi t ions  a r e  s imulated f o r  t h e  f l u x  run by 
poisoning t h e  f u e l  elements wi th  boron t apes  and a d j u s t i n g  t h e  
number of f i x e d  hafnium shims i n  t h e  H-holes. 

2 .  The a v a i l a b l e  r e a c t i v i t y  i n  t h i s  power d i v i s i o n  (assumed t o  be 
separable  by quadrants )  i s  c a l c u l a t e d  assuming t h a t  a s p e c i f i c  
number of neck shims w i l l  be  withdrawn as t h e  cycle  progresses .  
This number depends on t h e  power d i v i s i o n  requi red  and i s  ob ta ined  
from our  experience wi th  previous ATR opera t ion .  

3 .  The c a l c u l a t e d  excess r e a c t i v i t y  i s  co r r ec t ed  f o r  t h e  fol lowing 
ATR-ATRC d i f f e r e n c e s :  

a. Basic  d i f f e r e n c e  between ATRC and ATR. 

b.  Higher bulk water  temperature i n  ATR. 

c .  Higher loop water  temperature i n  ATR. 

d. Beryllium poisoning i n  ATR. 

e .  Burnup of hafnium i n  f i x e d  shims and neck shims. 

f .  Power c o e f f i c i e n t  of  r e a c t i v i t y .  

4. This  co r r ec t ed  excess r e a c t i v i t y  i s  then  compared, on a  quadrant  
b a s i s ,  t o  t h e  excess r e a c t i v i t y  observed i n  e a r l i e r  ATR cyc le s  t o  

, determine t h e  p ro j ec t ed  core l i f e .  

The e f f e c t  of r ep l ac ing  975-g f u e l  elements wi th  1075-g, zone 
loaded elements i n  t h e  r e a c t i v i t y - l i m i t e d  lobes  i s  t o  enhance core l i f e  
by about 1000 MWd. 

The es t imated  u n c e r t a i n t y  f o r  one s t anda rd  dev ia t ion  i n  core l i f e  
p r e d i c t i o n s  i s  10 percent  f o r  core l i f e  i n  excess  of 5000 MWd and 
somewhat g r e a t e r  f o r  a  s h o r t e r  l i f e .  



FLUX AND REACTIVITY CHANGES. DUE..TO. ATR BERYLLIUM REFLECTOR DAMAGE 

A .  W. Brown, A. C. Smith, J. L. Durney 

Ca lcu la t ions  t o  e v a l u a t e  power peaking and r e a c t i v i t y  changes due 
t o  p o s s i b l e  ATR Be r e f l e c t o r  breakage have been completed. These ca l -  
c u l a t i o n s  were made on t h e  Cycle 1 3  c a l c u l a t i o n a l  model a t  start  of l i f e  
and a f t e r  3  days opera t ion .  

Three gene ra l  cases  were s t u d i e d :  

1. The case  where t h e  bery l l ium breaks s o  t h a t  a l a r g e  p i e c e  of t h e  
r e f l e c t o r  can move. 

2. The c a s e  where a  p i ece  of t h e  r e f l e c t o r  can f a l l  d i r e c t l y  a g a i n s t  
a  f u e l  ' element. 

3 .  The case  where a  p i ece  of bery l l ium is  l o s t  forming a  l a r g e  water  
channel ad j acen t  t o  t h e  o u t s i d e  f u e l  p l a t e .  

The c a l c u l a t i o n s  were made i n  two dimensions us ing  t h e  PDQ-7 d i f -  
f u s i o n  theory  code wi th  fou r  neutron energy groups. one-dimensional ca l -  
c u l a t i o n s  were a l s o  made i n  order  t o  v e r i f y  t h a t  t r a n s p o r t  and mult igroup 
e f f e c t s  a r e  of smal l  importance t o  t h e ' r e s u l t s .  Reference can b e  made 
t o  Figure 1, page 8 2  f o r  co re  geometry and t o  F igure  1 i n  t h i s  s e c t i o n  f o r  
f u e l  element s t r u c t u r e  and p l a t e  numbering. 

R e a c t i v i t y  C h a n ~ e  

A ga in  i n  r e a c t i v i t y  of 7.4 t o  13.2C was produced when t h e  water  
gap around t h e  f u e l  elements i n  core  p o s i t i o n s  26-28 was decreased from 
a maximum va lue  of 0.240 i n .  t o  0.039 i n .  which corresponds t o  t h e  
bery l l ium i n  con tac t  w i th  t h e  f u e l  element s i d e  p la tes - .  The 7 . 4 ~  
r e a c t i v i t y  va lue  was obta ined  assuming a  break of t h e  r e f l e c t o r  which'  
i nc reases  t h e  water  annulus around o u t e r  shims W 1  and W2 and thus  enhances 
t h e  worth of t h e s e  shims. 'The c a l c u l a t i o n s  which maintained a  nominal water  
gap around t h e  o u t e r  shims gave t h e  13.2C r e a c t i v i t y  i nc rease .  

The r e a c t i v i t y  g a i n  when t h e  bery l l ium next  t o  element 27 moves such 
t h a t  t he  wa te r  gap o u t s i d e  of t h i s  element changes from 0.240 in .  t o  0.039 
i n .  was es t imated  t o  b e  5 . 0 ~ .  This  va lue  assumes t h a t  t h e  water annu l i  
around t h e  o u t e r  shims do no t  change. When t h e  be ry l l i um l i e s  a g a i n s t  
t h e  o u t s i d e  f u e l  p l a t e  and no water gap e x i s t s  t h e  r e a c t i v i t y  i n c r e a s e  
was es t imated  t o  be 5 . 4 ~ .  This  v a l u e . a l s o  assumes no change i n  t h e  water  
annu l i  around t h e  o u t e r  shims. 

The m u l t i p l i c a t i o n  f a c t o r . o f  t h e  va r ious  cases  r e l a t i v e  t o  t h e  
nominal gap cases  a r e  t abu la t ed  i n  Table I along wi th  t h e  a c t u a l  eigen- 
va lues  computed f o r  t h e  nominal gap cases .  

The power r a t i o  r e l a t i v e  t o  t h e  nomina lgap  was determined f o r  t h e  
c a s e  where a  s e c t i o n  of bery l l ium between t h e  o u t s i d e  f u e l  p l a t e  and t h e  



drum was removed and rep laced  with water.  T h e  s e c t i o n  removed extended 
along the r i g h t  ha l f  of p o s i t i o n  27. For this c a s e  the maximum r a t i o  of 
1.187 occurred a t  ahout 9.0%. froui the left edge of f u e l  f o r  the s ta r t -of -  
l i f e  case ,  This f a c t o r  dec reases  t o  about 1.102 a t  3 days burnup. There 
is  e s s e n t i a l l y  no i n c r e a s e  in power: a t  t b  f u e l  edge  away from the missing 
bexyllium sec t ion .  

Tab-le Tr llsts.  t h e  p o i n t - t o - a y q a g e . p o ~ e r  dens2 ty  and the power r a t i o s  
f o r  the l o s s -  of a  s e c t i o n  of b;:ery-lltum, 

0ne~Db.ensSonal  R e s u l t s  

One-dlmens2onal ca ses  were run  t o  a s s e s s  t h e  adequacy of t h e  few group 
d i f f u s i o n  theory  t o  pred2ct  mult2pl2catfon changes and power changes wi th  
changes- in r e f l e c t o r  cond2t2ons. A l s o  t b  one -dhens iona l  ca ses  were used 
t o  e x t r a p o l a t e  t o  no gap, the two-dlmens2onal ca ses  where a r e f l e c t o r  
p i e c e  along j u s t  one element moves from a 0.240 i n ,  gap pos , i t lon  t o  a  
0.039 i n .  gap pos i t i on .  

The one-dimensional c a l c u l a t i o n s  s u b s t a n t i a t e  b o t h  t h e  power peaking 
r e s u l t s  and t h e  r e a c t i v i t y  changes c a l c u l a t e d  f o r  the two-dimensional ATR 
geometry. 

The power peaking c a l c u l a t i o n s  were supported by measurements i n  ~ ~ ~ ' A T R C  
where t h e  movement of bery l l ium was s imulated by r ep lac ing  p l a t e  19 ( t h e  o u t e r  
f u e l  p l a t e  ad jacent  t o  t h e  beryl l ium) by t e f l o n  and water  i n  f u e l  assemblies  
i n  pos i t i ons  27, 28. The t e f l o n  i s  q u i t e  t r anspa ren t  t o  neutrons and i n  t h e  a r e a  
where i t  f r o n t s  a g a i n s t  t h e  beryl l ium, t h e  e f f e c t  is l i k e  moving t h e  
beryl l ium c l o s e  t o  p l a t e  18. P l a t e  18 is then  i n  a  con f igu ra t ion  r e l a t i v e  
t o  t h e  beryl l ium which is q u i t e  l i k e  p l a t e  19  w i t h  a  normal water  channel 
s epa ra t ing  i t  from the beryl l ium. The reg ion  where t h e  enlarged water  
channel s epa ra t e s  p l a t e  18 from t h e  beryl l ium then  s imula tes  t h e  e f f e c t  of 
beryl l ium moving away from a f u e l  element. The f l u x  peaking i n  p l a t e  1 8  
f ac ing  t h e  l a r g e  water channel  was compared w i t h  that f ac ing  t h e  t e f l o n .  
The i n c r e a s e  i n  f i s s i o n  r a t e  due t o  the enlarged water  channel was 8% which 
compares favorably  wi th  t h e  computational r e s u l t s .  



TABLE I 

CORE MULTIPLICATION RELATIVE TO THE CASE WIT2 THE NOEIINAL FUEL-REFLECTOR GAP 

Excess 
One Dim. PDQ-7 R e a c t i v i t y  

MONA SCAMP 4 Group 2 D i m .  (PDQ) (B= .007 5 j 

No Gap 1.00111 1.00239 -- -- -- 

0.039 - -- - O., SL9.83*? -2.27~ 

X nominal 0.99262 .1.00408 1.00046 ' 0.99440 -- 

* The water  gap around t h e  drums was i n c r e a s e d .  

t Ref l ec to r  s e c t i o n  ad j acen t  t o  p o s i t i o n  27, 28, 29 on ly .  

t t  Ref l ec to r  s e c t i o n  ad j acen t  t o  p o s i t i o n  27 only .  



TABLE 

POmR PEAKING CHANGE PRODUCED BY H$ REPLACING 25' SECTOR OF REFLECTOR NEAR WEL 

P l a t e  

*Peaking Factors f o r  Right Edge of Element No. 27 

Time = Sta r tup  Time = 3 Days 

Base Perturbed Ratio Base - Perturbed Rat i o  

*Peaking Factors  f o r  Left Edge of Element No. 28 
TjLme = Sta r tup  Time = 3 Days 

P l a t e  Base Perturbed Ratio Base Perturbed Ratio 

*Peaking Factors f o r  Right Edge of Element No. 28 

Time = Sta r tup  Time = 3 Days 

P l a t e  Base Perturbed Ratio Base - Perturbed Ratio 

* Powers a r e  normalized t o  t h e  base case  SW lobe power. 

** Percentages taken from l e f t  edge of f u e l .  



1 

Nominal Dimensions 

Detail Of Inner Plate 

Figure 1 ATR fuel assembly. 



ATR CYCLE MOCK-UPS I N  ATRC 

W. D. Gregory 

ATR cycle  mock-ups a r e  assembled i n  t h e  ATRC t o  determine t h e  
s p e c i f i c  power d i s t r i b u t i o n  i n  t h e  f u e l  annulus,  experiment r e a c t i v i t y  
e f f e c t s ,  excess  r e a c t i v i t y ,  s a f e t y  rod  and shim worths ,  p o t e n t i a l  vo id  
r e a c t i v i t y  a d d i t i o n s ,  shim p r e d i c t i o n s  f o r  c r i t i c a l i t y  i n  ATR, and core- 
l i f e  es t imates .  Where p o s s i b l e ,  t h e  same f u e l  elements scheduled f o r  
use i n  t h e  ATR a r e  used i n  t h e  ATRC mock-up. I n  o the r  ca ses ,  f u e l  
elements a r e  s e l e c t e d  f o r  ATRC t h a t  have t h e  same f u e l  and. boron 
contents  a s  t hose  ass igned  t o  corresponding ATR core p o s i t i o n s .  

P red ic t ed  ATR shim p o s i t i o n s  f o r  c r i t i c a l i t y  f o r  a new f u e l  
loading  a r e  determined from t h e  ATRC mock-up shim"posi t ions at c r i t i c a l  
a s  w e l l  a s  from shim p o s i t i o n s  i n  an e a r l i e r  (and similar) ATR s t a r t u p .  
The two values obta ined  a r e  averaged f o r  t h e  adve r t i s ed  p r e d i c t i o n .  
Shim p r e d i c t i o n s  f o r  a  r ecyc led  f u e l  loading  a r e  c a l c u l a t e d [ l l  u s ing  
ATR shim p o s i t i o n s  i n  t h e  previous cyc le  immediately p r i o r  t o  shutdown 
and compared t o  t h e  shim p o s i t i o n s  determined from t h e  ATRC mock-up 
shim pos i t i ons .  For both types of core loadings ,  r e a c t i v i t y  co r r ec t ions  
a r e  made f o r  temperature and power d i f f e r ences  , hafnium burnup, bery l l ium 
poisoning,  and smal l  bu t  b a s i c  phys i ca l  d i f f e r ences  between t h e  ATRC 
mock-up and ATR. 

P red ic t ed  shim p o s i t i o n s  f o r  c r i t i c a l i t y  a r e  compared with a c t u a l  
shim pos i t io i i s  a s  a  s e p e r a t e  check on t h e  core loading  and proper  
s e a t i n g  of t h e  f u e l  elements.  A summary of  t h e  s tandard  dev ia t ion  
expressed i n  d o l l a r s  of r e a c t i v i t y  f o r  t h e  p r e d i c t e d  ATR shim p o s i t i o n s  
f o r  c r i t i c a l i t y  from Core I1 through Cycle 1 3 B  s t a r t u p  i s  g iven  below: 

Condition 10 ( $ )  

~11 s t a r t u p s  0.48 

New-fuel s t a r t u p s  0.26 

Recycled-fuel s t a r t u p s  0.65 

The power d i s t r i b u t i o n  d a t a  from t h e  ATRC mock-up a r e  used a s  a  
zero-time normalizat ion f o r  time-dependent two-dimensional c a l c u l a t i o n s  
of t h e  power d i s t r i b u t i o n  f o r  hea t  t r a n s f e r  and burnup ana lys i s .  The 
s p e c i f i c  power d i s t r i b u t i o n  measurements a r e  made wi th  boron-impregnated 
p l a s t i c  t a p e s  i n  t h e  f u e l  elements t o  s imula te  ATR xenon equi l ibr ium. 

[ l l P .  R. Napper, na re dictions of  Shim P o s i t i o n s  For C r i t i c a l i t y  For ATR 
- - 

~ t a r t u ~ s " ,  Nuclear Technology Divis ion  Annual Progress  Report For 
Per iod  Ending June 30, 1971, A N c R - ~ O ~ ~  ( ~ c t o b e r  1971) p  178. 



EXPERIMENT REACTIVITY EFFECTS I N  ATR 

J. A. Close 

Measurements of t h e  r e a c t i v i t y  e f f e c t s  of  i n s e r t i n g  var ious  m a t e r i a l s  
i n  s t anda rd  ATR i n - p i l e  tubes  have been performed i n  t h e  ATRC f o r  a 
twofold purpose. F i r s t ,  t h e  d a t a  provide a  b a s i s  f o r  eva lua t ing  
compromises i n  m a t e r i a l s  used f o r  ATR experiment mock-ups in.ATRC. The 
second u s e  i s  i n  eva lua t ing  t h e  r e a c t i v i t y  e f f e c t s  of  minor experiment 
changes i n  ATR without  a c t u a l l y  performing t h e  measurements i n  t h e  ATRC. 

The r e s u l t s  of s e v e r a l  d i f f e r e n t  types  of  measurements showed: 

1. The shadowing e f f e c t  on experiment r e a c t i v i t y  from t h e  bottom 
3 inches  of a s a f e t y  rod  pro t ruding  i n t o  a f l u x  t r a p  i s  n e g l i g i b l e .  

2. The standard-diameter experiments can be  i n s t a l l e d  i n  a flow tube  
i n  any azimuthal  o r i e n t a t i o n  wi th  n e g l i g i b l e  r e a c t i v i t y  e f f e c t .  

3.  A cosine-squared d i s t r i b u t i o n  f u n c t i o n  i s  an adequate a x i a l  
r e a c t i v i t y  weight ing func t ion .  

'I 

The r e a c t i v i t y  dependence on experiment m a t e r i a l s  was a l s o  measured 
and s e v e r a l  graphs dep ic t ing  t h e  in f luence  of shroud, fue l . ,  v /o  water ,  
f u e l  s e l f - sh i e ld ing ,  and shroud-fuel i n t e r a c t i o n  were p l o t t e d .  ' Figure 1 
provides  an example of t h e  da t a .  The r e a c t i v i t y  e f f e c t s  ( r e l a t i v e  t o  
a w a t e r - f i l l e d  flow tube )  of i n s e r t i n g  aluminum and f u e l  p l a t e s  i n  a  
s t anda rd  mock-up ho lde r  f o r  va r ious  shroud condi t ions  a r e  shown i n  t h e  
f i g u r e .  The r e a c t i v i t y  va lues  a r e  f o r  a balanced (50-50-50) power 
d iv i s ion .  The dashed po r t ions  of t h e  curves a r e  ex t r apo la t ions .  

There a r e  s e v e r a l  v a r i a b l e s  whi* in f luence  t h e  r e a c t i v i t y  e f f e c t  
f o r  t h i s  t ype  of experiment i n se r t i on ; .name ly ,  f u e l  con ten t ,  shroud 
m a t e r i a l ,  volume pe rcen t  water  i n s i d e  t h e  shroud, shroud-fuel i n t e r a c t i o n ,  
and f u e l  s e l f  sh ie ld ing . .  I n  t h e  f i g u r e ,  f u e l  content  i s  t h e  a b s c i s s a ,  
and t h e  fami ly  of curves d e p i c t s  shroud dependence. The fuel-shroud 
i n t e r a c t i o n  i s  exh ib i t ed  by t h e  decreas ing  s lope  of t h e  curves f o r  
i n c r e a s i n g  shroud. The f u e l  s e l f  s h i e l d i n g  i s  seen as t h e  decrease i n  
s l o p e  wi th  inc reas ing  f u e l  content .  The r e a c t i v i t y  e f f e c t  of vary ing  
water  conten t  i s  e s s e n t i a l l y  l i n e a r  i n  t h e  range measured ( inc reased  
water  volume having a  nega t ive  e f f e c t ) .  Q u a l i t a t i v e l y ,  t h e  r e a c t i v i t y  
dependences a r e  t h e  same as those  found f o r  experiment mock-ups i n  t h e  
ETRC. Other measurements were performed which gave t h e  r e a c t i v i t y  
e f f e c t s  of i n s e r t i n g  o t h e r  common mock-up m a t e r i a l s  ( eg ,  s t a i n l e s s  
s t e e l ,  hafnium) i n  a w a t e r - f i l l e d  flow tube.  

The fol lowing equat ion ,  based on t h e  measurements descr ibed  above, 
i s  v a l i d  f o r  c a l c u l a t i n g  t h e  r e a c t i v i t y  e f f e c t  of  a m a t e r i a l s  change 
i n  any s t anda rd  diameter  ATR f l u x  t r a p  experiment. 



where T i s  a weight ing f a c t o r  which c o r r e c t s  r e a c t i v i t y  f o r  lobe  
power v a r i a t i o n s  , 

W i s  a weight ing f a c t o r  which c o r r e c t s  r e a c t i v i t y  f o r  d i f f e r ences  ' Le.t;ween f l u x  t r a p s ,  

Api i s  t h e  r e a c t i v i t y  e f f e c t ,  r e l a t i v e  t o  water ,  of removing o r  
i n s e r t i n g  m a t e r i a l s  i n  a s i n g l e  holder  ( t h e  it& h o l d e r )  
centered  a t  core midplane. 

'i 
i s  a  weight ing f a c t o r  which c o r r e c t s  Ap i f o r  t h e  d i f f e r e n c e  
between t h e  a c t u a l  e l eva t ion  of t h e  i t h  - ho lde r  and core midplane. 



ANC-8-1118 
Fuel  (g  23511 per inch o f  meat )  

Figure  1 Reac t iv i ty  e f f e c t  of i n s e r t i n g  aluminum and f u e l  i n  an 
aluminum ho lde r  a t  core midplane i n  a f l a t  power d i v i s i o n  
i n .  a w a t e r - f i l l e d  flow tube  l o c a t e d  i n  a corner  f l u x  t r a p .  
Water content  i n s i d e  t h e  shroud i s  14..6 volume percent .  



FLUX VARIATIONS I N  ATRC REFLECTOR POSITIONS 

J. A. Close 

F i s s ion - ra t e  measurements have been performed i n  t h e  I-holes of 
t h e  ATRC bery l l ium r e f l e c t o r  t o  determine t h e  v a r i a t i o n  of f i s s i o n  f l u x  
( t h e  neutron f l u  t o  which 2 3 5 ~  responds by f i s s i o n i n g )  wi th  o u t e r  shim 
pos i t i on .  The measurements were accomplished by s e t t i n g  o u t e r  shims i n  
t h e  west h a l f  o f  t h e  core  a t  99.2O and t h e  o u t e r  shims i n  t h e  e a s t  h a l f  
at 133.0' f o r  c r i t i c a l i t y  during t h e  f l u x  run. The f i s s i o n - r a t e  monitors 
were taped  t o  t h e  aluminum f i l l e r s  i n  1-4, 5, and 6 i n  t h e  e a s t  and 1-14, 
15 ,  and 1 6  i n  t h e  west.  For ana lys i s  t h e  core was s p l i t  i n  h a l f  by 
pass ing  an imaginary l i n e  through t h e  cen te r s  of  t h e  no r th  and south  f l u 3  
t r a p s .  I n  r epo r t ing  t h e  d a t a  it i s  assumed t h a t  t h e r e  i s  symmetry i n  
t h e  power d i v i s i o n  about t h i s  l i n e .  Data i n  t h e  e a s t  and west ha lves  
of t h e  core a r e  s e p a r a t e l y  normalized t o  a core power of 250 MW. 
Figure  1 g ives  t h e  f i s s i o n  f l u x  d i s t r i b u t i o n  i n  t h e  I-holes and shows 
t h e  approximate l o c a t i o n  o f  t h e  hafnium a r c s  on t h e  o u t e r  shims when 
they  a r e  pos i t i oned  a t  99.2O. F igure  2 g ives  t h e  f i s s i o n  f l u  d i s t r i b u t i o n  
and shows t h e  o u t e r  shims a t  133.0'. The d a t a  i n  Figures  1 and 2 can 
e a s i l y  be compared by t a k i n g  advantage of r e a c t o r  symmetry and r o t a t i n g  
F igure  1 180° f o r  comparison wi th  F igure  2. The d i f f e r e n c e  i n  f l u x  
magnitude due t o  hafnium shadowing i s  q u i t e  ev ident  when 1-5 and 1-15 
f l u x e s  a r e  compared. 

I f  t h e  f l u x  d i s t r i b u t i o n s  i n  t h e  I-holes  a r e  considered i n  terms of  
t h e  shadowing caused by t h e  hafnium a rc s  of t h e  o u t e r  shims, a  neut ronic  
model c o n s i s t e n t  with t h e  d a t a  provides f o r  neutron s t reaming between 
t h e  a r c s ,  t hen  d i f f u s i o n  i n  t h e  bery l l ium and aluminum behind t h e  a r c s .  
I n  us ing  t h e s e  d a t a  f o r  t h e  ATR one would expect  more 6 i f f u s i o n  and l e s s  
a t t e n u a t i o n  of neutrons t o  t a k e  p l ace  i n  t h e  ATR bery l l ium I-hole  
f i l l e r s  t han  i n  t h e  A'I'HC aluminum f i l l e r s .  This reasoning would suggest  
t h a t  t h e  f l u x  g rad ien t s  .in t h e  ATR a r e  somewhat l e s s  pronounced. 



Figure 1 Fiss ion  f l u x  ( 1 0 ~ ~  nf.cm2 -see)  d i s t r i b u t i o n  i n  I-holes f o r  
ou te r  shims a t  99.2O'. Arcs approximate t h e  loca t ion  of 
outer  shim hafnium. 



Figure 2 Fiss ion  f l u x  (1014 n/cm2 -sec)  d i s t r i b u t i o n  i n  I-holes f o r  outer  
shims a t  133.0'. Arcs approximate t h e  loca t ion  of outer  shim 
hafnium. 



LOBE POWER RESPONSE OF ATRC I O N  CHAMBERS 

P. R. Napper 

Experiments have been performed i n  t h e  ATRC t o  determine t h e  lobe  
power and core power response of f i s s i o n  chambers l oca t ed  i n  thimbles  
next  t o  t h e  ATRC core. The r e s u l t s  of t h e s e  experiments can be appl ied  
t o  t h e  ATR s a f e t y  channels s i n c e  t h e i r  ion  chambers a r e  l o c a t e d  i n  
thimbles  next  t o  t h e  ATR core  i n  s i m i l a r  p o s i t i o n s  ad jacent  t o  t h e  four  
corner  lobes .  Five d i f f e r e n t  f l u x  runs were performed, each i n  a . 

d i f f e r e n t  power d i v i s i o n ,  wi th  d i f f e r e n t  t o t a l  power and d i f f e r e n t  
experiment loadings.  During each of t h e  f l u x  runs ,  f i s s i o n  chamber out- 
p u t  cu r r en t  was determined a s  a func t ion  of v e r t i c a l  p o s i t i o n  of  t h e  
chamber i n  s e v e r a l  d i f f e r e n t  i on  chamber thimbles .  The same f i s s i o n  
chamber, coax ia l  cable  and picoammeter were used i n  each of t h e  f l u x  
runs.. 

For  t h e  SE lobe  ( a  t y p i c a l  s i t u a t i o n )  f i s s i o n  chamber cu r r en t  
d iv ided  by lobe  power and f i s s i o n  chamber cu r r en t  d iv ided  by core  power 
a r e  p l o t t e d  a s  a func t ion  of chamber p o s i t i o n  i n  Figure 1. The 
inc reased  divergence of t h e  curves between 12.25 f e e t  and 10.75 f e e t  i s  
thought  t o  be due t o  t h e  u n c e r t a i n t y  i n  t h e  measurement of background 
c u r r e n t  and t h e  accuracy wi th  which t h e  picoammeter can b e  read.  The 
19' curves a r e  no t  cont inued below t h e  12.25-foot p o s i t i o n  due t o  an 
e r r o r  i n  determining background cu r ren t .  

Two conclusions can be  drawn from t h e  family of curves given i n  
F igure  1: ( a )  chamber cu r r en t  i s  d i r e c t l y  p ropor t iona l  t o  lobe  power 
f o r  chamber p o s i t i o n s  above t h e  t o p  of t h e  core  and ( b )  chamber cu r r en t  
i s  a f f e c t e d  by o u t e r  shim p o s i t i o n s  f o r  chamber p o s i t i o n s  below t h e  top  
of  t h e  core.  This  l a t t e r  conclusion can be i n f e r r e d  from the  cur ren t -  
per-watt-of-lobe power curves.  For  t h e  o u t e r  shims i n  t h e  112O and 
140' r eg ion ,  t he  curves show t h a t  t h e  chamber cu r r en t  p e r  w a t t  of lobe  
power i s  lower t han  t h a t  ob ta ined  wi th  l e s s  withdrawn shims, b u t  t h i s  
e f f e c t  becomes n e g l i g i b l e  when t h e  chamber i s  above t h e  t o p  of t h e  
core and t h e  top  o f  t h e  o u t e r  shims. 

No c o r r e l a t i o n  has  been found between Chamber c u r r e n t  and core  
p a r e r  d i s t r i b u t i o n ,  t o t a l  core power, o r  any.combination of t h e  lobe  
powers. 



9 SE Outer Sh ims  a t  112O 

SE Outer Sh ims  a t  140' 

SE Outer Shims a t  19O 

A SE Outer Sh ims a t  45O 

E SE Outer Shims o t  58O 

10.2 11.0 12.0 13.0 14.0  15.0 16.0 17.0 
A N C - B - ( 1 0 0  

Top of Thimble to  Center l ine of Chamber ( f t )  

Figure 1 Fiss ion  chamber current  divided by lobe power and f i s s i o n  
chamber current  divided by core power a s  a function of 
chamber pos i t ion  i n  t h e  SE thimble. 



EFFECTS OF FLUX TRAP FACILITY I N  ATR 

K. A. Strong 

Neutron f l u x  and gamma hea t ing  were measured i n  t h e  ATRC t o  support  
t h e  des ign  of  a l e a d  experiment f a c i l i t y  f o r  t h e  ATR west f l u x  t r a p .  
The s e v e r a l  power d i v i s i o n s  i n v e s t i g a t e d  a r e  l i s t e d  i n  Table I. The 
mock-up u s e d . i n  t h e  west f l u x  t r a p  cons i s t ed  of  a  s o l i d  aluminum rod  
1.75 i n .  i n  diameter surrounded by a c y l i n d r i c a l  aluminum tube  wi th  
3.125-in. OD and 1.775-in. I D .  These two p i eces  were l o c a t e d  i n s i d e  a  
s t anda rd  dummy f l u x  t r a p  f i l l e r .  No at tempt  was made t o  mock up e i t h e r  
l e a d  experiments o r  experiment holes .  

The thermal  neutron f l u x  d i s t r i b u t i o n  i n  t h e  mock-up w a s  determined 
f o r  each power d i v i s i o n  of  Table I by l o c a t i n g  monitors at t h e  i n t e r f a c e  
of  t h e  s e v e r a l  components used t o  provide t h e  mock-up. Addi t iona l ly ,  
t h e  f a s t  ( >  1 M ~ V )  neutron f l u x  d i s t r i b u t i o n  was measured i n  power 
d i v i s i o n  No. 2 ,  and t h e  gamma hea t  was measured i n  power d i v i s i o n  No. 4. 
A s  a n t i c i p a t e d ,  t h e  east-to-west g r a d i e n t s  f o r  t h e  thermal  neutron f l u x  
were r a t h e r  pronounced, while  north-to-south g r a d i e n t s  were negl igible ' .  
F a s t  neutron f l u x  and gamma h e a t  d a t a  a l s o  exh ib i t ed  t h e  a n t i c i p a t e d  
g r a d i e n t s .  , The power d i s t r i b u t i o n  d a t a  obta ined  i n  t h e  ad jacent  f u e l  
elements i n d i c a t e  t h a t  ATR f u e l  temperatures  would no t  be  i n t o l e r a b l e  
f o r  ope ra t ion  wi th  such a f a c i l i t y .  

The r e a c t i v i t y  e f f e c t  of t h i s  mock-up r e l a t i v e  t o  t h e  usua l  gas- 
loop  dummy loading  i s  +$1.16 + 0.06 ( l a )  i n  a  balanced power d iv i s ion .  
This  r e a c t i v i t y  e f f e c t  i s  compensated by movement of t h e  o u t e r  shims 
around t h e  two adjacent  lobes .  This  added a v a i l a b l e  shim could r e s u l t  
i n  a ga in  i n  cycle  l i f e  f o r  those  loadings  and power d i v i s i o n s  where 
a r e a c t i v i t y  l i m i t  would normally be reached i n  e i t h e r  of t h e s e  
ad jacent  quadrants  a t  t h e  end of t h e  cycle .  The l e a d  f a c i l i t y  mock-up 
a l s o  caused some inc rease  i n  t h e  c e n t e r  lobe  power r e l a t i v e  t o  t h e  
gas-loop dummy loading.  For those  cyc les  where an inc rease  i n  lobe  
power i s  not  compatible wi th  experiment requirements ,  a d d i t i o n a l  
poisoning would be r equ i r ed  around t h e  cen te r  f l u x  t r a p  of  t he  r e a c t o r .  

TABLE I 

ATRC LOBE POWER DIVISIONS (NORMALIZED TO 250 MW TOTAL POWER) 
FOR WEST FLUX TRAP DATA 

Flux Run No. 

Lobe Powers (MW) 

NW - NE - C - SW - SE - 



ATRC OUTER AND NECK SHIM CALIBRATIONS 

J. C. Tappendorf 

T h e . e f f e c t s  of power d i v i s i o n  on t h e  d i f f e r e n t i a l  worths of t h e  
ATRC o u t e r  shims, t h e  worths of t h e  f l u x  t r a p  experiments,  and t h e  
worths of  t h e  No. 5 and No. 6 neck shims have been determined experi-  
mental ly .  The dependence of t h e s e  r e a c t i v i t i e s  on ad jacent  lobe  power 
i s  somewhat d i f f e r e n t  t han  t h e  p rev ious ly  assumed power squared dependence. 

The empi r i ca l  equat ion  desc r ib ing  t h e  r e l a t i o n s h i p  between o u t e r  
shim groupq d i f f e r e n t i a l  worth and ad jacent  lobe  power i s  

i s  t h e  d i f f e r e n t i a l  worth of an o u t e r  shim 
Do group ad jacent  t o  a  lobe  a t  a power, PA, and 

eva lua t ed  at o u t e r  shim p o s i t i o n ,  Do. 

i s  t h e  worth of t h e  same o u t e r  shim group ad jacent  

Do 
t o  t h e  same lobe  a t  power, PB, and eva lua ted  a t  
o u t e r  shim p o s i t i o n ,  Do. 

An i l l u s t r a t i o n  of t h e  accuracy of t h i s  r e l a t i o n s h i p  i s  shown i n  
F igure  1. The bottom curve i s  a  d i f f e r e n t i a l  worth curve determined i n  
ATRC f o r  an o u t e r  shim group ad jacent  t o  a lobe  at a power of 39.4 w a t t s .  
The t o p  two curves a r e  d i f f e r e n t i a l  worth curves f o r  lobe  powers of 50.7 
and 61.3 w a t t s  der ived  from t h e  bottom curve us ing  Equation 1. The d a t a  
p o i n t s  shown wi th  t h e  t o p  two curves a r e  va lues  determined experimental ly  
i n  ATRC f o r  t h e  two d i f f e r e n t  lobe  powers. The e x c e l l e n t  agreement 
between t h e  d a t a  p o i n t s  and t h e  curves i l l u s t r a t e s  t h e  adequacy of t h e  
above r e l a t i o n s h i p  t o  de f ine  d i f f e r e n t i a l  worth changes as a func t ion  
of lobe  power changes. 

The r e a c t i v i t y  e f f e c t  of f l u x  t rap 'exper iments  has t h e  same lobe- 
power dependence a s  t h e  o u t e r  shim d i f f e r e n t i a l  worth. The equat ion  
desc r ib ing  t h e  power dependence i s  

where i s  t h e  worth of an experiment i n  a  f l u x  t r a p  a t  power, 

and pB i s  t h e w o r t h  o f t h e  sane e x p e r i m e n t i n a f l u x t r a p  at power, 

'B ' 

*An o u t e r  shim group i s  defined a s  t h e  f o u r  shims ad jacent  t o  a 
p a r t i c u l a r  lobe  of t h e  r e a c t o r .  



Resu l t s  from the  same ATRC experiment program y i e l d e d  an empi r i ca l  
r e l a t i o n s h i p  which accu ra t e ly  desc r ibes  t h e  change i n  worth of  No. 5 
and No. 6 neck shims f o r  changes i n  t h e  ad jacent  lobe  power. The 
equat ion  desc r ib ing  t h i s  r e l a t i o n s h i p  i s :  

where TW ( P  ) i s  t h e  worth of e i t h e r  t h e  No. 5 o r  No. 6 neck shim f o r  
A 

an ad jacent  lobe  power of P 
A' 

and TW (P.) i s  t h e  worth of t h e  same neck shim f o r  an ad jacent  lobe  
power of  P 

R ' 

Shown i n  Table I a r e  comparisons of two d i f f e r e n t  methods f o r  
determining neck shim worth changes a s  a r e s u l t  of changes i n  ad jacent  
l obe  power as compared t o  t h e  a c t u a l  measured changes i n  worth. These 
two methods a r e  Equation 2 above and power-squared weighting. This t a b l e  
demonstrates  t h e  improved accuracy of u s ing  Equation 2 over t h e  power- 
squared weight ing method i n  determining neck shim worth changes a s  a 
func t ion  of  lobe power. 

TABLE I 

COMPARISON OF TWO DIFFERENT METHODS FOR DETERMINING NECK SHIM 
WORTH CHANGES AS A RESULT OF ADJACENT LOBE POWER CHANGES 

Neck 
Shim - 

NW- 6 

NW- 5 

RaCi'o of  
Measured Neck 

Shim Worths 
For Two 

Di f f e ren t  Adjacent 
Lobe Powers 

Rat io  of t h e  
Squares of t h e  

Two Adjacent 
Lobe Powers 

Rat io  o f  Neck Shim 
Worths Calculated 
From Equation 2 
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Figure 1 Outer shim posi t ion (degrees) versus d i f f e r e n t i a l  worth (b/deg).  



ATR DATA SYSTEM BERYLLIUM SHIFT SURVEILLANCE PROGRAM 

J .  C .  Tappendorf 

A new ATR Data System r o u t i n e  was implemented t o  support ATR 
Operat ions i n  t h e i r  s u r v e i l l a n c e  dur ing  r e a c t o r  ope ra t ion  of  t h e  cracked 
bery l l ium r e f l e c t o r .  This  r o u t i n e  monitors t h e  r e g u l a t i n g  rod  motion 
when t h e  r e a c t o r  i s  i n  servo ope ra t ion  and determines when t h e r e  has 
been a pote_nt ia l ly  abnormal rod  movement. This  abnormal rod movement 
could  i n d i c a t e  an extraneous r e a c t i v i t y  change and i n  t u r n  could imply 
a movement of t h e  bery l l ium r e f l e c t o r .  When a p o t e n t i a l l y  abnormal 
rod  movement has been determined, an annunciator  i s  alarmed i n  t h e  
c o n t r o l  room, and t h e  va lues  of  a number of parameters which m i g h t  
confirm a r e f l e c t o r  s h i f t  a r e  p r i n t e d  on t h e  l i n e  p r i n t e r .  

The s u r v e i l l a n c e  program monitors t h e  r e g u l a t i n g  rod p o s i t i o n  a t  
a r a t e  of once every fou r  seconds. When a r e g u l a t i n g  rod movement 
g r e a t e r  t han  t h e  expected movement i n  t h e  pe r iod  of time betwee11 scans 
has been de t ec t ed ,  a t e s t  f o r  experiment o r  shim motion and f o r  power 
r educ t ion  demands i s  made. I f  no such a c t i o n s  have occurred ,  t h e  motion 
i s  judged p o t e n t i a l l y  abnormal, an annunciator  i s  energized i n  t h e  
c o n t r o l  room, and an  output  i s  genera ted  on t h e  l i n e  p r i n t e r .  The 
output  c o n s i s t s  of  e i g h t  r e g u l a t i n g  rod  p o s i t i o n  va lues  be fo re  and 
a f t e r  t h e  p o t e n t i a l l y  abnormal r e g u l a t i n g  rod  movement has  been de t ec t ed .  
Add i t iona l ly ,  i f  a s h i f t  i n  t h e  bery l l ium r e f l e c t o r  d i d  occur ,  a 
change i n  t h e  va lues  of t h e  fou r  l e v e l  channels and two per iod  
channels  might a l s o  occur .  Thus, e i g h t  va lues  f o r  t h e  l e v e l ' a h d  
pe r iod  channels  (which a r e  scanned a t  t h e  same r a t e  as t h e  r e g u l a t i n g  
r o d )  be fo re  and a f t e r  t h e  rod  movement a r e  a l s o  p r i n t e d  on t h e  l i n e  
p r i n t e r .  

It i s  a l s o  p o s s i b l e  th'at t h e  channels of t h e  Lobe Power Monitoring 
(l6I!l) Suhsyst,em would i n d i c a t e  a change i n  t h e i r  s teady  s t a t e  va lues  
dur ing  a s h i f t  i n  t h e  bery l l ium r e f l e c t o r .  However, s i n c e  t h e  water  
f low t ime from r e a c t o r  t o  d e t e c t o r  i s  approximately 1 5  + 2 seconds, t h e  
channels  o f  t h e  1 6 ~  Subsystem w i l l  no t  i n d i c a t e  a change u n t i l  13 t o  17  
seconds have e lapsed  s i n c e  t h e  i n i t i a t i n g  event .  Thus, t h e  outpuL of 
va lues  f o r  t h i s  subsystem is  delayed t o  account f o r  t h i s  flow de lay .  
S ix t een  va lues  f o r  each channel a r e  t hen  p r i n t e d  out  on t h e  l i n e  
p r i n t e r ,  providing va lues  measured approximately 6 t o  22 seconds a f t e r  
t h e  p o t e n t i a l l y  abnormal r eg  rod movement was de t ec t ed .  



HEATING RATES IN ATR Hf NECK SHIMS 

T. E. Young 

The gamma hea t ing  r a t e  was c a l c u l a t e d  f o r  a new ATR Hf neck shim 
design.  The volume weighted hea t ing  r a t e  was determined t o  be betGeen 
50 and 60 w/g. Heat genera t ion  from core  gammas v a r i e d  from .about 30 
w/g a t  t h e  edge t o  60 w/g a t  t h e  cen te r  of a  rod. The Hf(n,y)  r e a c t i o n s  
caused hea t  genera t ion  which v a r i e d  from 10 w/g a t  t h e  edge t o  20 w/g , a t  
t h e  cen te r .  These a r e  conserva t ive  numbers and a r e  w i th in  acceptab le  
' l i m i t s  f o r  cool ing.  The Al ( n , y )  and H2 ( n Y y )  r e a c t i o n s  were smal l ,  
approximately 1 w/g. 

ATR FLOW NETWORK SEWLATION - 
F. K. Hyer, J .  R .  Yenhulzen 

Routine f u e l  s u r v e i l l a n c e  examinations revea led  hydraul ic  t r a n s f e r  
p a t t e r n s  l ead ing  t o  t h e  d iscovery  of f r a c t u r e s  i n  t h e  Advanced Test  
Reactor (ATR ) bery l l ium r e f  l e c t o r .  The d i g i t a l  computer code MA CAB RE[^] , 
gene ra l ly  used f o r  core  s a f e t y  margin a n a l y s i s ,  could not  adequately 
compute flow r e d i s t r i b u t i o n  r e s u l t i n g  from bery l l ium f r a c t u r e s .  p r i o r  
t o  completion of modi f ica t ions  t o  t h e  MACABRE program, ana lyses  were 
completed by so lv ing  t h e  models of t h e  flow r e d i s t r i b u t i o n  on t h e  analog 
consoles  of t h e  HYDAC hybr id  computer, and inco rpora t ing  t h e  ind ica t ed  
flow r a t e s  i n t o  MACABRE f o r  f u e l  element,  thermal ,  and cor ros ion  ana lyses .  

The f low r e d i s t r i b u t i o n  r e s u l t e d  i n  flow networks a s  shown i n  
F igure  1. This  network i s  solved by p a r t i t i o n i n g  t h e  t o t a l  network 
i n t o  "T" s e c t i o n s  a s  shown by t h e  numbered junc t ions  i n  F igure  1. 
The momentum balance f o r  each flow element i s  reduced t o  t h e  fol lowing 
equat ion t y p i c a l  of t h e  f low,  G14 : 

and conserva t ion  of f low: 

where 

P = pres su re  

p = d e n s i t y  

g = g r a v i t y  cons tan t  



L = l eng th  of f low pa th  

A = flow a r e a  

G = volumetr ic  f low ' 

R = flow r e s i s t a n c e  

t = t ime. 

The boundary cond i t i ons  of t h e  T-net a r e  u s u a l l y  t h e  p re s su res  a t  
P o i n t s  1, 2 ,  and 3. The c i r c u i t  f o r  s o l u t i o n  of t h i s  network wi th  
o p e r a t i o n a l  a m p l i f i e r s  i s  given i n  F igure  2. Equation (1) i s  so lved  
wi th  i n t e g r a t o r  loops conta in ing  a m p l i f i e r s  1, 2 ,  and 3. Potent iometers  
1, 2 ,  and 3 a r e  s e t  t o  t h e  c o e f f i c i e n t s :  

R 
$2 =7 (from Equation 1) . (i) 

Potent iometers  4 ,  5 ,  and 6: 

I - I - - -  
M pL 

(from Equation 1) . 

6 High g a i n  ampl i f i e r  4 so lves  t h e  flow ba lance ,  Equation ( 2 ) .  I n  h igh  
g a i n  ( > l o 6  ) conf igu ra t ion ,  Amplif ier  4 e s t a b l i s h e s  t h e  output  ~ 4 ,  which 
w i l l  s o l v e  f o r  flows i n  t h e  i n t e g r a t o r  loops such t h a t  Equation 2 j s  
s a t i s f i e d .  

In t e rcoup l ing  of T  s e c t i o n s  i s  accomplished a t  t h e  t i e  p o i n t s  
i n d i c a t e d  by arrows i n  F igure  2. 

The i n i t i a l  cond i t i ons  a r e  computed by t h e  c i r c u i t  f o r  a g iven  
s teady  s t a t e .  T rans i en t s  due t o  r e d i s t r i b u t i o n  flow pa ths  a r e  t hen  
solved from one s teady  s t a t e  t o  a  new s teady  s t a t e .  Flow and p re s su re  
v a l u e s  a r e  scanned and l i s t e d  by ty-pewriter t o  ob ta in  a r eco rd  of 
each case  of flow r e d i s t r i b u t i o n .  

[ l ] ~ .  L.  Griebenow and K.  D .  R i c h e r t ,  MAC.ARR;E I1 1107, ( s e P t .  1967).  
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Figure 1 Flow network--ATR c o n t r o l  drum and f u e l  element. 
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ATR PEERLESS PUMP HYDRAULIC VIBRATION 

S. R .  Gossmann; F: R .  Phelps 

Advanced Tes t  Reactor (ATR)  f u e l  elements a r e  t e s t e d  f o r  acceptance 
i n  an out -of -p i le  hydraul ic  loop where r e a c t o r  opera t ing  condi t ions  
of p re s su re ,  flow, and temperature can be e s t a b l i s h e d .  This  hydraul ic  
l oop  b a s i c a l l y  c o n s i s t s  of a pump ( t h e  P e e r l e s s  pump), t h e  pump 
d ischarge  p ipe ,  and o t h e r  p ip ing  going t o  and from t h e  t e s t  s e c t i o n  
where t h e  f u e l  elements a r e  i n s t a l l e d  f o r  t e s t i n g .  I n  ope ra t ing  t h i s  
loop excess ive  no i se  and v i b r a t i o n  have been experienced i n  t h e  
reg ion  of t h e  pump and pump d ischarge  p ipe .  The layout  of t h e  
pump, d ischarge  p ipe ,  and pump motor i s  shown i n  F igure  1. This  
v i b r a t i o n  has con t r ibu ted  t o  wearing out  s e a l s  and t o  f a i l u r e  of 
a temperature sensor  l oca t ed  j u s t  downstream from t h e  d ischarge  p ipe .  
Continued ope ra t ion  of t h i s  t e s t  loop  r e q u i r e s  t h a t  t h e  v i b r a t i o n  
of t h e  system be minimized. This  a r t i c l e  b r i e f l y  d i scusses  t h e  
a n a l y t i c a l  and analog computer s imula t ion  s t u d i e s  performed l ead ing  
up t o  t h e  des ign  of an a c o u s t i c a l  f i l t e r ,  a s i d e  branch r e sona to r  ( S B R ) ,  
t o  be added t o  t h e  system a s  a c o r r e c t i v e  measure. The s t u d i e s  
concerning t h e  SBR show t h a t  such a device i s  f e a s i b l e ,  p r a c t i c a l ,  
and capable of providing t h e  d e s i r e d  amount of v i b r a t i o n  a t t e n u a t i o n .  

The source of t h e  v i b r a t i o n  prcblem i n  t h e  d ischarge  p ipe  has 
been a n a l y t i c a l l y  i d e n t i f i e d  a s  a hydraul ic  resonance exc i t ed  by 
pe r iod ic  p re s su re  f l u c t u a t i o n s  genera ted  by t h e  pump. Considering 
t h e  speed of r o t a t i o n  of t h e  pump vanes ,  t h e  number of vanes pe r  
s t a g e ,  and t h e  number of s t a g e s ,  t h e  frequency of t h e  pe r iod ic  
p re s su re  f l u c t u a t i o n  i s  235 Hz. Considering t h e  temperature and p re s su re  
of t h e  water i n  t h e  d ischarge  p ipe ,  and a d j u s t i n g  t h e  bulk  modulus of 
t h e  water I n  t h e  d ischarge  p lpe  t o  account Yor t h e  elasticity of t h e  
p ipe  wa l l ,  it has been shown t h a t  t h e  l e n g t h  of t h e  d ischarge  p ipe  
(58 i n . )  i s  very  nea r ly  equal  t o  one q u a r t e r  of t h e  wavelength of t h e  
p re s su re  f l u c t u a t i o n  genera ted  by t h e  pump. Neglecting t h e  small  
hydraul ic  flow r e s i s t a n c e  l o s s e s  f o r  t h i s  s h o r t  s e c t i o n  of  l a r g e  
diameter p ipe ,  it has been concluded t h a t  t h e  fundamental resonance 
frequency of t h e  p ipe  i s  very nea r ly  t h e  same a s  t h e  pump pe r iod ic  
p re s su re  component and t h a t  t h e  p ipe  i s  being dr iven  at i t s  fundamental 
resonance frequency. The r e s u l t  i s  a p re s su re  s tanding  wave i n  t h e  
d ischarge  p ipe  wi th  p re s su re  amplitudes d i s t r i b u t e d  s i n u s o i d a l l y  
along t h e  p ipe  wi th  a minimum at . the pump o u t l e t  (po in t  0 i n  Figure 1) 
and .a maximum a t  po in t  L i n  F igure  1. 

Phys i ca l  c o n s t r a i n t s  and p r a c t i c a l  design cons ide ra t ions  l i m i t  t h e  
c o r r e c t i v e  measures t o  be taken  t o  reduce t h e  v i b r a t i o n  t o  ( a )  changing 
t h e  d ischarge  p ipe  geometry t o  detune t h e  system and e l imina te  t h e  
resonance o r  ( b )  designing an a c o u s t i c a l  f i l t e r  o f  some s o r t  t o  
absorb $he f l u c t u a t i o n  energy. I n  e i t h e r  case  t h e  l e n g t h  ( 1 )  cannot 
be changed. This  e l imina te s  t h e  s imples t  way f o r  detuning t h e  system 
a s  a p o s s i b l e  approach. Because of t h i s  c o n s t r a i n t  t h e  most f e a s i b l e  
approach has been t h e  a c o u s t i c a l  f i l t e r  approach. 



The u s e  of a  s p e c i f i c  a c o u s t i c a l  f i l t e r ,  t h e  SBR, has been 
s tud ied  both a n a l y t i c a l l y  and by analog computer s imula t ion .  The 
a n a l y t i c a l  s t u d i e s  have t r e a t e d  t h e  p ipe  a s  a d i s t r i b u t e d  parameter 
system descr ibed  mathematical ly  by t h e  one dimensional wave equat ion.  
The d i s t r i b u t e d  parameters  of t h e  system a r e  t h e  ine r t ance  of t h e  
f l u i d  pe r  u n i t  l e n g t h  and t h e  capac i tance  of t h e  f l u i d  ( o r  compres s ib i l i t y  
inc luding  e l a s t i c i t y  of t h e  p ipe  w a l l s )  per  u n i t  l e n g t h .  The SBR ha's 
been modeled a s  a lumped parameter system coupling t o  t h e  p ipe  a s  
shown conceptua l ly  i n  F igure  2.  I n  t h e  a n a l y t i c a l  s t u d i e s ,  t h e  flow - 
r e s i s t a n c e  i n  t h e  connect ing tube  o r  p o r t  has ,  by n e c e s s i t y ,  been 
t r e a t e d  as a l i n e a r  e f f e c t .  The s t u d i e s  i n d i c a t e  t h a t  pos i t i on ing  of 
t h e  SBR p o r t  c l o s e  t o  t h e  end of t h e  d ischarge  p ipe  (po in t  L )  p rovides  
t h e  g r e a t e s t  amount of a t t e n u a t i o n .  Also t h e  s t u d i e s  have shown t h a t  
t un ing  of t h e  SBR i s  not  excess ive ly  c r i t i c a l ,  o r  i n  o the r  words t h e  
e f f e c t i v e  frequency bandwidth of t h e  SBR i s  not  t o o  s m a l l .  S ince t h e  
f l u i d  i n  t h e  SBR volume i s  a t  t h e  same temperature and p re s su re  as 
t h e  f l u i d  i n  t h e  d ischarge  p i p e , . t h e  SBR should s t a y  tuned t o  t h e  
p ipe  resonance frequency a s  system temperature o r  p re s su re  i s  changed. 
Precaut ions  must be taken ,  however, t o  ensure t h a t  air  o r  gas  cannot 
c o l l e c t  i n  t h e  SBR volume. I f  t h i s  occurs ,  t h e  bulk  modulus of t h e  
f l u i d  i n  t h e  SBR would inc rease  and t h e  tun ing  of t h e  SBR t o  t h e  p iye  
frequency would b e  impaired, r e s u l t i n g  i n  a l o s s  of a t t e n u a t i o n .  

Analog computer s imula t ion  s t u d i e s  were performed i n  a d d i t i o n  t o  
t h e  a n a l y t i c a l  s t u d i e s .  The requirement f o r  t h e  computer s t u d i e s  was 
t h e  cons ide ra t ion  of nonl inear  flow r e s i s t a n c e  e f f e c t s  i n  t h e  SBR p o r t  
which could not be handled a n a l y t i c a l l y .  Computer s i z e  l i m i t a t i o n s  
r e q u i r e d  approximation of t h e  d i s t r i b u t e d  parameter system by 1 0  s e t s  
of lumped parameter d i f f e r e n t i a l  equat ions  f o r  p re s su re  and f low 
a long  t h e  l eng th  of t h e  d ischarge  p ipe .  Each s e t  of equat ions  
r ep re sen ted  t h e  t ime dependence and coupling r e l a t i o n s h i p s  t o  ad j acen t  
f l u i d  volumes of t h e  p re s su re  and f low i n  a volume wi th  one-tenth 
t h e  l e n g t h  of t h e  whole p i p e  o r  5.8 inches.  Ana ly t i ca l  check cases  
showed t h a t  t h i s  r e l a t i v e l y  g ros s  d e s c r i p t i o n  of t h e  system requ i r ed  
only  about 5% c o r r e c t i o n  i n  t h e  resonance frequency of each iniliv.idua1 
volunie f o r  t h e  o v e r a l l  s imula t ion  t o  agree  wi th  r e s u l t s  p red ic t ed  from 
exac t  s o l u t i o n s  of t h e  wave equat ion .  The p red ic t ed  adjustment was 
made and e x c e l l e n t  agreement i n  resonance frequency,  p re s su re  amplitude 
d i s t r i b u t i o n  over t h e  l e n g t h  of t h e  p ipe ,  and p re s su re  ampl i f i ca t ion  
f a c t o r  a t  t h e  end of t h e  p ipe  was obta ined  wi th  r e s p e c t  t o  t h e  
d i s t r i b u t e d  parameter a n a l y s i s .  The SBR s imula t ion  wi th  nonl inear  
f low r e s i s t a n c e  was then  added t o  t h e  s imula t ion .  The s imula t ion  
s t u d i e s  g e n e r a l l y  confirmed t h e  r e s u l t s  of t h e  a n a l y t i c a l  s t u d i e s  
i n d i c a t i n g  t h a t  t h e  SBR concept a s  a  c o r r e c t i v e  measure was f e a s i b l e .  

On J u l y  1, 1972, t h e  ANC Design Engineering Group commenced design 
of d i scha rge  p ipe  modi f ica t ions  t o  i nco rpora t e  t h e  SBR. D i g i t a l  computer 
s imu la t ion  of a  d i f f e r e n t  and,much more complicated a c o u s t i c a l  f i l t e r  
concept ,  more a t t r a c t i v e  t o  Design Engineering from a mechanical 
viewpoint ,  was a l s o  being performed but  a s  of J u l y  1, 1972, no d e f i n i t e  
r e s u l t s  had been obta ined .  Analysis  of t h a t  system cont inued through 
J u l y  w i t h  scheduled completion of t h e  a n a l y s i s  by t h e  f i r s t  of August. 
I f  t h i s  second a c o u s t i c a l  f i l t e r  proves f e a s i b l e ,  Design Engineering 
would then  use  t h a t  concept .  I f  it i s  not  f e a s i b l e ,  t h e  SBR design 
would t h e n  go i n t o  t h e  f a b r i c a t i o n  and i n s t a l l a t i o n  s t age .  
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ATR DATA SYSTEM OPERATIOJVAL GUIDE 

J. C. Tappendorf 

A report ,  Reference 1, has been prepared t o  provide guidelines t o  
A'TR Operations personnel f o r  operating the ATR Data System. That 
report  provides procedures fo r  various cDC-636 operations and a 
description of the data system peripheral devices, along ~ 5 t h  many 
of t h e i r  operating characteristics.  The major objective of t h i s  report  
is  t o  provide an interface document which de ta i l s  actions and procedures 
t o  ATR Operations personnel, who have only limited t raining i n  
computer systems. This w i l l  enable ATR Operations t o  provide the  
bulk of system surveillance and routine operations. It w i l l  thereby 
f'ree &he system programers and technical support personnel t o  proceea 
with system upgrade and t o  concentrate on those problems requiring 
t h e i r  s k i l l s .  

The operations and operational guidelines f o r  the  PDP-15 and i t s  
peripheral devices (a  computer recently d d e d  t o  the data system) w i l l  * be prepared a f t e r  it becomes f u l l y  operational. 

[I] J. G. Tapperzd~f' fed. 2 ,  A"IIR' D a t a  Sgstem Opesakion& Gh%de,. Tal, 1,. 
CDC-636 Cmputie~, ANCR-1072 -(MW 1972 ); . 

AUGMENTATION. OF ATR DATA SYSTEM 

To f a c i l i t a t e  data r e t r i eva l  a t  the ATR, several remote terminals 
have been instal led.  Two types of data terminals are i n  use; these 
are: 1) high speed ty-pers, Synu data,. B e t a  terminals, and 2)  high speed 
t.aI3.y punches 120/PPS 

The power t o  each ty-per and punch terminal (motor AC) i s  controlled by 
2cgic from the computer. This allows the  terminals t o  be operated 
i n  a. "readyn condition u n t i l  data a re  t o  be transmitted t o  them. 

The high speed typer 30 WPM terminal has ins ta l led  with it, a 
12-key keyboard through which data can be requested from the  computer. 
The keyboard also serves as  a maintenance a id  i n  repairing the  system. 

Solid s t a t e  logic  is used i n  the  interface of t h e  typer and 
keyboard t o  the  computer. The logic  schmat%c diagrams are  shown f n 
Figures 1 and 2. 



The high speed paper punches a r e  i n s t a l l ed  i n  t h e  lower two-thirds 
of a 5-ft instrument cabinet. The upper t h i r d  contains t h e  necessary 
e lect ronics  t o  provide control  and data  conversion f o r  t h e  punches. 
The log ic  d i a g r m  i s  shown i n  Figure 1. 

Re l i ab i l i t y  of t h e  data terminals is provided by redundant 
operation. Two punches and/or two typers a r e  operated simultaneously, 
while a t h i r d  un i t  i s  used a s  a standby t h a t  can be operated by t h e  
computer i f  a f a i l u r e  occurs i n  t he  se lected pa i r .  

State-of-the-art log ic  elements were used throughout t he  control  
system. 
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LNSTR-TION FOR MEASUREMENT OF THE 
DEPTH OF SCORING OF ATR BERYLLIUM REFLECTOR 

Stress  r e l i e f  of the' ATB ref lector  was accomplished by means of 
a s p e a a l l y  fabricated cutting too l  which se0re.d the  beryllium t o  
produce cracks at desired locations. It was  r e a d r e d  thti €he depth 
of t h e  scoring be accwately measured over a range of 1/32 in. 

A scarin$ 4epth gauge w a s  made 3y mo-djf5cation of a Linear 
Varf  able Msglae&ept T r a b s f ~  (LVEL' ) originally designed. for  the 
&i% Bat Call p r d i l o m t e r .  A specfal f ix ture  was Besigned t o  h0.1rse 
the L W  and prqvi.de a ca r r i e r  for .it. This ~ d i l e r  is bb~b.ged! on the 
one d e s i g ~ d  far. the scoriqg tool  and was f i t t e d  t o  the same tracking 
W e .  A pbotogmph of YZB water proof gauge and carrrer  i s  shown 
as Figure 1; Figure 2 shows top and bottom views. 

Figure 1 Scoring-depth gauge and carr ier .  



(A-TOP VIEW) 

Figure 2 Top and bottom views of scoring-depth gauge and carr ier .  

127 



DISPLACEMEW M E A S W T S  TO DETERMINE 
SEATING OF ATR n o w  ~ T R I C T I O N  COLLAR 

T. J. Boland, E. G. Grafwallner, R. L. Kynaston 

A flow res t r i c t ion  col la r  was designed t o  modi* the  caai,ant flow 
pat tern around the beryllium ref lec tor  of each lobe of the  Am. Accurate 
determination of the  coolant flw pat tern reqaired knowledge 09 t he  
i n i t i a l  'displacement of the c ~ U a r  w b ~  sub j acted t o  ccuolan% presswe. 

The eddy current displacement gauge[11 wed fo r  ardde film thick- 
ness surve i l lmce  w a s  modifsed Por 135s Prr t h f s  cdi"b~at. ion measurement. 
For the displacement range r e a i r e d  it was anticipatef$ tha t  some modifi- 
cation of t h e  electronic c i r c u i t  Oo u t i l i z e  a lower f~eqaency would be 
required. However, t h e  fabrication of a two-coil, 0.5 in.  diameter sensor 
proved adequate even a3 the  1MBz frequency used for  oxide f i lm measure- 
ments. 

Unlike the  two-sensor nul l  balance s y s i t a  used f o r  oxide fi lm 
measurements, where each sensor form3 one arm of a four-arm bsid&e 
c i r cu i t ,  the  new sensor contains both the sense c o i l  and t h e  balance 
c o i l  i n  a s ingle  housing. The baAance c o i l  i s  insensit ive t o  co~ductors  
i n  its gro3dmLty but it i s  sensi t ive t o  temperature variations,  It 
therefore maintains the bridge balance over a wide range of temperature. 

The instrument meter readout is  non-linear since the  output voltage 
the aensor versus displacement is very nearly: 

where 
K1 = sens i t iv i ty  constant (volts/volt  ) 

K2 = displacement constant (volts/inch ) 

X = displacemenl; (inches ) . *,*+-. ,y* 

The output can be made a very nearly l i nea r  function of displacement 
by taking the  logarithm of the  logarithm of eo, thus': 

Limited time prohibited ins t a l l ing  a c i r cu i t  t o  perform the operation 
i n  Equation (2) .  However, it w a s  possible t o  i n i t i a l l y  posit ion the  
sensor so tha t  a reasonably l inear  portion of the  output voltage versus 
displacement curve was used. 

Figure 1 i s  a photograph of the sensor. Table I is a l is t  of the  
sensor dimensions . 

111 T. J. Boland, E. G. Grafwallner, E. E. Owen, Nuclear Technolorn 
Branch Annual Progress Report f o r  Period Ending June 30, 1969, IN-1317 
(~anuary 1970). 



TABLE I 

DISPLACEMENT SENSOR 

Diameter of threaded sec t ion  3/4" 
Diameter of housing expander sec t ion  9/16" 
Diameter of sensor housing and facepla te  0.507" 
Length ( overa l l  ) 4" 
Length of threaded sect ion 3" 
Length of sensor housing 9/16" 

3/4 - 16  NF thread on threaded sect ion 

Figure 1 Photograph of eddy current  displ@cenrent sensor. 
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REVISION OF TIFE: ATR 1 6 ~  SIGRAL CO~ITIOBING AND . 
SIGN& TRANSMISSION ELECllROETICS 

The Lobe Power Nonitaring subsystem of ' the ATR Plan* h o t e c t i v e  
&sten ecmeis%s of 10 e h a e l s .  This subsystem is the  axfly in-core, 
mu%rora-sens2t&xre re&etcp power wonitor and p r o ~ i d e s  the  only protection 
@@inst react02 lobe-pwer unbalances. 

JCn the  or5gimdL$ ins ta l l ed  s ~ B s ~ @ % e t a ,  each 0-P the 1-0 &anneb 
fwnctkd i n  the  saae vrgr. A speoiez3 &on elamber, lpier&ially 
sensitive t o  be taradia t ion ,  detected the  &ecay of N'in the water 
from scepara%e, In-core sample l ines.  A power supply delivered high 
v o l $ ~ e  t o  the  ion chgmber, and a KeitUey trfilamketer measmed the 
ch-ber signal, provided $ncremental (X3) gain adJusthent, am3 trans- 
mitted a 0 t o  1 9  mV signal to '  i t s  control room recorder. The signal 
w a s  recorded by a s t k i p  chart recorder, compared with s e t p i n k s  a-ssociated 
with reactor power re&xqtionh.f, and retransmitted t o  the  Am data hystem. 
Lobe power divisians were then calculated by the  PtTR Data Bysteta, k s e d  
on the  i rquts  ;A*m al l  10 e h e l s .  

!he dkeficiencies anti inadeqtzacies in the  o~ig-1 design of the  
channels of t h i s  subsystem were significant.  First, the  detector power 
$upplies increased the deteshw signax noise level  by two t o  three 
t-imes . Moreover, these power supplies %ere deemed the source a$' &puriOlSls 
spikes i n  the  detee%or' signal which unnecessarily scrammed tbe  reactor. 
Secondly, the  Ekithley vpetame$as requjrred frequent zero sektfng, 
ea l lWtio ;n ,  and: ntaiatenmce. ?hey drif ted excessively wi.t;h t h e ,  
transmitted a low-le~el  signal (0 t o  10 m ~ )  over a lang distance, w d  
provided only gross incremental gain adjustnent. This incremental 
gain adjustment; severely limited accuracy. In addition, the Keithleys 
were easi ly damaged by frqquency variations of the  incaning power. 
Third, e r a r s  i n  lobe power cdculat iazz--~cmrre& Because t h e  retransnA%%ed 
signal from each recorder t o  the ATB Data Ryst'a had unavoidable calibration 
inaccuracies. 

Additional inadequ~cies of the original design involved the location 
of the picoammeters and detector power supplies and attenaant maintenance 
problems. Their environment was s t i f f l i n g  hot and humid, and maintenance 
was further impaired by radiation eontamination. In s m ,  the equipment 
was inaccessible for  operation, maintenance, and future expansf on, 

The ft>llowhg modifications eliminated or minimized the above problems: 

(x) The Keithley ~l.~amieters were replaced with sol id s t a t e ,  low-noise 
amplifiers having good zero and gain s t ab i l i ty .  

(2)  Large signals (0 t o  10 vo l t s )  are transmitted from those amplifiers 
t o  the recorders and the  ATR Data System, The signals between the 
recorders and the  Data System are isolated. 



( 3 )  The chamber power supplies were mo~ed  from the  warm waste room and 
i n s t a l l ed  with t h e  new *amplifiers i n  a new cabinet on t h e  ATR 
second basement l eve l .  

( 4 )  T r i ax i a l  cable w a s  i n s t a l l ed  from t h e  chambers t o  t h e  chamber power 
supplies and t o  t h e  amplif iers,  and shielded cable w a s  i n s t a l l ed  
from t h e  amplif iers t o  t he  recorders. 

The system revis ions  have resu l ted  i n  a s ign i f ican t  upgrade without 
decreasing plant  protection.  The new amplif iers have f a s t e r  time 
response, have improved zero and gain s t a b i l i t y ,  and are l e s s  susceptible 
t o  e lect ronic  noise than t h e i r  previous counterparts, ye t  perform t h e  
same elect ronic  functions. 

The protect ive  act ions  associated with t h e  recorders were not modified 
and remain unchanged. Replacing t h e  ypammeters with new amplif iers has 
been t h e  most s ign i f ican t  change and has resul ted i n  s ign i f ican t  improve- 
ment i n  operation. This changeover improved t h e  zero s t a b i l i t y  t o  l e s s  
than k%/month and gain d r i f t  t o  l e s s  than 1.5%/month. 

The new amplif iers a r e  a l l  t h e  same. They a r e  constructed on pr in ted  
c i r c u i t  cards, fabr icated i n  NIM modules, and mounted i n  NIM bin  enclo- 
sures. The amplif iers plug i n to  t h e  NIM bins,  which a r e  mounted i n  
standard instrument cabinets with locking doors. The new cabinets have 
been located on t h e  ATR second basement l e v e l  because t h i s  locat ion has 
low, unchanging t em~era tu r e s  and humidity, l i t t l e  contamination, and 
allows complete ease of access f o r  maintenance. Additionally, t h i s  
new locat ion shortened chamber s igna l  and power supply cables,  which 
minimized e lect ronic  noise pickup. 

Three other fea tures  of t h e  new system a r e  a l so  important. F i r s t ,  
a ca l ib ra t ion  source common t o  t h e  10 channels was provided. Second, 
a range switch on t h e  recorder panel w a s  provided f o r  s e t t i ng  t h e  
ampli f ier  ranges t o  a "startup" o r  "normal1' mode, corresponding t o  
t h e  reactor  operating mode. Final ly ,  an "overall  range adjustment" 
potentiometer was provided f o r  continuous adjustment of t h e  s igna l  
indicated by each recorder and thereby eliminates r e se t t i ng  of 
se tpoints .  

During t he  reac tor  operation following t h i s  changeover, e lect ronic  
equipment f a i l u r e s  have been ins ign i f ican t .  No amplif ier  has f a i l e d  and 
resu l ted  i n  a reactor  power reduction. As a r e s u l t  of t h i s  changeover, t h e  
noise i n  t h e  channels has been s ign i f ican t ly  reduced t o  t he  point t h a t  
occasional noise induced by moisture i n  t h e  ion chamber connectors can 
now be observed. A fu r ther  upgrade of t h e  system t o  el iminate t h a t  
noise source i s  projected. 
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r e s e p ~ i A .  wss d k2 .=-rude a iab1.e 
1@n4. 9n grdj'u smp3.b. @Yn t o  litiy to 

on of "$&& reaotm. !t&- g q a  ~rteg&~ h s  cbM&@ sg it ~ ~ v e s e n t s  
et zero inpu* in$&a&ce t o  the @ham%ez c m e n t  and a lso  9k~fnMns 
const* gaJ3r fop till ranges. Features f&v-'fail  safe clpeg-a%iwn are  
@so Pncluded ixX3the new design. 

Wsr%&%g Intenq~ediat e W i n  !&is gain is variable b~ a f'act9r of 
tvo a n d i s  t he  iiqgt res i s to r  t o  %@e sececd 
stage as s m  in.$igime 3;: m e  gwAn a e  *am star%% t o  i~$ermedkate 
and f r a  intemedi~t&'ba&L t o  s%ar%dp is made autmaatic8Xfp iat; lom3 $&. 
The change from in%ermedi&te t o  noma1 gain 9s made by pressing a gush 
@r-&%,un Jacatied on %he reactor C O ~ S O ~ ~ .  It is required however tha t  
the r e ~ ; ~ t o $ ~ b e  a b m  0.70 Np before t h i s  . gain change is permitted. 
Ptor herd@ix@ power %he pr IMier -4n must mmz&n in %he mmal 
getin po$i%io s 'below 0.35 NF and then it must auto- 
matBcally tr r beck in to  t@e i n t e m e d h t e  gain range. A eircu+ti 
was a d a d  t o  $w weamplifier c.eXl& t b  "Tmmfer Permit t,&rcuiitm 
t o  ~tlest this rep&mae& -. ( ~ $ 8 ,  Figure 1. f 

-G 3!he mrgU &as@ is  eontrolled by 
vtuyi$fthe hedback re s i s to r  around tlle second stage 02 the  ampliiicr. 
1% &is alJustab3e r a g e  of + 508. This control is located about 
30 Fee9 frqu the preamplifier on the reactor im&mment paml ezdj$c.ent 
t o  the power l eve l  recorder so it is reartily ava ih&le  to the reaceor 
opesa;t;l.or. 

Zn~ut. Stage The input stage presents sem f q w k  impdance to 
the  chzkber current. It can be shorn t h ~ t  the fQgUt impedance 

and 

where 

and 

'in is the  input hupddance 

A is  &e open loop gain of -i;be amplifier 1 x 10 9 

af fs the f a e h s c k  impedance. 

Rf is feedback re s i s to r  

C is  feedback capacitor 3 

S i s  j w .  



Figure 1 ~iagkau 0% tzrxasfer permit c ircui t .  
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A t  dc Where S = 0 

Figure 2 is the  c l r cy t t  fo r  the input stage. If the input is 8:haz-t 
cbrcuited t o  grmrid it removes tk f e e a a c k  and t he  ampufier  gain m g  

t o  %lo9 at dc. W polar i ty  of the input signal  a t  %&at ti%e d~%w&,nes 
t h e  polar i ty  of the oapu-k f romthe  sdpUfier .  To mike sme. i3&e extrgbh 
~ o l t a g e  f r m  the pr@ampj_ifier will a l w ~ s  go p;o@l.t;ive and eawe sa smm, 
a thermocoupb is connec-Led ia ser ies  with the  izrput, insic%? the f e e a a c k  
Zmp. I ts  polari%gr was selected &a ewwe a sce&ateiLl mew k i  t&e 
input becme's short  cireuited t o  @oua&. . 

It can be s h m  tha t  the output voltage f o r  t h i s  stage? i s  equal to :  

when:. 

S = O  

B; ". mi. 

The denominator of Equaeion (1) 3s i n  the  form S* + 26unS + an2 where 
6 is  the  damping factor.  

L&ing t he  values 
equals %200 f ee t  
dankping factor 6 
When 

from the circuit and se t t ing  C = 3000 pyf which 
of Rg 71 cable (twice the  le& used at ATR] the  
= 2.5. wn 1 x 10' radian/sec or 15.9 K H sec . 

Z 

6 < 1 t h e  c i r cu i t  i s  under damped 
= 1 the c i r cv i t  i s  c r i t i c a l l y  damped 
> 1 t h e  c i rcu i t  is m r  damped. 

Figure 3 is. the input &.age before: the- aodif lcat  %on, shown i n  t h e  
s ta r tup  gain position. I ts  output voltage is 



where 

% = R R  + R R  + R 2 R 3 .  
1 2  1 3  

The damping f ac to r  f o r  t h i s  c i r c u i t  using C1 = 3000 ppf gives 

I Heater  

--- I C I = Cable Capacity 

Figure 2 Circui t  f o r  th.e input s tage .  
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Figure  3 Input  s t a g e  be fo re  t h e  modi f ica t ion ,  shown i n  t h e  s t a r t u p  
gain p o s i t i o n .  

By way of comparison, t h e  new des ign  has  a  damping f a c t o r  5 t imes  g r e a t e r  
t h a n  t h e  o l d  c i r c u i t  f o r  g r e a t e r  s t a b i l i t y .  It has a  bandwidth 2-112 t imes  
g r e a t e r  f o r  a  f a s t e r  r ' i s e  t ime.  

F a i l  Safe Considerat ion Other f a i l  s a f e  cons ide ra t ions  not  mentioned 
above a r e  t h e  cab le  monitor and t h e  +300 Vdc monitor.  'l'he cab le s  between t h e  
h igh  v o l t a g e  supply and t h e  chambers and t h e  p r e a m p l i f i e r s  and a l s o  t h e  chambers 
t h e m s e l v e s . a r e  checked cont inuously f o r  an open c i r c u i t  o r  a  s h o r t  c i r c u i t  t o  
t h e  ground. This i s  done by sending a pu l se  down t h e  c e n t e r  wi re  of  t h e  h igh  
v o l t a g e  c a b l e  through t h e  chamber and back on t h e  c e n t e r  wi re  of t h e  s i g n a l  
cable .  It i s  picked o f f  a f t e r  t h e  f i r s t  s t a g e  of  t h e  preamp1il"ier. 
These p u l s e s  a r e  app l i ed  t o  a monitor ing c i r c u i t  which i n i t i a t e s  an 
alarm if t h e  pu l se s  a r e  miss ing .  

The +300 Vdc i s  a l s o  uscd as t h e  chamber high vo l t age .  Th5s 
v o l t a g e  i s  monitored by a dc vo l t age  comparator t h a t  i n i t i a t e s  an 
alarm i f  t h e  vo l t age  drops below t h e  s e t  p o i n t .  

I I] R. L. Copyak, "ATR Level Channel ~ o d i f  i c a t i o n t '  , Nuclear Technology 
Div i s ion  Annual Progress  Report f o r  Per iod  Ending June 30, 1971, 
ANCR-1016 (1971) 170. 



OPTICAL ENCODERS FOR ATR SAFETY ROD.MEASUREMENFS 

R .  L.  Copyak, L .  0 .  LJohnson1lJ, A. G .  Stav  

P r i o r  t o  each ATR s t a r t u p ,  measurements of t h e  r e l e a s e  and drop 
t imes of each of t h e  f i v e  s a f e t y  rods  a r e  r e q u i r e d  t o  confirm t h a t  
t h e  r e a c t o r  shutdown a c t u a t o r s  a r e  func t ioning  p rope r ly ,  For t h e s e  
measurements, an e l e c t r o n i c  t imer  system i s  used t o  measure t h e  t ime 
f o r  f i r s t  motion of each rod ( r e l e a s e  t i m e )  and t h e  t ime f o r  a  
12-in.  i n s e r t i o n  of each rod (drop t i m e ) .  

Measurements u s ing  t h e  o r i g i n a l l y  i n s t a l l e d  equipment were poor.  
I n  t h e  o r i g i n a l  system, a  counter  observed s i g n a l  pu l se s  from t h e  
output  of  t h e  photo-sens i t ive  d iodes .  Light  p u l s e s ,  s i g n i f y i n g  
rod motion, were genera ted  by a  revolv ing ,  s l o t t e d  d i s c  a t t ached  t o  t h e  
d r i v e  of each rod .  The l i g h t  p u l s e s ,  counted by an e l e c t r o n i c  
counter ,  were used i n  conjunct ion wi th  an e l e c t r o n i c  t imer  t o  o b t a i n  
t h e  r equ i r ed  d a t a .  With t h i s  system t h e  f i r s t  few s i g n a l s  were not  
d i s t i n c t .  The slow r i s i n g  pu l se s  during f i r s t  motion of t h e  rod  
were o f t e n  missed by t h e  counter  o r  confused wi th  no i se .  

An upgrade of t h i s  system was performed t o  provide an immediate 
d i s p l a y  of a c c u r a t e ,  r epea t ab le  measurements of rod r e l e a s e  and drop 
t imes .  This  goa l  was reached us ing  s e n s i t i v e ,  no ise- f ree  equipment. 

The new rod drop t imer  c o n s i s t s  of f i v e  Baldwin Model 2 6 0 ~  pu l se  
encoders (one f o r  each s a f e t y  r o d ) ,  mounting hardware t o  a t t a c h  t h e  
encoders t o  t h e  rod  d r i v e  u n i t s ,  two independent rod p o s i t i o n  
coun te r s ,  two independent rod drop and r e l e a s e  t i m e r s ,  one N I M  b i n  
enc losure  wi th  power s u p p l i e s ,  and a  pa t ch  panel .  The rod p o s i t i o n  
counters  and rod  drop and r e l e a s e  t imer s  were f a b r i c a t e d  a s  NIM 
modules and were mounted i n  a  N I M  b i n  enc losure .  The pa tch  pane l  i s  
used t o  connect t h e  s i g n a l s  from any two s a f e t y  rods  t o  t h e  counter  
and t imer  s e t s .  The N I M  b i n  equipment and pa tch  panel  have been 
loca t ed  i n  t h e  ATR Control  Room a m p l i f i e r  r a c k  f o r  easy access  by 
au thor ized  personnel .  

The new i n s t a l l a t i o n ,  through t h e  use  of t h e s e  encoders ,  has  
achieved t h e  d e s i r e d  goa l s  of accuracy, s e n s i t i v i t y ,  and r e l i a b i l i t y  
( r e p e a t a b i l i t y ) ,  without compromising r e a c t o r  s a f e t y .  Each encoder,  
having a  pu l se  dens i ty  of 1000 counts  per  r e v o l u t i o n ,  r e s o l v e s  rod 
p o s i t i o n  t o  approximately 20.01 inch  of v e r t i c a l  motion. The encoder 
s i g n a l s  a r e  e a s i l y  sensed, due t o  t h e i r  magnitude. This  sureness  
i n  s i g n a l  l ends  s t a b i l i t y  t o  t h e  measurements. 

The new encoder i s  mounted i n  t h e  end b e l l  of t h e  rod  d r i v e  u n i t  
w i th  t h e  s h a f t s  connected by a  f l e x i b l e ,  bellows-type coupling.  This  
coupling i s  t h e  i n t e r f a c e  between t h e  P lan t  P r o t e c t i o n  System ( rod  d r i v e  
u n i t )  and t h e  measuring system. Tes t s  and c a l c u l a t i o n s  were made 



t o  show t h a t  t h e  opera t ing  to rque  and shear  to rque  of t h e  new s h a f t  
angle  encoder a r e  i n s i g n i f i c a n t  when compared t o  t h e  s a f e t y  rod  f o r c e s  
and d r i v e  spr ing  f o r c e s .  Thus, encoder f a i l u r e  w i l l  no t  r e s u l t  i n  
f a i l u r e  of  t h e  P l an t  P ro t ec t ion  System. 

[ l ] ~ .  0 .  Johnson i s  c u r r e n t l y  employed by Nuclear Diodes, Arco, Idaho. 



ETR POWER VARIATION 

E. E. Burdick 

During t h e  Engineering Tes t  Reactor (ETR)  Cycle 112B s t a r t u p  on 
June 8,  1971, it w a s  observed t h a t  t h e  d i f f e r e n t i a l  power l e v e l  rec,ord- 
i ng  on a l l  neutron f l u x  monitors i nd ica t ed  a smal l  bu t  d e f i n i t e  power 
v a r i a t i o n  (PV) .  The ampli tude,  nominally one percent  peak-to-peak 
of t o t a l  power, was no l a r g e r  t han  t h a t  experienced on s e v e r a l  o t h e r  occa- 
s i o n s .  However, t h e  v a r i a t i o n  on t h i s  occasion had a more d e f i n i t e  
frequency than  had been experienced before .  The per iod  of t h e  v a r i a t i o n  
was nominally t h r e e  seconds. 

An a n a l y s i s  of t h e  record ings  ind ica t ed  t h a t  t h e  r e a c t i v i t y  d r i v i n g  
f o r c e  was riominally one cent  and t h a t  t h e  amplitude and frequency 
were independent of t h e  power l e v e l .  Moreover, a review of in-core 
neutron f l u x  and temperature t r ansduce r s  i nd ica t ed  no anomalous power 
d i s t r i b u t i o n .  Also, a failure-mode and consequence a n a l y s i s  showed 
t h a t  t h e  power v a r i a t i o n s  were not  an i n d i c a t i o n  of r i s k s  not  a l r eady  
considered.  Therefore ,  ope ra t ion  continued under c l o s e  s u r v e i l l a n c e  
while  an i n v e s t i g a t i v e  program was planned and conducted. 

Reference 1 i s  a summary of t h e  i n v e s t i g a t i v e  program and i t s  f ind ings .  
The i n v e s t i g a t i v e  program cons i s t ed  of ( a )  a d i agnos t i c  program conducted 
during t h e  per iod  of June t o  December 1971) c o n s i s t i n g  of vary ing  system 
parameters which could conceivably have an e f f e c t  on power v a r i a t i o n ,  
( b )  core  component i n spec t ions  dur ing  shutdown f o r  evidence of moving 
components, r e s t r i c t e d  coolant  passages ,  and gas l e a k s ,  and ( c )  ana lyses  of 
abnormal condi t ions  and unusual experiment d e s i g n s  t o  determine i f  they  
were a p o s s i b l e  source of t h e  PV. 

Many measurements were made and many parameters v a r i e d  i n  an 
e f f o r t  t o  i d e n t i f y  t h e  source of t h e  power v a r i a t i o n .  Measurements were 
made t o  confirm t h a t  t h e  apparent  PV was r e a l  and not  a f a l s e  i n d i c a t i o n  
r e s u l t i n g  from e l e c t r s c a l  no ise .  Flow was va r i ed  i n  t h e  mechanical 
movement and thermally-induced e f f e c t s .  Primary and loop system p res su res  
and temperatures  were v a r i e d  and r e a c t o r  i n t e g r a l  power was changed t o  
t e s t  f o r  thermally-induced e f f e c t s .  Pressures  were v a r i e d  on experi-  
ments conta in ing  in-tank gas volumes t o  t e s t  f o r  p o s s i b l e  gas  l e a k s  i n t o  
t h e  core.  F i n a l l y ,  t h e  power d i s t r i b u t i o n  was per turbed  i n t o  many 
d i f f e r e n t  shapes i n  an at tempt  t o  i d e n t i f y  t h e  l o c a t i o n  of t h e  d r i v i n g  
f o r c e .  This w a s  accomplished by changing t h e  control-rod p o s i t i o n  
conf igu ra t ion .  

The above mentioned t e s t s  and ana lyses  i nd ica t ed  t h e  PV d r i v i n g  
fo rce  was not flow-induced mechanical movement, open channel b o i l i n g ,  
o r  gas  l e a k s .  However, changes i n  r e a c t o r  i n t e g r a l  power and power 
d i s t r i b u t i o n s  d i d  i n d i c a t e  t h e  p o s s i b i l i t y  of a thermally-driven source. 
Moreover, t h e  power d i s t r i b u t i o n  changes ind ica t ed  t h e  PV source  t o  be  
i n  a l o c a l i z e d  a rea .  These r e s u l t s  l e d  t o  t h e  in spec t ion  f o r  f low 
r e s t r i c t i o n s  i n  core  components i n  t h i s  a r e a  and t h e  removal of two 
experiments a l s o  i n  t h i s  a r e a  ( co re  p o s i t i o n s  58 and ~ 1 0 ) .  



Following the cleaning of all removable 4~ pieces and the removal 
of the two experiments, the reactor returned to power on December 8, 1971, 
with no power variation. The characteristics of the power level trace 
have varied little since that.startup. 

Because the power variations stopped after cleaning the core and the 
removal of the two experiments (ACRH in J10 and ORNL in J8), it is 
concluded that some condition associated with these two experiments and/or 
experimental position coolant channel flow blockage was the cause of the 
PV. "Cause ~nal~sis" failed to identify positively the exact condition 
that caused the PV. As summarized below, the analyses did show that a 
special set of conditions was necessary to produce the variations. 

(1 ) The low-heat-output ( <2.5 W/g gamma heat ) aluminum filler pieces 
cannot cause voiding because the heat can be removed through a stagnant 
water annuli without boiling. Aluminum fillers with greater than 
2.5 W/g could boil, but at a frequency of about 4 Hz. An even higher- 
heat-output stainless steel filler would cause boiling in stagnant 
water, but at a frequency of about 30 Hz. Because the observed 
frequencies are greater than 0.3 Hz, some special flow blockage 
condition would be required to produce the right frequency. Such 
a condition cannot be ruled out. 

2 One of the experiments removed, ACRH (J10)~showed apparent "temper 
colors" indicating temperatures in the 600 F range had been experienced 
on stainless solid spacers in the capsule train. This proved that 
voiding had occurred for at least a short period of time. However, 
metallurgical examinations of the stainless steel spacers did not con- 
firm that such temperatures had existed for the length of time 
oscillations were observed. Nevertheless, boiling in ACRH capsules 
cannot be completely ruled out. Again, unique conditions would be 
required to produce boiling. The capsule train in its "designed" 
original condition was reinserted without a resultant power variation. 

(3) The ORNL (58) capsules were shown by analysis to have a thermally- 
induced mechanism whereby power variations of the proper. period could 
be produced. Reinsertion of the ORNL experiment did not c.ause a 
reoccurrence of the oscillations. Possible differences in gamma heat 
gradients and holder (X basket) dimensions between the original and 
reinserted conditions leave the possibility that the ORNL experiments 
could have caused the PV. 

Throughout the course of the PV study, efforts were made to show that 
the power variation was not an indication of an incipient instability. 
These efforts include rod-drop experiment and stability analysis. Re- 
sults of this programf2y indicate a stable system with a gain margin much 
greater than 10. 

[l]~. E. Burdick, J. L. Liebenthal, ETR Power-Variation Analysis, ANCR-1085 
( ~ u ~ u s t  1972). 

[2]~. R. Gossmann, F. R. Phelps, Evaluation of ETR Stability via Rod 
Drop Effects , ANCR-1084 (~ugust 1972). 



ETR-ETRC POWER DISTRIBUTION COMPARISON 

A. L. Bowman, H. W. Webb 

A new bery l l ium r e f l e c t o r  was i n s t a l l e d  i n  t h e  Engineering Test  
Reactor (ETR) d ~ i r i n g  t h e  Cycle 107 shutdown, Following t h i s  i n s t a l l a -  
t i o n ,  a power d i s t r i b u t i o n  comparison between t h e  ETR and i t s  c r i t i c a l  
f a c i l i t y  (ETRC) was made i n  t h e  Cycle 107 loading.  The o b j e c t i v e s  of 
t h i s  comparison were: (1) t o  eva lua t e  t h e  correspondence i n  t h e  
power d i s t r i b u t i o n s  a f t e r  t h e  new r e f l e c t o r  was i n s t a l l e d ,  and ( 2 )  t o  
d e t e c t  any major misplacement of core components t h a t  might have 
occurred during t h e  r e f l e c t o r  replacement.  The r e s u l t a n t  d a t a  from 
t h e  r e l a t i v e l y  smal l  number of f i s s i o n  monitors i r r a d i a t e d  i n  t h i s  
comparison ind ica t ed  t h a t  t h e r e  were s i g n i f i c a n t  changes i n  t h e  ETR 
power d i s t r i b u t i o n ,  hence, a more d e t a i l e d  power d i s t r i b u t i o n  compar- 
i son  was made i n  t h e  Cycle 108 loading.  The o b j e c t i v e s  of  t h i s  compar- 
i s o n ,  i n  a d d i t i o n  t o  t hose  f o r  t h e  Cycle 107 comparison, were: (1) t o  
s tudy  t h e  e f f e c t s  of poison bui ldup  i n  t h e  bery l l ium r e f l e c t o r ,  and 
( 2 )  t o  check f o r  no tab le  experiment-experiment mock-up d i f f e rences  
between t h e  two f a c i l i t i e s .  

The d a t a  from t h e  monitor wi res  i n  t h e  f u e l  elements allowed 
comparisons o f :  (1) t h e  f u e l  element powers, ( 2 )  mu l t i - l eve l  f u e l  
element power d e n s i t i e s ,  and ( 3 )  v e r t i c a l  power p r o f i l e s  next  t o  
experiments (Cycle 108 on ly ) .  Figures  1 and 2 a r e  comparisons of  t h e  
power genera ted  i n  each f u e l  element,  t h e  experimental  loading  f o r  each 
cyc le ,  and t h e  c o n t r o l  rod p o s i t i o n s  during t h e  measurements f o r  Cycles 
107 and 108,  r e s p e c t i v e l y .  These f i g u r e s  show t h a t  t h e r e  i s  a gene ra l  
power tilt across  t h e  core from NE t o  SW. Two recen t  ETR- 
ETRC ower d i s t r i b u t i o n  comparisons showed s i m i l a r  cha rac t e r i s -  
t i c ~ [ ~ ~ " .  An except ion t o  t h e  power tilt occurred i n  t h e  NE corner  of 
t h e  core i n  t h e  Q c l e  102 comparison, b u t  an inadequate  experiment 
mock-up i n  ETRC core p o s i t i o n  ~6 had caused ETRC power around ~6 t o  
d i f f e r  from ETR power by a s  much as 1 7  percent  ( ~ i g u r e  3 ) .  No s i n g l e  
explana t ion  f o r  t h i s  power tilt e x i s t s ,  b u t  each of t h e  fo l lowing  
d i f f e rences  might c o n t r i b u t e :  ( 1 )  d i f f e r ences  i n  c o n t r o l  rod  guide- 
tube  c ross  s e c t i o n s  ( s e e  Reference 2 ) ,  ( 2 )  center- to-center  spacing 
d i f f e rences  i n  t h e  l o c a t i n g  ho le s  o f  t h e  g r i d  p l a t e  (3.035 i n .  and 
3.040 i n .  i n  t h e  ETR and ETRC r e s p e c t i v e l y ) ,  ( 3 )  experiment-experiment 
mock-up d i f f e rences ,  and ( 4 )  r e f l e c t o r  d i f f e r ences .  

The power d i s t r i b u t i o n  changes shown i n  Figure 3 c l e a r l y  i n d i c a t e  
t h e  poison bui ldup  t h a t  occurs  i n  t h e  ETR r e f l e c t o r  due t o  t h e  f a s t  
neutron i n t e r a c t i o n  wi th  t h e  bery l l ium which u l t i m a t e l y  produces 3 ~ e .  
A s  t h e  poison bui ldup  occurs ,  p e r i p h e r a l  f u e l  element powers i n  t h e  
ETR decrease r e l a t i v e  t o  those  i n  t h e  ETRC. P r i o r  t o  t h e  bery l l ium 
change-out, ETRC p e r i p h e r a l  f u e l  element powers averaged approximately 
5 percent  h ighe r  than  those  i n  t h e  ETR. Af te r  t h e  bery l l ium change- 
o u t ,  ETRC p e r i p h e r a l  element f u e l  powers averaged approximately 1 
percent  h ighe r  than those  i n  t h e  ETR. The 4 percent  d i f f e r e n c e  i s  i n  
good agreement wi th  c a l c u l a t i o n s  based on t h e  c a l c u l a t e d  r e a c t i v i t y  
e f f e c t s  t h a t  would occur  due t o  t h e  poison bui ldup.  



I n  gene ra l ,  t h e r e  i s  a  d i f f e r e n c e  between t h e  ETR and ETRC v e r t i -  
c a l  power p r o f i l e s  i n  each f u e l  element. Figure 4 shows t h e  mult i -  
l e v e l  average s p e c i f i c  power comparisons between t h e  ETR and ETRC f o r  
Cycle 108. Cycle 107 d a t a  a r e  not  shown because t h e  unusual ly low 
c o n t r o l  rod bank p o s i t i o n s  change t h e  power d i s t r i b u t i o n  considerably 
and makes ETR-ETRG d a t a  comparisons d i f f i c u l t .  F igure  4 shows 
t h a t ,  u s u a l l y ,  t h e  ETR v e r t i c a l  power p r o f i l e  i s  skewed toward t h e  
bottom o f  t h e  core  compared t o  t h e  ETRC power p r o f i l e s .  A similar 
phenomenon has been observed i n  a l l  previous power d i s t r i b u t i o n  
comparisons and i s  a t t r i b u t e d  t o  d i f f e r ences  i n  t h e  s t a i n l e s s  s t e e l  
g r i d  p l a t e  cons t ruc t ion  i n  t h e  two r e a c t o r s .  The s t a i n l e s s  s t e e l  g r i d  
p l a t e  i n  t h e  EY'R i s  approximately 9-1/2 inches thick whereas t h e  g r i d  
p l a t e  i n  t h e  ETRC c o n s i s t s  of two 7/&-inch t h i c k  s t a i n l e s s  s t e e l  
p l a t e s ,  s epa ra t ed  by 7-3/4 inches of water .  

A comparison of t h e  midplane s p e c i f i c  powers f o r  Cycle 108 ( d a t a  
no t  a v a i l a b l e  f o r  Cycle 107)  i s  shown i n  Figure 5 .  -This f i g u r e  shows 
some s i g n i f i c a n t  d i f f e r ences  between t h e  two r e a c t o r s ,  i n  p a r t i c u l a r ,  . 
near  t h e  r e f l e c t o r  and .near a few of t h e  experiment p o s i t i o n s .  The 
d i f f e r e n c e s  near  t h e  r e f l e c t o r  a r e  expected. Reactor phys ics  calcu- 
l a t i o n s  (PDQ) have shown t h a t  p e r i p h e r a l  f u e l  elements i n  the.ETRC 
should average 3  percent  h igher  i n  power than  t h e  corresponding elements 
i n  ETR. These c a l c u l a t i o n s  d i d  not  inc lude  any bery l l ium poison bui ld-  
up e f f e c t s .  They a r e  i n  agreement wi th  comparison measurements made 
i n  Cycle 108  which show t h a t  t h e  p e r i p h e r a l  f u e l  elements i n  t h e  ETRC 
do average 3  percent  h igher  power than  t h e  corresponding ETR f u e l  
elements a f t e r  one full-power cyc le  (5500 M W ~ ) .  

I n  t h e  Cycle 108 ETR-ETRC power d i s t r i b u t i o n  comparison measure- 
ment, v e r t i c a l  power, p r o f i l e s  were measured ad jacent  t o  nine experi-  
ments. The approximate p o s i t i o n s  of t h e s e  measurements a r e  des igna ted  
wi th  an ( x )  i n  F igure  2. The purpose of t h e s e  measurements was t o  check 
f o r  any s i g n i f i c a n t  d i f f e r e n c e s  between t h e  ETR and ETRC experiment 
loadings .  I n  some cases ,  t h e r e  a r e  r e l a t i v e  f i s s i o n - r a t e  d i f f e r ences  
a s  l a r g e  as 14.6 percent  ( ~ 7  [ n o r t h ]  at -4 i n .  r e l a t i v e  t o  core mid- 
 lane), b u t  most d i f f e r e n c e s  a r e  l e s s  than  10 percent .  Locations 
where t h e  ad jacent  r e l a t i v e  f i s s i o n - r a t e  d i f f e r e n c e s  exceed 10 percent  
i n  more than  one e l e v a t i o n  a r e  M7 ( n o r t h ) ,  F10, H10, and J10. V e r t i c a l  
power p r o f i l e s  measured ad jacent  t o  t h e s e  p o s i t i o n s  a r e  shown i n  Figures  
6 through 9 ,  r e s p e c t i v e l y .  

I n  conclusion,  d a t a  from t h e s e  power d i s t r i b u t i o n  comparison 
measurements show t h a t  t h e r e  a r e  s i g n i f i c a n t  nuc lear  d i f f e r ences  
between t h e  ETR and ETRC. Dif fe rences  i n  f u e l  element power a r e  a s  
l a r g e  a s  11 percen t ,  and d i f f e rences  i n  s p e c i f i c  power a r e  as  l a r g e  as  
22 percent .  The comparisons a l s o  show a v e r t i c a l  s h i f t  i n  t h e  power 
p r o f i l e  as we l l  a s  a  power tilt across  t h e  core  from NE t o  SW. 

A t  p r e s e n t ,  no explana t ion  e x i s t s  f o r  t h e  power tilt, although 
s e v e r a l  b a s i c  p h y s i c a l  d i f f e r ences  between r e a c t o r s  may be t h e  cause. 
The v e r t i c a l  s h i f t  i n  t h e  power p r o f i l e  i s  probably due t o  d i f f e r e n c e s  



i n  t h e  r e a c t o r  g r i d  p l a t e s .  S i g n i f i c a n t  d i f f e r ences  i n  power genera- 
t i o n  occur  i n  t h e  p e r i p h e r a l  f u e l  elements and inc rease  a s  t h e  
beryl l ium-fuel  boundary i s  approached. Comparison measurements gene ra l ly  
v e r i f y  r e a c t o r  phys ics  c a l c u i a t i o n s  a t  t h e  beryl l ium-fuel  boundary. 

F i n a l l y ,  v e r t i c a l  power p r o f i l e s  immediately ad jacent  t o  t h e  
major experiment loops i n d i c a t e  some nuclear  d i f f e r e n c e s  i n  t h e  ETR- 
ETRC experiment loadings.  These d i f f e r e n c e s  were checked by experiment 
sponsors a f t e r  t h e  Cycle 108 comparison r e s u l t s  were r epo r t ed ,  and a l l  
loop experiments should now be ope ra t ing  w i t h i n  e s t a b l i s h e d  gu ide l ines .  

[ ~ I E .  E. Burdick and A. L. Bowman, "ETR-ETRC F i s s i o n  Rate D i s t r i b u t i o n  
Comparison", Reactor Engineering Branch Annual Report f o r  FY-1968, 
IN-1228 (Feb. 1969) pp 135-141. 

[ ~ I H .  W. Webb, "ETR-ETRC Power D i s t r i b u t i o n  Comparisontt, Reactor 
Technology Branch Annual Report f o r  FY-1970, A N C R - 1 0 1 3 x s  t 1971) 
pp 28-34. 



Figure 1 ETR-ETRC core  diagram showing t h e  experiment loading ,  c o n t r o l  rod p o s i t i o n s ,  and t h e  f u e l  element 
power d i s t r i b u t i o n  comparison f o r  Cycle 107. I n  each c o n t r c l . r o d  l o c a t i o n ,  t o p  t o  bottom, i s  g iven  

. t h e  rod p o s i t i o n  a t  c r i t i c a l  f o r  t h e  ETR and ETRC r u n s ,  r e s p e c t i v e l y .  Glven from t o p  t o  bottom i n  
each f u e l  element p o s i t i o n  a r e :  (1) t h e  percent  of t o t a l  cc re  power i n  ETR, ( 2 )  t h e  percent. af to ta l  
core  power i n  ETRC, and (3 )  t h e  percent  d i f f e r e n c e  from ETR t o  ETRC. 



Figure  2 ETR-ETRC core  diagram showing t h e  experiment loading ,  c o n t r o l  rod p o s i t i o n s ,  and t h e  f u e l  element 
power d i s t r i b u t i o n  comparison f o r  Cycle 108. I n  each c o n t r o l  rod l o c a t i o n ,  t o p  t o  bottom, i s  g iven  
t h e  rod  pos i t i on  a t  c r i t i c a l  f o r  t h e  ETR and ETRC runs ,  r e s p e c t i v e l y .  Given from t o p  t o  bottom i n  
each f u e l  element p o s i t i o n  a r e :  (1) t h e  percent  of t o t a l  core  power i n  ETR ,' ( 2 )  t h e  percent  of 

. t o t a l  core power i n  ETRC, and ( 3 )  t h e  percent  of d i f f e r e n c e  from ETR t o  ETRC. X-indicates approx- 
imate p o s i t i o n  of v e r t i c a l  power p r o f i l e  taken  next t o  some experiments.  



Fuel Element (position) 
Control Rod 

Figure  3 Fuel  element power d i s t r i b u t i o n  d i f f e r e n c e s  from ETR t o  
ETRC f o r  t h e  Cycle 94, 102, 107, and 108  ETR-ETRC 
comparisons. Only t h o s e . p o s i t i o n s  where d i f f e r e n c e s  g r e a t e r  
t han  two percent  occurred a r e  l i s t e d .  From t o p  t o  bottom t h e  
va lues  i n  each c e l l  a r e  from Cycles 94, 102,  107 ,  and 108,  
r e s p e c t i v e l y  . 



Figure 4 Cycle 108 ETR-ETRC average s p e c i f i c  power d i s t r i b u t i o n  comparison. Each va lue  i s  t h e  percent  d i f -  
fe rence  of t h e  average s p e c i f i c  power from t h e  ETR t o  t h e  ETRC. Values i n  t h e  rods and experiment 
p o s i t i o n s  a r e  computed from t h e  ad jacent  elements.  I n  each c e l l  ( t o p  t o  bottom) t h e  l e f t  column 
l i s t s  va lues  from t h e  +14, +1C1, +7, +4,and 0 inch  l e v e l s ,  and the r i g h t  column l i s t s  va lues  from 
t h e  -4, -7, -10, and -14 i n c h l e v e l s .  The heighk of each l e v e l  i s  r e l a t i v e  t o  core  midplane. A l l  
d a t a  a r e  norna l ized  t o  t o t a l  core  power. 





RELRTIVE FISSION RRTE 
Figure 6 Cycle 108 ETR-ETRC vertical fission-rate profile comparison 

next to experiment position M7 (north). Measurements were 
taken in fuel element position L5, water channel 18, approxi- 
mately 0.09 in. from the inside edge of the east sideplate. 
Data are normalized to ETR fuel element power. 



RELRTIVE FISSIBN RRTE 
Figure 7 Cycle 108 Em-ETRC v e r t i c a l  f i s s i o n - r a t e  p r o f i l e  comparison 

next t o  experiment pos i t ion  F10. Measurements were taken i n  
f u e l  element p o s i t i o n  E10, water channel 10 ,  approximately 
0.09 i n .  from t h e  ins ide  edge of t h e  e a s t  s i d e p l a t e .  Data a r e  
normalized t o  ETR f u e l  element power. 



RELATIVE FISSION RATE 
Figure 8 Cycle 108 ETR-ETRC vertical fission-rate profile comparison 

next to experiment position H10. Measurements were taken in 
fuel element position G10, water channel 10, approximately 
0.09 in. from the inside edge of the east sideplate. Data are 
normalized to ETR fuel element power. 



Figure  9 

RELATIVE FISSION RATE 

Cycle 108 ETR-ETRC v e r t i c a l  f i s s i o n - r a t e  p r o f i l e  comparison 
next t o  experiment p o s i t i o n  J10. Measurements were taken  i n  
f u e l  element p o s i t i o n  K10, water channel 1 0 ,  approximately 
0.09 i n .  from t h e  i n s i d e  edge of t h e  west s i d e p l a t e .  Data a r  
normalized t o  ETR f u e l  element power. 



APPLICATION OF SPNDS I N  THE ETR 

A. L. Bowman 

1. INTRODUCTION 

The Engineering Tes t  Reactor (ETR) was designed t o  i r r a d i a t e  m a t e r i a l  
samples i n  a r e l a t i v e l y  high thermal  neutron f l u x .  The samples can be  
l o c a t e d  wi th in  t h e  core o r  i n  t h e  bery l l ium and aluminum r e f l e c t o r  
reg ions .  I d e a l l y ,  t h e  neutron f l u x  i n c i d e n t  on a  sample would be  
cons tan t  i n  t ime. However, due t o  t h e  i n s e r t i o n  and removal of experiments,  
f u e l  and boron changes, and c o n t r o l  rod  movement, t h e  ETR experiences 
both i n t e r c y c l e  and i n t r a c y c l e  f l u x  v a r i a t i o n s .  To eva lua t e  t h e  degree 
of t h e s e  v a r i a t i o n s ,  a  continuous f l u x  monitoring system was i n s t a l l e d  
i n  t h e  ETR us ing  self-powered neutron d e t e c t o r s  (SPNDS) i n  and around 
t h e  ETR core. 

2. DESCRIPTION 

The SPND i s  a min ia tu re ,  h igh  impedance, coax ia l  device c o n s i s t i n g  
of a s o l i d  s t a t e  e m i t t e r ,  i n s u l a t o r ,  and c o l l e c t o r .  I n  gene ra l ,  t h e  
SPNDs i n  ETR use a  rhodium e m i t t e r ,  an aluminum-oxide i n s u l a t o r  and an 
inconel-sheathed coax ia l  cab le  i n s u l a t e d  wi th  magnesium oxide which i s  
s p l i c e d  t o  a polye thylene- insu la ted  coax ia l  cable .  The e m i t t e r  
m a t e r i a l  i n  t h e  t y p i c a l  SPND i s  about 10  cm long,  while  t h e  o v e r a l l  
dimensions a r e  approximately 5.0 i n .  long by 0.62 i n .  i n  diameter.  Both 
Westinghouse and Reuter-Stokes SPNDs have been used i n  t h e  ETR and were 
found equa l ly  acceptab le .  Curren t ly ,  t h e r e  a r e  34 ope ra t ing  SPNDs i n  
t h e  ETR core and r e f l e c t o r .  

Any nuclear  i n t e r a c t i o n  which causes e l e c t r o n s  t o  be absorbed o r  
emi t ted  by t h e  c e n t e r  wi re  of t h e  coax ia l  cab le  w i l l  genera te  a  s i g n a l .  
I n  t h i s  ca se ,  t h e  primary component of t he  s i g n a l  i s  due t o  neutrons 
t h a t  pass  through t h e  c o l i e c t o r  and i n s u i a t o r  and a r e  captured by t h e  
lo3Rh e m i t t e r  which has a  thermal  neutron absorp t ion  c ros s  s e c t i o n  of 

' 

approximately 150 barns.  The capture  product ,  l o 4 ~ h ,  emits  a  2.5-MeV 
b e t a  and has a  42-second h a l f - l i f e .  The gene ra l  a c t i v a t i o n  scheme i s :  

Betas from t h i s  r e a c t i o n  which a r e  e n e r g e t i c  enough t o  escape t h e  e m i t t e r ,  
migra te  through t h e  i n s u l a t o r  t o  t h e  c o l l e c t o r .  This  l eaves  a p o s i t i v e  
charge on t h e  cen te r  conductor of t h e  coax ia l  cab le  and, assuming 
s e c u l a r  equi l ibr ium,  t h e  output  s i g n a l  from t h e  d e t e c t o r  i s  d i r e c t l y  
p ropor t iona l  t o  t h e  r a t e  of  neutron absorp t ion  i n  t h e  emi t t e r .  The 
thermal  neutron s e n s i t i v i t y  of rhodium SPND d e t e c t o r s  a t  s t a r t - o f - l i f e  
i s  approximately 1.1 x ~ / n v  pe r  cm l eng th  of e m i t t e r .  This 
s e n s i t i v i t y  w i l l  decrease  a s  t h e  rhodium transmutes t o  palladium a t  t h e  
r a t e  of  1 t o  7 percent  pe r  month, depending on t h e  f luence  a t  t h e  d e t e c t o r .  
I n  a d d i t i o n ,  rhodium has a non-l/v response and, t h e r e f o r e ,  i t s  usefu lness  
extends i n t o  t h e  epi thermal  spectrum. This makes rhodium a good e m i t t e r  
choice f o r  thermal  r e a c t o r s  w i th  a s i g n i f i c a n t  ep i thermal  f l u x  component 
as i n  t h e  ETR. 



SPNDs have a background s i g n a l  t h a t  i s  p r i m a r i l y  due t o  nuc lear  
i n t e r a c t i o n s  t h a t  occur w i t h i n  t h e  d e t e c t o r  and w i t h i n  the '  in- tank 
c o a x i a l  cab le .  Background c u r r e n t s  have been both c a l c u l a t e d  and 
measured i n  t h e  ETR and were found t o  be approximately t h r e e  percent  of 
t h e  t o t a l  c u r r e n t  generated.  

I n  t h e  ETR, SPNDs a r e  g e n e r a l l y  p laced  i n  a v e r t i c a l  t r a i n  o f ' f i v e .  
The t r a i n  of d e t e c t o r s  i s  t hen  p laced  i n  a modified aluminum flow 
r e s t r i c t o r  c a l l e d  a  s t a b i l i t y  capsule .  SPNDs w i t h i n  a  t r a i n  a r e  nominally 
p laced  a t  + 15,  + 7.5, and 0 i n .  wi th  r e s p e c t  t o  t h e  core  h o r i z o n t a l  
midplane. Extreme c a r e  must be taken dur ing  t h e  i n s t a l l a t i o n  so  t h a t  
placement r e l a t i v e  t o  core midplane i s  c o r r e c t  and t o  a s su re  t h a t  t h e  
i n t e g r i t y  of t h e  magnesium oxide i n s u l a t i o n  i n  t h e  s i g n a l  l e a d  cable  
i s  no t  compromised. A f t e r  t h i s  assembly i s  complete, bo th  t h e  r e s i s t a n c e  
and capac i tance  of t h e  d e t e c t o r  a r e  checked. Typical  r e s i s t a n c e  and 
capac i tance  va lues  a r e  101° ohms and 5  x  10" f a r a d s ,  r e s p e c t i v e l y .  

The s t a b i l i t y  capsule  conta in ing  t h e  SPND t r a i n  i s  i n s t a l l e d  i n  
t h e  ETR core  i n  one h o l e  of a  C - 4 ~  ( c o r e )  o r  R - 4 ~  ( r e f l e c t o r )  p iece .  
The s i g n a l  from each SPND i s  ampl i f ied  wi th  a s o l i d - s t a t e  ope ra t iona l  
a m p l i f i e r  and recorded  us ing  a 0 t o  10-mV dc recorder .  

3 .  APPLICATION OF SPNDs I N  ETR 

Some knowledge of  i n t e r c y c l e  and i n t r a c y c l e  f l u x  v a r i a t i o n s  i s  
very  important  t o  experiment sponsors.  I n  an at tempt  t o  c o n t r o l  t h e  
magnitude o f  t h e s e  f l u x  v a r i a t i o n s ,  a  f l u x  s t a b i l i z a t i o n  program was 
s t a r t e d  i n  t h e  ETR i n  1966 wi th  Cycle 7 9 [ l ] .  This program cont inued 
u n t i l  Cycle 112 when s p e c i a l i z e d  experiment r eques t s  became somewhat 
incompatible  wi th  f l u x  s t a b i l i z a t i o n  requirements .  The f i r s t  SPNDs 
were p u t  i n t o  s e r v i c e  s h o r t l y  a f t e r  t h e  f l u x  s t a b i l i z a t i o n  program was 
s t a r t e d .  By us ing  SPNDs, checks could be made.on t h e  magnitude of both 
i n t e r c y c l e  and i n t r a c y c l e  f l u x  v a r i a t i o n s  which complemented t h e  f l u x  
s t a b i l i z a t i o n  program. 

3.1 I n t e r c y c l e  Flux Var i a t ions  

SPND d a t a  a r e  used t o  check t h e  magnitude of i n t e r c y c l e  f l u x  va r i -  
a t i o n s  by comparing thermal  f l u x  l e v e l s  at t h e  d e t e c t o r  aga ins t  s i m i l a r  
d a t a  from previous  cyc les .  I n  t h i s  manner, t h e  r e l a t i v e  power d e n s i t y  
changes can be determined and compared t o  any changes t h a t  might be 
expected. These checks a r e  gene ra l ly  reques ted  by Reactor Operations 
Div is ion  (ROD) o r  t h e  experiment sponsors.  The r eques t s  a r e  u sua l ly  
cen te red  about a reg ion  of t h e  core  where power' dens i ty  appears t o  be  
i n  disagreement wi th  t h e  power dens i ty  a d v e r t i s e d  i n  t h e  ETRC power 
d i s t r i b u t i o n  d a t a  obta ined  dur ing  t h e  ETR cyc le  mock-up. 

I n t e r c y c l e  power dens i ty  comparisons made us ing  SPND d a t a ,  
whi le  o f t e n  very  h e l p f u l ,  a r e  i n h e r e n t l y  i n a c c u r a t e  because of t h e  
fo l lowing  f a c t o r s :  



Before a  d i r e c t  comparison can t a k e  p l ace  between two cyc le s ,  
each SPND involved i n  t h e  comparison must be co r r ec t ed  f o r  
burnup. This  r e q u i r e s  a h i s t o r y  of t h e  thermal  neutron f l u x  
and energy spectrum at each d e t e c t o r ,  and a  knowledge of t h e  
s e l f - s h i e l d i n g  of t h e  d e t e c t o r .  Because of t h e  d i f f i c u l t i e s  
involved i n  ob ta in ing  t h e s e  q u a n t i t i e s  accu ra t e ly ,  burnup 
r a t e s  i n  ETR SPNDs a r e  p r e s e n t l y  es t imated  r a t h e r  t han  ca l cu la t ed .  

2. Detector  S e n s i t i v i t y  

Each SPND has  a  unique s t a r t - o f - l i f e  thermal  neutron s e n s i t i v i t y .  
Neutron s e n s i t i v i t y  i s  an important f a c t o r  i f  burnup i s  t o  be 
c a l c u l a t e d  accura te ly ,and  t h e r e  a r e  cons iderable  d i f f e r e n c e s  i n  
t h e  neutron s e n s i t i v i t i e s  of t h e  SPNDs. The s e n s i t i v i t y  p r i m a r i l y  
depends upon t h e  l eng th  and diameter of t h e  rhodium e m i t t e r  and 
t h e  de tec tor - to-de tec tor  va r i ance  i n  t h e s e  dimensions can be  
s i g n i f i c a n t .  Radiographs of  one s t a b i l i t y  capsule  conta in ing  
a  SPND t r a i n ,  taken j u s t  p r i o r  t o  i n s e r t i o n  i n t o  t h e  r e a c t o r ,  
showed 6 percent  v a r i a t i o n s  i n  t h e  e m i t t e r  l eng ths  a s  we l l  a s  
s i g n i f i c a n t  d i f f e r ences  i n  t h e  e m i t t e r  diameters .  

I n  a d d i t i o n ,  t h e  s e n s i t i v i t i e s  of  a  group of approximately 
70 SPNDs were measured before  i n s t a l l a t i o n  i n t o  t h e  ATR. These 
measurements'were performed by p l ac ing  t h e  SPNDs i n t o  an MTR 
thermal  neutron beam, phys i ca l ly  a r ranging  them a g a i n s t  s e l f -  
s h i e l d i n g ,  and c a l i b r a t i n g  t h e  r e s u l t s  aga ins t  gold s tandards .  
The measurements showed t h a t ,  on t h e  average, t h e  thermal  
neutron s e n s i t i v i t i e s  v a r i e d  approximately 20 percent  from t h e  
manufac turer ' s  s p e c i f i c a t i o n s .  

3. Core Location 

I n t e r c y c l e  comparisons a r e  u s u a l l y  made t o  s tudy  f l u x  v a r i a t i o n s  
near  an experiment o r  i n  a s p e c i f i c  a rea .  Obviously, t h e  c l o s e r  
an SPND is  t o  t h e  experiment o r  core r eg ion  i n  ques t ion ,  t h e  
more app l i cab le  t h e  r e s u l t a n t  SPND da ta .  F igure  1 shows t h e  
ETR core  and t h e  l o c a t i o n  of SPND t r a i n s  which con ta in  one o r  
more working d e t e c t o r s .  This f i g u r e .  shows t h a t  t h e r e  a r e  l a r g e  
reg ions  of t h e  core without  SPND coverage. I n  t h e s e  reg ions  
d i r e c t  i n t e r c y c l e  f l u x  d e n s i t y  comparisons cannot be made, b u t  
must be i n f e r r e d  from a v a i l a b l e  surrounding d a t a ,  eg,  d a t a  
from experiments i n  t h e  region.  

Due t o  t h e  d i f f i c u l t i e s  mentioned above., e r r o r s  i n  t h e  cycle-to- 
cyc le  comparisons a r e  est imated t o  be f 10 pe rcen t  f o r  one sigma. I n  
s p i t e  of t h e s e  e r r o r s ,  SPND d a t a  cont inue t o  be used a s  a  check on 
i n t e r c y c l e  f l u x  v a r i a t i o n s  e s p e c i a l l y  near  experiments,  and have proved 
t o  be  very  u s e f u l .  



3.2 I n t r a c y c l e  Flux Var ia t ions  

The magnitude of i n t r a c y c l e  f l u x  va r i a t i ons  i s  l a r g e  compared t o  
i n t e r c y c l e  v a r i a t i o n s .  The SPNDs a r e  e x c e l l e n t  devices  f o r  real- t ime 
measurements of f l u x  v a r i a t i o n s  i n  t h e  r e a c t o r ,  and t h e i r  use  allowed 
t h e  f i r s t  q u a n t i t a t i v e  a n a l y s i s  o f  t h e s e  e f f ec t sL2] .  

SPND record ings  of i n t r a c y c l e  f l u x  v a r i a t i o n s  a r e  gene ra l ly  
based on SPND d a t a  obta ined  a s  soon as xenon equi l ibr ium i s  reached i n  
t h e  cyc le  s i n c e  ( a )  t h e  s t a r t - o f - l i f e  xenon equi l ibr ium p o i n t  i s  e a s i l y  
recognized and, ( b )  ETRC mock-up d a t a  a r e  gene ra l ly  r epo r t ed  at ETR 
xenon equi l ibr ium condi t ions .  Thus, t h e  v a r i a t i o n  a t  any t ime during 
t h e  cyc le  i s  c a l c u l a t e d  by 

A - B x 100 = A$ 
A 

where A i s  t h e  SPND reading  a t  xenon equi l ibr ium,  
B i s  t h e  SPND reading  at some o t h e r  t ime dur ing  t h e  cyc l e ,  and 

A$ i s  t h e  percent  change i n  neutron f lux .  

ETR c o n t r o l  rods a r e  dr iven  v e r t i c a l l y  from 0  t o  36 inches ,  which 
i s  t h e  primary cause of i n t r a c y c l e  v a r i a t i o n s  [3,4]. Typica l ly ,  t h e  
7-9-14 rod  bank i s  t h e  c o n t r o l l i n g  bank f o r  t h e  major p o r t i o n  of each 
cyc le .  A s  t h e  rods a r e  withdrawn toward t h e i r  upper l i m i t s ,  f u e l  i s  
r a i s e d  i n t o  t h e  core  i nc reas ing  t h e  neutron f l u x  i n  t h e  upper p a r t  o f  t h e  
core.  Conversely, a s  t h e  f l u x  i n c r e a s e s  i n  t h e  upper p a r t  of t h e  co re ,  
it decreases  i n  t he  lower p a r t  of t h e  core.  Near t h e  end of t h e  cyc l e ,  
t h e  7-9-14 rod bank reaches t h e  upper l i m i t  r e q u i r i n g  t h e  withdrawal of 
t h e  6-12-16 rod bank. A t  t h i s  t ime t h e  f l u x  w i l l  " t u rn  over", i e ,  f l u x  
nea r  t h e  t o p  of t h e  core  w i l l  beg in  t o  decrease and f l u x  near  t h e  bottom 
of t h e  core  w i l l  begin t o  i nc rease .  F igures  2  and 3 show some t y p i c a l  
burnup co r rec t ed  SPND d a t a  curves p l o t t e d  aga ins t  power-time ( M W ~ )  and 
c o n t r o l  rod bank p o s i t i o n .  The c o n t r o l  rod bank p o s i t i o n  i s  t h e  
d i s t a n c e  t h e  rods  a r e  withdrawn from t h e i r  lower l i m i t s .  The curves,  
which a r e  from d a t a  taken  dur ing  ETR Cycle 105 and normalized t o  175 MW 
of core  power, show t h e  fol lowing:  

1. Flux v a r i a t i o n s  a t  a l l  SPND l o c a t i o n s  a r e  w i t h i n  2 10  percent  f o r  
t h e  f i r s t  4000 MWd of  t h e  cyc le .  

2. Flux v a r i a t i o n s  near  t h e  h o r i z o n t a l  midplane a r e  w i th in  + 10  per- 
cen t  throughout t h e  cyc le .  

3. Core p o s i t i o n s  near  moving 'cont ro l  rods experience l a r g e r  f l u x  
v a r i a t i o n s  than  o t h e r  core p o s i t i o n s .  For example, t h e  maximum 
v a r i a t i o n  i n  L13-NE i s  34 percent  while  t he  maximum v a r i a t i o n  i n  

. G13-NE i s  27 percent .  

I n  a d d i t i o n  t o  t h e s e  gene ra l  f l u x  t r ends  over t h e  cyc le ,  SPNDs 
respond t o  r a p i d  changes i n  r e a c t o r  power o r  c o n t r o l  rod  movement. 
These changes t a k e  p l ace  wi th in  a few hours and a r e  of i n t e r e s t  t o  t h e  
experiment sponsor. 



Figures  4 and 5 show some t y p i c a l  SPND d a t a  obta ined  over  a  r e l a t i v e l y  
s h o r t  t ime span t h a t  included some r e a c t o r  power v a r i a t i o n s  and cons iderable  
c o n t r o l  rod bank movement. Data f o r  F igure  4 were obta ined  dur ing  ETR 
Cycle 108A s t a r t u p  a f t e r  approximately 750 MWd of  ope ra t ion  on t h e  Cycle 
1.08 f u e l  charge. Data f o r  F igure  5 were obta ined  during ETR Cycle 1 0 8 ~  
opera t ion  a f t e r  approximately 2526 MWd of  opera t ion  on t h e  f u e l  charge. 

F igures  4 and 5  show t h a t  SPND output  fol lows power and rod  
movement r a p i d l y .  Figure 4 a l s o  shows t h a t  f l u x  peaking dur ing  r e a c t o r  
s t a r t u p  occurs a t  t h e  t o p  of t h e  core and l a s t s  only a few hours.  

E r ro r s  i n  SPND d a t a  used t o  r eco rd  i n t r a c y c l e  f l u x  v a r i a t i o n s  a r e  
es t imated  t o  be 5 5 pe rcen t  f o r  one sigma. 

4. CONCLUSIONS 

SPNDs appear t o  be an e x c e l l e n t  device t o  t r a c k  changes i n  neutron 
f l u x  during t e s t  r e a c t o r  opera t ion .  The d e t e c t o r s  and t h e i r  a s s o c i a t e d  
lea.ds a r e  r a t h e r  f r a g i l e ,  bu t  proper  handl ing and i n s t a l l a t i o n  can over- 
come t h i s  problem. Uniformity of cons t ruc t ion  between rhodium e m i t t e r s  
i s  r a t h e r  poor and radiographs should be taken  of each new d e t e c t o r  be fo re  
i n s t a l l a t i o n  i n t o  t h e  r e a c t o r .  I f  p o s s i b l e  d e t e c t o r  s e n s i t i v i t y  should  
a l s o  be checked be fo re  each i n s t a l l a t i o n .  

SPND d a t a  have proved very u s e f u l  i n  checking both i n t e r c y c l e  and 
i n t r a c y c l e  f l u x  v a r i a t i o n s ,  and two experiment sponsors have s p e c i f i c a l l y  
reques ted  t h a t  SPND t r a i n s  be i n s t a l l e d  ad jacent  t o  t h e i r  experiments.  
By us ing  SPND d e t e c t o r s ,  both short- term and long-term f l u x  v a r i a t i o n s  
can be recorded. This type  o f  d a t a  i s  o f t e n  very u s e f u l  t o  sponsors 
wi th  h ighly  demanding t e s t  programs. 

[ l l E .  E. Burdick, R .  J. F o r r e s t e r ,  and A. D. Mackley, "ETX Flux 
S t a b i l i z a t i o n  programn, Nuclear Technology Branch Quar te r ly  Report 
f o r  January 1 - March 31, 1967, IN-1117 ( ~ e p t e m b e r  1967) pp 1-6. 

12]A. D. Mackley and A. L. Bowman, "ETR Flux S t a b i l i z a t i o n  ~ r o g r a m " ,  
1, IN-1228 ( ~ e b r u a r y  
1969) pp 141-146. 

13]R. J. F o r r e s t e r ,  A. D. Mackley, and E. E. Burdick, "BTRC Measurements 
of t h e  E f f e c t s  of  Rod Travel  on Power ~ i s t r i b u t i o n " ,  Nuclear Technology 
Branches Q u a r t e r l y  Report f o r  January 1 - March 31, 1967, IN-1117 
( ~ e ~ t e m b e r  1967) pp 6-8. 

14]R. J. F o r r e s t e r  and A. D. Mackley, "ETRC Measurements of t h e  Ef fec t s  
of Rod Trave l  on F i s s i o n   ate", Nuclear Technology Branches QuaPter ly 
Report f o r  A p r i l  1 - .June 30, 1967, IN-1126 (~ecember  1967) pp 12-15. 
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t o  t h e  xenon equi l ibr ium s i g n a l  l e v e l  va lues .  Data have been burnup 
co r rec t ed  and a r e  normalized t o  175 MW of core power. 
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on the  xenon equil ibrium s i g n a l  l e v e l .  Data were taken 
during Cycle 1 0 8 ~  and a r e  not  burnup correc ted .  



ETR STABILITY ANALYSIS 

S. R .  Gossmann, F. R .  Phelps 

During t h e  summer and f a l l  of 1971, t h e  Engineering Tes t  Re c t o r  r17 (ETR) i n t e r m i t t e n t l y  exh ib i t ed  s m a l l  p e r iod ic  power v a r i a t i o n s  . 
Various sources f o r  t h e s e  f l u c t u a t i o n s  were pos tu l a t ed  and experiments 
were performed t o  t r y  t o  determine t h e  source.  One p o s s i b i l i t y  f o r  
t h e  source was autonomous o s c i l l a t i o n  of t h e  r e a c t o r  i t s e l f ;  a l though,  
because of t h e  observed weak power dependence, t h i s  was not considered 
a s  a very  l i k e l y  source.  I n  o rde r  t o  confirm t h i s  opinion a s t a b i l i t y  
a n a l y s i s  of t h e  r e a c t o r  was undertaken us ing  d a t a  obtained from a rod 
drop experiment.  The a n a l y s i s  confirmed t h e  opinion t h a t  t h e  observed 
power v a r i a t i o n s  were not t h e  r e s u l t  of r e a c t o r  i n s t a b i l i t y  o r  
autonomous r e a c t o r  o s c i l l a t i o n .  D e t a i l s  descri 'bing t h i s  work a r e  
a v a i l a b l e  i n  Reference 2. 

The experimental  s i g n a l s  a v a i l a b l e  cons i s t ed  of a  power reduct ion  
s i g n a l  obtained from a neutron d e t e c t o r  and switching s i g n a l s  marking 
t h e  i n i t i a t i o n  and t e rmina t ion  of rod motion. A s i g n a l  p ropor t iona l  
t o  rod  p o s i t i o n  during a rod drop i s  not  normally a v a i l a b l e  a t  ETR 
and t h u s  was not  a v a i l a b l e  f o r  t h i s  a n a l y s i s .  

The procedure used i n  t h e  a n a l y s i s  f i r s t  r equ i r ed  development of 
models f o r  t h e  r e a c t o r  dynamics inc luding  rod  dynamics, r e a c t o r  k i n e t i c s  
and t h e  thermal  k i n e t i c s  of t h e  co re .  The f i r s t  s e t  of models used 
was based on semi theo re t i ca l ,  semiempir ical  cons ide ra t ions  us ing  
experimental  d a t a  such a s  water temperature c o e f f i c i e n t  of r e a c t i v i t y  
a s  much a s  p o s s i b l e .  The r e a c t o r  model t hus  obta ined  was s imulated on 
an  analog computer. . The computer was used t o  s imula te  t h e  rod  drop 
experiment.  The s imulated power r educ t ion  curve was compared t o  t h e  
experimental  curve and d i f f e r e n c e s  between t h e  two curves were minimized 
by changing model parameter v a l u e s ,  modifying t h e  models, o r  bo th ,  as 
r equ i r ed .  The g o a l  of t h e s e  s imula t ion  s t u d i e s  w a s  t o  i d e n t i f y  
r e a c t i v i t y  feedback models t h a t  would r e s u l t  i n  good agreement between 
t h e  s imulated and experimental  power r educ t ion  curves i n  t h e  prompt-drop 
r eg ion  and i n  t h e  slower " ta i l"  r eg ion  fol lowing t h e  prompt-drop and 
l a s t i n g  about 30 seconds. The t o t a l  feedback model r equ i r ed  prompt- 
nega t ive  feedback due t o  f u e l  temperature and moderator (wa te r )  
tempera ture  changes and a delayed feedback component. The delayed 
feedback was found t o  con ta in  both p o s i t i v e  and negat ive  components. 

The r e a c t o r  models ob ta ined  a s  o u t l i n e d  above were then  used a s  , 

t h e  b a s i s  f o r  eva lua t ing  r e a c t o r  s t a b i l i t y  by a p p l i c a t i o n  of feedback 
c o n t r o l  system theo ry  and a n a l y s i s  techniques .  The r e s u l t s  of t h i s  
a n a l y s i s  were as expected. The r e a c t o r  w a s  found t o  have an extremely 
h igh  s t a b i l i t y  margin a t  o r  below f u l l  power. 

1 1 1 ~ .  E. Burdick, J .  L. L iebentha l ,  ETR Power-Variation Analysis, 
ANCR-1085 ( ~ u g u s t  1972) .  

121s. R .  Gossmann, F. R .  Phelps,  Evaluat ion of ETR S t a b i l i t y  vlLL Roa 
Drop E f f e c t s ,  ANcR-1084 ( ~ u ~ u s t  1972) .  



STATISTICAL ANALYSIS.OF ETR POWER VARIATIW DATA 

F. R .  Phelps 

During t h e  summer and f a l l  of 1971 t h e  Engineering Tes t  Reactor (ETR) 
experienced smal l ,  pe r iod ic  power v a r i a t i o n s .  I n  a d d i t i o n  t o  o the r  
e f f o r t s  t o  i d e n t i f y  t h e  source of t h e  v a r i a t i o n s ,  va r ious  r e a c t o r  s i g n a l s  
were recorded on magnetic t a p e  and l a t e r  subjec ted  t o  s t a t i s t i c a l  a n a l y s i s .  

There were two o b j e c t i v e s  .of t h i s  a n a l y s i s .  One o b j e c t i v e  was t o  
monitor and de f ine  t h e  frequency c h a r a c t e r i s t i c s  of t h e  v a r i a t i o n s .  
This  was previous ly  done by v i s u a l  i n spec t ion  of s t r i p  c h a r t  record ings .  
The second o b j e c t i v e  was t o  look f o r  c o r r e l a t i o n  between t h e  power 
v a r i a t i o n s  and t h e  o the r  r e a c t o r  s i g n a l s  which were recorded.  

The a n a l y s i s  was performed on t h e  "Signal  Analysis  and Simulat ion 
System". Frequency a n a l y s i s  v e r i f i e d  t h a t ,  a s  es t imated  from s t r i p  
c h a r t  r eco rd ings ,  t h e  v a r i a t i o n s  took t h e  form of a  low Q resonance 
whose cen te r  f requency v a r i e d  from 0.15 Hz t o  0.3 Hz. Changes i n  t h e  
cen te r  frequency were not de t ec t ab ly  c o r r e l a t e d  wi th  r e a c t o r  ope ra t ing  
condi t ions .  F igure  1 i s  a t y p i c a l  p l o t  of t h e  power d e n s i t y  spectrum 
of t h e  power v a r i a t i o n s .  It i l l u s t r a t e s  t h e  low Q resonance a t  0 .3  Hz. 
Figure  2 i s  a t y p i c a l  p l o t  of t h e  power d e n s i t y  spectrum of a  s i g n a l  
which does not  have t h e  resonance. 

Spec ia l  purpose ins t rumenta t ion  was used t o  ob ta in  magnetic t a p e  
record ings  of va r ious  o the r  s i g n a l s  such a s  core  AP, core  AT, core  
p re s su re ,  t o p  and bottom head s t r a i n  and a c c e l e r a t i o n ,  rod and rod 
d r i v e  s t r a i n  and a c c e l e r a t i o n ,  and s e v e r a l  experiment flow and 
temperature s i g n a l s .  In  every case  t h e  power v a r i a t i o n  was s t a t i s t i -  
c a l l y  uncor re l a t ed  wi th  t h e  s i g n a l  being s tud ied .  Thus it w a s  p o s s i b l e  
t o  r u l e  out  t hose  r e a c t o r  parameters  a s  p o s s i b l e  sources of t h e  
power v a r i a t i o n s .  



Figure 1 Neutron spectrum with resonance. 
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COMPARISON OF CALCULATED AND MEASURED POWER PROFILES I N  ETR FUEL ELEMENTS 

W. Serrano 

It i s  occas iona l ly  expedient  t o  c a l c u l a t e ,  r a t h e r  than  measure, 
power d e n s i t i e s  across  ETR f u e l  elements.  I n  o rde r  t o  o b t a i n  a comparison 
between t h e  experimental ly  determined and c a l c u l a t e d  power d e n s i t i e s ,  a 
fu l l - co re  two-dimensional PDQ c a l c u l a t i o n  w a s  made dur ing  t h e  Cycle 94 
ETR-ETRC comparison measurements, which inc luded  h o r i z o n t a l  power d e n s i t y  
t r a v e r s e s  [ l l  throughout t h e  core.  

Fuel  elements i n  t h e  H-8, H-11 ,  N-5, and N-13 core p o s i t i o n s  were 
s e l e c t e d  f o r  comparison. P l o t s  of t h e  experimental  and c a l c u l a t e d  
power dens i ty  p r o f i l e s  a r e  shown i n  Figures  1 and 2 f o r  t h e  four  f u e l  
elements.  It can be seen t h a t  good agreement was obta ined  between t h e  
c a l c u l a t e d  and experimental ly  determined va lues .  

I n  a s i m i l a r  b u t  u n r e l a t e d  problem, PDQ c a l c u l a t i o n s  were made t o  
determine t h e  r e l a t i v e  thermal  neutron f l u x  d i s t r i b u t i o n  through t h e  
fuel-poison i n t e r f a c e  on t h e  ax i s  of an ETR c o n t r o l  rod. A t  t h e  fue l -  
poison i n t e r f a c e  t h e r e  a r e  s i x t e e n  boron-s ta in less  s t e e l  p l a t e s  t h a t  
suppress  t h e  f u e l  end-plate power peaking. I n  t h i s  c a l c u l a t i o n ,  t h e  
r e c t a n g u l a r  c o n t r o l  rod  w a s  represented  i n  c y l i n d r i c a l  geometry f o r  t h e  
r a d i a l - a x i a l  ( R - Z )  PDQ c a l c u l a t i o n .  

A comparison between t h e  c a l c u l a t e d  and measuredL2] r e l a t i v e  thermal  
neutron f l u x  d i s t r i b u t i o n s  is. 'shown i n  F igure  3. The c a l c u l a t e d  values 
were normalized t o  t h e  experimental  va lues  a t  t h e  -5 i n .  p o s i t i o n .  It can 
be seen  t h a t  good agreement was obta ined  i n  t h e  reg ion  of  i n t e r e s t ,  i e ,  
t h e  fuel-poison i n t e r f a c e .  

> 

I n  conclusion,  t h e  use  of  PDQ c a l c u l a t i o n s  provides an adequate 
method f o r  determining power dens i ty  ac ros s  f u e l  elements and ac.ross 
poison-fue l  i n t e r f a c e s .  These comparisons l e n d  c r e d i b i l i t y  t o  t h e  use  
of  PDQ c a l c u l a t i o n s  i n  r o u t i n e  r e a c t o r  phys ics  problems. 

' l lE .  E. Burdick and A. I,. Bowman, "ETR-ETRC F i s s i o n  Rate ~ i s t r i b u t i o n  
Comparison", Reactor Engineering Branch Annual Report f o r  F i s c a l  
Year 1968, IN-1228 ( ~ e b r u a r ~  1969 ) . 

[21R.  E. Oswald, "Control ~ o d  Flux Suppressor ~ l a t e s " ,  MTR-ETR Technical  
1962, IDO-16791 
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Figure 1 Comparison of t h e  c a l c u l a t e d  and experimental  power dens i ty  
t r a v e r s e s  ac ros s  an ETR f u e l  element. 
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Figure 2 Comparison of t h e  c a l c u l a t e d  and experimental  power d e n s i t y  
t r a v e r s e s  ac ros s  an ETR f u e l  element. 
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Figure  3 Comparison of  c a l c u l a t e d  and experimental  r e l a t i v e  thermal  
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of an ETR c o n t r o l  rod. 



FUEL RECYCLING I N  THE ETR 

A. L. Bowman, J. E. B ras i e r  

The u s e  of recyc led  f u e l  i n  t e s t  r e a c t o r s  has  been shown t o  be 
both  f e a s i b l e  and p r a c t i c a l .  I n  t h e  opera t ion  of  t h e  Engineering 
Tes t  Reactor (ETR) ,  ope ra t ing  cyc les  a s  s h o r t  a s  2000-3000 MWd a r e  
o f t e n  u s e f u l  t o  experiment sponsors .  These s h o r t  cycles  a r e  i d e a l l y  
s u i t e d  t o  f u e l  recyc l ing .  I n  a d d i t i o n ,  c a l c u l a t i o n s  show t h a t  f u e l  
cos t  savings of 5,000-6,000 d o l l a r s  p e r  full-power d a y  of ope ra t ion  can 
be r e a l i z e d  when recyc led  f u e l  i s  be ing  used. 

Fue l  has  been recyc led  i n  t h e  ETR on a  l i m i t e d  b a s i s  f o r  some time. 
Ear ly  reports[1,2,31 i n d i c a t e  t h a t  ETR f u e l  loadings were gene ra l ly  made 
up of  mostly new f u e l ,  and only  a  few recyc led  o r  p a r t i a l l y  spent  f u e l  
elements a t  a  t ime were p laced  i n t o  t h e  loading.  I n  Cycle 73, however, 
major f u e l  r e c y c l i n g  took p l ace  and t h r e e  back-.t -back, p a r t i a l l y  spent  
f u e l  loadings  were succes s fu l ly  used i n  t h e  ETR1']. These loadings  
cons i s t ed  of 400-g f u e l  elements and 184-~ c o n t r o l  rod  f u e l  s ec t ions .  
(nominal s t a r t - o f - l i f e  23 5~ weights  ) . 

I n  Cycle 91,  500-g f u e l  elements began t o  be used i n  t h e  ETR on a 
r e g u l a r  b a s i s .  The advantages of us ing  500-g elements had been p rev ious ly  
demonstrated during Cycles 83 and 8 4 ~  [51 . In  Cycle 1 0 4 ~ ~  l a t e  i n  1969, a  
recyc led  core  composed p r imar i ly  of p a r t i a l l y  spent  500-g f u e l  elements and 
230-g Control  Rod Fuel  Sec t ions  (CRFS) was loaded i n t o  t h e  E T R [ ~ ] .  
Since Cycle 1 0 4 ~ ,  s e v e r a l  recyc led  cores  have opera ted  s u c c e s s f u l l y  i n  t h e  
ETR. Table I l i s t s  t h e  cyc le  number, core l i f e ,  and number of  r ecyc led  
f u e l  elements and CRFS used t o  d a t e  i n  t h e  ETR f u e l  r ecyc l ing  program. 

RECYCLED FUEL USE I N  ETR 

Recycled Recycled 
Core L i f e  Fuel  Elements CRFS 

Cycle Number ( MWd Used Used 

Fuel  elements and CRFS a r e  s e l e c t e d  f o r  r ecyc l ing  on t h e  b a s i s  of 
( a )  t h e i r  remaining f u e l  and boron con ten t s ,  ( b )  t h e i r  es t imated  f u t u r e  
f u e l  and boron burnup, and ( c )  t h e i r  a b i l i t y  t o  meet mechanical 
s p e c i f i c a t i o n s ;  Since mechanical s p e c i f i c a t i o n s  a r e  not  checked u n t i l  
t h e  f i n a l  ETR core loading i s  pres 'cr ibed,  f u e l  f o r  r ecyc l ing  i s  s e l e c t e d  



by ETRC and Engineering personnel purely on the  b a s i s  of ( a )  and ( b )  
above. 

A computer program (BURMIP) i s  used i n  the  s e l e c t i o n  of f u e l  f o r  
recycl ing .  This program computes the  hot-spot f r a c t i o n a l  burnup ( i e ,  
t h e  remaining e f f e c t i v e  2 3 5 ~  and O B  a t  t h e  hot  spot  following i r r a d i a t i o n )  
which i s  t h e  con t ro l l ing  parameter l i m i t i n g  f u e l  element and CRFS 
u s a b i l i t y .  The program assumes t h a t  the  ETR power d i s t r i b u t i o n  i s  
constant  with time and ca lcu la tes  burnup i n  each element using the  
parameters: e x i s t i n g  2 3 5 ~  content ,  e x i s t i n g  1°B content ,  i r r a d i a t i o n  
time i n  MWd, percent  of t o t a l  core power generated, t h e  hor izon ta l  and 
v e r t i c a l  peak-to-average power dens i ty  r a t i o s ,  and the  ETR-ETRC 
correspondence f a c t o r s .  

A l l  f u e l  elements and CRFS s u i t a b l e  f o r  recycl ing  a r e  placed on 
t h e  ETR p a r t i a l l y  spent f u e l  inventory. I n  order  t o  s a t i s f y  the  va r i ed  
power d i s t r i b u t i o n  requirements f o r  p a r t i a l l y  spent cores ,  a  l a r g e  
inventory of  recyclable  f u e l  i s  necessary. Due t o  the  c h a r a c t e r i s t i c  
power d i s t r i b u t i o n  across t h e  core,  average burnup i n .  the  center  of t h e  
core i s  considerably higher than i n  t h e  pe r iphera l  f u e l  elements. 
Figure 1 shows t h e  number of f u e l  elements o r  CRFS i n  each fueled  core 
posi'tion t h a t  were s u i t a b l e  f o r  recycle  following t h e  i n i t i a l  i r r a d i a t i o n  
per iod  which . i s  nominally 5500 t o  7000 MWd. The numbers represent  t h e  
f u e l  t h a t  has been re ta ined  f o r  the  f u e l  recycl ing  program through ETR 
Cycle 115A. For convenience, t h e  core has been divided i n t o  th ree  
power regions a s  shown i n  Figure 1, and the  da ta  from these  regions a r e  
summarized i n  Table 11. 

TABLE I1 

SUMMARY OF ETR FUEL RECYCLING PROGRAM 

: Approx. : :Total  Fue1:Total Fuel: 
: Average :No. Fuel : : Pieces : Elements :Total  CRFS 
:Core Power :Elements :No. CRFS :Saved f o r  :Saved f o r  :Saved f o r  
:per E1ement:Saved for:Saved f o r :  Recycle : Recycle : Recycle 

Region: ( % )  : Recycle : Recycle :perRegion:  ($) : ( % )  

Two d i f f e r e n t  f u e l  loading schemes have been successful ly  used i n  
t h e  ETR. The f i r s t  scheme used (cycle  1 0 4 ~ )  was a  modification 
of t h e  three-zone out-in scheme which has found wide app l i ca t ion  i n  
small  t o  medium-sized power r eac to r s .  In  t h i s  scheme, new f u e l  i s  
loaded i n t o  t h e  outer  zone, shuff led  inward, and f i n a l l y  discharged 



from t h e  c e n t r a l  zone. The modi f ica t ions  t o  t h e  scheme were (i) d e l e t e  
one i n n e r  zone and s h u f f l e  low burnup f u e l  from t h e  o u t e r  t o  t h e  c e n t r a l .  zone 
i n  one s t e p  and ( 2 )  use p a r t i a l l y  spent  f u e l  of low t o  medium burnup 
i n  t h e  o u t e r  zone i n s t e a d  of new f u e l .  Although low-burnup f u e l  i s  
e s s e n t i a l l y  s h u f f l e d  from t h e  o u t e r  t o  c e n t r a l  zone, cons iderable  f u e l  
i n  t h e  core i s  rep laced  at t h e  beginning of a p a r t i a l l y  spent  f u e l  
cyc le  because of  power d i s t r i b u t i o n  requirements .  

The second scheme i s  t h e  s c a t t e r  loading method which was succes s fu l ly  
used i n  ETR Cycle 1 1 3 A .  This method mixes p a r t i a l l y  spent  elements and 
new f u e l  i n  a  random p a t t e r n  and i s  d e s i r a b l e  when a t tempt ing  
t o  g a i n  excess  r e a c t i v i t y  t o  i nc rease  ETR on-stream time. 

Ord ina r i l y ,  be fo re  each ETR cyc le ,  t h e  power d i s t r i b u t i o n  f o r  
t h a t  cyc le  i s  measured i n  t h e  ETRC during a cyc le  mock-up and t h e  d a t a  
a r e  r epo r t ed  t o  Engineering and t h e  experiment sponsors.  The f i n a l  
mock-up uses  t h e  same f u e l  t h a t  w i l l  be used i n  t h e  ETR. The use  of 
h igh ly  r a d i o a c t i v e  recyc led  f u e l ,  however, precludes any power d i s t r i -  
bu t ion   measurement.^ i n  t h e  ETRC o r  t h e  ETR. On recyc led  co res ,  a l l  
power d i s t r i b u t i o n  and r e l a t e d  r e a c t o r  physics  d a t a  must be ca l cu la t ed .  

The c a l c u l a t i o n  of power d i s t r i b u t i o n  d a t a  on a p a r t i a l l y  spent  
core  i s  reasonably s t r a igh t fo rward .  P a r t i a l l y  spent  cores  a r e  always 
s e l e c t e d  t o  match a p a r t i c u l a r  p o i n t  i n  t h e  ope ra t ing  cyc le  of a  
previous core i n  which t h e  power d i s t r i b u t i o n  has been measured. This  
s e l e c t i o n  p a r t l y  depends upon t h e  experiment sponsors '  r eques t  f o r  
some d e s i r e d  power d i s t r i b u t i o n .  Th,e technique f o r  s e l e c t i n g  a 
p a r t i a l l y  spent  core and t h e  subsequent c a l c u l a t i o n  of power d i s t r i b u t i o n  
d a t a  i s  o u t l i n e d  below: 

1. S e l e c t  t h e  core  t o  be matched ( co re  I ) .  

2. Calcu la te  t h e  average and hot-spot. f r a c t i o n a l  f u e l  and boron burnup 
f o r  each element o r  CRFS i n  Core I, us ing  t h e  BURNUP computer 
program. 

3. Se l ec t  a  p a r t i a l l y  spent  core,  whose f u e l  and boron burnup most 
nea r ly  match t h e  burnup i n  Core 1 , f rom t h e  e x i s t i n g  inventory  
of p a r t i a l l y  spen t  f u e l .  This s e l e c t i o n  w i l l  be  Core 11. 

, 4. Calcu la te  r e a c t i v i t y  d i f f e r ences  between Core I and Core I1 i n  
each f u e l e d  p o s i t i o n  us ing  t h e  d i f f e r ences  i n  f u e l  and boron 
contents  f o r  t h a t  p o s i t i o n .  

5 .  Calcula te  r e a c t i v i t y  d i f f e r e n c e s  i n  each experiment p o s i t i o n  due t o  
changes i n  experiment sponsors1 r eques t s  f o r  t h i s  p a r t i a l l y  spent  
core.  

6 .  Calcula te  t h e  power dens i ty  changes f o r  each core p o s i t i o n  from 
t h e  r e a c t i v i t y  changes i n  Items 4 and 5 .  

7. Calcu la te  t h e  burnup f o r  Core I1 as a  check t o  s e e  i f  t h e  s e l e c t e d  
f u e l  w i l l ' o p e r a t e  f o r  t h e  r equ i r ed  t ime,  u sua l ly  2000 t o  4000 MWd. 



Following t h e  s e l e c t i o n  of a p a r t i a l l y  spent  core ,  a l l  elements and CRFS 
must be  examined f o r  phys i ca l  damage before  they a r e  loaded i n t o  t h e  ETR. 
Fuel  t h a t  w i l l  no t  pass  t h i s  Q u a l i t y  Assurance in spec t ion  must be rep laced  
us ing  t h e  techniques o u t l i n e d  above. 

I n  conclusion,  t h e  ETR f u e l  r ecyc l ing  program has been both  succes s fu l  
and p r a c t i c a l .  Approximately 20,000 MWd of opera t ion  have been logged on 
239 recyc led  f u e l  elements and 93 CRFS. Power d i s t r i b u t i o n s  i n  t h e s e  
p a r t i a l l y  spent  cores  have been s a t i s f a c t o r y  t o  experiment sponsors ,  and 
t h e  s h o r t  cyc les  a r e  o f t e n  an a i d  t o  experiment programs. Although 
power d i s t r i b u t i o n  and r e a c t o r  phys ics  d a t a  can-iot be measured f o r  
p a r t i a l l y  spent  co re s ,  e x i s t i n g  technology coupled wi th  increased  use 
of t h e  computer Tor r a p i d  d a t a  reduct ion  appear t o  be s u f f i c i e n t  fo,r 
t h e '  necessary c a l c u l a t i o n s .  

[ l l E .  H. Smith e t  a l ,  ETR O p e r a t i o n s - n c r  . . . . . . -. . - - Progress  Report f o r  Cycle 
No. 68, November 15 ,  1364 t o  January 3,~-i965,-1D0-~17067 ( ~ e b r u a r y  i965) .  

[ 2 1 ~ .  H. Smith e t  a l ,  ETR Operations Branch Progress  Report f o r  Cycle 
No. 74, August 1, 1965 t o  September 12 ,  1965, IDO-17129 (~ovember  1965).  

[31E. H. Smith e t  a l ,  ETR Operations Branch Progress  Report f o r  Cycle 
No. 76, October 24 t o  December 5 ,  1965, IDO-17144 (January 1966).  

[41E. H. Smith e t  a l ,  ETR Operations Branch Progress  Report f o r  Cycle 
No. 73, June 20 t o  August 1, 1965, IDO-17117 ( ~ e ~ t e m b e r  1965).  

I 5  '3. E. Burdick, "ETR Flux S t a b i l i z a t i o n  ~ r o ~ r a m " ,  Nuclear Technology 
Branches Quar te r ly  Report,  January 1 t o  March 31, 1967, IN-1117 
( ~ e p t e m b e r  1967) pp 1-6. 

[61E. H. Smith e t  a l ,  ETR Operations Branch Progress  Report f o r  Cycle 
No. 104 ,  August 28 t o  November 7 ,  1969, IN-1353 ( ~ e b r u a r y  1970).  



Figure 1 Core pos i t ion  and number of f u e l  elements and con t ro l  rod f u e l  
sec t ions  t h a t  have been re ta ined  f o r  use i n  t h e  ETR f u e l  recycle 
program. 



CALCULATION OF ETR CORE LIFE USING TKE BURNUP COMPUTER PROGRAM 

J. E. Bras ier  

The Engineering Test Reactor (ETR) i s  a water cooled and moderated, 
h ighly  enriched reac to r  which provides h igh- in tens i ty  neutron f l u x  t o  
experimental f a c i l i t i e s .  Refueling shutdowns i n  t h e  ETR occur a t  
approximately six-week i n t e r v a l s  during which time the  composition 
and/or loca t ion  of experiments and f u e l  assemblies may be changed. 
I n  order  t o  maintain e f f i c i e n t  and p r e c i s e  scheduling of r e a c t o r  
opera t ing  and shutdown t imes,  it i s  important t h a t  t h e  core l i f e  of 
each new o r  p a r t i a l l y  spent f u e l  loading be  p red ic tab le  o r ,  conversely, 
t h a t  t h e  r eac to r  be loaded t o  g ive  a requested core l i f e .  

The ETR C r i t i c a l  F a c i l i t y  (ETRC) i s  a low-power nuclear  dupl ica te  
of  t h e  ETR. P r i o r  t o  each new loading i n  the  ETR, mock-up 
measurements a r e  performed i n  t h e  ETRC on t h e  proposed ETR core loading 
t o  determine power dens i ty  d i s t r i b u t i o n s  and o the r  p e r t i n e n t  physics 
da ta .  Detai led a x i a l  and hor izon ta l  power d e n s i t i e s  a r e  measured during 
t h e  mock-up i n  t h e  f u e l  elements generat ing t h e  highest  percent  ot' t o t a l  
core power. The d e t a i l e d  hot-spot power dens i ty  da ta  cons i s t  of 30 da ta  
po in t s  measured hor izon ta l ly  across t h e  f u e l  element a t  -5 i n .  below 
r e a c t o r  midplane (approximate loca t ion  of peak r a d i a l  thermal f l u x )  and 
21 d a t a  points  measured a x i a l l y  i n  t h e  f u e l  element coolant channel e x h i b .  
i t i n g  t h e  highest  f l u x  peaking. 

The BURNUP computer program uses these  t ietai led hot-spot power 
d e n s i t i e s  t o  c a l c u l a t e  the  maximum hot-spot f r a c t i o n a l  f u e l  burnup 
which i s  then converted t o  equivalent  f i s s ions /cc .  ETR core l i f e  
(on-stream-time) i s  present ly  l i m i t e d  t o  a maximum hot-spot burnup of 
1.5 x. 1021 f i s s / c c  f o r  t h e  UAlx type f u e l  element and 1.1 x 1021 f i s s / c c  
f o r  the  boron-foi l  type f u e l  element. Some assumptions have been 
adopted which considerably s impl i fy  t h e  burnup ca lcula t ion:  

1. . Fiss ion  of t h e  nuclide 2 3 8 ~  i s  neglected; t h i s  assumption i s  
j u s t i f i e d  f o r  highly enriched f u e l  ( >  90%). 

2.  The, cont r ibut ion  of plutonium f i s s i o n  t o  t h e  energy production 
i n  t h e  core can be neglected i n  view of t h e  r e l a t i v e l y  small  
amount of plutonium produced i n  highly enriched cores;  f o r  the  
same reason the  production of 2 4 1 ~ ~  and higher plutonium isotopes  
i s  not  taken i n t o  account. 

3. Microscopic cross sec t ions  of  uranium isotopes  w e  assumed t o  be 
s p a t i a l l y  i n v a r i a n t  and independent of t h e  burnup. 

4. The power p r o f i l e  i s  constant  with time. 

5 .  The consumption of 2 3 5 ~  by f i s s i o n  and p a r a s i t i c  capture i s  1.26 
grams 2 3 S ~ / m d .  



The b a s i c  equat ion  used i n  t h e  BURNUP program $0 c a l c u l a t e  t h e  amount 
of  2 3 5 ~  f i s s i o n  i s :  

where: N235 = number of 2 3 5 ~  nuc le i  i n  t h e  system considered,  eg ,  a  
f u e l  element o r  c o n t r o l  rod f u e l  s e c t i o n  

o f (235)  = e f f e c t i v e  f i s s i o n  c ros s  s e c t i o n  of  235, 

@ = neutron f l u x  dens i ty .  

I n  t h e  ope ra t ion  of t h e  ETR, ca re  must be taken  t o  e n s u r e ' t h a t  
t h e  f u e l  performance l i m i t s  a r e  not  exceeded. The.economic 
i n c e n t i v e  t o  use  f u e l  e f f i c i e n t l y  f o r c e s  burnup t o  be a s  h igh  as  p o s s i b l e  
without  v i o l a t i n g  m e t a l l u r g i c a l  c r i t e r i a  such as swe l l i ng ,  b l i s t e r i n g ,  
c racking ,  oxide bui ldup ,  f i s s i o n  product  gas p re s su re ,  and melt ing.  
The BURNUP program has done an e x c e l l e n t  job i n  achiev ing  high f u e l  
burnup w i t h i n  p re sc r ibed  r e a c t o r  ope ra t ing  l i m i t s  when used f o r  bo th  
new and p a r t i a l l y  spent  ETR f u e l  loadings .  The p r e d i c t e d  versus  
measured r e s u l t s  of a l l  ETR core phys ics  c a l c u l a t i o n s  which use  
output  d a t a  from t h e  BURNUP program s u b s t a n t i a t e s  t h e  accuracy and 
e f f e c t i v e n e s s  of t h i s  program i n  provid ing  ETR s a f e t y  assurance.  

FISSION DENSITY RATIOS I N  ETRC 

J. E. B r a s i e r  

F i s s i o n  dens i ty  r a t i o s  p l ay  an important  p a r t  i n  ETR C r i t i c a l  
F a c i l i t y  (ETRC) c a l c u l a t i o n s  and have no t  been determined i n  some core 
p o s i t i o n s  s i n c e  Cycle 91. Since t h e  core conf igura t ion  and sponsor 
reques ts  f o r  power d i s t r i b u t i o n  have changed over t h e  l a s t  fou r  ETR 
Cycles, an updat ing of t h e  f i s s i o n .  dens i ty  r a t i o s  f o r  each f u e l  element 
and c o n t r o l  rod f u e l  s e c t i o n  was necessary.  Peak-to-average f i s s i o n -  
dens i ty  r a t i o s  h o r i z o n t a l l y  (P/A) and v e r t i c a l l y  (P/A) i n  each f u e l  II element and c o n t r o l  rod  f u e l  s e c t l o n  a r e  used as i n p u t  'to t h e  BURNUP 
computer code. Consequently, changes i n  t h e s e  f i s s i o n  d e n s i t y  r a t i o s  
a r e  p ropor t iona l ly  r e f l e c t e d  i n  t h e  c a l c u l a t i o n  of ETR core l i f e  and 
a l s o  i n  t h e  number of f u e l  elements and c o n t r o l  rod f u e l  s e c t i o n s  
t h a t  may be  saved f o r  use i n  t h e  ETR f u e l  r ecyc l ing  program. Average- 
to-s tandard f i s s ion -dens i ty  r a t i o s  [ ( A / s )  (A/s) ] a r e  used as  input  H' 
f o r  computer program COREMAP I1 which c a l c u l a t e s  'the percent  of t o t a l  
core power genera ted  i n  each f u e l  element and c o n t r o l  rod  f u e l  s e c t i o n .  

Data f o r  calculation:of t h e  f i s s ion -dens i ty  r a t i o s  were obta ined  
i n  t h e  ETRC co re  wi th  3366 s t anda rd  U-A1 f i s s i o n  rate-monitors .  Axial  
f i s s i o n  r a t e s  were measured i n  t h e  h o t t e s t  channel i n  every f u e l  element 
and f u l l y  withdrawn c o n t r o l  rod f u e l  s e c t i o n .  Hor izonta l  f i s s i o n  r a t e s  



were measured a t  -5 i n .  below r e a c t o r  h o r i z o n t a l  midplane i n  every f u e l  
element and f u l l y  withdrawn c o n t r o l  rod  f u e l  s ec t ion .  These ETRC d a t a  
were obta ined  a t  xenon equi l ibr ium condi t ions  wi th  s tandard  c o n t r o l  
rod  programming. 

A l l  d a t a  were processed wi th  computer programs C ~ R E M A P  I1 AND 
P~LSDAF. PgLSDAF leas t - square  f i t s  a two-dimensional a r r a y  of  d a t a  
wi th  a  polynomial . func t ion  of two v a r i a b l e s .  The ( P / A ) ~  f i s s i o n  
d e n s i t y  r a t i o s  obta ined  from POLSDAF a r e  shown i n  Figure 1 and compared 
t o  t h e  s t anda rd  power d i s t r i b u t i o n  d a t a  measured i n  1967. The l a r g e s t  
percent  d i f f e r ences  occur i n  t h e  c o n t r o l  rod  f u e l  s e c t i o n s ,  wi th  an 
average decrease of 18.5 percent  i n  t h e  peak-to-average h o r i z o n t a l  
f i s s i o n  d e n s i t y  r a t i o .  For example, i f  a c o n t r o l  rod  f u e l  s e c t i o n  has  
a t t a i n e d  a maximum burnup of 1.5 x  1021 f i s s / c c  f o r  a  t y p i c a l  ETR cycle  
(with former d a t a ) ,  u s ing  t h e  new f i s s i o n  dens i ty  r a t i o  would have allowed 
an a d d i t i o n a l  s i x  days (1050 M W ~ )  of full-power opera t ion  be fo re  reaching  
t h e  f i s s i o n  dens i ty  l i m i t .  Re la t ing  t h e  18.5 percent  decrease  i n  * f i s s ion -  
d e n s i t y  r a t i o s  t o  t h e  f u e l  r ecyc l ing  program means t h a t  an a d d i t i o n a l  
t h r e e  c o n t r o l  rod  f u e l  s e c t i o n s  would have been r e t a i n e d  from a  t y p i c a l  
ETR cycle  f o r  f u t u r e  use. 

Comparisons were a l s o  made wi th  d a t a  from t h e  1967 s tandard  power 
d i s t r i b u t i o n  f o r  t h e  ( P / A ) ~ ,  ( A / s ) ~ ,  and (A/s) f i s s i o n  dens i ty  r a t i o s .  v 
The (P/A)  f i s s ion -dens i ty  r a t i o  decreased an average of 2.7 percent  i n  v 
t h e  c o n t r o l  rod f u e l  s e c t i o n s ,  decreased s l i g h t l y  i n  24 f u e l  element 
pos i t i ons , '  and inc reased  s l i g h t l y  i n  27 f u e l  element p o s i t i o n s  wi th  no 
observable r e g i o n a l  t r e n d s .  

As mentioned p rev ious ly ,  changes i n  t h e  A/S f i s s ion -dens i ty  r a t i o s  
a f f e c t  t he .  c a l c u l a t i o n s  f o r  percent  of t o t a l  core power genera ted  i n  
each f u e l  element and c o n t r o l  rod f u e l  s e c t i o n ,  and a l s o  i n .  t h e  average 
experiment neutron source values (AENS) c a l c u l a t e d  f o r  t h e  experiment , 

p o s i t i o n s .  Figure 2 compares d i f f e r e n c e s  i n  t h e  computed f u e l  element 
powers and AENS va lues  a f t e r  applying t h e  new A/S r a t i o s  t o  a  t y p i c a l  
ETRC cycle  mock-up (111 A-2). 

During each ETR cycle  mock-up, f i s s i o n - d e n s i t y  r a t i o s  a r e  measured 
i n  t h e  hot-spot a r eas .  This method al lows f o r  con t inua l  updat ing of 
hot-spot d a t a  a s  core  con f igu ra t ion  and experiment loadings  change, both 
i n t r a c y c l e  and i n t e r c y c l e .  The e r r o r  on t h e  f i s s ion -dens i ty  r a t i o s  i s  
approximately 4% ( l o ) .  



Fuel Element (position) 
.Control Rod 

Experiment 

Figure 1 Comparison of s tandard power d i s t r i b u t i o n  (sPD) and Cycle 109A ( P / A ) ~  
f i s s i o n  dens i ty  r a t i o s .  
1st No. . . . SPD (P/A)H r a t i o  
2nd No. . . . Cycle 109A ( P / A ) ~  r a t i o  
3rd No. . . . Percent d i f ference  from SPD t o  Cycle lO9A 

( a )  . . . Not measured. 



Fue) Element (position) . 
Control Rod 

Experiment 

Figure 2 Comparison of the ETRC Cycle lllA-2 mock-up fuel element powers and 
average experiment neutron source (AENS) values using the old and new 
horizontal average-to-standard ratios. 

lst No. . .. Percent-core-power or AEHS in run 111A-2 with the old (A/s)~ 
grid No. . . . Percent-core-power of AENS in run lllA-2 with the new (A/s)~ 
3rd No. ... Percentage change of the second number from the first number. 



LOCALIZED EFFECT DUE TO CADMIUM FILTERS I N  ETR 

W. Serrano,  A. L. Bowman 

A r eques t  was made t o  i n v e s t i g a t e  i n  t h e  ETRC an experiment s h i e l d i n g  
device t h a t  would s u b s t a n t i a l l y  reduce thermal  neutron f l u x  on an exper- 
iment i n  one corner  of a C-bx p i ece  i n  t h e  ETR without  s i g n i f i c a n t l y  reducing 
t h e  l o c a l  power dens i ty  o r  f a s t  f l u x .  Consequently, a f i l t e r  was b u i l t  
t h a t  cons i s t ed  of two 26-inch-long ha l f - cy l inde r s  of 20-mil cadmium, 
each wrapped on 1.125-inch-diameter s t a i n l e s s  s t e e l  s lugs .  The s l u g s  
were i n s e r t e d  i n t o  d iagonal ly  oppos i te  experiment holes  of a C - 4 ~  p i ece  
i n  t h e  ETRC and t h e  Cd f aces  were r o t a t e d  towards t h e  experiment t o  
produce t h e  maximum shadowing e f f e c t  on t h e  experiment. 

By t h e  use of b a r e  and Cd-covered 2 3 5 ~  a c t i v a t i o n  monitors ,  an 
a c t i v a t i o n  p r o f i l e  was obta ined  along the' v e r t i c a l  a x i s  of t h e  experiment 
wi th  t h e  Cd semi-cylinders removed from t h e  core ( ~ u n  1). A. second v e r t i c a l  
p r o f i l e  was obta ined  wi th  t h e  Cd semi-cylinders i n  p o s i t i o n  ( ~ u n  2 ) .  
Comparisons of t h e  wire  a c t i v a t i o n  d a t a  a r e  shown i n  Table I and 
Figure 1. 

The percent  change i n  thermal  neutron a c t i v a t i o n  ( A A ~ )  us ing  Run 1- 
as t h e  base was determined by ' 

AAt = 100% k c d l  2 -1 [r"l::: *'(-  I 
where R = cadmium r a t i o  . 

Cd 

ACd = Cd-covered f i s s i o n - r a t e  monitor a c t i v a t i o n .  

The A A t  and Red values a t  s e v e r a l  e l eva t ions  a r e  l i s t e d  i n  Table 11. I n  
Table 111, t h e  e f f e c t s  of t h e  cadmium f i l t e r s  on epicadmium f l u x  a r e  
given a t  s e v e r a l  e l eva t ions .  

The use of t h e s e  t h i n  Cd f i l t e r s  provides a means of reducing 
thermal  neutron f l u x  s i g n i f i c a n t l y  w i th  a minimum e f f e c t  on t h e  
epicadmium f l u .  Furthermore, t h e  reg ion  of e f f e c t i v e n e s s  f o r  t h e  
Cd was very l o c a l i z e d ,  thereby  enhancing v e r t i c a l  thermal  neutron 
f l u x  t a i l o r i n g .  



TABLE I 

2 3 5 ~  ACTIVATION DATA I N  ETR CORE POSITION J10-SE 
( w a t t s l g r a m  x103 a t  175 MW) 

V e r t i c a l  Distance 
from Core Midplane 

( inches ) 

5~ Activat ion Data 

Run 1 Run 2 

3.67 
4.18 

4.70 

5 -94 
6.20 

6.65 

6.66 

6.58 

6.27 

6.21 

6.15 

7.04 

7.10 

7-17 

7.46 

7.83 

7.61 

Percent  Differences 

-2 

-4 

- 5 

-2 

-3 

- 1 

-6 

-3.2 

-18 

-25 

- 31 

-34 

- 34 

-35 
- 31. 

-28 

- 31 



TABLE I1 

EFFECTS OF THE CADMIUM FILTER 

Ver t i ca l  Distance 
from Core Midplane 

( inches ) 

Change i n  
Thermal Neutron 

Cadmium Ratios Activation ( A A ~ )  
Run 1 - Run 2 (%)  

8.86 9 -09  -3 

9.00 7.31 -27 

8.93 6.23 - 38 

8.78 6.27 -35 

9.44 6.92 -37 

TABLE I11 

CADMIUM-COVERED MONITOR ACTIVATION DATA 
x l o 3  at 175 MW) 

Ver t ica l  Posi t ion 
from Core Midplane 

Cadmium-Covered Monitor Activation Data 

(inches ) Run 1 - Run 2 Percent Difference 



B e r e  Fission-Rate Monitor Activation ( w a t t s l g r a  x103 a t  175 MS) 

Figure 1 Vert ical  act ivat ion p r o f i l e  from the bare fission-rate 
monitors i n  J10-SE i n  Run 1 and Run 2. 



THE EFFECTS OF REGIONAL POISONING ON ETR POWER DISTRIBUTION 

J. E. B ras i e r  

Reactor power d i s t r i b u t i o n  d a t a  a r e  an important p a r t  of t h e  ETR 
support  program. ,These d a t a  a r e  measured i n  t h e  ETRC during ETR cycle  
mock-ups. The cyc le  mock-up precedes each ETR cycle  which i s  t o  be 
fue l ed  wi th  new f u e l .  I f  changes a r e  made i n  t h e  ETR f u e l  o r  experiment 
loading  a f t e r  t h e  ETRC has completed t h e  f i n a l  mock-up d a t a  package, it 
becomes necessary t o  c a l c u l a t e  t h e  r e s u l t i n g  changes i n  ETR power d i s t r i b u t i o n .  

As a  check on t h e  c a l c u l a t i o n a l  techniques ,  a  program w a s  designed 
t o  measure ETR power d i s t r i b u t i o n  changes by s imula t ing  pos t  mock-up 
r e a c t i v i t y  changes wi th  uniform r e g i o n a l  poisoning i n  t h e  ETRC. 
Poisoni.ng was accomplished by i n s e r t i n g  boron-impregnated b u t y r a t e  
wands i n  coolant  channel 5-west of ETRC f u e l  elements.  The poisoned 
elements were then  i n s e r t e d  i n t o  t h e  core i n  a  given region.  Figure 1 
shows how t h e  ETRC core was d iv ided  i'nto reg ions  f o r  t h e  s tudy.  As each 
new reg ion  was poisoned, power dens i ty  d a t a  were obta ined  over  t h e  e n t i r e  
ETRC core a t  t h e  t 1 4 ,  +7, and O-inch l e v e l s  (wi th  r e spec t  t o  r e a c t o r  
midplane) and then  compared t o  ETR Cycle l l l A  mock-up da ta .  Table I 
summarizes t h e  average percent  changes i n  r e g i o n a l  power d e n s i t y  and 
r e a c t i v i t y .  The one-sigma measurement e r r o r  f o r  quoted power dens i ty  
and r e a c t i v i t y  changes i s  l e s s  t han  one percent .  

The measured r e g i o n a l  power d i s t r i b u t i o n  and r e a c t i v i t y  d a t a  have 
proved va luable  when used i n  t h e  followirig ETRC progr.ans: 

1. Post  mock-up c a l c u l a t i o n s  when r ep lac ing  damaged f u e l  i n  new o r  
p a r t i a l l y - s p e n t  ETR f u e l  loadings .  

2. P r e d i c t i o n  of i n i t i a l - c r i t i c a l  shim rod p o s i t i o n s  when changing 
t h e  ETRC core  from one cycle  mock-up f u e l  loading  t o  t h e  next .  

3. P r e d i c t i o n  of  i n i t i a l - c r i t i c a l  shim rod  p o s i t i o n s  and power 
d i s t r i b u t i o n  d a t a  f o r  new ETR f u e l  loadings  t h a t  a r e  not  mocked-up 
i n  t h e  ETRC. 

4. P r e d i c t i o n  of  power d i s t r i b u t i o n  and physics  d a t a  f o r  p a r t i a l l y  
spent  ETR f u e l  loadings.  

5. P r e d i c t i o n  of power d i s t r i b u t i o n  and r e a c t i v i t y  d a t a  f o r  major changes 
i n  experiment loadings  a f t e r  t h e  ETR cycle  mock-up has  been completed. 

I n  conclusion,  t h e s e  d a t a  have been and w i l l  cont inue t o  be very 
u s e f u l  i n  t h e  ETR support  program when e s t ima te s  of power d i s t r i b u t i o n  . 

changes a r e  r equ i r ed  f o r  given r e a c t i v i t y  changes. 



TABLE I 

SUIMRY OF FBACTIVITY AND POWER DENSITY DATA FOR ETRC REGIONALLY L3ADED POISON 

Core 
Region 

T o t a l  Grains of 
OB 

Added 
t o  Region 

Reac t iv i ty  
Change 

Per  Gram 
"B 

Average Percent  Change i n  Power Density Per  Region 



E F G H I J K L M N  E F G H I J K L M N  

Fuel Element 
( p o s i t i o n  ) 

Control Rod 
L -J ~ x p e r i m e n t  A H C - B - I  

Figure 1 Designation of ETRC core regions.  



BORON CONTENT OF BUTYRATE PLASTIC WANDS 

J. E. Bras i e r  

Butyrate  p l a s t i c  wands impregnated wi th  s p e c i f i c  concent ra t ions  of 
amorphous boron a r e  used i n  t h e  ETR C r i t i c a l  F a c i l i t y  (ETRC) t o  
s imula te  xenon and samarium poisoning i n  t h e  ETR. The high-impact 
b u t y r a t e  p l a s t i c  was s e l e c t e d  f o r  i t s .  r i g i d i t y ,  r e s i s t a n c e  t o  f r a c t u r e ,  
r e s i s t a n c e  t o  ETRC i r r a d i a t i o n ,  and r e s i s t a n c e  t o  water (some wands w i l l .  
remain submerged f o r  yea r s  ) . A l l  ETR cycle  mock-up power-dis t r ibut ion 
and hot-spot d a t a  a r e  measured i n  t h e  ETRC under xenon equi l ibr ium 
cond i t i ons ;  t h e r e f o r e ,  p r i o r  t o  use  of  t hese  boron wands i n  t h e  ETRC 
co re ,  experiments were conducted t o  determine t h e i r  boron content ,  
boron i s o t o p i c  concen t r a t ions ,  and i m p u r i t i e s  through chemical and 
r e a c t i v i t y  analyses .  . 

I n  order  t o  assay t h e  wands f o r  boron, t hey  were d iv ided  i n t o  
t h r e e  " l o t s "  where a " l o t "  inc ludes  a l l  t h e  wands f a b r i c a t e d  t o  one 
s p e c i f i e d  boron concent ra t ion  (eg,  l o t  1 conta ins  0.0025 + 0.003 g 
boron/ inch,  l o t  2 conta ins  0.0065 + 0.003 g boron/inch and l o t  3 conta ins  
0.0131 +- 0.008 g bo ron l inch ) .  Random samples were s e l e c t e d  from each 
l o t  and coded as shown i n  Figure 1. Program funding l i m i t e d  t h e  number 
of  samples t h a t  could be chemically analyzed. Therefore,  r e a c t i v i t y  
measurements were made i n  t h e  ETRC and Advanced Reac t iv i ty  Measurement 
F a c i l i t y  (ARMF-1) t o  provide r e l a t i v e  comparisons between samples. 
ETRC r e a c t i v i t y  measurements were made on f u l l - l e n g t h  boron wands wi th  
a measured experimental  u n c e r t a i n t y  of 17  pk. S ix ty  sample d i sks  
(13/16 i n .  diameter)  were then  punched from t h e s e  wands a t  t h e  l o c a t i o n s  
shown i n  Figure 1 and s e n t  t o  t h e  ARMF-I f o r  f u r t h e r  r e a c t i v i t y  
measurements. F igure  2 shows how t h e s e  coded sample d i sks  were i n s e r t e d  
i n t o  t h e  ARMF aluminurn "eta" capsule.  The number of sample d i s k s  from 
each l o t  were s e l e c t e d  i n  o rde r  t o  provide approximately 0.01 grams of 
boron pe r  sample. The ARMF-I measured experimental  u n c e r t a i n t y  was 
0.3 pk. F i n a l l y ,  t h i r t y - s i x  sample d i sks  were s e l e c t e d  from t h e  s i x t y  
ATRM-I d i s k s  and chemically analyzed. 

The f i n a l  r e s u l t s  of a l l  measurements a r e  summarized i n  Table I. 
Conclusions from t h e  measurements a r e  a s  fo l lows:  

TABLE I 

COMPARISON OF CONTRACT-SPECIFIED AND MEASURFD BORON 
(ng per  disk) 

Contract  
Lot Spec i f i ed  Measured Percent  

Number Boron Boron Difference 

1 1.535 i 0.033 1.266 2 0.126 -17 5 
2 3.582 + 0.077 3.339 2 0.059 - 6.8 
3 7.164 + 0.154 6.717 2 0.270 - 6.2 



I. The measured boron concent ra t ion  f o r  t h e  l o t 1  wands i s  0.0025 2 
0.003 g  boron/inch of  wand. 

2. The measured boron concen t r a t ion  f o r  t h e  l o t  2  wands i s  0.0065 2 
0.003 g  boron/inch of wand. 

3. The measured boron concent ra t ion  f o r  t h e  l o t  3  wands i s  0.0131 2 
0.008 g  boronl inch  of  wand. 

4. The boron pe r  i nch  i n  i n d i v i d u a l  samples i s  w i t h i n  t e n  percent  of  
t h e  l o t  a,vera.ge f o r  every l o t .  

5. The average boron p e r  t h r e e  inch  long random sampie wi th in  a l o t  
i s  w i t h i n  twenty percent  of t h e  s p e c i f i e d  va lue  f o r  l o t s  1 and 2 
and w i t h i n  t e n  percent  of t h e  s p e c i f i e d  va lue  f o r  l o t  3. 

6. The average l l g / l O ~  i s o t o p i c  r a t i o  i s  4.03 2 0.06. 

7 .  The wands a r e  1.0625 2 0.010 inch  wide a t  a l l  p o i n t s  along t h e  
l eng th  of t h e  wand and 39.000 2 0.125 inches  long. 

8. The average wand th i ckness  i n  a l o t  i s  0.0625 2 0.005 inch ,  and 
every wand th i ckness  i s  w i t h i n  0.003 inch  of t h e  l o t  average. 
Thickness c r i t e r i a  appl ied  t o  a l l  p a r t s  o f  t h e  wand t o  w i t h i n  
0.030 inch  of t h e  edges. 

I n  summary, t h e  boron impregnated b u t y r a t e  p l .as t ic  wands examined 
were w e l l  w i th in  a l l  dimensional and boron t o l e r a n c e  con t r ac t  
s p e c i f i c a t i o n s .  Knowing exac t  boron concent ra t ions  of t h e  ETRC boron 
wands i s  extremely v i t a l  when ( a )  s imula t ing  ETR xenon equi l ibr ium 
condi t ions  i n  t h e  ETRC, ( b )  ob ta in ing  i n d i v i d u a l  and ganged cont ro l -  
rod-withdrawal curves,  ( c )  ob ta in ing  power d i s t r i b u t i o n  changcs f o r  
r eg iona l ly  loaded poisons,  ( d )  c a l c u l a t i n g  ETR-ETRC r e a c t i v i t y  
d i f f e r e n c e s ,  and ( e )  p r e d i c t i n g  ETR i n i t i a l - c r i t i c a l  shim rod p o s i t i o n s .  
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Figure 1 D e t a i l s  of boron wand sampling f o r  ARMF r e a c t i v i t y  measurements. 
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DETERMINATION OF ETR-ETRC FSACTIVITY DIFFERENCES 
USING THE REGRESS COMPUTER PROGRAM 

J. E. B r a s i e r  

The ETR C r i t i c a l  F a c i l i t y  (ETRC) was designed t o  be  a  nuc lear  
d u p l i c a t e  of  t h e  ETR, b u t  it has t h e  inhe ren t  c h a r a c t e r i s t i c  of  having 
more p o s i t i v e  r e a c t i v i t y  (approximately 0.8 t o  2.0% Ak/k) t han  t h e  ETR. 
The ETR-ETRC r e a c t i v i t y  d i f f e r ence  i s  an important  parameter t h a t  must 
be used i n  t h e  p r e d i c t i o n  of  ETR i n i t i a l - c r i t i c a l  shim rod p o s i t i o n s .  

In te r -cyc le  changes i n  t h e  r e a c t o r  f u e l  loading ,  power d i s t r i b u t i o n ,  
and sponsors experiments a f f e c t  t h e  ETR-ETRC r e a c t i v i t y  d i f f e r ence .  
Therefore,  a  c a l c u l a t i o n  w a s  needed which would u t i l i z e  known r e a c t i v i t y -  
r e l a t e d  parameters  t o  p r e d i c t  f u t u r e  ETR-ETRC r e a c t i v i t y  d i f f e r ences .  

~ e ~ i n n i n g  wi th  ETR Cycle 92 ( ~ e ~ t e m b e r  1967), a l l  ETR-ETRC 
r e a c t i v i t y - r e l a t e d  parameters were compiled and then  analyzed t o ' d e t e r m i n e  
which parameters produced t h e  most s i g n i f i c a n t  changes i n  t h e  ETR-ETRC 
r e a c t i v i t y  d i f f e r ence .  ETK Cycle 92 was chosen as t h e  s t a r t i n g  po in t  
s i n c e  it was one of t h e  f i r s t  cores  f u e l e d  wi th  500-g ( 2 3 5 ~ )  elements 
and 230-g c o n t r o l  rod  f u e l  s e c t i o n s  ( ~ r e v i o u s  cores  were f u e l e d  wi th  

f u e l  elements and 180-g c o n t r o l  rod  f u e l  s e c t i o n s ) .  F igure  1 
shows a  s t rong  c o r r e l a t i o n  between ETR-ETRC r e a c t i v i t y  d i f f e r e n c e s ,  
t o t a l  grams of s t a i n l e s s  s t e e l  i n  t h e  r e a c t o r  ( s t a i n l e s s  s t e e l  flow 
r e s t r i c t o r s  p lus  exper iments ) ,  and t o t a l  grams of b u i l t - i n  n a t u r a l  
boron i n  t h e  f u e l  elements and c o n t r o l  rod f u e l  s e c t i o n s .  

A s tepwise t r i v a r i a n t  r eg re s s ion  computer program (REGRESS) w a s  
used t o  de r ive  a mathematical model which would q u a n t i t a t i v e l y  r e l a t e  
t h e  v a r i a t i o n  of  t h e  dependent v a r i a b l e  ( r e a c t i v i t y )  wi th  t h e  v a r i a t i o n s  
of independent v a r i a b l e s  (boron and s t a i n l e s s  s t e e l ) .  This program a l s o  

. c a l c u l a t e s  a  two-sigma e r r o r  l i m i t  f o r  each mathematical model s tud ied .  
With t h e  use  of t h i s  program, a  f i n a l  equat ion  was s e l e c t e d  which f i t s  a l l  
t h e  measured and p r e d i c t e d  ETR-ETRC r e a c t i v i t y  d i f f e r ences  from ETR 
Cycle 92 through 1 1 6 ~ .  

Upon completion of each ETR cyc le ,  r e a c t i u i t y - r e l a t e d  d a t a  w i l l  be  
added t o  t h e  REGRESS program inpu t .  A,new s e t  of  c o e f f i c i e n t s  and two- 
sigma e r r o r  l i m i t s  w i l l  t hen  be. generated f o r  use i n  t h e  forthcoming ETR 
cycle .  This  method w i l l  provide an expanding d a t a  l i b r a r y  and a con t inua l  
updat ing of  t h e  r eg re s s ion  equat ion.  The r eg res s ion  equat ion  and coe f f i -  
c i e n t s  a r e  unique f o r  each ETR cyc le  and, t h e r e f o r e ,  a r e  documented when 
t h e  i n i t i a l  c r i t i c a l  shim rod p r e d i c t i o n  c a l c u l a t i o n s  a r e  completed f o r  t h a t  
cyc le .  This  method was inagura ted  wi th  ETR Cycle l l 5A  a arch 1972).  

Pas t  c a l c u l a t i o n a l  methods used t o  determine ETR-ETRC r e a c t i v i t y  
d i f f e r e n c e s  and ETR i n i t i a l - c r i t i c a l  shim rod  p r e d i c t i o n s  r e s u l t e d  i n  
f i v e  ETR i n i t i a l - c r i t i c a l  shim rod  p r e d i c t i o n s  (from ETR Cycle 92 t o  1 1 6 ~ )  
o u t s i d e  t h e  adve r t i s ed  e r r o r  l i m i t  of +0.50% ~ k / k .  Using t h e  REGRESS 
program, t h e r e  would have been only one missed. c r i t i c a l  rod p r e d i c t i o n  
o u t s i d e  t h e  i0 .5c%-bk/k l i m i t s .  Therefore,  t h e  REGRESS program appears t o  
be very  e f f e c t i v e  i n  p r e d i c t i n g  ETR-ETRC r e a c t i v i t y  d i f f e r ences  w i t h i n  a  
reasonable e r r o r  band. 
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Figure 1 Cor re l a t ion  of ETR-ETRC r e a c t i v i t y  r e l a t e d  parameters.  

MULTIPLE-FOIL NEUTRON SPECTRA MEASUREMENTS I N  THE ETRC - - . -. . . . . . - . , - . 

B. W. Howes, C. H. Hogg, Y. D. Hasker 

Measurements of  t h e  neutron energy s p e c t r a  i n  t h e  1-13 and J-10 GGA 
p o s i t i o n s  of t h e  Engineering Tes t  Reactor C r i t i c a l  F a c i l i t y  (ETRC) were 
made us ing  t h e  m u l t i p l e - f o i l  unfolding technique.  This measurement was 
made a t  t h e  r eques t  of t h e  sponsor ,  Gulf General Atomics ( G G A ) ,  and i s  
s i g n i f i c a n t  because it r e p r e s e n t s  t h e  f i r s t  t ime t h a t  t h i s  important 
technique has  been succes s fu l ly  app l i ed  t o  a low-power thermal  r e a c t o r  
at t h e  Tes t  Reactor Area (TRA). These measurements demonstrate t he  
f e a s i b i l i t y  of ob ta in ing  neutron energy d i s t r i b u t i o n s  i n  c r i t i c a l  
f a c i l i t i e s  us ing  smal l  m u l t i p l e - f o i l  dosimeters .  

The dosimeter  capsules  cons i s t ed  of  t e n  d i f f e r e n t  m a t e r i a l s  enclosed 
i n  a cadmium tube.  Small s epa ra t e  amounts of Au, Cu, Mn, Zn, Mg, Fe, 
I n ,  Al, I ,  and 3 8 ~  were s e l e c t e d  f o r  t h e s e  measurements. The capsules  
were placed two inches below r e a c t o r  midplane i n  a flux-monitor wand 
ho le  a t  I-13-S and i n  an aluminum flow r e s t r i c t o r  a t  J-10-SE. The ETRC 
was opera ted  at a r e l a t i v e l y  high power of 2500 wa t t s  f o r  approximately 
f o u r  hours i n  order  t o  o b t a i n  s u f f i c i e n t  a c t i v a t i o n  of t h e  f o i l s .  The 
f o i l s  were subsequent ly analyzed non-destruct ively u t i l i z i n g  a s tandard  



3 x 3 i n .  NaI gamma-ray d e t e c t o r .  The s a t u r a t e d  d i s i n t e g r a t i o n  
r a t e s  of  t he  va r i cus  m a t e r i a l s  were then  submit ted t o  an i n t e r a c t i v e  
computer code,  INSPECT[^], f o r  a determinat ion of t h e  neutron energy 
spectrum f o r  neutrons having energ ies  g r e a t e r  than  0.5 eV. Since both  
s e t s  of a c t i v a t i o n  d a t a  were i n  good r e l a t i v e  agreement, it w a s  
assumed t h a t  t h e  neutron energy s p e c t r a  were nea r ly  i d e n t i c a l  i n  I-13-S 
and J-10-SE. 

The unfolded spectrum i s  e s s e n t i a l l y  1 / ~  up t o  about 2  x l o 5  eV 
neutron energy and has a f i ss ion-neut ron  spectrum shape f o r  neutrons 
having energ ies  above 1 MeV. The neutron f l u x  pe r  l o g a z i t b i c  energy i n t e r -  
v a l  ca l cu la t ed  from t h e  a c t i v i t i e s  produced by t h e  n,y r e a c t i o n s  and t h e  
resonance i n t e g r a l s  f o r ' t h e  t a r g e t  nuc le i  i s  4.42 x 10' n/cm2/sec 
compared t o  4.14 x l o 8  n/cm2/sec c a l c u l a t e d  by INSPECT. The f a s t -  
neut ron  f l u x  above 1 MeV neutron energy c a l c u l a t e d  from t h e  a c t i v i t i e s  
produced by t h e  th re sho ld  r e a c t i o n s  ( i e ,  those  wi th  e f f e c t i v e  th re sho lds  
above 1 M ~ V )  and t h e  f i ss ion-neut ron  s p e c t r a l  averaged cross  s e c t i o n s  
i s  3.18 x l o 9  compared t o  3.30 x l o 9  n/cm2/sec c a l c u l a t e d  by INSPECT. 

L i s t e d  below i n  Table .I a r e  t h e  measured d i s i n t e g r a t i o n  r a t e s  f o r  
t h e  r e a c t i o n s  used and t h e  r a t i o  between c a l c u l a t e d  arid measured a c t i v i t i e s  
( a c t i v i t y  r a t i o ) .  A r a t i o  of 1 i n d i c a t e s  a p e r f e c t  f i t  of t h e  ca l cu la t ed  
neutron energy spectrum t o  t h e  measured r e a c t i o n  r a t e .  

TABLE I 

MEASURED DISINTEGRATION RATES FOR REACTIONS AND THE RATIO 

BETWEEN INSPECT-CALCULATED AND MEASURED ACTIVITIES 

Ac t iv i ty  
Reaction - A c t i v i t y  Rat io  

It i s  a n t i c i p a t e d  t h a t  more sponsors and reac tor -phys ics  people 
w i l l  be  i n t e r e s t e d  i n  informat ion  of t h i s  type.  P re sen t  e f f o r t s  a r e  
be ing  spent  developing a  more e f f i c i e n t  procedure' which would e l imina te  



sepa ra t e  f o i l s  and prepare  t h e  way f o r  f a s t e r  and more economical d a t a  
reduct ion.  Improvements i n  t h e  use  and ope ra t ion  of t h e  INSPECT code 
a r e  a l s o  being pursued. 

[ l l R .  E. Narum, INSPECT-Interactive Computer Code f o r  Unfolding 
Neutron Spec t r a  From Act iva t ion  Measurements, USAEC Report 
ANCR-1035 (February 1972 ) . 

MODIFICATION OF THE ETR ELECTRONIC DIFFERENTIAL PRESSURE MONITOR 

J. B. Thompson 

The ETR e l e c t r o n i c  d i f f e r e n t i a l  p re s su re  monitor (F igure  1) provides 
t h e  func t ion  of a  f i l t e r  t o  reduce t h e  RMS f l u c t u a t i o n s  of t h e  d i f f e r e n t i a l  
p re s su re  across  t h e  r e a c t o r  s o  t h e  annunciator  and scram s e t  p o i n t s  can 
be s e t  nea re r  t o  t h e  average d i f f e r e n t i a l  p ressure .  For t h e  p a s t  two 
yea r s  t h e s e  monitors have been a  source of  nuisance scrams. A s e r i e s  
of t e s t s  i nd ica t ed  they  a r e  s t i l l  ope ra t ing  wi th in  t h e  design s p e c i f i c a -  
t i o n s .  Changes were made however which removed noniso la ted  inpu t s  and 
a l s o  changed t h e  d r i v i n g  source f o r  t h e  ampl i f i e r s  mechanical chopper, 
t h e  l a t t e r  be ing  a  p o s s i b l e  source of t r o u b l e .  The remaining changes 
were t o  t h e  ope ra t ing  and t h e  a d d i t i o n  of i s o l a t i o n  c i r c u i t s  
t o  t h e  t ransducer  output  and t h e  ampl i f i e r  ou tput .  These provide 
monitoring p o i n t s  which have not  been a v a i l a b l e  be fo re  a s  an a i d  i n  
determining t h e  systems performance. 

The changes t o  t h e  procedures inc lude  t h e  normal ope ra t ing  l i m i t s .  
These provide a  r e f e rence  po in t  t o  determine i f  t h e  system i s  ope ra t ing  
proper ly  and i n d i c a t e  where maintenance i s  requi red .  The a d d i t i o n  of 
t h e  recorder  output  provides continuous monitor ing on t h e  systems 
performance. It has removed t h e  requirement of d a i l y  checks f o r  d r i f t  
and zero  s h i f t .  
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Figure 1 Schematic drawing of t h e  ETR e l e c t r o n i c  d i f f e r e n t i a l  p re s su re  monitor. 



CALCULATIONS FOR THE FEFPL TEST 

A. W. Brown, R. A. Grimesey, J. F. Kunze, W. Serrano,  R. C. Young 

The Liquid Metal Fas t  Breeder Reactor (LMFBR) s a f e t y  program involves ,  
among o the r  a spec t s ,  a s tudy of power cool ing  mismatchdue t o  a l o s s  of cool- 
ing from a v a r i e t y  of causes.  The c u r r e n t  p lan  is t o  perform t h e s e  t e s t s  i n  
a s p e c i a l  "loop experiment" i n s t a l l e d  i n  t h e  Engineering Tes t  Reactor (ETR). 
The loop has been designated t h e  Fuel  Element F a i l u r e  Propogation Loop (FEFPL). 
The r e a c t o r  i t s e l f  is a thermal r e a c t o r ,  wi th  over 85% of i ts  energy being 
produced by subcadmium neutrons (below 0.4 eV). However, t h e  LMFBR i s  a 
r e a c t o r  wi th  a f a s t  spectrum, wi th  f a s t  f l u x  d e n s i t i e s  h igher  than  those  i n  
t h e  ETR. Furthermore, t o  adequately t e s t  t h e  e f f e c t s  of a l o s s  of cool ing ,  
a l l  of the '  f u e l  p ins  i n  a smal l  bundle must have nea r ly  equal  power product ion,  
t o  s imu la t e  t h e  condi t ion  which e x i s t s  i n  a g iven  bundle w i t h i n  t h e  LMFBR. 
S ince  t h e r e  a r e  no f a s t  r e a c t o r s  a t  p re sen t  i n  t h e  U.S. w i th  s u f f i c i e n t  s i z e  
and/or f l u x  d e n s i t y  t o  conduct such a t e s t ,  t h e  choice  was made t o  u s e  a thermal  
r e a c t o r  and appropr i a t e ly  f i l t e r  t h e  f l u x  and vary  f u e l  p i n  enrichments.  

A common method of accomplishing t h i s  e f f e c t  i s  t o  f i l t e r  t h e  d r i v e r  core  
f l u x  w i t h  neutron absorbing m a t e r i a l s  such a s  cadmium and boron so  t h a t  most 
of t h e  f f w  is above t h e  1 keV range. However, t h e  des i r ed  power l e v e l s  i n  
smal l  bundles (such a s  1 9  p ins)  cannot be achieved when surrounded by the  requi red  
amount of h igh  neutron absorbers .  I n  t h e  c a s e . i n  ques t ion ,  cadmium was used 
as a f i l t e r  f o r  t h e  ETR neutrons.  This  provided s u f f i c i e n t  neutron f l u x ,  bu t  
c rea ted  a d i f f i c u l t  r e a c t o r  phys ics  problem i n  t h e  sub keV energy range. 

In most r e a c t o r s ,  f i s s i o n s  occurr ing  i n  t h e  resolved resonance range 
c o n t r i b u t e  a minor f r a c t i o n  t o  t h e  t o t a l  power. That is not  t h e  ca se  i n  
t h e  FEFPL, where over ha l f  of t h e  f i s s i o n s  a r e  below 1 keV and above 0.4 eV. 
A f u r t h e r  complicat ion is  t h e  f a c t  t h a t  t h e  f u e l  p i n  bundle is  smal le r  than  
a f a s t  r e a c t o r  subassembly. The i n i t i a l  t e s t s  w i l l  con ta in  an  hexagonal bundle 
of 1 9  f u e l  pins .  The "surface" rods a r e  hence a major f r a c t i o n  of t h e  t o t a l  
r o d s , ' w i t h  t h e  main power f r a c t i o n  being produced by neut rons  which s e e  
extremely h igh  resonance c r o s s  s e c t i o n s .  However, previous experimental  work 
has  shown t h a t  t h e  power p r o f i l e  ac ros s  t h e  f u e l  p i n  is s u f f i c i e n t l y  f l a t  t o  
g ive  t h e  des i r ed  temperature g r a d i e n t [ l ] .  The problem of s t reaming of neut rons  
i n  t h e  coolant  between t h e  rods may become s i g n i f i c a n t .  It would appear t h a t  
conven t iona l . r eac to r  physics  techniques ,  us ing  t y p i c a l  c e l l s ,  w i th  perhaps a 
c o r r e c t i o n  f o r  core-surface f u e l  p ins ,  r e q u i r e  mod i f i ca t ion  f o r  smal l  bundles. 
The Monte Carlo approach would seem t o  be a l o g i c a l  method of ob ta in ing  r e l i a b l e  
answers. 

The s e l e c t i o n  of f u e l  f o r  each experiment involves  t h e  s p e c i f i c a t i o n  of 
enrichment f a c t o r s  f o r  t h e  f i s s i l e - b r e e d e r  m a t e r i a l  mix i n  each p i n  s o  t h a t  
a l l  p ins  develop t h e  same power. Two p r i n c i p a l  approaches t o  t h e  c a l c u l a t i o n s  
have been employed. 



1. Conventional methods u t i l i z i n g  t h e  so-cal led "equivalence 
p r inc ip l e" [2 ]  appl ied  s e p a r a t e l y  t o  each p i n  having a 
d i f f e r e n t  geometry. For i n s t ance ,  Dancoff c o r r e c t i o n  
f a c t o r s  va r i ed  from 0.85 f o r  t h e  cen te r  p i n  having 6 near- 
e s t  neighboring p ins  t o  0.50 f o r  t h e  o u t e r  row of 1 2  p i n s  
which averages 3-112 n e a r e s t  neighbors.  The r e s u l t i n g  
c ros s  s e c t i o n s  were then  used i n  a convent ional  t r a n s p o r t  
theory code having 26 energy groups, of which 3 were i n  
t h e  thermal  range. 

2. Monte Carlo c a l c u l a t i o n s  on a d i s c r e t e  model of t h e  t e s t  
specimen fed  by neutron c u r r e n t  sources  en t e r ing  t h e  
bundle from t h e  cadmium, The sources  were ca l cu la t ed  
from t h e  above multi-energy group t r a n s p o r t  model. 

Resu l t s  from both  methods were compared and enrichment spec i f . i ca t ions  
d,eveloped from each. I n  gene ra l ,  t h e  Monte Carlo r e s u l t s  pred ic ted 'more  
f i s s i o n s  i n  t he  c e n t e r  p i n  compared t o  t h e  o u t s i d e  p ins  than d id  t h e  con- 
v e n t i o n a l  methods. The d i f f e r e n c e s  were about 20%. A c r i t i c a l  experiment 
on t h e  mockup bundle gave r e s u l t s  approximately in t e rmed ia t e  between t h e  two 
c a l c u l a t i o n s .  The comparisons a r e  shown i n  t h e  t a b l e .  

BENCHMARK EXPERIMENT - RELATIVE POWER PER PIN 

Transport  Monte 
22.5% Pu p l u s  U f u e l  p i n s  Measured Ca.lculation Car l o  

c e n t e r  p i n ,  93% 2 3 5 ~  1.00 1.00 1 - 0 0  

' 1st r i n g  of 6 p i n s ,  30% 2 3 5 ~  0.732 0.700 0.720 

2nd r i n g  of 1 2  p i n s ,  n a t .  U 0.432 0.466 0.395 
middle p i n s  0.416 0.373 
corner  p ins  0.448 0.416 

Sodium 

Steel Veeael 
v i t h  Cd l iner 

0.195 inch O . D .  
fuel 

0.286 inch pitc 



The d i sc repanc ie s  a r e  being s tud ied .  One of t h e  common problems 
wi th  Monte Carlo c a l c u l a t i o n s  is t h e  need f o r  fol lowing s u f f i c i e n t  neutron 
h i s t o r i e s  t o  o b t a i n  t h e  needed s t a t i s t i c a l  accuracy. I n  t h i s  case ,  good 
s t a t i s t i c s  a r e  r equ i r ed  on each f u e l  p i n ,  s i n c e  i t  is  d e s i r e d  t o  have each 
p i n  running a t  t h e  same power. A pre l iminary  a n a l y s i s  has  i nd ica t ed  a  
s i g n i f i c a n t  d i f f e r e n c e  between t h e  se l f - sh ie lded  group c r o s s  s e c t i o n s  i n  
t h e  resonance range from t h e  Version I1 and from t h e  Version I11 ENDFIB 
d a t a .  Normally, small  d i f f e r e n c e s  i n  t abu la t ed  resonance widths would 
b a r e l y  be  not iced ,  except i n  a  case  l i k e  t h e  FEFPL where most of t h e  
f i s s i o n s  a r e  caused by resonance neutrons.  This  pre l iminary  d a t a  w i l l  be  
supplemented i n  t h e  near  f u t u r e  wi th  c r i t i c a l  experiments on an  assembly 
of f u e l  p i n s  having enrichments which g ive  nominally a  f l a t  power dens i ty .  

[ I ]  P r i v a t e  communication from E. W. Bartz  (ANL). 

[ 2 ]  See, f o r  i n s t ance ,  M. Levine, Nuclear Science and Engineering - 16 ,  
p. 272 ( Ju ly  1963).  

FEFPL FUEL ENRICHMENT SPECIFICATIONS 

R. C. Young, A. W. Brown, R. A. Grimesey, J.  F. Kunze, W. Serrano 

19-Pin P-1 U02 Fuel  S t u d i e s  

Upon reques t  from t h e  FEFPL p r o j e c t ,  c a l c u l a t i o n s  were performed 
t o  p r e d i c t  t h e  f u e l  enrichments needed t o  o b t a i n  approximately t h e  same 
power product ion i n  each p i n  of t h e  19-pin bundle planned f o r  t h e  f i r s t  
FEFPL (P-1) experimen,ts i n  t h e  ETR. Table I p r e s e n t s  a  summary of t h e  
p r i n c i p a l  r e s u l t s .  

Calcu la t ion  A used a  c r o s s  s e c t i o n  s e t  c a l c u l a t e d  by t h e  PHROG I 
code wi th  19 p i n s  and t h e  in t e rven ing  sodium a l l  homogenized i n t o  a  
s i n g l e  c e l l .  The r e s u l t i n g  microscopic c ros s  s e c t i o n s  f o r  2 3 5 ~  and 2 3 8 ~  
were mixed a t  t h e  a p p r o p r i a t e  enrichments f o r  t h e  t h r e e  rows of f u e l  
p i n s  i n  t h e  loop. These were combined w i t h . c r o s s  s e c t i o n s  f o r  o t h e r  
p a r t s  i n  a  c y l i n d r i c a l  model of t h e  ETR, wi th  t h e  FEFPL loop a t  t h e  
center .  The  SCAMP[^] t r a n s p o r t  code wi th  26 energy groups was used t o  
c a l c u l a t e  power d e n s i t i e s  i n  each row of p ins .  Numerical va lues  of 
t h e  neutron cu r ren t  i n t o  t h e  FEFPL experiment a r e a  were a l s o  obtained 
from t h i s  run  and used a s  a  boundary source f o r  t h e  more d e t a i l e d  Monte 
Carlo c a l c u l a t i o n s .  A l l  t h e  PHROG c a l c u l a t i o n s  used d a t a  f o r  t h e  
uranium der ived  from t h e  ENDFIB Version I11 compilat ion.  Calcu la t ion  
B used t h r e e  s e t s ,  one f o r  each row of f u e l ,  of 2 3 5 ~  and 2 3 8 ~  c r o s s  
s e c t i o n s  ca l cu la t ed  by PHROG f o r  t h e  loop f u e l  pins .  The ca l cu la t ed  
c e l l  was i n  each case  a  s i n g l e  p in ,  w i t h  i t s  c l ad  and surrounding sodium. 
A Dancoff f a c t o r  0.854 was used f o r  t h e  cen te r  p i n  and t h e  next  row of 



6 pins, a factor 0.498 was used for the outer row of 12 pins. In other 
respects the input to the SCAMP transport calculation was identical to 
A. The groupwise neutron currents into the test bundle were judged to 
be not significantly different from the earlier calculation A, and the 
hand conversion to the Monte Carlo input was not repeated. 

The calculation labeled MCII used the Monte Carlo code RAFFLE [31 
with a cross section library derived from ENDFIB 11, the latest avail- 
able at the time. For the Monte Carlo runs, the outer boundary was at 
3.384-cm radius in the sodium bypass region. Each fuel pellet was an 
individual region, but its steel clad was homogenized with some sur- 
rounding sodium. The energy and angular detail is treated exactly by 
the Monte Carlo method, within the statistical uncertainty of a finite 
sample. 

. When the ENDFIB-I11 data became available in the RAFFLE library 
format, another Monte Carlo calculation, labeled MCIII in Table I, was 
run with revised enrichments. A final run labeled MCIII using as input . 
the enrichments predicted by the previous run did indeed result in a 
flat radial power distribution between pins, within a reasonable 
tolerance. 

In an effort to discover the source of the various differences, 
several other calculations and comparisons were performed, including 
runs with the RABBLE[4] code (an ultra fine group, resonance range, 
integral transport code developed at Argonne) and Monte Carlo runs 
from I1 and I11 in the simplified geometry required by RABBLE. Perfect 
agreement in the neutron energy group cross sections was not achieved, 
but it became clear that the ENDFIB Versions I1 and 111 for 2 3 5 ~  gave 
differing results for this problem. Between I1 and I11 the intrinsic 
widths of several resonances were narrowed by a large amount, which 
significantly changes the resonance self-shielding in the calculated 
results. The effect was particularly noticeable in the region from 
5 to 10 ,eV which contains three sharp resonances of 2 3 5 ~ .  Even though 
there is considerable dilution of these differences in combining all the 
groups, the FEFPL pin power distribution is especially sensitive to 
these effects. The difference in predicted enrichments shown in Table 
I from the MCII and MCIII calculations is the result of the differences 
in the basic cross section data. The Version I11 resonance parameters 
are based on some more-recent experiments and new understanding of some 
older experiments and are'believed to be more realistic. 



TABLE I 

CALCULATED RELATIVE POWER RATIOS FOR P-i FEFPL LOAD* 

Predicted % 
Enrichments Power enrich for 

Calculation (center 93.2%) (re1 to center) flat power 

MC I11 88, 80 1.02, 1.10 86.4, 
72.6+1% (SD) 

* The power is given relative to the center pin; which,is enriched to 
93.2% 235~. Enrichments predicted for each calculation to equalize 
the power generated per pin are also given. Explanation of the abbre- - 
viations appear in the text. 

37-Pin P-7 Mixed Oxide Studies 

T e one-dimensional 26 group, cylindrical S4 Transport Code, 
2? SCAMP[ was used to calculate the power densities for the 37-pin 

hexagonal array. Microscopic fast and thermal cross sections were 
obtained from PHROG [I.] and INCITE I5 I ,  res.pectively . The fine group 
cross sections from PHROG were averaged over an input ETR fuel element 
flux spectrum. This was appropriate since most of the neutrons inside 
the FEFPL loop are leakage neutrons streaming in through the cadmium 
filter. All cross sections calculated by PHROG were based on current 
ENDFIB Version 111 cross section data with the exception of stainless 
steel which is ENDFIB Version 11. 

The one-dimensional calculational model of the 37-pin experiment 
for SCAMP required homogenization of the meat, clad, and aluminum for 
each of the four types of pins. The homogenized center pin was repre- 
sented in the center region. Six pins were homogenized in the first 
annulus, 12 pins were homogenized in the second annulus, and 18 pins 
were homogenized in the third annulus. 

The 37 mixed oxide pins are contained within a 40-mil cadmium 
filter. The filter created difficulties in the calculations since the 
filter removes the incident thermal neutrons leaving the experiment 
exposed to all flux above the 0.4-eV cadmium cutoff. Over 70% of the 
fuel pin fissions will occur in the resolved resonance energy range 
(below 300 eV). Thus resolved resonance shielding factors will be the 
principal transport theory effect. In particular, Dancoff factors will 
vary with the individual pin rows. 



The corner pins in the outer annulus have three pin neighbors and 
the middle pins in the outer annulus have four pin neighbors for an 
average of 3-112 neighbors. A first order approximation of the Dancoff 
factor for the 18 pins in the third annulus was determined to be 
0.498 where 0.498 =, (3% 16) (0.8537) since the center pin has six pin 
neighbors. The 0.8537 is the Dancoff factor for a completely surrounded 
pin. 

Further discussion of the calculational model and intercomparison 
of resonance cross sections from different transport codes can be found 
in Reference 6. 

Calculated 2 3 5 ~  enrichments to achieve a flat power distribution 
in the FEFPL P-7 experiment are presented in Table 11. These are 
mixed oxide pins containing 25 wt% Pu02. Table I1 lists the 2 3 5 ~  
enrichments predicted from PHROG - SCAMP calculations in the ETR. 
Tabulated are the calculated sequence of enrichment values and cal- 
culated power densities used to arrive at the final enrichment 
values given in Table 11. 

The ability of PHROG - SCAMP to predict 2 3 5 ~  enrichments for power 
flattening in the 37-pin ETK P-7 experiment is based on the results of 
the intercomparison of calculated and experimental pin power in the 
19-pin ETRC measurements. The results of the 19-pin calculational and 
experimental intercomparison are presented in Table 111. The pins were 
enriched to 65%, 30%, and natural uranium in the center pin, first annulus, 
and second annulus, respectively. All pins contained 25 wt% Pu02. The. 
results reported in Table I11 were all normalized to the average measured 
pin power in the first annulus. 

The 19-pin mixed oxide ETRC experiment afforded an opportunity to 
test computational models against a non-idealized experiment under 
conditions approximately reproducing the environment to be found in the 
ETR. Measured pin powers determined from the strength of fission product 
gamma rays [61  are compared directly in Table I11 with calculated power 
from two basic transport theory techniques; PHROG - SCAMP Sn transport 
calculations and the RAFFLE Monte Carlo code. Additional calculations 
are discussed in Reference 6. 

The final 2 3 5 ~  enrichment values in Table I1 arrived at for the 
37-pin ETR -study were adjusted from the calculated flat power distri- 
bution from SCAMP to correspond to the same percentage difference center 
pin to outside row power ratio as determined in the 19-pin ETRC measure- 
ment versus SCAMP calculation. From Table 111, it is observed that the 
ratio of center pin power to outer annulus power for the experiment lies 
about midway between this corresponding power ratio from the SCAMP and 
RAFFLE calculations. The deviation of the calculated ratio from the 
experiment ratio is roughly 10% for the 19-pin calculations. 

It is principally this fact which leads to our estimate of 10% 
deviation from power flatness as the probable error in the 37-pin 
calculations using PHROG - SCAMP. No Monte Carlo calculations were 
undertaken for the 37-pin' ETR P-7 studies. These were all based on 
PHROG - SCAMP and extrapolations of the results from the 19-pin ETRC 
experiment . 



Subsequent calculations were carried out using the PHROG I1 
code17] which is a new version of PHROG based on tontinuous .slowing down 
equations over the complete resolved resonance range. These calcu- 
lations reinforce the conclusions drawn above L 6  I .  The calculated power 
for the 19-pin ETRC experiment using PHROG I1 - SCAMP is almost identical 
to the measured power distribution in Table ID with a center to outer 
row pin power ratio of 2.28 for PHROG I1 - SCAMP versus 2.32 for the 
measurement ratio. In addition, the PHROG I1 code calculates shielded 
elastic scattering matrices in the resolved resonance range versus 
unshielded scattering matrices from PHROG. PHROG I1 will be used for , 

future FEFP loop calculations. 

TABLE 11 

POWER DISTRIBUTION FOR TIii 37-PIX ZTR CALCULATIONS 

C e n t e r  

F i r s t  

Second 

Third 

C e n t e r  

F ire t  

Second 

Third 

C e n t e r  

First 

Second 

Third 

Enrichment (% ) 

Calculated Final Enrichments [a ]  

Center 93.2 

F i r a t  89 
Secoad 79 

Third 58 

Calculated Power 
Per Pin (Relative) 

[a] These values represent a final adjustment to  achieve a 
flat power distribution in agreement with experimental 
&its from a 19-pin extrapolation. 



TABLE I11 

COMPARISON OF CALCULATED AND EXPERIMENTAL POWERS IN THE 19-PIN ETRC MOCK-UP 

(Watts/cm height a t  ETRC core power of 1196 watts) 

PHROG SCAMP RAFFLE 
Pin Log95ion SCAMP Normalized Normalized 

and U Dancoff to  Me asure d t o  
Enrichment Factor Measurement Pin Power Measurement 

Center (651)  0.8537 0.004304 0.004108 0.0041 88 

As t Annulus 0. 8537 O . O O ~ O ~ ~  0.003016 O . O O ~ O ~ ~  
( 302 ) 

2nd Annulus 0.498 O . O O ~ O O ~  0.00177 0. 001651 
(Nat. U) 

2nd Annulus 0.498 ------- 0.00171 0.0015 62 
( ~ i d d l e  ) 

2nd Annulus 0.498 ------- 0.00184 0.001741 
(corner) 

Ratio of 
Center 

Pin Power 
to  Outside 

Row 
(~verage ) 
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[ 3 ]  W. E. Vesely  e t  a l ,  RAFFLE - A General  F a s t  Reac to r  Monte Car lo  
Code, ANCR-1022 ( t o  b e  p u b l i s h e d ) .  
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[ 6 ]  W. Se r rano  e t  a l ,  ETR C r i t i c a l  F a c i l i t y  FEFPL Mock-Up Experiment 
and C a l c u l a t i o n s ,  A e r o j e t  Nuclear  Corpora t ion  ( t o  b e  p u b l i s h e d ) .  

[ 7 ]  R. A. Grimesey, A e r o j e t  Nuclear Company, P e r s o n a l  Communication 
(June 1972) .  



ETRC-FEFPL MOCK-UP EXPERIMENT AND CALCULATIONS 

W. Serrano,  A. L. Bowman, R. A. Grimesey, C. H. Hogg, H. W. Webb 

The ETR w i l l  be  t h e  source of  neutrons f o r  i r r a d i a t i n g  a s e r i e s  
of f u e l  p i n  t e s t s  f o r  t h e  Argonne National  Laboratory LML;'BX-FWPL 
projectC11. The p ins  w i l l  b e  contained i n  a sodtum-cooled 6 i n .  x 6 i n .  
experiment loop. The i n c i d e n t  thermal  neutrons w i l l  be  removed wi th  a 
cadmium f i l t e r  l o c a t e d  near  t h e  o u t e r  per imeter  of  t h e  in-core po r t ion  
of  t h e  loop.  A f l a t  power d i s t r i b u t i o n  i s  d e s i r e d  ac ros s  t h e  fue l -p in  
bundle dur ing  t h e  i r r a d i a t i o n s .  

The uranium enrichments f o r  a s su r ing  a f l a t  power p r o f i l e  w i l l  be  
p r e d i c t e d  us ing  p r e s e n t l y  a v a i l a b l e  c a l c u l a t i o n a l  methods. The in-core 
p o r t i o n  o f  t h e  ETR-FEFPL experiment loop  wasmocked-up in t h e  ETRC so  
t h a t  measurements could confirm t h e  r e l i a b i l i t y  of  t h e  c a l c u l a t i o n s .  ?'he 
approach was t o  measure t h e  p i n  power generated i n  each p i n  of  a 19-pin 
mixed-oxide ( U O ~  - Pu02) f u e l  bundle and compare t h e  measured p i n  
powers t o  those  ca l cu la t ed .  The d i f f e r ences  between t h e  experimental  
and c a l c u l a t e d  p i n  powers w i l l  be f ac to red  i n t o  t h e  c a l c u l a t e d  enrich-  
ments which a r e  p red ic t ed  f o r  a f l a t  power p r o f i l e  ac ros s  t h e  FEFPL 
t e s t  i n  t h e  ETR. 

The experimental  program involved (1) t h e  i r r a d i a t i o n  o f  t h r e e  
i n d i v i d u a l  f u e l  p ins  (each of  d i f f e r e n t  23 5~ enrichment ) f o r  pin-power 
c a l i b r a t i o n  purposes,  and ( 2 )  t h e  i r r a d i a t i o n  of  a 19-pin 'hexagonal 
f u e l  bundle.  The 19 p i n s  (each p i n  conta in ing  25 wt% ~ ~ 0 2 )  were arranged 
as shown i n  Figure 1. The uranium i n  t h e  c e n t e r  p i n  (Ty-pe 2 )  was 65% 
enr iched  i n  2 3 5 ~ ,  t h e  uranium i n  t h e  s i x  p ins  i n  t h e  f i r s t  annulus 
(Type 3 )  was 30% enr iched  i n  2 3 5 ~ ,  and t h e  twelve p ins  i n  t h e  second 
annulus (Ty-pe 4 )  contained n a t u r a l  uranium only.  The 19-pin f u e l  
bundle w a s  l o c a t e d  a t  t h e  c e n t e r  of t h e  loop mock-up shown i n  Figure 2. 

4. For t h e s e  measurements, an ETRC core con f igu ra t ion  was s e l e c t e d  such 
t h a t  a f u l l  per imeter  of f u e l  elements o r  c o n t r o l  rod f u e l  s e c t i o n s  
surrounded t h e  mock-up, and t h e  azimuthal  f l u x  d i s t r i b u t i o n  w i t h i n  t h e  
mock-up was reasonably f l a t .  The ETRC core con f igu ra t ion  i s  shown i n  
F igure  3. 

Following i r r a d i a t i o n  i n  t h e  ETRC, each f u e l  p i n  w a s  gamma counted 
over  a sma l l  reg ion  corresponding t o  t h e  r e a c t o r  midplane. The. 1 3 3 ~  
gamma counts from t h e  s ingle-p in  c a l i b r a t i o n  runs and t h e  19-pin 
experiment a r e  l i s t e d  i n  Table I. 



TABLE I 

RELATIVE I331 GAMMA COUNTS FROM THE SINGLE-PIN AND 19-PIN IRRADIATIONS[a1. 
P in  Type - - 

2 3  4 
(65% enr iched)  (30% enr iched)  ( n a t u r a l  uranium) 

[ a l A l l  counts a r e  normalized t o  an ETRC core power of 1196 wa t t s .  

The p i n  powers c a l c u l a t e d  f o r  t h e  s ingle-p in  experiment were 
normalized t o  t h e  ETRC core power. A one-to-one correspondence was 
assumed between the .  normalized s ingle-p in  c a l c u l a t e d  power and t h e  gamma 
counts from t h e  s ingle-p in  i r r a d i a t i o n s .  With t h i s  assumption t h e  counts 
from each i r r a d i a t e d  p i n  i n  t h e  19-pin bundle were converted t o  p i n  
power i n  w a t t s  pe r  cm of he igh t  at t h e  r e a c t o r  midplane us ing  d a t a  from 
t h e  s ingle-p in  i r r a d i a t i o n s  and t h e  s ingle-p in  c a l c u l a t i o n s .  These 
measured p i n  powers were then  compared t o  p i n  powers ca l cu la t ed  us ing  
SCAMP-PHROG, SCAMP-PHROG 11, and RAFFLE Monte Carlo computer codes. 
The c a l c u l a t e d  p i n  powers f o r  t h e  19-pin bundle were normalized t o  t h e  
average measured p i n  power of t h e  s i x  p ins  i n  t h e  f i r s t  annulus.  'The  
c a l c u l a t e d  p i n  powers and experimental ly  determined p i n  powers a r e  
l i s t e d  i n  Table 11. 

It can .be  seen t h a t  t h e  SCAMP-PHROG cen te r  p i n  i s  5% h ighe r . t h tm 
t h e  measured pin-power va lue ,  and t h e  second annulus i s  13% higher  
than  t h e  averaged measured va lues .  Therefore,  t h e  c a l c u l a t e d  p i n  powers 
i n  t h e  second annulus a r e  11% g r e a t e r  on t h e  average than  t h e  cen te r  - - 
p i n  and f i r s t  annulus.  . T h i s  11% di f fe rence  w i l l  be f ac to red  i n t o  
t h e  f u e l  enrichments p red ic t ed  f o r  a  f l a t  power d i s t r i b u t i o n  when 
us ing  t h e  SCAMP-PHROG c a l c u l a t i o n a l  model. 

[ l lD .  R. deBoisbJanc and S. Cohen, F i n a l  Report - Conceptual Design 
LMFBR Fuel  F a i l u r e  Propagation Loop f o r  t h e  ETR, IN-1208 ( ~ u l y  1968).  



TABLE I1 

CALCULATED PIN POWERS'NORMALIZED TO THE FIRST ANNULUS AVEFAGE EXPE3IMENTAL VALUES 
(wat t s  /cm-height at r e a c t o r  midplane) 

SCW-PHROG SCAMP-PHROG I1 RAFF LF: RAW,[a] 
P in  Location Normalized Normalized Normalized Normalized 

and 2 3 5 ~  t o  t o  Measured t o  t o  
Enrichment Measurement 14easWernent PiriPotrer MeasWement Measurement 

Center (65%)  

1 s  t Annulus 0.003016 0.003016 0.003016 0.003016 0 .003016 
(30%) ' 

2nd Annulus O . O O ~ O O ~  0.001933 0.00177 0.001651 ; 0.001640 
  at. U)  LC3 

Ratio of 
Center P in  
Power t o  
Out s i d e  Row 

( ~ v e r a g e  ) 2.14 2.28 2.32 2.5b 2.59 

l a J ~ h i s  problem had e x p l i c i t  c l ad  r ep resen ta t ion  f o r  t h e  19-fuel  p ins .  



Figure 1 FEFPL 19-pin hexagonal fuel bundle. 

Figure 2 Horizontal cross-sectional view of FEFPL mock-up. 
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SAFETY STUDIES OF EFFECTS OF FEFPL I N  THE ETR 

R.  C .  Young, J .  R. Smith 

Ca lcu la t ions  were requested f o r  t h e  p r e d i c t i o n  of r e a c t i v i t y  changes 
t o  be expected i n  t h e  ETR i n  t h e  event  of c e r t a i n  pos tu l a t ed  acc iden t s  
i n  t h e  FEFP loop.  T h i s  luop is  designed t o  t e s t  e f f e c t s  of f u e l  f a i l u r e  
i n  f a s t  r e a c t o r  assemblies .  

The pos tu la ted  accidents :  were: 

1. A sudden l o s s  of sodium coolant  from t h e  experiment. 

2 .  A sudden f u e l  bundle compaction outward. 

3 .  A sudden meltdown of f u e l  w i t h i n  t h e  loop containment. 

4. Loss of water ad jacent  t o  t h e  loop. 

5. Sudden l o s s  of t h e  cadmium f i l t e r .  

The c a l c u l a t i o n s  were performed us ing  a  c y l i n d r i c a l  model of t h e  ETR 
wi th  t h e  FEFP loop a t  t h e  c e n t e r ,  and employed a  26-group energy s t r u c t u r e  
i n  t h e  d i f f u s i o n  code MONA. Group averaged c r o s s  s e c t i o n s  were obta ined  
from t h e  PHROG and INCITE codes. The loop was assumed t o  b e  loaded wi th  
37 pins  of mixed oxides  of uranium and plutonium. 

The l o s s  of t h e  cadmium f i l t e r  has  a  l a r g e  e f f e c t  on t h e  r e a c t i v i t y  
of t h e  ETR, much g r e a t e r  than t h a t  a l lowable  under t h e  ETR Technical  
S p e c i f i c a t i o n s  r e p o r t s .  Although t h e r e  is  no apparent  mechanism t o  remove 
t h i s  cadmi* from t h e  ETR co re  wi thout  p r i o r  major damage t o  t h e  r e a c t o r ,  
i t  seems prudent t o  guard a g a i n s t  events  which might c o n t r i b u t e  t o  i t s  
displacement ,  such a s  a  l a r g e  r i s e  i n  cadmium temperature o r  a  sodium 
l e a k  i n t o  t h e  H e  space  between t h e  two containment v e s s e l s .  A l l  t h e  
o t h e r  pos tu l a t ed  acc iden t s  were found t o  b e  w e l l  w i t h i n  t h e  a l lowable  
l e v e l  f o r  a  sudden a c c i d e n t a l  r e a c t i v i t y  a d d i t i o n  t o  t h e  ETR; t h e  next  
l a r g e s t  (pin melt) was a  f a c t o r  of 6 l e s s  than  t h e  al lowable.  



RADIATION SHIELDING FOR THE FEFPL EXPERIMENT 

T. E. Young 

A f t e r  i r r a d i a t i o n  i n  t h e  ETR t h e  FEFPL experiment must .be  t rans-  
por ted  t o  EBR-I1 f o r  d e t a i l e d  examination. Shie ld ing  c a l c u l a t i o n s  
were done t o  assist i n  t h e  des ign  of t h e  handl ing and t r a n s p o r t a t i o n  
f a c i l i t i e s .  

The QAD-P5A po in t  ke rne l  sh fe ld ing  code was used t o  determine 
gamma ray  dose r a t e s  under v a r i o u s  pos tu l a t ed  condi t ions  of d i spe r s ion  
and decay times of t h e  r a d i o a c t i v e  f u e l .  Three phases were involved. 
The f i r s t  phase t r e a t e d  t h e  cases  of 2,  4 ,  and 10  day cool ing times wi th  
f u e l  d i s p e r s i o n  wi th in  t h e  loop of 0%, 20%, and loo%, r e s p e c t i v e l y .  Dose 
r a t e s . w e r e  determined f o r  t h e  FEFP loop loaded i n  t h e  Loop Handling Machine 
(LHM), b u t  without  r ega rd  f o r  p o s s i b l e  s t reaming through va r ious  t h i n  spo t s .  
(Construct ion was begun using t h e  design f o r  which t h e s e  c a l c u l a t i o n s  were 
made. ) 

I n  t h e  second phase, a  s t reaming a n a l y s i s  was performed f o r  t h e  
va r ious  pene t r a t ions  of t h e  LHM (e .g. ,  - bottom door,  clamps, and construc- 
t i o n  jo in t s ) . ,  Thicknesses were determined f o r  a u x i l i a r y  l e a d  s h i e l d i n g  
which would be  requi.red dur ing  loading  of t h e  FEFP loop. A maximum 
of 5 i n .  of l ead  i s  requi red  t o  reduce dose r a t e s  t o  t h e  va lues  expected 
when t h e  loop i s  f u l l y  loaded i n  t h e  LHM. Calcu la t ions  were a l s o  made 
of t h e  dose  r a t e  expected a t  t h e  cab of t h e  t r a n s p o r t e r  when t h e  loaded 
LHM is  being moved from t h e  ETR t o  t h e  h o t  c e l l .  

Phase 3 of t h e  c a l c u l a t i o n s  concerned t h e  exposure which personnel  
on t o p  of t h e  ETR b i o l o g i c a l  s h i e l d  would r e c e i v e  wh i l e  prepar ing  t h e  
FEFPL f o r  loading  i n t o  t h e  LHM. These c a l c u l a t i o n s  showed up t o  580 R/hr 
a t  t h e  top of t h e  open p o r t  through t h e  b i o l o g i c a l  s h i e l d  when t h e  FEFPL 
is i n  t h e  experiment pos i t i on .  Addi t iona l  s h i e l d i n g  is being planned f o r  
t h i s  a rea .  



FEFPL HYBRID SIMULATION CONTROL SYSTEM STUDIES 

R .  W.  K e l l e r ,  S. R .  Gossmann 

P a r t  of ANC's r e s p o n s i b i l i t i e s  i n  t h e  Fuel  Element F a i l u r e  
Propagat ion Loop (FEFPL) p r o j e c t  i s  t h e  design of t h e  sodium loop  
c o n t r o l  system. Automatic c o n t r o l  of sodium temperature,  sodium flow 
r a t e ,  and helium flow r a t e  (secondary c o o l a n t )  must be provided f o r  
va r ious  proposed t r a n s i e n t  t e s t s  a t  va r ious  ope ra t ing  s teady  cond i t i ons ,  
under p o s t u l a t e d  acc ident  cond i t i ons ,  and under var ious  p o s s i b l e  u p s e t s ,  
such a s  spur ious  r e a c t o r  power r educ t ions .  I n  FY 1972 a  pre l iminary  
c o n t r o l  system scheme based on simple c o n t r o l  cons ide ra t ions  was begun. 
The i n i t i a l  c o n t r o l  system i n v e s t i g a t e d  was e s s e n t i a l l y  t h e  s imples t  
system be l i eved  capable of meeting minimum c o n t r o l  requirements .  This  
system b lock  diagram i s  shown i n  F igure  1. Performance of t h i s  system 
was mostly eva lua ted  by use  of a  real- t ime hybrid computer s imula t ion  
of t h e  sodium loop and i t s  c o n t r o l s  f o r  t h e  condi t ions  mentioned above. 
The s imula t ion  s t u d i e s  have shown t h a t  t h i s  c o n t r o l  system performs . 

s a t i s f a c t o r i l y  f o r  most condi t ions  proposed t o  da t e .  

The sodium loop  dynamics models were based on t h e  loop arrangement 
and on t h e  loop  components shown i n  F igure  2. The hea t  balance 
equat ions and hydraul ics  equat ions were s imulated on t h e  analog po r t ion  
of a  HYDAC hybrid computer. The d i g i t a l  p o r t i o n  of t h e  computer was 
used i n  s imula t ion  of t h e  v a r i a b l e  t r a n s p o r t  l a g s  i n  t h e  loop.  The 
a l - loca t ion  of d i g i t a l  t r a n s p o r t  l a g  s imula t ion  and a l l  o t h e r  process  
dynamics by t h e  analog computer w a s  i n  a n t i c i p a t i o n  of p o s s i b l e  d i g i t a l  
computer c o n t r o l  requirements  f o r  t h e  loop .  By t h i s  a l l o c a t i o n ,  t h e  
d i g i t a l  computer w a s  e s s e n t i a l l y  f r e e  t o  perform c o n t r o l  system 
func t ions  o r  s imula t ions .  As of J u l y  1, 1972, however, d i g i t a l  computer 
c o n t r o l  requirements  had not been i d e n t i f i e d ,  A l l  i d e n t i f i e d  c o n t r o l  
func t ions  can be  performed by s tandard  analog process  c o n t r o l l e r s .  

A s  ope ra t ing  condi t ions  o r  t e s t  condi t ions  have been proposed 
t h a t  were beyond t h e  c a p a b i l i t i e s  of t h e  s impler  models t o  desc r ibe ,  
t h e  dynamics models and t h e  corresponding computer s imula t ion  have 
progressed from a  s i m p l i f i e d  loop  model t o  a  more and more r e f i n e d  
model and s imula t ion .  The r e s u l t  of t h i s  cont inuing mod i f i ca t ion .  
and upgrading of t h e  sodium loop' model i s  a q u i t e  r e a l i s t i c  and 
accu ra t e  rea l - t ime s imula t ion  of t h e  sodium loop .  Af t e r  completion 
of t h e  c o n t r o l  system s imula t ion  s t u d i e s ,  t h i s  s imula t ion  could be 
used f o r  loop  ope ra to r  t r a i n i n g  i f  a  c o n t r o l  pane l  were added and 
coupled t o  t h e  computer. 

Ana ly t i ca l  s t u d i e s  of t h e  loop  dynamics and t h e  c o n t r o l  system 
dynamics have lagged behind t h e  s imula t ion  s t u d i e s  of t h e  system. 
Completion of t h e . c o n t r o 1  system a n a l y s i s  i s  scheduled f o r  t h e  f i r s t  
q u a r t e r  of  FY 1973. 
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Figure 1 Block diagram of FEFPL with flow and temperature con t ro l  systems 
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Figure 2 Sketch of sodium loop for simulation model. 



ETR-ATR FLUX DATA FILING SYSTEM 

B., W. Howes, J. W. Henscheid 

A MARK I V  computer f i l i n g  system hag been s e t  up f o r  a i d i n  i n  t h e  t s t o r a g e  and r e t r i e v a l  of t h e  l a r g e  amounts of r e a c t o r  f l u x  d a t a  1 1  which 
a r e  c u r r e n t l y  be ing  genera ted  by t h e  Reactor  Technology Branch. The 
requirement f o r  a  c e n t r a l  d a t a  f i l e  stems from a long s tanding  need f o r  
complete and f a s t  r e t r i e v a l  of a l l  a v a i l a b l e  f l u x  informat ion  on a  
g iven  r e a c t o r  l o c a t i o n .  I n  a d d i t i o n  t o  s a t i s f y i n g  t e s t  r e a c t o r  customer 
r eques t s  f o r  f l u x  informat ion ,  t h e  a b i l i t y  t o  f i n d  t h e  information at 
t h e  t ime it i s  needed w i l l  save cons iderable  e f f o r t  and expense i n  no t  
having t o  r e p e a t  a  measurement ( i f  it can be r epea t ed ) .  

P re sen t  d a t a  f i l i n g  systems vary i n  t h e i r  completeness,  a c c ~ s s i b i l i t y ,  
and ease  i n  f i nd ing  p e r t i n e n t  information.  The p r i n c i p a l  advantage of 
t h e  new MARK I V  f i l i n g  system i s  t h e  l a r g e  s to rage  capac i ty  which r e q u i r e s  
very  l i t t l e  e f f o r t  o r  t ime t o  r e t r i e v e  a l l  of t h e  a v a i l a b l e  information 
on a given parameter o r  l o c a t i o n  i n  a  r e a c t o r .  P re sen t  e r rurLs  are 
being  spent  s t o r i n g  information and updat ing t h e  r i l e .  

[ l l"Flux data"  i nc ludes  thermal  and f a s t  neutron f l u x ,  s p e c i f i c  power, 
f i s s i o n  r a t e s ,  thermal  and f a s t  neutron f luence ,  neutron energy 
s p e c t r a ,  gamma dose r a t e s ,  and gamma hea t ing .  

TEST REACTOR EVACUATION SYSTEM SIMULATOR 

G .  E. Morris 

During t h e  p a s t  yea r  a  system has been i n s t a l l e d  on t h e  r e a c t o r  
t r a i n i n g  s imula tors  which s imula tes  t h e  a r e a  evacuat ion system of TRA. 
It c o n s i s t s  of an NRTS warning system r a d i o ,  a  s imulated wind d i r e c t i o n  
and v e l o c i t y  r eco rde r ,  and s imulated evacuat ion alarm switches on bo th  
r e a c t o r  s imula tor  pane ls .  

The t r a i n i n g  i n s t r u c t o r  w i l l  s e t  a  s imulated wind d i r e c t i o n  and 
v e l o c i t y  p r i o r  t o  a  t r a i n i n g  se s s ion .  During t h e  t r a i n i n g  se s s ion  he 
w i l l  s imula te  an  acc ident  which would cause evacuat ion.  The t r a i n e e  
w i l l  t hen  p r a c t i c e  t h e  procedure of s h u t t i n g  down t h e  r e a c t o r  and 
s e t t i n g  t h e  evacuat ion swi tches ,  i n d i c a t i n g  type  and d i r e c t i o n  of 
evacuat ion .  



FUEL PLATE CLADDING THICKNESS ME2lSUFBMENTS 

R. J. Gehrke, L. G. Miller 

The development of high resolution Si ( ~ i  ) X-ray fluorescence 
spectroscopy and beta autoradiography for measuring the thickness of 

-clad fuel plates has been presented in a previous annual 
report  a1uminyfo~2~. This paper reports the results of a comparison of these 
methods with those of the ultrasonic probe method which i currently 

[ 37 being developed by personnel at Aerojet Nuclear Company . 
Three aluminum-clad fuel plates 2 x 3 in. with nominal thicknesses 

of 8 x 10 x and 15 x inches were prepared. Each method 
made fifty measurements of the clad thickness for each plate at 1/32 in. 
intervals along a line determined by two punch.marks previously made in 
the cladding. The initial intention was to use the x-ray fluorescence 
and beta,autoradiographic methods to calibrate the ultrasonic probe. 
However, the ultrasonic probe makes individual thickness measurements 
over a very small area of the fuel plate (i . e. , % 12 x in. ) while 
the X-ray fluorescence and beta autoradiographic methods make individual 
thickness measurements over a relatively large area of the fuel plate 
(i . e. , % 800 x in. 2 ) .  Furthermore, alignment of plates from measure- 
ment rig to measurement rig was not always sufficiently precise to assure 
that each method made thickness determinations at precisely the same 
positions on each plate. Therefore, a direct measurement-to-measurement' 
comparison of these methods is very difficult, if at all possible. To 
reduce the effect of local variations encountered in clad thickness due 
to the inhomogeneous distribution of fuel particles, the 50 measurements 
from each method were averaged for each plate in an attempt to obtain 
the mean cladding thickness. Finally, each fuel plate was examined 
metallographically by sectioning the.plate along the line determined 
by the two punch marks and measuring the clad thickness at 50 equally 
spaced intervals 1/32 in. apart as above. 

The results of these measurements are summarized in Table I. In 
all cases the results obtained by X-ray fluorescence and beta autoradiog- 
raphy are in excellent agreement. The estimated uncertainty in the 
thickness measurement of each method is as follows: X-ray fluorescence 
spectrometry + 0.5 x in. ; beta autoradiography, 2 0.5 x in. ; 
ultrasonics, 2 1.0 x in.; and metallographic examination, 2 0.7 x 
10'~ in. Figure 1 is a plot of the deviation of the thickness measure- 
ments obtained by X-ray fluorescence, beta autoradiography and ultra- 
sonics assuming the thickness measurements obtained by metallographic 
examination are correct. This plot indicates the difficulty of cali- 
brating the ultrasonic probe for cladding thicknesses varying from 
8 x in. to 15 x 10'~ in. 

As a result of this study a better understanding was obtained of 
the problems associated with measurement of fuel plate cladding thickness. 
In addition this study indicated the need for certain design changes in 
the ultrasonic probe. These changes have resulted in improved precision 
of the ultrasonic probe which has several potentially promising advan- 
tages over other methods of measuring cladding thickness. 



[ l ]  R .  J. Gehrke, J. E. Cline, L. G. Mi l l e r ,  Nuclear Technology Division 
Annual Progress Report f o r  Period Ending June 30, 1971, U. S; AEC 
Report A N c R - ~ o ~ ~  ( ~ c t o b e r  1971) p .  448. 

[2 ]  L. G. Mi l ler ,  Nuclear Technology Division Annual Progress Report 
f o r  Period Ending June 30, 1971, U.S. AEC Report ANCR-1016 
(October 1971) p .  453. 

[3 ]  Under development by the  Qua l i ty  Engineering Branch of Aerojet 
Nuclear Company. 

TABLE I 

MEAN THICKNESS FROM AVERAGE OF 50 MEASUREMENTS 

Beta 
Test Nominal X-ray Autoradiog- Ultrasonic Metallographic 

P l a t e  # Thickness Fluorescence r aphy Probe Examinat ion 

158-47 0.008 0.0081 0.0087 0.0106 0.0091 

158-46 0.010 0. 0099 0.0100 0.0135 0.0109 

158-41 0.015 0.0147 0.0152 0. 0165 0.0157 



Ultrasonic Probe: 

Beta Autoradiogrophy: X 
X- Roy Fluorescence : 

Cladding Thickness (mils) 

Figure 1 A plot of the deviation of the thickness measurements obtained 
by X-ray fluorescence, beta autoradiography and ultrasonic 
probes from that obtained by metallographic sectioning. 



NON-DESTRUCTIVE QUALITY ASSURANCE ANALYSIS 
OF'FUEL PINS IN THE ARMF AND STR 

I. E. Stepan, J. H. Lofthouse, N. F. Allard, 
D. H. Suckling, R. R. Jones, F. B. Simpson 

Mistakes can and have happened on reactor fuel production lines. 
It would be desirable to have a device that could non-destructively 
examine fuel rods or plates as they come off- the production line and 
thus identify these mistakes. To date, passive assay by measuring the 
natural gamma ray emissions from the uranium fuel has been employed in 
some plants. A more accurate and meaningful device, however, is one 
that would examine the fuel actively for its reactivity effect, the 
true effect that it will experience when placed in a reactor. 

Studies h v been made using the Advance Reactivity Measurement Fa- 
cilities (ARME')h7and a small compact thermal speckrum reactor installed 
in a Split Table Critical (STR) for rapid non-destructive measurements 
of fuel content in reactor fuel pins. These measurements have demon- 
strated the value of such a system for quality assurance inspection of 
fuel pins that are to be used in power reactors. 

Samples were measured at the center of the ARMF core in a 6 x 6 in. 
water hole which has a very high fuel weighting function. In order to 
measure samples with a large fuel content a 'OB lined dry tube was placed 
through the center of the core. The 'OB' extended 12 in. below and above 
the core and has a 114 in. window at the core centerline. Fuel pins were 
positioned in the 1°B lined dry tube and reactivity measurements taken 
as a function of fuel pin position. The narrow 114 in. window allowed 
only small segments of the pin to be seen by the reactor at any one 
time. The movement of the pin was controlled by the ARMF readout 
system, so that the sample moved through the core only when the system 
was interrogating. Figures 1 and 2 illustrate the experimental apparatus. - 

The speed at which the pins were drawn through the core was varied 
from 3 in. per minute to 9 in. per minute without having any effect on the 
accuracy of the measurements. 

A calibration curve was obtained by measuring known samples of 
varying concentrations. A typical calibration curve is shown in Figure 
3. Fuel content of an unknown sample is determined from the reactivity 
measurements of the sample compared to the calibration curve. The homo- 
geneity of the sample is also obtained from the fuel rod scan reactivity 
measurements. 

The scan detected differences in fuel content of less than 0.1 of 
a gram. The accuracy obtained by measuring a pin three dif.ferent times 
.gave a standard deviation of less than 0.1% of total reactivity. These 
measurements were made with pins containing fuel only. 



The STR is a cylindrical reactor core, polyethylene moderated and 
surrounded by a nominal 6 in. thick beryllium reflector. It is 12 in. long 
by 9 in. in diameter with a 3-718 in. diameter cylindrical polyethylene flux 
trap at the radial center of the reactor. Penetrating axially through 
the end reflectors and flux trap is a boron lined tube with a 114 in. wide 
window at the center of the reactor. Fuel rod samples are drawn through 
the tube past the window at a constant rate while a servo controlled 
control rod holds the reactor power constant. The motion of the servo 
rod is a measure of any reactivity perturbations caused by the moving 
sample. Figure 4 shows a typical servo rod position trace as a function 
of the position of a sample of two EBR-I1 fuel rods placed end to end. 
The perturbations A and C shown on the curve are caused by anomalies 
mocked up on the fuel rod samples with small strips of 93.2% enriched 
sheet fuel of known weight. Point A, a perturbation of approximately 
0.0050% k, is caused by 0.16-g 2 3 5 ~  while point C is caused by 0.24 g 
of 3 5 ~ .  Point B is the non-fueled interface between the fuel rods. 
Data obtained with a critical system at 5 W and 0.5 W and a subcritical 
system driven with a 1-mg Cf-252 source at 0.5 W gave nominally the 
same results. 

The general U shape of the curve suggests that improvement should 
be made to "blacken" the boron tube liner so that only that portion of 
the sample exposed in the window will effect the reactivity of the 
reactor. Also finer resolution could be obtained by narrowing down 
the window but with some loss in sensitivity. 

This demonstration shows that fuel rod ahondies in the order of 
5 ykcan be detected on a continuous scanning system. This typically 
could be caused by a small 0.02-g 2 3 5 ~  anomaly in a fuel pellet. Further- 
more, a system can be designed to operate subcritical, driven with a 
neutron source of sufficient strength so that no loss of sensitivity 
is incurred. A subcritical production line fuel rod monitor for quality 
assurance well designed for safety would relieve some of the licensing 
problems inherent with critical reactors. 

Future work derived from this concept includes the traversing of 
ATR fuel plates as whole plates through a ~ O B  filtered tube designed 
to measure all 19 different size ATR plates which make up an ATR fuel 
element. 

The full sized plates will be traversed in two positions of the 
ARMF water hole having different poison and fuel weighting functions. 
Then with a set of simultaneous equations the ~ O B  and 2 3 5 ~  content of 
each plate can be determined. A visual inspection of the scan can 
detect inhomogeneities in the plates. 

This technique will eliminate the destroying of fuel plates to 
obtain sections for chemical analysis. 

[l] E. E. Burdick, E. Fast, and D. W. Knight, The Advanced Reactivity 
Measurement Facilities - A Description and Performance Evaluation, 
USAEC Report IDO-17005 (October 1964). 
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Figure 3 Pu sensitivity in ~ O B  filter traverse tube. 
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Figure 4 Servo rod t r a c e  -- EBR 11 f u e l  rod sample. 



1°B ANALYSIS IN ATR FUEL PLATES 

N. F. Allard, I. E. Stepan, F. B. Simpson 

ATR fuel plate sam les were measured in the ARMF-I to determine 5 the homogeneity of the 5~ and 1°B concentrations. The samples were 
measured to check quality assurance of fuel plates being manufactured 
for the ATR. Six samples measuring 1.2 in. x 3.3 in. were punched out at 
'designated places along the length and width of each fuel plate. The 
sample plates were then measured in the ARMF water hole in two positions. 
One position has high sensitivity to poison and the other position has 
high fuel sensitivity. All measurements were taken using a holder of 
kinematic design which was precisely positioned on a "V" grooved plate 
to insure the best reactivity measurements possible. The holder was 
designed to seat on six contacts with the "V" grooved plate. This 
prevents any degree of freedom which eliminates positioning error if 
the holder is seated in the "V" grooves. 

Reactivity measurements were made on known fuel and poison 
standards containing varying amounts of enriched uranium and boron, 
respectively. The weighting factors were then arrived at from these 
measurements. See Figures 1 and 2. 

The calculation of poison and fuel concentrations is based on 
two assumptions : 

(a) The reactivity measured in the ARMF is a linear function 
of the cross section over the range of the measurements. 

(b) Poison and fuel reactivity effects are additive. Conse- 
quently, the following series of equations give the net 
reactivity response of the ARMF: 

where : 

pij = Reactivity of "j" sample in."il' position 

Wi(f) - Fuel sensitivity in "i" position 
W. (P). = Poison sensitivity in "it' position 
1 

M. (f) = Fuel mass in grams .of "j" sample J 

M.(P) = Poison mass in grams of "j" sample 
J 

i = Measuring position 

j = Sample number 



The simultaneous s o l u t i o n  of Equation (1) f o r  t h e  unknown sample, 
X, r e s u l t s  i n  

M ( f )  = w1(P)p3x - W3(P)plx 
x .  W3(f)W1(P) - wl(f.)W3(P) 

Equations (2) and (3) were used t o  c a l c u l a t e  t h e  f u e i  and poison 
con ten t s  of t h e  unknown samples. 

The fol lowing t a b l e  g ives  r e s u l t s  of some of t h e s e  measurements. 
The 1 ° B  and 2 3 5 ~  con ten t s  of each sample i n  a group of s i x  p l u s  t h e  
average f o r  t h a t  group a r e  l i s t e d  f o r  each f u e l  p l a t e .  The accuracy 
of t h e  numbers quoted a r e  20.0001 g f o r  1 ° B ,  and l e s s  than 20.01 g f o r  
t h e  2 3 5 ~  con ten t s .  These e r r o r s  r ep re sen t  one s tandard  dev ia t ion .  , 



TABLE I 

1°B AND 2 3 5 ~  CONTENTS 

Group 3ACO5 

Plate N o .  

Avg 0.00198 

Group 7AB03 

Plate NO, 'OB ( g )  

Avg 1.6563 

Avg 0.000758 



2 3 5 ~  (grorns) 

Figure 2 ARMF fuel sensitivity. 



PROPOSED NOISE BAND SCANNER FOR REACTOR INSTRUMENT SURVEILLANCE 

T. J. Boland 

With t h e  design and i n s t a l l a t i o n  of buf fered  t e s t  p o i n t s  at s i g n i f i -  
c a n t  monitoring l o c a t i o n s ,  more e f f e c t i v e  s u r v e i l l a n c e  o f  r e a c t o r  pro- 
t e c t i v e  ins t rumenta t ion  can b e  achieved. A p ro to type  no i se  band scanner 
o r  " s l o t "  f i l t e r  has been designed t o  d e t e c t  and measure i n t e r f e r i n g  
s i g n a l s  i n  t h e s e  channels.  

The noise  band scanner  w i l l  b e  a  compact, p ~ r t a b l e  companion u n i t  
t o  t h e  RMS meter descr ibed  i n  an e a r l i e r  r e p o r t  [ l l .  It w i l l  b e  used f o r  
r o u t i n e  measurement and a n a l y s i s  o f  no ise  and i n t e r f e r i n g  s i g ~ ~ a l s .  I t s  
use  i s  expected t o  r e s u l t  i n  improved ins t rumenta t ion  s u r v e i l l a n c e .  I t  
w i l l  a l s o  provide  a  means f o r  p r e d i c t i r ~ g  i n c i p i e n t  f a i l u r e  of p l a n t  and 
process  machinery and equipment thus  enhancing p l a n t  r e l i a b i l i t y .  

The no i se  band scanner  i s  not  a  f i l t e r  i n  t h e  convent ional  sense .  
It i s  an  e l e c t r o n i c  c i r c u i t  designed t o  c o r r e l a t e  a  l o c a l  ( i n t e r n a l )  
o s c i l l a t o r  s i g n a l  w i t h  an unknown s i g n a l  by matching i t s  fundamental 
frequency and phase . 

Signal /Noise Enhancement Signal- to-noise enhancement i s  achieved 
by means of c i r c u i t s  o r  devices  which have maximum response t o  coherent .  
o r  p e r i o d i c  s i g n a l s  and minimum response t o  random noise .  When t h e  
na tu re  of a  s i g n a l  and i t s  exac t  frequency a r e  known, a  narrow band- 
width c o n v e n t i o n a 1 , f i l t e r  w i l l  p rovide  a hfgh degree of s ignal- to-  
n o i s e  enhancement. However, i n  most i n s t a n c e s ,  l i t t l e  i f  anything 
about t h e  s i g n a l  i s  known o r  whether it even e x i s t s .  

The a p p l i c a t i o n  of a u t o c o r r e l a t i o n  and c ros s  c o r r e l a t i o n ,  i n  t h a t  
o r d e r ,  w i l l  achieve remarkable s ignal- to-noise enhancement. B a s i c a l l y ,  
c o r r e l a t i o n  t a k e s  advantage of  d i f f e r e n c e s  between a s i g n a l  of i n t e r e s t  

' a n d  i n t e r f e r i n g  ones and ope ra t e s  t o  maximize t h e s e  d i f f e r e n c e s .  

Cross c o r r e l a t i o n  i s  t h e  c o r r e l a t i o n  of two d i f f e r e n t  s i g n a l s  which 
have t h e  same fundamental frequency. Cross c o r r e l a t i o n  t h e r e f o r e  not  
only d i sc r imina te s  a g a i n s t  random no i se ,  b u t  unwanted pe r iod ic  s i g n a l s  
a s  w e l l .  To u t i l i z e  t h i s  technique ,  t h e  frequency of t h e  s i g n a l  of 
i n t e r e s t  must b e  known o r  .it must be  determined. 

Phase Cor re l a t ion  The amplitude modulation of  a c a r r i e r  frequency 
o ,  by a time func t ion  f ( t )  can b e  descr ibed  by t h e  gene ra l i zed  Four i e r  
t ransform p a i r :  

- j o t  
g ( d  = - f ( t )  d t e  . 



I n  t h e  gene ra l  ca se  where g(w) i s  complex, 

g(w) = G(w)e 
j$(w) 

where 

~ ( w )  i s  t h e  amplitude spectrum 
$(w) i s  t h e  phase spectzum. 

E .  A. Guillemin'21 notes  t h a t  i f  i n  Equation ( 2 a ) ,  g(w) i s  rep laced  

by g(w ) e  f ( t )  becomes f ( t+ to )  

This shows t h a t  t h e  a d d i t i o n  of a l i n e a r  phase func t ion  (with s l o p e  = to) 
amounts t o  displacement of t h e  o r i g i n  i n  t h e .  corresponding t ime func t ion ,  
and v i c e  ve r sa .  

I f  i n  ( l b )  f ( t )  i s  rep laced  by f( t )$jwbt ,  g(w) becomes g(?+wo) 

which may b e  in te rpre t ,cd  a s  fo l lows:  I f  f  ( t )  i s  a r e a l  func t ion ,  t hen  
t h e  r e a l  p a r t  o f  f  ( t ) e ~ ~ ~ '  r ep re sen t s  a cosine func t ion  o f  frequency w , 
whose amplitude i s  modulated by f ( t  1. 

I t  can be  shown[31 t h a t  i n s e r t i n g  Equation (2a)  i n t o  (2b )  r e s u l t s  
i n  e i t h e r  t h e  convolut ion i n t e g r a l  o r  t h e  c ros s  c o r r e l a t i o n  i n t e g r a l  
depending on t h e  d i r e c t i o n  of  displacement ,  i e ,  s i g n  of to: 

t h e  t ransform o f  Equation ( 3 )  i s  



Phase Cor re l a to r  A balanced modulator (demodulator ) c i r c u i t  which 
suppresses  both t h e  c a r r i e r  frequency and t h e  modulation frequency and i s  

s e n s i t i v e  performs t h e  func t ion  of c o r r e l a t i n g  t h e  phase of a  l o c a l  
o s c i l l a t o r  s i g n a l  w i t h  an incoming s i g n a l  when t h e  fundamental frequency 
of t h e  l o c a l  o s c i l l a t o r  i s  matched t o  t h e  fundamental frequency of t h e  
incoming s i g n a l .  The output  reaches a maximum amplitude when t h e  phase 
angle  between t h e  two s i g n a l s  i s  zero. This  i s  equ iva l en t  t o  t h e  c ross  
c o r r e l a t i o n  of f l ( t )  and f2 ( t+ to )  f o r  t h e  cond i t i on  to = 0. 

The output  of  t h e  phase c o r r e l a t o r ,  p r i o r  t o  i n t e g r a t i o n ,  fol lows 
t h e  r e l a t i o n :  

w h e r e  

e  = E cos w t (w = fundamental. freq11enc.y of the l o c a l  
r r r 

o g c i l l a t o r  1 
e  = E  cos o s t  (w = fundamental frequency o f  t h e  incoming 
s s s s i g n a l )  

8 i s  t h e  phase angle  of er wi th  r e spec t  t o  es .  

For t h e  condi t ion  or = o : 
S 

2  
E = I7 R cos w t cos 8. 

0 I- E S 
( 5 )  

I n  p r a c t i c e  Er i s  always l a r g e r  ( i n  ampli tude)  t han  E,. Eo i s  then  a 
f u n c t i o n  of  Es and t3 only.  It i s  maximum when 8 = 0. 

2 I f  i n  Equation ( 5 )  we s u b s t i t u t e  f o r  cos w t i t s  t r igonometr ic  
S i d e n t i t y ,  1 / 2 ( 1  + cos 2wt), we o b t a i n  t h e  more u s e f u l  expression:  

ErEs cos 8 E  E cos 2wt cos 8 
- + r S 

Eo - 2  2 

DC term 2nd Harmonic term 

Subsequent i n t e g r a t i o n  removes t h e  2nd harmonic term l eav ing  only t h e  
DC term. 

C i r c u i t  Descr ip t ion  The h e a r t  of t h e  n o i s e  band scanner  i s  a 
phase s e n s i t i v e  ba lanced  modulator. This  c i r c u i t  has  t h e  c a p a b i l i t y  
t o  d e t e c t  and measure coherent  o r  p e r i o d i c  s i g n a l s  even when t h e s e  
s i g n a l s  a r e  "buried" i n  t h e  wide band noise .  

The phase c o r r e l a t o r  and e rpo r  d e t e c t o r  c i r c u i t s  a r e  i d e n t i c a l .  
They d i f f e r  i n  ope ra t ion  because t h e  phase angle  o f  t h e  l o c a l  o s c i l l a t o r  
i s  in-phase wi th  t h e  incoming s i g n a l  i n  t h e  c a s e  of t h e  c o r r e l a t o r  and 



i n  quadra ture  w i t h  t h e  incoming s i g n a l  i n  t h e  case  of  t h e  e r r o r  
d e t e c t o r .  

The output  of t h e  c o r r e l a t o r :  

EC = e  e  cos 0 . 
r S 

The output  of t h e  c r r o r  d e t e c t o r :  

A f u n c t i o n a l  b lock  diagram of t h e  noise  band scanner  i s  shown i n  
F igure  1. The i n p u t  i s  f e d  t o  t h e  phase c o r r e l a t o r  and t o  t h e  e r r o r  
d e t e c t o r .  A2 i s  an a c t i v e - f i l t e r  i n t e g r a t o r  which removes t h e  second 
harmonic and h ighe r  f requencies  contained i n  t h e  inpu t  s i g n a l .  M 1  i s  
a  DC meter which measures t h e  amplitude of t h e  incoming s i g n a l .  A 
sweep genera tor  provides e i t h e r  a  s i n g l e  ramp o r  r e p e t i t i C v e  ramp 
vol tages  (sawtooth)  t o  sweep t h e  frequency of t h e  i n t e r n a l  ( V C O )  
o s c i l l a t o r  over t h e  s e l e c t e d  band of f requencies .  The mode s e l e c t o r  
switch s e l e c t s  any of t h e  t h r e e  a v a i l a b l e  modes of ope ra t ion :  

1. manual mode 
2. sweep mode 
3. t r ack ing  mode. 

The t r ack ing  mode u t i l i z e s  t h e  output  of  t h e  e r r o r  d e t e c t o r  t o  lock  t h e  
l o c a l  o s c i l l a t o r  t o  t h e  fundamental frequency of t h e  incoming s i g n a l  t o  
maintain phase matching. Meter M2 measures t h e  ampl i f ied  e r r o r  vo l t age  
which can b e  c a l i b r a t e d  i n  frequency s i n c e  t h e  l o c a l  o s c i l l a t o r  frequency 
i s  a  l i n e a r  func t ion  of  i t s  c o n t r o l  vol tage:  

Pro to type  Tes ts  The performance of t h e  noise  band sca.nner w a s  
determined by means of t h e  simple c i r c u i t  shown i n  F igure  2 .  

A 300 m i l l i v o l t  ( rms)  random noise  was app l i ed  t o  t h e  inpu t  of 
t h e  summing a m p l i f i e r  A Various s i n e  wave inpu t s  from 300 m i l l i v o l t s  1 ' 
(rms) down t o  1 2  m i l l i v o l t s  (rrns) were summed with t h e  f i x e d  300 
m i l l i v o l t  random no i se .  I n i t i a l l y ,  t h e  output  meter V3 was s e t  a t  
f u l l  s c a l e  (100%) f o r  300 m i l l i v o l t s  of s i n e  wave s i g n a l  and 300 
m i l l i v o l t s  of random no i se .  The s i n e  wave amplitude was reduced i n  
s t e p s  t o  60 m i l l i v o l t s  ( rms)  and 1 2  m i l l i v o l t s  (rms). The osc i l l u scope  
t r a c e s  shown i n  F igure  3  show t h e  s i n e  wave and t h e  summed s i n e  wave 
and random no i se  f o r  each of t h e  t h r e e  noise- to-s ignal  r a t i o s  (1/1), 
(511) and (2511).  Table I shows t h a t  a  s i g n a l  of only 1 /25  (-28 d ~ )  
t h e  amplitude o f ' t h e  random no i se  i s  r e a d i l y  d e t e c t e d  by t h e  phase 
c o r r e l a t i o n  method. 

[ l ]  T. J. Boland and J. B. Thompson, Nuclear Technology Divis ion  Annual 
Progress  Report f o r  Pe r iod  Ending June 30, 1970, IN-1407, p .  406 
( ~ e c .  '1970). 

[ 2 ]  E .  A.  Guillemin, Communication Networks, Vol. - I1 ( ~ o h n  Wiley & Sons, 
New York 119351). 

131 Y .  W .  Lee, S t a t i s t i c a l  Theory of Communication ( ~ o h n  Wiley & Sons, 
New York, [1960]) .  
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Figure 1 A functional block diagram of the noise band stainer. 
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Figure 2 Schematic diagram of prototype test circuit. 



Figure 3(a) Upper - 300 mV noise and 
300 mV sine wave 

Lower - 300 mV sine wave 
only 

Figure 3(b)  Upper - 300 mV noise and 
60 mV sine wave 

Lower - 60 mV sine wave 
only. 

Figure 3(c) Upper - 300 mV noi-se and 
12 mV sine wave. 

Lower - 12 mV sine wave 
only. 

Figure 3 Oscilloscope traces showing sine wave, summed sine wave, and 
random noise for each of the three noise-to-signal ratios. 



TABLE I 

AMPLITUDE OF RANDOM NOISE 
DETECTED BY PHASE CORRELATION METHOD 

R E  RMS OUTPUT METER 
RANDOM NOISE SINE WAVE ( %  of f u l l  s c a l e )  

300 mV 300 mV 100 

TEST RESULTS FROM A LOG-N AMPLIFIER MODIFIED FOR VARIABLE-GAIN 
OPERATION AND WITH A NWISTOR-FET INPUT CIRCUIT 

B. G. Nelson, R: L. Copyak, R .  L. Sumstine 

The i n t e n t  of t h e s e  t e s t s  was t o  q u a l i f y  Log-N ampl i f i e r s  modif ied 
f o r  use a t  ATR w i t h  f ixed-pos i t ion  chambers. The Log-N a m p l i f i e r  was 
modified t o  ope ra t e  w i t h  v a r i a b l e - g a i n  ( a  psuedo-change i n  s e n s i t i v i t y )  , 
t o  u se  more r e l i a b l e  components, and t o  reduce t h e  RMS a m p l i f i e r  output  
no ise .  These t e s t s  were performed a s  bench t e s t s  on a  spa re  MTR Log-N 
ampl i f i e r  and ATR u n i t s  i n  some cases .  The c i r c u i t  of t h i s  spa re  Log-N 
was t h e  same as t h e  e x i s t i n g  ATR Tog-N ampl i f i e r s .  

The major des ign  goa l s  f o r  t h e  Log-N ampl i f i e r  were: 

r e t a i n  t h e  range of ope ra t ion  a t  6+ decades 
main ta in  t h e  normal s e n s i t i v i t y  such t h a t  no l e s s  t h a n  45 pamps 
correspond t o  f u l l  r e a c t o r  power 
provide  adjustment i n  s e n s i t i v i t y  of 100% t o  130%; t h a t  i s ,  
45 pamps t o  60 - p a p s  a t  f u l l  r e a c t o r  power 
main ta in  t h e  ampl i f i e r  g a i n  cons tan t  f o r  a l l  input' c u r r e n t s  
main ta in  o r  improve t h e  zero and g a i n  d r i f t  c h a r a c t e r i s t i c s  
reduce t h e  RMS output  no i se -  o f ,  t h e  a m p l i f i e r  
improve t h e  instrument  r e l i a b i l i t y  by r ep lac ing  obso le t e  and 
troublesome components i n  t h e  Log-N ampl i f i e r  
improve t h e  temperature s t a b i l i t y .  

Therefore,  t h e  modi f ica t ions  proposed f o r  t h e  ATR Log-N a m p l i f i e r s  were: 

1. provide  a  v a r i a b l e  ga in  adjustment of 30% 
2 .  i n c r e a s e  t h e  capac i ty  of t h e  dc f i lament  power supply t o  ope ra t e  

a l l  t h e  ampl i f i e r  tubes  on dc 
3. decouple t h e  recorder  cab l ing  i n t e r f e r e n c e  
4. r ep l ace  t h e  obso le t e  t y p e  9004 diode wi th  a t y p e  7586 nuv i s to r  
5. r e p l a c e  t h e  t r o u b l e ~ o m e  t y p e  5886 e lec t rometer  w i t h  a  s o l i d -  

s t a t e  t y p e  2 ~ 4 4 1 6  FET; 



The t e s t s  which were performed on t h e  e x i s t i n g  and proposed Log-N 
a m p l i f i e r s  fo l low : 

I. 
11. 

111. 
TV. 
v. 

Y I  . 
V I I  . 

V I I I  . 
I X .  

Temperature S t a b i l i t y  
Amplifier Output Regulat ion t o  Line Voltage and Frequency 
Var ia t ions  
S e n s i t i v i t y  t o  Line Voltage Spikes 
Measurement of RMS Noise a t  t h e  Amplif ier  Output 
Measurement of Amplifier L i n e a r i t y  and Range of Operat ion 
Measurement of Response Time 
F i e l d  Tes t s  
F a i l u r e  Immunity 
L i f e  Expectancy. 

I. Temperature S t a b i l i t y  

The temperature s t a b i l i t y  of t h e  proposed Log-N a m p l i f i e r  improved 
such t h a t  t h e  measured temperature c o e f f i c i e n t  i s  -26 mv/OF. The 
temperature c o e f f i c i e n t  of t h e  e x i s t i n g  u n i t  was found t o  be -200 mV/OF. 
For t h e s e  measurements t h e  Log-N a m p l i f i e r  ou tput  vo l t age  was measured 
when t h e  u n i t s  were cycled over t h e  temperature range of 30°F t o  1 6 0 ~ ~ .  
The normal outputs  of vo l t age  a r e  35 t o  173 V o r  22 V pe r  decade . '  Severa l  
i npu t  cu r r en t  s i g n a l s  were used t o  o b t a i n  d a t a  at 0.001, 0.01, 0 .1 ,  1 .0 ,  
1 0  and 100% reading  of t h e  Log-N p i l e  power meter.  A s  shown i n  F igures  1 
and 2 ,  t h e  temperature c o e f f i c i e n t s  were cons tan t  at a l l  i npu t  s i g n a l s  
over t h e  range of temperature.  

The measurement of tempera ture  s t a b i l i t y  involved s e v e r a l  
c i r c u i t  con f igu ra t ions .  I n  o rde r  t o  determine t h e  s i g n i f i c a n c e  of t h e  
new components and t h e  b e s t  way t o  use  them, s e v e r a l  measurements were 
necessary.  Therefore,  t h e  d a t a  from t h e  o r i g i n a l ,  proposed, and o the r  
con f igu ra t ions  were t aken  and a r e  compared i n  t h e  t a b l e  below. 

COMPAKlSON OF TEMPERATURE COEFFICIENTS OF 
ORIGINAL, PROPOSED, AND OTHER CONFIGURATIONS 

Temperature Log Diode - - 

Coef f i c i en t  o r  ~ u v i s t o r  Electrometer  o r  FET 
-26 ~ v / O F  7586 Nuvistor 2 ~ 4 4 1 6  wi th  2 diodes f u r  compensation 
-200 ~ V / O F  9004 Diode 

.. 
5886 e lec t rometer  

-190 mY/OF 9004 Diode 2 ~ 4 4 1 6  FET w i t h  no compensation 
-53 mY/OY 3001.1 Diode 2 ~ 4 4 1 6  FFT w i t h  one diodc f o r  

11. Amplif ier  Output Regulat ion t o  Line Voltage and Frequency 
Var i a t ions  

The measurements of t h e  e f f e c t s  of l i n e  vo l t age  and frequency 
v a r i a t i o n s  apply t o  bo th  Log-N amplif iers-- the e x i s t i n g  u n i t s  and t h e  
proposed. The measurements show t h e  Log-N a m p l i f i e r s  a r e  excep t iona l ly  
s t a b l e  and i n s e n s i t i v e  t o  extreme l i n e  vo l t age  and frequency v a r i a t i o n s .  



P r e s e n t l y ,  changes i n  l i n e  vo l t age  from 105 and 130 Vac and changes i n  
l i n e  freqi.iency from 57 t o  63 Hz can be expected. The Log-N a m p l i f i e r  
was t e s t e d  wi th  v a r i a t i o n  of l i n e  vo l t age  and frequency over a vo l t age  
range from 85 t o  130 Yac and a frequency range from 30 t o  75 Hz, t h e  
t e s t  r e s u l t s  show t h a t  no d e t e c t a b l e  change i n  output  l e v e l  was observed 
a s  t h e  v a r i a c  ( c o n t r o l l i n g  l i n e  v o l t a g e )  was changed from one extreme 
t o  t h e  o the r  o r  i f  t h e  l i n e  vo l t age  was s e t  a t  an in te rmedia te  va lue  
f o r  longer  per iods  of t ime.  Freque.ncy v a r i a t i o n  a l s o  gave no d e t e c t a b l e  
change i n  output  l e v e l .  A frequency l e s s  t han  30 Hz caused t h e  l i n e  
f u s e  t o  f a i l  because t h e  power input  t ransformer impedance t o  l i n e  
vo l t age  was one-half t h a t  at 60 Hz. 

Temperature ( O F )  , ANC-6-1128 

0 
Figure 1. Temperature ( F )  E, v o l t s .  



Temperature (OF) 

Figure 2 Temperature ( O F )  E vo l t s .  
0 

111. Sens i t i v i t y  t o  Line Voltage Spikes 

The s e n s i t i v i t y  of the  Log-N amplif ier  t o  l i n e  voltage spikes was 
checked by imposing an e l e c t r i c a l  spike or pulse on t he  l i n e  voltage t o  
t h e  Log-N amplif ier .  The l e v e l  of t he  spike r ro~u  the l i n e  voltage 
t r an s i en t  generator can be adjusted from 0 t o  600 V and i s  approximately 
30 usec wide. The spike can be e i t he r  pos i t ive  or negative going and 
occurs once every cycle of t h e  60 Hz l i n e  voltage.  When t he  t r an s i en t  
spike l e v e l  was increased above 200 V ,  t h e  RMS noise measured a t  the  
ampl i f ier  output began t o  increase .  A t  300 V t he  period meter reading 
became e r r a t i c .  Thus, Log-N amplif ier  does not seem sens i t ive  t o  t h i s  
type of perturbation.  



I V .  Measurement of RMS Noise a t  t h e  Amplif ier  Output 

The RMS noise  of t h e  proposed and e x i s t i n g  Log-N a m p l i f i e r s  was 
measured a t  t h e  Log-N a m p l i f i e r  output  u s ing  a  Ba l l en t ine  model 323 RMS 
vol tmeter .  The proposed u n i t s  have l e s s  RMS no i se  than  t h e  e x i s t i n g  
u n i t s  a s  shown below: 

Log-N Ex i s t i ng  Proposed 
Tes t   ode Log-N - Log-N 

Lo Cal  15-30 mV 3.5-5 mV 
H i  Cal  5-10 mY 1 . 5  my 

V. Measurement of Amplif ier  L i n e a r i t y  and Range of Operation . - .  . - 

The l i n e a r i t y  and range of ope ra t ion  of t h e  proposed Log-N a m p l i f i e r s  
were checked and found t o  be s a t i s f a c t o r y .  The l i n e a r i t y  and range of 
opera t ion  i s  shown i n  F igures  3 and 4. These curves a r e  p l o t t e d  a s  a  
f u n c t i o n  of i npu t  c u r r e n t ;  t h a t  i s ,  2 x 10- lo  t o  2 x 10'~ and 0.00033 
t o  330% of r e a c t o r  f u l l  power. Figure 5 shows t h e  v a r i a t i o n  of l i n e a r i t y  
wi th  f i lament  vo l t age .  From t h e s e  curves an ope ra t ion  vo l t age  of 4.7 v o l t s  
was s e l e c t e d .  L i n e a r i t y  check shows a n  e r r o r  of approximately 20% a t  
300% of power. This r e p r e s e n t s  an  inc rease  i n  vol t s /decade  and would 
t h e r e f o r e  cause t h e  u n i t  t o  produce a  scram l e v e l  e a r l i e r  t h a n  a l i n e a r  
u n i t  . 

,- Tests  were a l s o  conducted on cu r ren t  ranges of 4.5 x 10-l1 t o  
180 x amps. 

The s l i g h t  S curve shape i s  g e n e r a l l y  a t t r i b u t e d  t o  t h e  charac te r -  
i s t i c s  of t h e  l o g  diode element.  A r o l l  o f f  of t h e  curve r e s u l t s  when 
t h e  a m p l i f i e r  s a t u r a t e s  at 212 v o l t s .  Normal output  vo l t age  at f u l l  
r e a c t o r  power now corresponds t o  173 v o l t s .  With v a r i a b l e  g a i n ,  t h e  
output  vo l t age  should b e  no more t h a n  187 v o l t s .  
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Volts Output ANC-  A - I  123 

Figure 3 Vol ts  ou tput  i npu t  c u r r e n t .  



Figure 4' output voltage,  % power. 
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Figure 5 Volts  ou tput  input  cu r r en t .  



V I .  Measurement of Response Time 

Time response measurements of t h e  proposed Log-N ampl i f i e r  were 
made. The proposed modi f ica t ions  do not impair t h e  t ime responsiveness  
because t h e  s e n s i t i v i t y  of t h e  Log-N a m p l i f i e r  was not increased .  For 
t h e  measurements shown i n  t h e  photographs of F igures  6 ,  7 ,  and 8 ,  t h e  
response t ime was def ined  a s  t h e  t ime between t h e  s t a r t  of t h e  s t e p  
change i n  t h e  input  s i g n a l  and t h e  t ime t h a t  t h e  output  of a connected 
pe r iod  a m p l i f i e r  reached scram l e v e l .  The input  s i g n a l  was a s t e p  change 
of c u r r e n t  corresponding t o  one decade. A c a p a c i t i v e  load  of 1600 pF 
was shunted ac ros s  t h e  input  s i g n a l  t o  s imula te  cable  and chamber 
capac i tance .  The p h o t o g r a p h  show t h e  Log-N ampl i f i e r  output  vo l t age  f o r  
a decade change of 22 v o l t s .  The longes t  t ime f o r  r e a c t o r  scram t o  
have been i n i t i a t e d  i s  l e s s  t h a n  100 msec or  an  output  l e v e l  change of 
0.75 V. This t ime occurs  during t h e  lowest decade. 

When ope ra t ing  with low s i g n a l  c u r r e n t s  i n  t h e  low decades, t h e  
response depends upon t h e  input  s i g n a l  cu r r en t  and t h e  capac i tance  a t  
t h e  inpu t  of t h e  Log-N ampl i f i e r  [ l l  . A t  high s i g n a l  c u r r e n t s ,  t h e  
response depends i n s t e a d  on t h e  frequency response of t h e  Log-N 
a m p l i f i e r  i t s e l f  and i s  independent of t h c  proposed changes. 

I n  a d d i t i o n ,  t h e  proposed Log-N ampl i f i e r  has a s l i g h t l y  f a s t e r  
response t h a n  t h e  e x i s t i n g  u n i t  because t h e  input  impedance f o r  a g iven  
cu r ren t  s i g n a l  i s  s l i g h t l y  l e s s .  Responsiveness depends upon t h e  input  
t ime cons tan t  ( t h e  input  impedance and input  capac i t ance ) .  The input  
impedance over one decade i s  now approximately 0.187/1 (where I i s  i n p u t '  
s i g n a l  cu r r en t  and 0.187 i s  t h e  nuv i s to r  output  i n  v/decade) .  The 
inpu t  impedance f o r  t h e  e x i s t i n g  u n i t s  us ing  t h e  9004 log  diode i s  
0.200 V / I  and somewhat l a r g e r  t han  f o r  t h e  nuv i s to r .  

V I I .  F i e l d  Tes t s  

A modif ied Log-N a m p l i f i e r  was opera ted  a t  t h e  ATR us ing  t h e  Galvo 
chamber output .  The s e n s i t i v i t y  of t h e  ampl i f i e r  was increased  by a 
decade t o  o b t a i n  a reading  of approximately 10% power. This  u n i t  was 
opera ted  from commercial power. No e r r a t i c  no ise  condi t ions  appeared 
on t h e  c h a r t s  during a month's opera t ion .  

Pe r iod  response i s  shown on   trip c h a r t ,  F igure  9 .  These a r e  l a b  
measurements and show an inc rease  of approximately 0 .4  s ec  f o r  a 30-sec 
pe r iod ,  t h a t  i s  a 29.6-sec pe r iod .  A 1-sec pe r iod  ( s imula ted)  produces 
a 0.975-sec p e r i o d  s lope .  These d a t a  were reproduced at ATRC where t h e  
proposed u n i t  was. compared t o  pe r iods  genera ted  and measured a t  ATRC. 



I .  

Range = .0001- .001 

AIz4.5 x lo-"- 4 . 5 ~  10-lo 

H =  500 ps / cm 

V =  IOV/cm 

2. 

Range = .001 - .01 

AI- 4.5 1 0 - l o -  4 . 5 . ~  

H =  50p/cm 

V =  10 ~ / c m  

A N C -  b -  I 2 4 6  

Figure 6 Log N response t o  decade change of  input  c u r r e n t .  ' 

3. 

Range = .01 - . I 
A I -  4.5 x 4.5 x lo-' 
H =  5 p s / c m  

V -  I 0  V/cm 

4. 

Range s .I - I 
AI- 4.5 lo-'- 4.5 x lo-' 
H -  5 p s / c m  

V = 10 V/cm 

A N C k A -  1248  

Figure  7 Log N response t o  decade change of input  c u r r e n t .  



5. . . 
Ronge = I  - 10 

AI = 4.5 10 . ' -  4 . 5 ~  I O - ~  

6. 
Ronge = 10 - 100 

A T =  4 . 5 ~  1 0 - ~ - 4 . 5 ~  10- '  

H =  5p s l c m  

V -  10 V / c m  

Figure 8 Log N response t o  decade change of input current .  

V I I I .  Fa i lu re  Immunity 

During t h e  l ab  t e s t s  severa l  methods were t r i e d  t o  produce f a i l u r e  
of t h e  7586 o r  2~4416 .  These attempts were t o  i n s t a l l  t h e  devices with 
t h e  l i n e  vol tage  applied and t o  simulate an e l e c t r i c a l l y  charged input .  
No f a i l u r e s  of t h e  2 ~ 4 4 1 6  - resu l t ed .  Tests  of t h e  7586 using 18 u n i t s  
produced one f a i l u r e  which was e a s i l y  detec table .  This u n i t  was f u r t h e r  
t e s t e d  on a tube checker. The 7586 had a 150 K ohms shor t  from g r i d  t o  
cathode. A 2600 pF capacitor  was charged t o  values of +600 and -600. 
Af ter  each charging the  capacitor  was then discharged i n t o  t h e  input 
connector with t h e  ampl i f ier  i n  t h e  OPERATE posi t ion .  This was done 
severa l  times t o  induce a f a i l u r e  of t h e  FET. No f a i l u r e  resu l t ed .  

I X .  L i fe  Expectancy 

Life t e s t  da ta  from RCA show t h e  f a i l u r e  r a t e  of t h e  7586[21. 
These data  show t h a t  i f  t h e  p l a t e  d i s s ipa t ion  of t h e  tube i s  reduced, 
t h e  l i f e  i s  extended., The 7586 is  operated. a t  l e s s  than 0 . 1  watt 
d i s s i p a t i o n  i n  our appl ica t ion.  Therefore, it i s  reasonable t o  expect 
a l i f e  i n  excess- of 100,000 hours. The filament vol tage  i s  a l s o  reduced 
which a l s o  increases tube l i f e .  



A N C - 8 -  1135 

Figure 9 Time 4 dev = 1 min amplitude of t r a c e ,  1 decade i n .  l eve l .  
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The l i f e  expectancy of t h e  type  2 ~ 4 4 1 6  FET has not  been compiled. 
Current e s t ima te s  f o r  t h i s  FET i n  t h i s  a p p l i c a t i o n  a r e  a  va lue  g r e a t e r  
t haq  l o 7  hours .  ANC q u a l i t y  assurance i n d i c a t e s  t h a t  t h e  FET l i f e  
expectancy r epor t ed  i n  mi l - s td  217A i s  0 .5  x  l o 6  hours (more than  40 
y e a r s )  f o r  YHF a m p l i f i e r  and mixer a p p l i c a t i o n s .  Texas Instruments ,  
I n c . ,  t h e  major s u p p l i e r  of th . i s  type  FET, and NASA, a  r e c e n t  u s e r ,  have 
not completed t h e i r  d a t a  compilat ion f o r  l i f e  expectancy al though they  
a r e  a t tempt ing  t o  compile a  l i f e  expectancy and q u a l i f y  t h i s  FET f o r  
mil-spec . 

Since  appropr i a t e  FET's 'were developed, hundreds have been used i n  
p reampl i f i e r s  f o r  p r o p o r t i o n a l  counters  and s o l i d - s t a t e  d e t e c t o r s  a t  TRA. 
Some u n i t s  have been i n s t a l l e d  s i x  y e a r s  ago and cont inue t o  func t ion  
normally. F a i l u r e s  a r e  p r i m a r i l y  caused by t r a n s i e n t s  of h igh  vo l t age  
supp l i e s  ( f a i l u r e  immunity was t e s t e d  above) and by temperature extremes 
caused by l o s s  of l i q u i d  n i t rogen  t o  t h e  s o l i d - s t a t e  de tec t ,ors .  The 
l i q u i d  n i t rogen  i s  r equ i r ed  only f o r  t h e  d e t e c t o r ,  not t h e  FET. 

111 J .  L. Anderson,  ole of Log-N Per iod  Meter i n  Reactor P ro t ec t ion" ,  
Nuclear Sa fe ty ,  Vol. 4 ,  No. 3   arch 1963).  

[ 2 ]  RCA R e l i a b i l i t y  L i f e  Tes t  Data 7586. 

REACTOR GAMMA-HEAT MEASUREMENTS 
WITH THERMOLUMTNESCENT PHOSPHORS 

.J. C. Tappendorf 

A technique f o r  measuring gamma h e a t  i n  a c r i t i c a l  f a c i l i t y  and 
e x t r a p o l a t i o n  of t h e  r s u l t s  t o  t e s t  r e a c t o r  full-power condi t ions  r 17  has  been e s t a b l i s h e d  . The technique u t i l i z e s  t h e  technology of s o l i d  
s t a t e  dosimetry t o  o b t a i n  gamma-heat information from t h e  thermoluminescent 
phosphor, CaF2:Mn. The smal l  s i z e  of t h e  CaF2:Mn d e t e c t o r s  enables  
d e t a i l e d  measurements without  having t o  remove any r e a c t o r  hardware t o  
accomodate t h e  d e t e c t o r s .  Add i t i ona l ly ,  t h e  phosphor i s  s u f f i c i e n t l y  
s e n s i t i v e  f o r  i r r a d i a t i o n s  at a r e a c t o r  power l e v e l  of  approximately 
300 w a t t s  f o r  20 minutes.  The r e s u l t s  of t h e  measurements a r e  r epo r t ed  
i n  terms nf gamma hea t ing  i n  aluminum bccause of t h e  s i m i l a r i t y  of 
t h e  energy response t o  gamma rays  f o r  aluminum and t h e  phosphor. The 
abso lu t e  and r e l a t i v e  e r r o r s  f o r  t h i s  technique of measuring gamma hea t  
f o r  t e s t  r e a c t o r s  a r e  es t imated  t o  be + 21% and + 5%, r e s p e c t i v e l y ,  at 
95% confidence l i m i t s .  

[llJ. C. Tappendorf, Reactor Gamma Heat Measurements v i t h  Thermoluminescent 
Phosphors, ANCR-1057 (March 1972). 
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LOFT CORE: I DESIGN -- .- 

A.  J .  S c o t t ,  B. L. Rushton, T. Watanabe, G. E. Putnam [ I ]  

The LOFT (Loss of F l u i d  Tes t )  r e a c t o r  w i l l  pr0vid.e d a t a  of major 
s i g n i f i c a n c e  f o r  eva lua t ing  t h e  e f f e c t i v e n e s s  of emergency c o r e  cool ing  
system a s  PWR r e a c t o r  sa feguards[2] .  S ince  t h e r e  a r e  no c r i t i c i l s  which 
a r e  c l o s e  mockups of t h e  LOFT r e a c t o r  co re  design t h e  c a l c u l a t i o n s  must 
b e  v a l i d  t o  a s s u r e  achievement of t h e  t e s t  o b j e c t i v e s  L 3 J .  

During t h i s  year  pre l iminary  des ign  c a l c u l a t i o n s  have been completed 
and a n a l y s i s  of t h e  f i n a l  design con£ i g u r a t i o n  has begun. The pre- 
l iminary  design r e s u l t s  may b e  summarized a s  fol lows:  

1. Enrichment was e s t a b l i s h e d  a t  4.05 a/o.  Irkdependent ca lcu la-  
t i o n s  by Westirighouse Nuclear Energy Systems and J e r s e y  Nuclear 

' 

Corporat ion v e r i f i e d  A N C ' s  c a l c u l a t i o n s  t h a t  t h i s  enrichment 
would ensure 2000 e f f e c t i v e  f u l l  power hours of opera t ion .  

2. Excess r e a c t i v i t y  c a l c u l a t i o n s  showed t h a t  boron concent ra t ions  
of t h e  o rde r  of 1500 ppm s u f f i c e  f o r  providing c o n t r o l  f o r  t h e  
r e a c t o r  w i th  f r e s h  f u e l  ope ra t ing  a t  55 MW. 

3. Calcula t ions  of power d i s t r i b u t i o n s  and c r i t i c a l  boron concen- 
t r a t i o n s  f o r  s e v e r a l  rod i n s e r t i o n  depths  a t  t h e  ho t  standby 
condi t ion  (540 '~  uniform temperature) provided d a t a  f o r  de f in ing  
c o n t r o l  and ope ra t ing  requirements dur ing  approach t o  hot  standby. 

4. I n t e g r a l  and d i f f e r e n t i a l  rod worth curves were developed f o r  a  
5 4 0 ' ~  co re  temperature and 1500 ppm boron. Rod i n t e r a c t i o n  e f f e c t s  
were assessed .  It was determined t h a t  t h e  r e a c t o r  w i l l  b e  s a f e l y  
s u b c r i t i c a l  wi th  t h r e e  of t h e  four  c o n t r o l  rod banks i n s e r t e d  and 
one removed. The.new c a l c u l a t i o n s  show t h e  rods a r e  worth 15% - 
i n s t ead  of 20% ca l cu la t ed  e a r l i e r .  This  i s  p a r t l y  due t o  co re  
changes and p a r t l y  due t o  us ing  improved methods f o r  ob ta in ing  
group c ros s  s ec t ions .  

5. The power d i s t r i b u t i o n s ,  inc luding  thermal feedback e f f e c t s ,  were 
ca l cu la t ed  f o r  s t a r t - o f - l i f e  f u l l  power condi t ions .  ' The ca lcu la-  
t i o n s  were done i n  RZ geometry t o  provide a  more accu ra t e  descr ip-  
t i o n  of t h e  power d i s t r i b u t i o n  than could be obta ined  wi th  
"window shade" methods. The c a l c u l a t i o n s  show t h a t  t h e  test  
requirement of 19 kW/ft can b e  achieved a t  t h e  s t a r t u p  condi t ions .  

6. P o s s i b i l i t 5 e s  f o r  ad jus t ing  t h e  pea.k' power dens i ty  by asymmetric 
i n s e r t i o n  of c o n t r o l  rods  (some deeper than  o t h e r s )  were i n v e s t i -  
gated.  It seems f e a s i b l e  t o  u se  t h i s  method t o  a t t a i n  t h e  
d e s i r e d  power d e n s i t y  a t  a  l o c a t i o n  c l o s e r  t o  t h e  c o r e  midplane 
than  can b e  done by uniform rod i n s e r t i o n .  



Analysis  of a  proposed source-de tec tor  con f igu ra t i on  showed 
t h a t  i t  would s u f f i c e  f o r  making s t a r t u p  measurements. S p e c i a l  
computational methods were devised  t o  i n s u r e  proper  t rea tment  
of t h e  t r a n s p o r t  of neu t rons  through a l t e r n a t e  l a y e r s  of water  
and s t e e l  t o  t h e  d e t e c t o r s  which a r e  4 f t  from t h e  c o r e  cen t e r .  
This involved us ing  a  two-dimensional t r a n s p o r t  c a l c u l a t i o n  t o  
determine t h e  source  m u l t i p l i c a t i o n  by t h e  s u b c r i t i c a l  c o r e ,  
and t o  g e t  t h e  f l u x e s  emerging from t h e  s u r f a c e  c l o s e s t  t o  t h e  
d e t e c t o r .  To determine t h e  a t t e n u a t i o n  of t h i s  f l u x  a  t r a n s p o r t  
c a l c u l a t i o n  was made assuming a  source  a t  the. core c e n t e r l i n e .  

8. Calcu la t i ons  were nade t o  e v a l u a t e  a  proposa l  f o r  u s ing  d e t e c t o r s  
i n  t h e  power range d e t e c t o r  t ubes  f o r  t h e  purpose of d e t e c t i n g  
a x i a l  f l u x  skewing i n  t h e  co re .  I f  f l u x  skewing i n  t h e  c o r e  i s  
s u f f i c i e n t l y  observable  a t  t h e  d e t e c t o r  p o s i t i o n s  52 i n .  r a d i a l l y  
o u t  from t h e  c o r e  c e n t e r l i n e ,  then a  scram mechanism t h a t  ope ra t e s  
on t h e  d i f f e r e n t i a l  response of two d e t e c t o r s  a t  d i f f e r e n t  a x i a l  
p o s i t i o n s  i s  a  des ign  p o s s i b i l i t y .  The c a l c u l a t i o n s  showed t h e  
f e a s i b i l i t y  of such a  des ign  i n  t h a t  t h e  a x i a l  thermal  f l u x  
shapes a t  t h e  co re  c e n t e r l i n e  a r e  t h e  b a s i c  shapes e s t a b l i s h e d  
a t  Lh? power range de tec tok  tube.  

9. Of p a r t i c u l a r  importance t o  t h i s  p r o j e c t  was a  series of 
independent c a l c u l a t i o n s  made by Westinghouse Nuclear Energy 
Systems of s e v e r a l  of t h e  above t a s k s  t o  confirm t h e  r e l i a b i l i t y  
of t h e  methods used by t h e  Aero je t  des ign  group. I n  every ca se ,  
t h e  agreement was e x c e l l e n t .  Most n o t a b l e  was agreement w i t h  
A e r o j e t ' s  v a l u e  f o r  t h e  r equ i r ed  f u e l  enrichment,  and t h e  agree- 
ment on both  t h e  shape and t h e  magnitude of t h e  d i f I e r e n t i a 1  and 
i n t e g r a l  rod worth c a l c u l a t i o n s .  

[ l ]  Member of Computer Science Branch, Technical  Serv ices  Div is ion ,  
ANC . 

[ 2 ]  A more d e t a i l e d  s ta tement  of LOFT o b j e c t i v e s  i s  given i n  ANCR-1016, 
Nuclear Techno lo~y  Div is ion  Annual Propress  Report f o r  t h e  Per iod  
Ending June 30, 1971, p. 261 (1971). 

[3]  C r i t i c a l  experiments on PWR reac . to rs  have been c a l c u l a t e d  us ing  
p r e s e n t  Aero je t  methods. While t h e  co re s  a r e  s i m i l a r  t o  LOFT t h e s e  
r e a c t o r s  do no t  have t h e  LOFT steel r e f l e c t o r  and a r e  no t  exac t  
mockups. See Reference 2, p. 316. 

LOFT CORE I FUEL STORAGE 

F. J. Wheeler 

Ca lcu l a t i ons  were made t o  h e l p  develop requirements  f o r  s a f e  s to rage  
of LOFT f u e l .  It w a s  concluded t h a t  t h e  minimum number of p i n s  f o r  c r i t i -  
c a l i t y  i n  water  was 158 + 1 4  a t  a  p i n  p i t c h  o f  0.866 i n .  I n  a d d i t i o n ,  
54 * 11 p i n s  op t imal ly  d i s t r i b u t e d  about a f u e l  element f u l l y  loaded wi th  
275 p i n s  would produce a  c r i t i c a l  con f igu ra t i on .  



HYBRID SIMULATION OF THE LOFT NUCLEAR PLANT 

F. K. Hyer, J .  R .  Venhuizen, D .  J .  Hanson [ 1 I 

A hybrid computer s imula t ion[21  has been developed t o  o b t a i n  t h e  
expected response of t h e  t o t a l  i n t e g r a t e d  Loss of F l u i d  Tes t  F a c i l i t y  
(LOFT) p l a n t .  The s imula t ion ,  developed f o r  s t u d i e s  of p l a n t  c o n t r o l  
and s a f e t y  systems, provides f l e x i b l e  computer models of t h e  p1ant"s  
nonl inear  dynamical behavior .  The phys i ca l  equat ions  have been 
expressed i n  a manner which r e a d i l y  al lows a v a i l a b l e  manufac turer ' s  d a t a  
t o  be e a s i l y  incorpora ted  a s  parameters .  This f e a t u r e  of t h e  s imula t ion  
i s  important i n  t h e  assessment of t h e  design and t h e  r e s u l t a n t  i n t e r -  
a c t i o n  of t h e  a c t u a l  p l a n t  hardware a s  f a b r i c a t e d .  A knowledge of 
t h e  dynamic behavior  of t h e  LOFT r e a c t o r  core  and i t s  a s s o c i a t e d  
pressi. lrizing and hea t  removal systems i s  necessary i n  o v e r a l l  p l a n t  
des ign .  The i n d i v i d u a l  components and systems must be compatible t o  
form an operable  p l a n t .  The .p l an t  must be c o n t r o l l a b l e  and it must 
be designed t o  r e s t r i c t  t h e  p l a n t  v a r i a b l e s  wi th in  acceptab le  s a f e t y  
l i m i t s .  

For t h e  purposes of s imula t ion ,  t h e  LOFT p l a n t  has b.een considered 
as having a  s i n g l e  primary coolant  loop.  Figure 1 i s  a  s i m p l i f i e d  
diagram of t h e  LOFT p l a n t  showing t h e  major system components and 
c o n t r o l  systems. Included i n  t h e  primary coolant  system a r e  t h e  
nuc lear  r e a c t o r  and i t s  a s s o c i a t e d  c o n t r o l  systems, t h e  p r e s s u r i z e r ,  
t h e  t ube  s i d e  of t h e  v e r t i c a l  U-tube steam gene ra to r ,  t h e  canned' 
r o t o r  primary coolant  pumps, and t h e  p ip ing  and v e s s e l s  which con ta in  
t h e  water .  The secondary coolant  system i s  comprised of t h e  s h e l l  
s i d e  of t h e  steam gene ra to r ,  t h e  steam flow c o n t r o l  system, t h e  a i r  
cooled condenser,  t h e  condensate r e c e i v e r ,  and t h e  feedwater c o n t r o l  
system. The P lan t  P r o t e c t i o n  System may u t i l i z e  s i g n a l s  from e i t h e r  
o r  bo th  coolant  systems. 

F igures  2  and 3 show t h e  p a r t i t i o n  of t h e  LOFT p l a n t  i n t o  systems 
f o r  s imula t ion  purposes.  Also shown on t h e s e  f i g u r e s  a r e  t h e  i n t e r -  
a c t i o n s  between t h e  i n d i v i d u a l  systems which a r e  necessary t o  form an . 

i n t e g r a t e d  s imula t ion  of t h e  p l a n t .  Following is  a  b r i e f  d e s c r i p t i o n  
of i n d i v i d u a l  systems s imulated.  

Primary Coolant Loop Simulat ion.  The primary coolant  loop  simula- 
t i o n  models a l l  of t h e  water i n  t h e  primary coolant  system. The simu- 
l a t i o n  i s  capable of v a r i a b l e  t r a n s p o r t  de lay  depending upon t h e  flow 
genera ted  by t h e  pumps. The c a l c u l a t i o n  of n a t u r a l  c i r c u l a t i o n  flow r a t e s  
i s  accomplished by determinat ion of thermal  d r i v i n g  heads. The 
concent ra t ion  i n  t h e  loop of t h e  so lub le  poison,  i e  boron, i s  c a l c u l a t e d  
a s  a  func t ion  of i n p u t s  from t h e  boron c o n t r o l  system. The p r imary ,  
system p res su re  i s  c a l c u l a t e d  from t h e  thermal sh r ink  o r  swe l l  of t h e  
primary system. The p r e s s u r i z e r  surge  r a t e s  a r e  t h e n  based upon t h e  
p re s su re  d i f f e r e n c e  between t h e  primary system and t h e  p r e s s u r i z e r .  
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Figure 3 P a r t i t i o n  of LOFT p lan t  by systems (3eyond secondary steam g e n e r a t o r ) f o r  simulation purposes. 



Heat Generation System Simulat ion.  The hea t  genera t ion  system 
s imula t ion  inc ludes  t , h ~  nilclear r e a c t o r  and it a a s s v c i a t e d  c o n t r o l  
mechanisms. The sinlulst-Lion of neut ron  k i n e t i c s  c o n s i s t s  of a  s i n g l e  
p o i n t ,  t ime dependent s o l u t i o n  of t h e  neutron k i n e t i c s  equat ions  which 
inc1.iides t h e  s i x  delayed groups and t h e  r e a c t i v i t y  e f f e c t s  of moderator 
temperature,  Doppler, so lub le  poison,  and c o n t r o l  r o d s ,  

The core  thermal  model i s  a  s i n g l e  po in t  f u e l  t o  cladding hea t  
t r a n s f e r  model. Var iab le  thermal  conduct iv i ty  from t h e  f u e l  t o  
cladding i s  based on v a r i a b l e  f u e l  thermal  conduct iv i ty  ( a  func t ion  of 
f u e l  tempera ture)  and an expansion model f o r  t h e  f u e l  t o  cladding 
g a s  gap. 

Heat Removal System Simulat ion.  The hea t  removal system s imula t ion  
inc ludes  t h e  secondary, o r  s h e l l  s i d e ,  o f ' t h e  steam genera tor .  The 
water  phases a r e  t r e a t e d  a s  e x i s t i n g  i n  t h r e e  sepa ra t e  subsystems: 
subcooled water ,  s a t u r a t e d  water ,  and s a t u r a t e d  steam. The tl~ermo- 
dynamic s t a t e s  of t h e  s a t u r a t e d  f l u i d s  a r e  used t o  determine t h e  steam 
p res su re .  Liquid l e v e l  i s  simul.a.ted t o  provide a s i g n a l  fur' a  
feedwater - l iqu id  l e v e l  c o n t r o l  system s imula t ion .  The r e c i r c u l a t i o n  
r a t e  of t h e  s a t u r a t e d  water i s  input  a s  a  func t ion  of steam demand. 
Re l i e f  va lves  and a  main steam c o n t r o l  va lve  are, simulated.  

Primary Coolant Hydraulic Simulat ion.  The primary coolant  hydraul ic  
s imula t ion  c a l c u l a t e s  t h e  flow coastdown of t h e  primary system 

- - 

coolant  if e l e c t r i c a l  power t o  t h e  pump d r iv ing  system i s  i n t e r r u p t e d .  
The d e s i r e d  r a t e  of flow coastdown i s  obtained from a f lywheel  
a t t ached  t o  t h e  s h a f t  of t h e  l o c a l  synchronous genera tor  which d r i v e s  
t h e  pump induct ion  motor. E i the r  pump can coas t  down independently 
of t h e  o the r  a l lowing f o r  t h e  p o s s i b i l i t y  of r e v e r s e  flow through a  
pump. Pump e f f i c i e n c y  and f r i c t i o n  l o s s  f a c t o r s  a r e  accounted f o r  
i n  t h e  torque  balance f o r  t h e  r o t a t i n g  machinery. A momentum balance 
on t h e  primary system coo1an.L i s  performed t o  determine t h e  f low 
r a t e  used i n  t h e  primary coolant  loop s imula t ion .  

P r e s s u r i z e r  Simulat ion.  I n  t h e  p r e s s u r i z e r  s imula t ion  t h e  two 
water phases e x i s t i n g  i n  t h e  p r e s s u r i z e r  a r e  considered a s  two 
s e p a r a t e  thermodynamic subsystems. The water can be e i t h e r  subcooled 
o r  s a t u r a t e d ,  and t h e  steam can be e i t h e r  s a t u r a t e d  o r  super-heated. 
Separa te  mass and energy ba lances  a r e  computed i n  t h e  water  and steam 
subsystems, w i th  hea t  t r a n s f e r  a t  t h e  i n t e r f a c e .  The  effect^ of t h e  
primary coolant  surge  r a t e ,  spray f low r a t e ,  h e a t e r s ,  and r e l i e f  
va lves  a r e  used by t h e  s imula t ion  t o  determine p r e s s u r i z e r  p re s su re .  

P l a n t  P r o t e c t i o n  system Simulat ion.  The p l a n t  p r o t e c t i o n  system 
s imula t ion  provides t h e  necessary l o g i c  s i g n a l s  t o  shut  down t h e  
nuc lear  r e a c t o r  i f  s e l e c t e d  p l a n t  v a r i a b l e s  exceed t h e i r  ope ra t ing  limits. 



. A i r  Cooled Condenser Simulation. The a i r  cooled condenser s imula t ion  
inc ludes  t h e  f l u i d  f low and hea t  t r a n s f e r  processes  p o s t u l a t e d  f o r  t h e  
f inned  tubes  i n  t h e  air cooled condenser. The water phases i n  t h e  a i r  
cooled condenser t ubes  a r e  t r e a t e d  as sepa ra t e  s a t u r a t e d  subsystems. 
The hea t  t r a n s f e r  from t h e  condensate,  i e ,  t h e  steam and water ,  
i s  based on an empir ica l  hea t  t r a n s f e r  c o r r e l a t i o n .  A mass balance i s  
performed t o  determine t h e  condensate en t r a ined  i n  t h e  tubes .  A hea t  
balance i s  drawn between t h e  a i r  s i d e  and t h e  condensate s i d e  of  t h e  
tubes .  The a i r  s i d e  hea t  t r a n s f e r  i s  based on hea t  t r a n s f e r  Prom 
f inned  tubes  a s  a func t ion  of a i r  flow. Fan c h a r a c t e r i s t i c s ,  t ube  
bundle a i r  flow p res su re  drops ,  and louver  c h a r a c t e r i s t i c s  a r e  used 
i n  t h e  s imula t ion  t o  determine t h e  a i r  flow. Fan p i t c h  c o n t r o l  i s  
i ~ . s e d  f o r  ~ondensaLe r e c e i v e r  p re s su re  c o n t r o l .  

Cor~densate Receiver Simulation. The condensate r e c e i v e r  s imula t ion  
i s  very  s i m i l a r  t o  t h e  p r e s s u r i z e r  s imula t ion .  The water  phases a r e  
lumped i n t o  two sepa ra t e  subsystems. The water can be e i t h e r  subcooled 
o r  s a t u r a t e d ,  and t h e  steam cari be e i t h e r  s a t u r a t e d  o r  super-heated. 
Separa te  mass and energy ba lances  a r e  computed on t h e  water and steam 
subsystems wi th  hea t  t r a n s f e r  a t  t h e  i n t e r f a c e .  The p re s su re  d i f f e r e n c e  
between t h e  a i r  cooled condenser and condensate r e c e i v e r  i s  assumed 
small  compared t o  t h e  s a t u r a t i o n  p re s su re  i n  t h e  condensate r e c e i v e r .  

Feedwater Flow Control  System Simulat ion.  The feedwater flow 
c o n t r o l  system s imula t ion  inc ludes  t h e  feedwater flow subcooler ,  t h e  
feedwater  pump, and t h e  feedwater f low c o n t r o l  va lve  and i t s  stem 
p o s i t i o n i n g  c o n t r o l  equipment. These components a r e  s imulated t o  
o b t a l n  t h e  feedwater temperature and flow v a r i a b l e s  necessary f o r  t h e  
steam genera tor  s imula t ion .  

Output v a r i a b l e s  a r e  d isp layed  i n  r e a l  t ime on stzi? c h a r t  
r eco rde r s  o r  X-Y p l o t t e r s .  This  a l lows maximum des igner  i n t e r a c t i o n  
i n  t h e  s tudy  of  p l a n t  dynamic behavior .  

Maximum u t i l i z a t i o n  of computing equipment was obta ined  by 
s e l e c t i o n  of a r e a s  of  t h e  o v e r a l l  problem f o r  s o l u t i o n  by t h e  r e s p e c t i v e  
unique c a p a b i l i t i e s  i nhe ren t  i n  d i g i t a l  and analog techniqi3.e~ , a s  
implemented and in t e rcoup led  i n  t h e  hybr id  computing system. An 
example of  t h i s  approach i s  t h e  s o l u t i o n  of t h e  loop  f l u i d  t r a n s p o r t  
i n  t h e  d i g i t a l  p rocessor  and t h e  s o l u t i o n  of t h e  f l u i d  thermodynamic 
s t a t e  by impldc i t  methods us ing  o p e r a t i o n a l  a m p l i f i e r s .  

[ ~ I L o F T  P r o j e c t ,  Aero je t  Nuclear Company 

[2]F.  K. Hyer, J .  R .  Venhuizen, and D.  J .  Hanson, "Hybrid Computer 
Simulation. of t h e  LOFT Nuclear ~ l a n t " ,  Proceedings of t h e  1972 
Summer Computer Simulat ion Conference, San Diego, C a l i f .  C~une  1972) .  
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ALTERNATE FUEL LOADINGS FOR PBF 

A. J. S c o t t ,  E. P a s t  11 I 

The Power B u r s t  F a c i l i t y  (PBF) was des igned  t o  a l l o w  t e s t i n g  
n u c l e a r  f u e l s  t o  m e l t i n g  and v a p o r i z a t i o n  w i t h o u t  endanger ing t h e  
d r i v e r  core .  P r e s e n t  p l a n s  c a l l  f o r  tests w i t h  t h e  d r i v e r  c o r e  
o p e r a t i n g  a t  40 MW s t e a d y  power. S i n c e  t h e  c o r e  d e s i g n  was n o t  
opt imized f o r  t h i s  mode, a l t e r n a t i v e  c o r e  d e s i g n s  have been c o n s i d e r e d  
w i t h  a  view toward i n c r e a s i n g  t h e  a t t a i n a b l e  power d e n s i t i e s  i n  t h e  
test  f u e l .  The f u e l  t y p e s  c o n s i d e r e d  f o r  t h e  replacement  c o r e  were 
l i m i t e d  i n  t h e s e  p r e l i m i n a r y  s t u d i e s  t o  p l a t e  t y p e  ETR f u e l  e lements  
and s t a i n l e s s  steel c l a d  U 0 2  r o d s .  The r e s u l t s  i n d i c a t e  t h a t  new 
c o r e  l o a d i n g s  w i t h  e i t h e r  t y p e  of f u e l  would b e  c a p a b l e  of g e n e r a t i n g  
power d e n s i t i e s  i n  t e s t  f u e l  p i n  c l u s t e r s  a t  least t w i c e  a s  h i g h  as 
t h e  p r e s e n t  PBF d r i v e r  c o r e .  With o p t i m i z a t i o n ,  a f a c t o r  of t h r e e  i n  
performance may b e  p o s s i b l e .  

The p h y s i c s  c a l c u l a t i o n s  were  done w i t h  26-group and 2-group 
d i f f u s i o n  t h e o r y  u s i n g  t h e   MONA^^] and ~ ~ ~ - 7 1 ~ 1  codes ,  r e s p e c - t i v e l y  . 
MONA was used t o  compute a l l  test power d e n s i t i e s .  PDQ-7 w a s  used 
o n l y  t o  i n v e s t i g a t e  l e a k a g e  e f f e c t s  and c o n t r o l  rod  worth  f o r  two 
ETR f u e l e d  c o r e  c o n f i g u r a t i o n s .  D i f f u s i o n  t h e o r y  c o n s t a n t s  f o r  MONA 
and PDQ were  computed w i t h  t h e  PHROG I4 1 and  TEMPEST^^] spectrum 
codes a l o n g  w i t h  s u p p o r t i n g  SN t r a n s p o r t  t h e o r y  c a l c u l a t i o n s ;  Simple 
h e a t  t r a n s f e r  computat ions  were done. t o  gu ide  t h e . p h y s i c s  c a l c u l a ~ i o n s  
and show f e a s i b i l i t y  of f low r a t e s ,  h e a t  f l u x e s ,  e t c . ,  f o r  s e v e r a l  
replacement  c o r e  concep t s .  

[ l ]  P r e s e n t  a d d r e s s :  E a s t e r n  Idaho Nuclear  I n d u s t r i a l ~ C o u n c i l ,  
P. 0 .  Box 2650, Idaho F a l l s ,  Idaho. 

[2 ]  G. E. Putnam, MONA, A Mult igroup One-Dimensional Neut ron ics  
Ana lys i s  Code, USAEC Report  ANCR-1051 (March 1972) .  

[3] W. R. Cadwell e t  a l ,  PDQ-7 Refe rence  Manual, WAPD TM-698 
(January 1967) .  

[4]  R. L. C u r t i s  e t  a l ,  PHROG, A FORTRAN-IV Program t o  Genera te  
F a s t  Neutron S p e c t r a  and Average Mult igroup C o n s t a n t s ,  USAEC 
Report  IN-1435.(Apri l  1971) .  ' 

151 R. H. Shudde and J. Dyer, TEMPEST-11, A Neutron T h e r m a l i z a t i o n  
Code,. TID-18284 .(May 1961) .  



SCATTERING KERNEL FOR ZrHX 

H. L. McMurry, R. L. C u r t i s  El l  

The PBF r e a c t o r  has  a  Z r H  b lanket  reg ion  surrounding t h e  experi-  
mental region.  To determine t i e  spectrum of t h e  neut ron  passing through 
t h e  f i l t e r ,  i t  i s  necessary t o  have proper  r e p r e s e n t a t i o n  of t h e  thermal- 
i z a t i o n  p rope r t i e s .  Recent ENDF/B d a t a  should provide t h i s  bu t  i t  extends 
only over t h e  range 0-1 eV. Our programs r e q u i r e  ke rne l s  over t h e  range 
0-2.38 eV. 

To provide a  "patch ont1 from 1 t o  2.38 eV s c a t t e r i n g  by t h e  H 
atom was computed us ing  an E i n s t e i n  o s c i l l a t o r  model w i t h  a v i b r a t i v n  
energy of 0.13 eV t o  d e s c r i b e  t h e  H atom motions. To g ive  a t  l e a s t  a  
crude r e p r e s e n t a t i o n  of t h e  coupling of t h e  H motions t o  t h e  l a t t i c e  
t h e  atoms were assumed t o  be bound t o  a  mass of 100 atomic u n i t s .  

This  "patch ontt model was t e s t e d  by comparing d i f f e r e n t i a l  c r o s s  
s e c t i o n s  f o r  0.99 eV neut rons  wi th  t h e  ENDFIB r e s u l t s .  Agreement.was 
q u i t e  good. I n  p a r t i c u l a r ,  t h e  resonances i n  t h e  t r a n s f e r  c r o s s  s e c t i o n s  
u(.0.99+E.) f o r  va lues  of Ei such t h a t  Eo+Ei is  a m u l t i p l e  of t h e  0.13 eV 

1 
o s c i l l a t o r  frequency a r e  q u i t e  w e l l  represented .  However,, t h e  c a l c u l a t e d  
average s c a t t e r i n g  count j i  f o r  0.99 eV neut rons  was 0.64 compared wi th  
0.59 from ENDFIB. The t o t a l  c r o s s  s e c t i o n  f o r  an  H atom approaches t h e  
asymptot ic  f r e e  atom l i m i t  a s  Eo becomes l a r g e  i n  a  reasonable  way. The 
dependence of ji on energy i s  a l s o  reasonable.  

[ I ]  Computer Science Branch, Technical  Se rv i ces  Div is ion ,  ANC. 

SCATTWI~G KERNELS FOR H~ 

K. L. McMurry, R. L. C u r t i s  [ 11  

The f u e l  .regfon i n  the gas  c o r e  r e a c t o r  is  surrounded by an  H 2 
b lanket  w2.tG.n W . c h  w t d e  t empera ture  v a r i a t  rons  occur ,  To provide  
a  Tiasis f o r  c a l c u l a t l h g  t h e  s c a t t e r i h g  proper ly  d T f f e r e n t i a l  c r o s s  
s e c t i o n s  were generated f o r  K;! a t  29i3, 1000, 2500, and 50004K. Energy 
t r a n s f e r s -  hvo lv2ng  neutron induced e x c e t a t i o n  and de-exc i ta t ion  of t h e  
0.545 eV i h t e r n a l  vfbcratlon of t h e  molecule were included i n  c a l c u l a t -  
i ng  tfie s c a t t e r i n g  cross.  sectrons- ,  L w e v e r ,  rotational motions were 
t r e a t e d  class$cal ly. ,  The energy r ange  0-2.38 e V  w a s  used f o r  c a l c u l a t i n g  
t h e  293 and 1000QK k e r n e l s  and 0-10 eV f o r  the higher  ene rg i e s ,  

[l] Computer Science Branch, Technical  Se rv i ces  Div is ion ,  ANC. 



IRRADIATION OF PBF TERNARY FUEL PINS IN ETR 

L. G. Miller, A. W. Brown 

seven PBF ternary fuel pins are being irradiated in the ETR at a 
power which will partially melt the center fuel core of one or more pins. 
Since neutron fluxes cannot be determined accurately in the ETRC outside 
the beryllium reflector, a number of calculations were completed to de- 
termine the heat generation rate in each pin when irradiated in the ETR 
M-3 loop. 

Seven and nine pin configurations were studied under various ETR 
conditions along with the original six pin configuration irradiated 
during Cycle 112. The experimental results from the original six pin 
test were used to normalize the calculations f o r  all other pin config- 
urations. 

After the test was irradiated in Cycle 116A, flux wires were 
measured to determine experimental-to-calculated values. It was found 
that both fast and thermal fluxes were not.attenuated as much across the 

, . .. 
experiment as determined by the two-dimensional 4-group diffusion theory , . 

calculations using the PDQ code. This was not surprising since the M-3 . .  , . . 
loop is far out in the reflector from the neutron source. 

Due to dif ferencis in the total loop power new burnup measurements 
were made on a different pin irradiated in Cycle 112. Normalization of 
our calculations to this more accurate burnup measurement has brought 
the experimental and calculated powers to coincide within statistical . . 
accuracies. 

Figure 1 shows a breakdown of the individual fuel pin powers as 
predicted by calc~ulations. Since Cycle 116 will be run to a high burnup 
on the fuel, the three control rods, 7-9-14,,will be pulled to their 
upper limit forcing the power in the MT3 loop to peak just before the 
last three control rods,. 6-12-16, are pulled. The maximum power each 
pin will receive during this power peaking is also shown in Figure 1. 



* Total Pin Heat When Power Peaks in M-3 Loop Due to Control Rods 
7 - 9 - 14 Reaching Upper Limit. 

.gure 1 Fina l  power values f o r  t h e  7 p in  ar ray .  Core condit ions:  Power 
from cycle 116 mock-up, aluminum flow r e s t r i c t o r s  i n  beryl l ium 
p o s i t i o n s . ~ 4  & ~ 4 .  Pin powers correc ted  t o  t h e  cycle 116 A & B 
f l u x  wire data.  



PBF CONTROL BRIDGE DISPLACEMENT MEASUREMENTS 

J .  W. S i e l i n sky  

The Power Burst F a c i l i t y  (PBF) c o n t r o l  Bridge has a resonant  
frequency a t  about 28 Hz and t h e  Trans ien t  Rod Drive System i s  capable 
of e x c i t i n g  t h e  b r idge  a t  i t s  resonant  frequency wi th  t h e  p o s s i b i l i t y  
of exceeding s t r e s s  l i m i t s  i n  t h e  br idge  s t r u c t u r e .  Therefore,  b r i d g e -  
displacement measurement s  were made f o r  t h e  SHAPED BURST, NATURAL BURST, 
and AUXILIARY modes of t r a n s i e n t  rod d r i v e  ope ra t ion .  A t r i p  c i r c u i t  
w a s  corlriected t o  r e v e r s e  t h e  t r a n s i e n t  rods  i f  b r idge  d e f l e c t i o n s  beyond 
+50 m i l s  were o'btained: The r e s u l t s  a r e  summarized below. 

Case 1 SHAPED BURST a t  500 MW without br idge  d e f l e c t i o n  f e d  i n t o  
PBF Reactor Kine t ics  Simulator .  

Burst I n i t i a t i o n  -9.2 m i l s  peak-to-peak b r idge  d e f l e c t i o n  
Burst Shaping -8.3 mi l s  peak-to-peak b r idge  d e f l e c t i o n  

Case 2  SHAPED BURST a t  500 MW wi th  br idge  d e f l e c t i o n  f e d  i n t o  PBF 
Reactor ICinct i c  s 3iinlulst'Lo~~. . . 

Bridge d e f l e c t i o n s  same a s  Case 1 wi th  i n s i g n i f i c a n t  e f f e c t  
on b u r s t  shaping. 

Case 3  SHAPED BURST wi th  1 0  t imes  br idge  d e f l e c t i o n  f e d  i n t o  s imula tor .  

Bridge d e f l e c t i o n  diverged t o  about 80 m i l s  peak-to-peak then  
converged. . Power a l s o  diverged t o  about 225% of t h e  power 
s e t p o i n t  t hen  converged a s  t h e  br idge  d e f l e c t i o n  converged. 

Case 4 NATURAL BURST Mode 

Trans ien t  Rods Fired--Less than  1 0  m i l s  upward d e f l e c t i o n  
Trans ien t  Rods H i t  Shocks--Less than  10 m i l s  downward d e f l e c t i o n .  

Case 5  AUXILIARY Mode--In t h i s  mode t h e  t r a n s i e n t  rod  d r i v e s  were 
d r iven  wi th  t h e  o s c i l l a t o r ,  which was s e t  up f o r  a s i n u s o i d a l  
wave and w a s  swept from 1 0  t o  35 Hz. 

For a d r i v e  command ,of 0.25 i n .  peak-to-peak a maximum'bridge 
d e f l e c t i o n  of about 35 m i l s  peak-to-peak occurred between 
28 and 29 Hz. 

For a d r i v e  command of 0.50 i n .  peak-to-peak t h e . b r i d g e  
d e f l e c t i o n  reached 'a maximum of about 80 mi l s  peak-to-peak. 

For a d r i v e  command of 1 . 0  i n .  peak-to-peak t h e  br idge  
d e f l e c t i o n  t r i p  c i r c u i t  switched t h e  t r a n s i e n t  rod d r i v e s  
i n t o  "reverse" be fo re  t h e  maximum br idge  d e f l e c t i o n  w a s .  
ob ta ined .  The t r i p  c i r c u i t  was s e t  t o  t r i p  a t  + 50 m i l s  
b r idge  d e f l e c t i o n .  



The t r a n s i e n t  rod  system i s  capable of d r i v i n g  t h e  br idge  beyond 
+50 mi l s  d e f l e c t i o n ;  t h e r e f o r e ,  it was recommended t o  PBF Engineering 
t h a t  a permanent br idge  d e f l e c t i o n  c i r c u i t  be i n s t a l l e d  t o  switch t h e  
t r a n s i e n t  rod d r i v e s  t o  r e v e r s e  when t h e  b r idge  d e f l e c t i o n  exceeds 
50 m i l s ,  0 t o  peak. S t r e s s  c a l c u l a t i o n s  of t h e  c o n t r o l  br idge  r e s u l t e d  
2n t h e  s t r e s s  l i m i t s  i n  t h e  beams being exceeded f o r  br idge  d e f l e c t i o n s  
g r e a t e r  t han  about 170 mils, 0 t o  peak. Therefore t h e  50-mil t r i p  would 
provide  a s a f e t y  f a c t o r  of g r e a t e r  t han  a f a c t o r  of t h r e e  f o r  t h e  
c o n t r o l  br idge  s t r u c t u r e .  

PBF TRANSIENT ROD SYSTEM SETUP AND OPERATIONAL TESTS 

J. W. S i e l i n s k y  

The Power Burst F a c i l i t y  (PBF) Trans ien t  Rod System i s  a subsystem 
of t h e  PBF Reactor Control  System. The purpose of t h e  Trans ien t  
Rod Control  System i s  t o  provide t h e  r e a c t i v i t y  c o n t r o l  f o r  t h e  
NATURAL BURST, SHAPED BURST, and POWER SHAPING modes of r e a c t o r  
ope ra t ion .  The Setup and Checkout Manual was completed i n  October 1971. 
The system i n s t a l l a t i o n  was completed i n  November 1971. The se tup  
and checkout p r o c e d u r e s , ~ a l o i ~ g  wi th  t h e  system ope ra t ion  t e s t s ,  were 
completed i n  January 1972. The system i s  now completely ope ra t iona l  
and ready f o r  r e a c t o r  ope ra t ion .  

HYBRID SIMULATION STUDIES OF PBF EXPERIMENT MOP 

J .  W. S i e l i n s k y  

The purpose of t h e s e  s t u d i e s  was t o  determine whether t h e  Power 
Burst  F a c i l i t y  (PBF) Experiment Loop can be l e f t  running o r  shut  
down immediately fol lowing a r e a c t o r  scram when f a c i l i t y  evacuat ion 
occurs ,  without exceeding t h e  maximum s p e c i f i e d  loop  heat-up and 
cool-down r a t e s .  The experiment loop was s imulated on t h e  HYDAC 
Hybrid Computer System and va r ious  cases  were run.  Recommendations 
were made t o  PBF Engineering f o r  loop ope ra t ing  condi t ions  before  
t h e  scram and f o r  loop ope ra to r  a c t i o n s  a f t e r  t h e  scram which would 
minimize t h e  temperature t r a n s i e n t s  i n  t h e  loop  f o r  bo th  loop  
l e f t  running and loop shutdown cases .  



METHOD FOR CALCULATING ENRICHMENTS FOR PBF TEST FUEL 

13. L. Rus l~Lon ,  F. J. Wheeler 

The fuel testing program for the Power Burst Facility includes 
investigating fuel element behavior under accident conditions such as . 
loss of coolant and power coolant mismatch. Establishment of an envi- 
ronment in the test fuel that will provide useful information on such 
accidents will require that the test fuel be properly enriched. The 
fuel pin enrichments will be set such that desired power distributions 
(usually flat) and power levels are established in the test fuel. This 
requires that the calculational model furnish the power level in the 
individual fuel pins. 

The calculational approach developed for PBF enrichment studies 
combines transport and Montecarlo calculations. To set the approximate 
enrichments and to furnish multigroup neutron currents into the test 
space, one-dimensional S6 calculations are performed. These calculations 
represent the entire reactor and provide a basis for norualizing sub- 
sequent Monte Carlo calculations that only represent the geometry within 
the inpile tube. Using the approximate enrichments and using the in- 
coming currents to provi.de th .e  neutron source from the core into the 
test, Monte Carlo calculations are performed to furnish final enrich- 
ment results. This approach was used in the analysis of BWR and PWR 
test loops. 

For the PWR loop, the driver core powec was 40 MW and a linear 
power level of about 20 kW/ft of rod was desired in each pin of a 16 
rod test bundle. For the BWR loop, the driver core power was 20 MW 
and a linear power level of about 2 kW/ft was desired in each pin of a 
25 rod test bundle. The results are summarized -in Table I. 

- 



TABLE I 
\ 

CALCULATED RESULTS FOR BWR AND PWR TEST LOOPS IN PBF TEST SPACE 

Number of 
Test pins* Conditions %Enrichment 

PWR Environment 9.0 

6.0 

5.0 

avg 

11.0 25 BWR Environment 

* 
Pin pitch was 1.8745 cm. 
Fuel was U02 pellets with zircaloy clad. 

Location 

4 central 

8 outer 

4 corner 

1 central 
pin 

middle row 
(8 pins) 

outer row 
(16 .pins) 
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REACTOR PHYSICS CODE EIODIFICATION 

R. A. ~rimese~, G. L. singer1'], R. L. Curtis [ 1 1  

PHROG I1 Fast Neutron Spectrum Code 

The PHROG multigroup fast spectrum code has been used for many 
years as a basic 'fast spectrum design code for calculating spectra and 
fast group cross sections for thermal reactors. A number of mathemat- 
ical and physical~approximations in PHROG limit its applicability and 
accuracy for treating fast reactor systems. The original solution to 
the resolved resonance collision density equations in PHROG was based 
on treating each resonance in an isotope as an independent entity. No 
resonance overlap effects were present in the solution for adjacent 
resonances of the same sequence or any resonances of a different sequence. 
In addition to this, the average resolved resonance cross sections 
calculated were based on the definition of the experimental effective 
resonance integral and involved an approximation to calculate average 
cross sections which did not take into account the shielded resonance 
flux in the vicinity of the resonance. 

This approximation was not serious in dilute resonance systems 
such as found in thermal reactors. However, the resonance cross sections 
calculated for fast reactor fuels were greatly underestimated. Only the 
absorption and fission resonance cross sections were shielded in PHROG 
and no resonance shielding of the elastic scattering matrices was 
possible. 

A new version of this code called PHROG I1 has been written to 
overcome these deficiencies. A continuous solution of the collision 
density equations is now obtained across the whole resolved resonance 
range of a single isotope. For s-wave neutrons, all resonances of both 
spin states are included in the same solution and hence complete res- 
onance overlap effects are present. The exact resonance flux from the 
solution is used in the calculation of average caoss sections. Elastic 
scattering matrices are shielded in the resolved and unresolved resonance 
ranges. The degree of overlap from adjacent resonances is partially 
controlled as an input option specifying the number of resonance neigh- 
bors to be included in calculating the cross sections for a given res- 
onance. 

A significant improvement in shielded resonance cross sections has 
been obtained for typical fast reactor fuel elements using PHROG I1 over 
the earlier version of the code. 

ETOP Modifications 

The ETOP code has been modified to directly process a material 
from ENDFIB format to a multigroup PHROG library eliminating several 
intermediate steps. A PHROG I1 library is created in addition to a 



standard PHROG library. Routines to process a calculated secondary 
energy distribution for inelastic and n-2n cross sections were added. 
A number of modifications were made to subroutines to calculate elastic 
scattering matrices which increase both accuracy and efficiency. The 
processing of resolved resonance parameters was made more efficient by 
processing p-wave resonances from a modified analytic s-wave resonance 
integral rather than from direct numerical integration as in the case 
of s-wave resonances. The p-wave resonances are calculated at infinite 
dilution. 

Only a small error is involved in this approximation for most 
materials while greatly improving the efficiency of the resonance sub- 
routines in ETOP. The greatest objection to this procedure is that the 
p-wave resonances cannot be shielded in PHROG after they have been.pre- 
processed by ETOP. 

[l] Computcr Science Branch, Technical Services Division, ANC. 

CSEWG FAST REACTOR BENCHMARKS FOR VERSION I11 ENDFIB DATA 

R. A. Grimesey, A. W. Brown 

Three fast reactor critical assemblies were studied using Version 
I11 ENDFIB data. This work is part of a continuing effort on the part 
of the Cross Section Evaluation Working Group (CSEWG) to maintain and 
improve the ENDFIB nuclear data files as a basic set of neutron cross 
sections for reactor analysis. The Version I11 data set was developed 
to correct the most outstanding data deficiencies of Version I1 ENDFIB. 
The three critical assemblies studied were ZPR 3  Assy 48, Zebra Core 3 ,  
and Vera 1B. The Version I11 cross section data were processed into 
multigroup sets for use in the PHROG fast spectrum code. 

Multigroup constants from PHROG were then used in MONA and SCAMP 
to obtain critical eigenvalues and activation ratios at the core center 
for the important fissile and fertile isotopes under study. The cal-. 
culated eigenvalues using Version I11 data are compared to the eigen- 
values using Version I1 data in Table I. 



TABLE I 

CALCULATED ELGENVALIJES USING VERSION TI AND VERSION I11 DATA 

Assembly Version I1 Data Version I11 Data 

ZPR3 Assy 48 0.972 ' 1.0017 

ZEBRA Core 3 0.946 0.986 - 

Vera 1B 0.986 0.995 

The isoto es principally responsible for the improvement indicated 
in Table I are 435U, 2 3 8 ~ ,  and 239~u. Fission and capture activation 
ratios for these isotopes are also improved over Version I1 data when 
compared with experiment. Version I11 ENDFIB data for selected materials 
has been processed for use in ANC reactor analysis codes. 



DEVELOPMENT OF STEAM TABLES 

R.  C. Young 

A number of computer codes used w i t h i n  PLerojet f o r  c a l c u l a t i n g  t h e  
flow and h e a t  t r a n s f e r  p r o p e r t i e s  of water  and steam r e q u i r e  thermo- 
dynamic da.ta t o  f a c i l i t a t e  making t h e s e  c a l c u l a t i o n s .  A new formulat ion 
of t h e  thermodynamic . p rope r t i e s  of water  and steam has been prep'ared a s  
a s e t  of numerical t a b l e s ,  wi th  computer r o u t i n e s  t o  i n t e r f a c e  between 
t h e  t a b l e s  and h igher  l e v e l  programs which w i l l  use  t h e  va lues .  The 
t a b l e s  provide t h e  s t a t e  p r o p e r t i e s  r e l a t i n g  t h e f v a r i a b l e s  p re s su re ,  
t empera ture ,  dens i ty ,  enthalpy , e t c  . , t o  one another .  The p r i n c i p a l  
advance i s  t h e  inco rpora t ion  of a  technique  t o  a s su re  t h a t  t h e  output  
va lues  and t h e i r  d e r i v a t i v e s  a r e  smoothly varying func t ions  of t h e  input  
arguments. The previous procedures i n  common use  in t roduced  d i scon t i -  
n u i t i e s  at a  few o r  very many a r t i f i c i a l  boundaries ,  which l e d  t o  numeri- 
c a l  i n s t a b i l i t i e s  i n  c a l c u l a t i n g  t h e  flow of steam under vary ing  condi- 
t i o n s .  The small  jumps due t o  t h e  f i n i t e  computer word l eng th  a r e  of 
course s t i l l  p r e s e n t ,  bu t  t h e  much l a r g e r  breaks caused by moving from 
one i n t e r v a l  of t h e  t a b l e s  t o  another  have been e l imina ted  by t h e  i n t e r -  
p o l a t i o n  techniques.  The d a t a  t a b l e s  a r e  based on t h e  s t a t e  equat ions  
of water  and steam, t h e  1967 IFC Formulation f o r  I n d u s t r i a l  Use, publ ished '  
by t h e  American Socie ty  of Mechanical Engineers[']. 

The i n i t i a l  a p p l i c a t i o n  of t h e s e  r ev i sed  procedures i s  i n  t h e  RELAP 
computer code which c a l c u l a t e s  t h e  d e t a i l e d  flow of high p re s su re  steam 
fron; a complex c i r c u l a t i n g  water  system which has suddenly ruptured .  
However, it i s  expected t h a t  t h e s e  r o u t i n e s  w i l l  a l s o  be incorpora ted  
i n t o  many o t h e r  codes which need t h e  p r o p e r t i e s  of water  o r  steam. 

[ l ]  C.  A. Meyer, R .  B. McClintock, G. J .  S i l v e s t r i , . R .  C .  Spencer,  Jr . ,  
"1967 ASME Steam Tables--Thermodynamic and Transport  P r o p e r t i e s  of 
steam", The American Socie ty  of  Mechanical Engineers ,  New York 
( 1967 . 



CROSS SECTION LIBRARY MAINTENANCE FOR PHROG AND RAFFLE 
. - - 

J. W. Codding 

The PHROG code is  used t o  c a l c u l a t e  multigroup and few group c ros s  
s e c t i o n s  f o r  above-thermal neutrons.. A s  neutron c r o s s  s e c t i o n  evalua- 
t i o n s  a r e  updated, 5t.becomes necessary  t o  i n c o r p o r a t e  t h e  new f i l e s  
i n t o  t h e  PHROG'cross s e c t i o n  l i b r a r y  s o  t h a t  our r e a c t o r  codes can use  
t h e  l a t e s t  c ros s  s e c t i o n  da t a .  

The PHROG l i b r a r y  conta ins  average c ros s  s e c t i o n  d a t a  f o r  many 
m a t e r i a l s  from 0.414 eV t o  10 MeV i n  a 68 equal- le thargy,  fine-group 
s t r u c t u r e .  Ten m a t e r i a l s  i n  t h e  l i b r a r y  have been brought up t o  d a t e  
by replacement w i t h  Version 111 ENDFIB c ros s  s e c t i o n  d a t a ,  and e i g h t  
o t h e r s  have been added t o  t h e  l i b r a r y  from t h e  United Kingdom F i s s i o n  
Product f i l e ,  a s  shown i n  Table I. The ETOP-9 code was used f o r  pro- 
cess ing  t h e  da t a .  

RAFFLE is a Monte Carlo code f o r  c a l c u l a t i n g  neutron d i f fus ion .  
I n  t h e  c r o s s  s e c t i o n  l i b r a r y  used a s  i npu t  t o  RAFFLE, a number of m a t e r i a l s  
have s i m i l a r l y  been brought up t o  d a t e  w i th  Version I11 d a t a ,  and two new 
m a t e r i a l s  have been added ( see  Table 11 ) .  Fine-group e l a s t i c - i n e l a s t i c  
d a t a  were co r r ec t ed ,  where necessary ,  f o r  over lap  of t h e  resonances and 
ine l a ' s t i c  energy ranges. For t hose  i so topes  wi th  reso lved  resonance 
d a t a ,  t h e  unresolved resonance con t r ibu t ion  t o  t h e  absorp t ion  and nu- f i ss ion  
c ros s  s e c t i o n s  was added t o  t h e  background, and t h e  e l a s t i c  (Po) c ros s  
s e c t i o n  was modified i n  t h e  resolved reg ion  s o  t h a t  only t h e  background 
was included.  

TABLE I 

RECENT CHANGES TO THE PHROG LIBRARY 

Mate r i a l  

Plutonium-240 
Oxyg ea-16 
Aluminum 
Chromium 
Manganese-55 
Plutonium-238 
Beryllium-9 
Molybdenum 
Indium-115 
Silver-107 
Silver-109 
Cadmium-110 
Cadmium-111 
Cadmium-112 
Cadmium-113 

Numb e r  



TABLE I (Contd.) 

Material Number 

TABLE I1 

RECENT CHANGES TO THE RAFFLE LIBRARY 

Material 

Uranium-235 
Uranium-23 8 
Plutonium-239 
Oxygen-16 
Aluminum-2 7 
Sodium-23 
Boron-11 
Hafnium 

Ldentif ication Number 



8~ TEST CALCULATIONS 

J. W. Rogers 

2 3 8 ~  i n f i n i t e  medium ca lcu la t ions  were made with t h e  PHROG and 
MC2 codes t o  compare t h e  f a s t  neutron spec t ra  and multigroup neutron 
cross-sect ions generated by each. RABBLE code ca lcu la t ions  were made 
t o  inves t iga te  t h e  se l f -sh ie ld ing of multigroup cross-sect ions of 
2 3 8 ~  i n  t h e  resonance region.  The ca lcu la t ions  with PHROG and Mc2 were 
made t o  examine t h e  d i f ferences  i n  f a s t  neutron spec t ra  obtained from 
each code s ince  they have d i f f e r e n t  methods of handling cross-sect ion 
da ta  and resonance region computations'. This study i s  important t o  
t h e  computation of the  f a s t  neutron spectrum of the  CFRMF i n  t h a t  t h e  
methods of ca lcu la t ion  and se l f -sh ie ld ing can s i g n i f i c a n t l y .  a f f e c t  t h e  
r e s u l t s  obtained. 

PHROG and MC2 a r e  widely used codes f o r  t h e  computation of  f a s t  
neutron spec t ra  and multigroup cros -se t i o n s  and t h e i r  methods of 
ca lcu la t ion  a r e  described elsewhere S1,2P. TO compare these  codes, a 
t e s t  ca lcu la t ion  was s e t  up and run with each code. The standard P-1 
approximation t o  t h e  so lu t ion  of t h e  energy dependent t r anspor t  equation 
was chosen. The mate r i a l  composition was an i n f i n i t e  medium, homogeneous 
mixture of 2 3 8 ~  and 2 3 5 ~  a t  291°K with atom d e n s i t i e s  of 4.765 x lo-* 
and 9.334 x respect ive ly  and a buckling of 6.184 x The source 
spectrum was 2 3 5 ~  f i s s i o n .  The cross-sect ions and source were taken from 
t h e  ENDFIB Version 11. This composition was used because it simulates 
t h a t  of t h e  CFRMF f i l t e r .  The PHROG ca lcu la t ion  was a fine-group 
ca lcu la t ion  with 0.25 le thargy spacing from 10 MeV. The MC2 ca lcu la t ion  
was an ul traf ine-group ca lcu la t ion  collapsed t o  t h e  same fine-group 
s t r u c t u r e  of t h e  PHROG ca lcu la t ion .  

The r e s u l t s  of these  ca lcu la t ions  a r e  shown graphica l ly  i n  Figure 
Down t o  10 keV no appreciable d i f fe rence  i s  seen. Below 10 keV r a t h e r  
l a r g e  d i f ferences  a r e  observed. This ind ica tes  t h e  d i f fe rence  i n  t h e  
way t h e  two codes handle the  resolved resonance region[l,21. The 
ca lcu la ted  spectrum of t h e  CFRMF i n  t h e  resonance region i s  important 
f o r  two reasons. F i r s t ,  t he re  a r e  no f l u  measurements i n  t h i s  region 
and ca lcu la ted  f luxes  a r e  r e l i e d  on e n t i r e l y .  Second, t h i s  region can 
be very important i n  i t s  cont r ibut ion  t o  t h e  r eac t ion  r a t e s  of c e r t a i n  
s t rong resonance absorbing mate r i a l s ,  and i n  order  t o  a c c o u n t f o r t h i s  
proper ly ,  t h e  f l u  needs t o  be known q u i t e  accura te ly  and conf ident ly .  

Both PHROG and MC2 c a l c u l a t e  f luxes  based on i n f i n i t e  d i l u t i o n  
s c a t t e r i n g  cross-sect ions.  Since t h e  f l u  l e v e l  and d i s t r i b u t i o n  a r e  
dependent t o  some ex ten t  on t h e  s c a t t e r i n g  cross-sect ion a ca lcu la t ion  
was made t o  examine t h e  se l f - sh ie ld ing  e f f e c t s  on t h e  s c a t t e r i n g  ross-  
sec t ions  of 2 3 8 ~  i n  t h e  resonance energy region.  The WBLE code 731 
was used f o r  t h i s  ca lcu la t ion  covering t h e  energy region below 4.31 keV. 
The same mate r i a l  composition and group s t r u c t u r e  a s  used i n  t h e  PHROG 
and MC2 ca lcu la t ions  were used i n  t h e  RABBLE ca lcu la t ion .  The r e s u l t s  
of t h i s  ca lcu la t ion  a r e  summarized i n  Table I. These r e s u l t s  i l l u s t r a t e  
t h e  magnitude of s c a t t e r i n g  se l f - sh ie ld ing  i n  t h e  resonance energy region.  



These c a l c u l a t i o n s  show t h a t  i n  computing f l u x  s p e c t r a  i n  c e r t a i n  
geometr ies  t h e  method f o r  handl ing t h e  resonance r eg ion  can make a 
d i f f e r e n c e  below 10 keV. This i n d i c a t e s  t h a t  f o r  t h e s e  cases  t h e  more 
exac t  method f o r  t r e a t i n g  t h e  resonance r eg ion  must be determined. 
Also,  t h e  resonance s c a t t e r i n g  s e l f - s h i e l d i n g  may be  o f  importance. 
Addi t iona l  c a l c u l a t i o n s  should be  made t o  demonstrate t h e  app ropr i a t e  
c a l c u l a t i o n a l  techniques and r e s u l t i n g  e f f e c t s  of resonance s c a t t e r i n g  
s e l f - s h i e l d i n g  on both one- and two-dimensional bases .  

[ J ]  R. L. C u r t i s ,  F. J .  Wheeler, G .  L. S inger ,  and R. A. Grimesey, PHROG-- 
A Forl;ran I V  Program t o  Generate Fas t  Neutron Spec t ra  and Average 
Multigroup Constants ,  USAEC Report IN-1435 ( ~ ~ r i l  1971) .  

[2 ]  B. J .  Toppel, A. L. Rago, and D. M. O'Shen, M C ~ ~  A Code t o  Calcu la te  
Multigroup Cross Sec t ions ,  ANL-7318 ( ~ u n e  1967).  

[3]  P. H .  Kier and A. A. Robba, RABBLE, A Program f o r  Computation of 
Resonance Absorption i n  Mul t i reg ion  Reactor C e l l s ,  ANL-7326 
( ~ ~ r i l  1967).  



TABLE I 

3 8 ~  TOTAL SCATTERING 

0.25 Lethargy 

Group 

Lower 

Energy ( eV ) 

3.36 'X 103 

2.61 x 103 

2:04 x l o 3  . 
1.59 x l o 3  
1.23 x l o 3  

961. i 

Sca t t e r ing  

Inf. Dil. 

14 ..23 

14.18 

19.51 
21.28 

15.85 

23.98 

Scat ter ing Shi e l d e v  

self Shielded /shielded 

11.14 0.783 

11.26 0.794 

10.45 . 0.536 

7.38 0.347 

10.29 0.649 

10.54 0.439 



to' ,  I I I I I I 

- MC' Ultro Fine 
.-.- PHROG Fine 

Energy (MeV) 

Figure 1 2 3 8 ~  f l u x  s p e c t r a  computed with PHROG and #c2. 
A N C - C -  1012 



CFRMF REACTION RATE MEASUREMENTS 

J. W. Rogers 

Reaction r a t e s  from f o i l s  of s e l e c t e d  materia1.s i r r a d i a t e d  i n  t h e  
CFRMF neutron spectrum have been obta ined  by gamma-ray spectrometry 
measurements and a c t i v a t i o n  ana lyses .  This  work was done i n  support  o f  
t h e  I n t e r l a b o r a t o r y  LMFBR Reaction Rate Program (ILRR)  t o  compare a c t i -  
v a t i o n  ana lyses  from va r ious  l a b o r a t o r i e s  and t o  improve f a s t  neutron 
induced r eac t ion - ra t e  measurement techniques and accuracy. It i s  a l s o  
intended t o  improve and perhaps s t anda rd ize  nuc lear  parameters involved 
i n  t h e  measurement of neutron f l u x  and spec t r a .  This  i s  important 
because of t h e  r educ t ion  of  u n c e r t a i n t i e s  i n  design and a n a l y s i s  of  
r e a c t o r s  a s  t h e s e  techniques a r e  made more r e l i a b l e .  

The gamma-ray spectrometry measurements were made,with a 3 i n .  x 3 i n .  
N ~ I ( T ~ )  c r y s t a l  d e t e c t o r  w i th  a source-to-detector  d i s t ance  of  1 0  cm. 
.A 1.024 g/crn2 polys tyrene  absorber  was used t o  s top  t h e  source b e t a  
r a d i a t i o n .  The gamma-ray de t ec t ion  e f f i c i e n c y  of t h e  d e t e c t o r  i s  t h a t  
computed from i t s  known c h a r a c t e r i s t i c s .  The system and techniques a r e  
checked a g a i n s t  sources c a l i b r a t e d  by d i f f e r e n t  techniques and a r e  i n  
e x c e l l e n t  agreement. To e l imina te  t h e  need t o  make high count ing- ra te  
c o r r e c t i o n s ,  most counts  were made a t  decay t imes s u f f i c i e n t l y  long t o  
y i e l d  acceptab ly  low r a t e s .  Where h igh  counting r a t e s  were unavoidable 
and cascade gammas were p r e s e n t ,  co r r ec t ions  f o r  random and co inc iden t  
summing were made. .No c o r r e c t i o n s  have been made f o r  gamma-ray a t tenua-  
t i o n  i n  t h e  f o i l s .  The f o i l s  were c a r e f u l l y  weighed t o  t0.00002 g 
fo l lowing  i r r a d i a t i o n .  Reaction r a t e s  f o r  two d i s t i n c t  groups o f  f o i l s  
were obta ined ,  power l e v e l  monitor f o i l s  f o r  normalizing t h e  CFRMF f l u x  
l e v e l s  and a package of  f o i l s  f o r  ob ta in ing  r e a c t i o n  r a t e s  s e n s i t i v e  
t o  va r ious  neutron energy ranges.  

The monitor f o i l s  were 0.'5-in. diameter 2-mil t h i c k  gold  metal  and 
2-mil t h i c k  indium metal .  A s e t o f  t h e s e  f o i l s  (1 gold  and 1 indium) 
from each ILRR-CFRMF t e s t  was counted. These f o i l s  were always p o s i - ,  
t i o n e d  i n  a s p e c i a l  ho ld ing  device 1 . 5  inches zibove-'the CFRMF c e n t e r .  

The 411 .8-ke~ gamma ray  from t h e  decay of l g 8 ~ u  was counted from 
t h e  gold f o i l s .  I n  a l l  measurements more than  10' counts  were c o l l e c t e d  
i n  t h e  photopeak. I n  o rde r  t o  have accep-tiable counting r a t e s  a t  10 'cm, 
decay t imes of 16 t o  20 days were allowed f o r  t h e  h igher  exposure f o i l s .  
A h a l f - l i f e  of  2.7 days and a branching r a t i o  of  0.955 were used i n  t h e  
gold d a t a  reduct ion .  

The 335-keV gamma r a y  from t h e  decay of  ' ' 5 m ~ n  w a s  counted from 
4 t h e  indium f o i l s .  I n  a l l  measurements more than  1 0  counts  were col- 

l e c t e d  i n  t h e  photopeak ( i n  most ca ses  more than  l o 5  coun t s ) .  Decay 
t imes  -0.f between 20 and 28 hours were allowed so t h a t  good counting 
r a t e s  and a s i n g l e  g m a - p e a k  spectruni were obtained.  A h a l f - l i f e  o f  
4 .5 -hour s  and a branching r a t i o  of 0.47 were used i n  t h e  indium d a t a  
reduct ion .  



Table I summarizes t h e  r e s u l t s  from a l l  t h e  power monitor f o i l s  
measured thus  f a r .  The f i r s t  fou r  t e s t s  were made at a 0.6-kw power 
1 e v e l . s e t t i n g  and t h e  l a s t  f i v e  t e s t s  were made a t  a  power l e v e l  s e t t i n g  
o f  9.75 kW. 

Assuming a  0 . 6 - k ~  power l e v e l  f o r  t h e  t h r e e  t e s t s  made on 2/2/72 
and 2/4/72 a s  a re ference  po in t  and normalizing t h e  higher  power t e s t s  
by comparing t h e  gold and indium r e a c t i o n  r a t e s ,  power l e v e l s  i nd ica t ed  
by t h e  gold  f o i l s  a r e  about 5% lower than  those  iridicaked by t h e  indium 
f o i l s .  The gold-to-indium r a t i o  s p e c t r a l  index shows a s h i f t  between 
t h e  0.6-kw t e s t s  and t h e  h igher  power t e s t s  of about 5%. It i s  known 
t h a t  t h e  temperatures  of  t h e  core components and t h e  monitor f o i l s  a r e  
d i f f e r e n t  a t  t h e  d i f f e r e n t  power l e v e l s  bu t  t h e  magnitude of temperature 
e f f e c t s  on t h e  CFRMF spectrum and t h e  f o i l s  has  no t  been i n v e s t i g a t e d .  

The package of f o i l s  t h a t  was counted and des igna ted  as ANC-I has 
been descr ibed  elsewhere [I] .  The f o i l  package was pos i t i oned  a t  t h e  
c e n t e r  of  t h c  CFRMF. The r e a c t i o n  r a t e  r e s u l t s  a r e  sul~marized i n  Table 
I1 where t h e  f o i l s  a r e  l i s t e d  a s  they  were placed i n  t h e  package from 
t o p  t o  bottom. I n  t h e  a n a l y s i s  of t h e  measurements t h e  most prominent 
and c l e a r l y  def ined  photopeak of t h e  r e a c t i o n  o f  i n t e r e s t  was analyzed. 

The aluminum f o i l s  were counted as soon a s  p o s s i b l e  a f t e r  
i r r a d i a t i o n  i n  o rde r  t o  observe t h e  a c t i v i t y  of t h e  2 7 ~ g  but  f o i l  A l - 1  
w a s  not  counted soon enough t o  see  t h i s  a c t i v i t y .  Following t h e s e  meas- 
urements t h e  f o i l s  were etched i n  NaOH t o  remove any 2 4 ~ a  su r f ace  con- 
tamina t ion .  Af te r  e t ch ing  t h e  f o i l s  were reweighed and counted f o r  t h e  
2 4 ~ a  a c t i v i t y .  No dev ia t ions  i n  t h e  a c t i v i t i e s  from t h e s e  f o i l s  o u t s i d e  
t h e  l i m i t s  of u n c e r t a i n t y  were observable ,  i n d i c a t i n g  t h a t  t h e s e  reac-  
t i o n s  do not  s ee  any f l u x  g rad ien t s  o r  s c a t t e r i n g  and s h i e l d i n g  e f f e c t s  
i n  t h e i r  l o c a t i o n s .  

The gold f o i l s  and t h e  gold-aluminum wire were counted a s  soon a s  
t h e i r  a c t i v i t i e s  were down t o  d e s i r e d  l e v e l s .  The wire  was wound i n t o  a  
0.5-in. diameter f l a t - c o i l  geometry f o r  counting. The very  t h i n  f o i l  a t  
t h e  c e n t e r  of t h e  package and t h e  d i l u t e  gold-aluminum wire  around t h e  
package gave t h e  same a c t i v i t i e s  b u t  were Q3% higher  t han  t h e  a c t i v i t i e s  
of  t h e  t h i c k e r  gold  f o i l s  on t h e  t o p  and bottom of t h e  package. This  
may be i n t e r p r e t e d  t o  suggest  t h a t  t h e r e  i s  some s e l f - s h i e l d i n g  i n  t h e  
t h i c k e r  f o i l s  and t h a t  t h e r e  i s  no observable f l u x  g rad ien t  between t h e  
i n s i d e  and ou t s ide  of t h e  f o i l  package wi th  t h i s  r e a c t i o n .  

The indium f o i l s  a l s o  show no dev ia t ions  o u t s i d e  t h e  l i m i t s  of 
u n c e r t a i n t y  l ead ing  t o  t h e  same concLusions suggested by t h e  2 4 ~ a  
a c t i v i t y  produced i n  t h e  aluminum f o i l s .  

The cobal t  f o i l s  y i e l d e d  a c t i v i t i e s  which imply t h a t  t h e  r e a c t i o n  
r a t e  i n  t h e  middle f o i l  i s  reduced ~ 6 %  by t h e  f o i l s  above and below it. 
Th i s  r e s u l t  suggests  t h a t  t h e r e  may a l s o  be cons iderable  s e l f - sh i e ld ing  
w i t h i n  each f o i l .  



The r e a c t i o n  r a t e s  i n  t h e  t i t an ium f o i l s  agree q u i t e  we l l  wi th  one 
another  a l though l a r g e  u n c e r t a i n t i e s  were irlcurred due t o  low counting 
r a t e s  and t h e  complexity of t h e  gamma-ray spec t r a .  

Since only one f o i l  each of' copper,  n i c k e l ,  i r o n ,  and scandium were 
i n  t h e  package not  much can be s a i d  about t h e  r e a c t i o n  r a t e s  from t h e s e  
f o i l s .  

The 2 3 8 ~  and 2 3 . 5 ~  f i s s i o n  f o i l s  were counted a t  decay t imes  of -14 
days and -85 days,  r e s  e c t i v e l y .  1 4 0 ~ a  f i s s i o n  product y i e l d s  of 6% 
f o r  238LJ and 5.8% f o r  q35U were used i n  t h e  computation of t h e  r e a c t i o n  
r a t e s .  

[I] LMFBR Reaction Rate and Dosimetry Q u a r t e r l y  Progress  Report ,  
December 1971 - February 1972, HEDL-TME 72-45 (March 1972).  



TABLE I 

CFRMF REACTION RATES FROM POWER LEVEL MONITOR FOILS 

Sa tu ra t ed  ~ e a c t i o n ~ ~ ]  Number o f  Power [dl  1 9 7 ~ u ( n , y ) 1 9 8 ~ u  
Test  I d e n t i t y  F o i l   ass(^)[^] Rate by N ~ I ( T ~ )  Measurements ~ e r e l ( l i ~ )  11 5m1n(n,nf ) 11 "In 

F i s s i o n  Chamber NBS Au-AA 0.1216 3.193 x lo-15 
(212172 ~ n - 2 # 1  0.04878 3.956 x 1 

F i s s i o n  Tracks ANL Au-AC 0.1214 3.186 x lo-'' 2(.25%:1 
(214172) In-2#3 0.04802 3.920 x 10-l6 2( .14%:1 I 0.603 8.127 

F i s s i o n  Chamber NBS Au-AE 0.1239 3.193 x lo-15 2(  .74%)) 
(214172) In-2#5 0.04909 3.943 x 10-16 1 

N 
ARHCO-I 
(2181-72) 

ANL- I 
(2115172 

HEDL- I 
(2116172 

ANC-I  
(2129172) 

A I - I  
( 4/11/72) 

[ a ]  Determined by weighing a t  ANC. 

[bl  Events p e r  atom pe r  second. 

[ c ]  The number in parentheses  i s  t h e  es t imated  percent  s tandard  dev ia t ion  on span of  measurer-ents (does not  
inc lude  u n c e r t a i n t i e s  i n  e f f i c i e n c i e s ) .  

[d l  Based on t h e  ave-age of t h e  f i r s t  t h r e e  t e s t s  a t  0.600 kW us ing  t h e  dummy f i s s i o x  chamber f o i l  p o s i t i o n i n g  
arrangement. 



TABLE I1 

CFRMF REACTION RATES FROM ANC-I FOIL SET PACKAGE'a1 

Saturated ~ e a c t i o n  Number of [dl 
F o i l   ass(^) - [b I React ion Rate by Na1 ( T 1 )  Measurements 

Co-1 0.01439 5 9 ~ o ( n , y ) 6 0 ~ o  9.394 x 10-l" - 3( .92%) 

Ni-Tc 0.29538 5 8 ~ i ( n  ,p)  5 8 ~ o  3.055 x lo-15 6(  .31%) 

Fe-A 0.81195 58~e(n ,y ) : :~e  7.566 x 3 0 . 5 6 % )  
5 4 ~ e ( n , p )  Mn 2.203 x 10- l5  3(  .77%) 

4 5 ~ c ( n , y ) 4 6 ~ c  2.956 x 1 0 - l ~  

2 3 5 ~ ( n , f )  140Ba 2.035 x 10- 13Le] 

2 3 8 ~ ( n , f )  140Ba 9.816 x 10- 1 sLel 
1 1 5 m ~ n ( n , n ' )  1 1 5mIn 6.333 x 1 0 - l ~  

1 9 7 ~ u ( n , y ) 1 9 8 ~ u  5.196 x 10- l4  

2 7 ~ 1 ( n , a ) 2 4 ~ a  2.023 x lo-17 
1 9 7 ~ u ( n , y )  lg8Au 5.302 x 1 0 - l ~  

[a ]  Described i n  Reference 1. 

[b] Determined by weighing' a t  ANC ( f i s s i o n  f o i l s  were not weighed a t  ANc). 

[e l  Events per  atom per  second. 

[dl. The number i n  parentheses i s  t h e  estimated standard devia t ion  on span 
of measurements (does not include any u n c e r t a i n t i e s  i n  e f f i c i e n c i e s ) .  

[el  These a r e  a c t u a l l y  f i s s i o n  r a t e s  r a t h e r  than sa tu ra ted  reac t ion  r a t e s .  
, . 

[fl This f o i l  was counted without. copper covers.  



CFRMF FISSION RATE MEASUREMENTS 

J .  W .  Rogers 

Re la t ive  and abso lu t e  f i s s i o n  r a t e  measurements w i th  f i s s i o n  
chambers and f o i l s  have been made i n  t h e  CFRMF. These measurements 
have been made i n  conjunct ion wi th  t h e  f o i l  a c t i v a t i o n  method of 
measuring t h e  neutron spectrum, t h e  de te rmina t ion  of neut ron  f l u x  
g rad ien t s  i n  t h e  CFRMF t e s t  reg ion ,  and t h e  development of dosimetry 
techniques f o r  LMFBR type  s p e c t r a .  This  work i s  important  because 
of c e r t a i n  s a f e t y  and economic f a c t o r s  which r e q u i r e  t h a t  t h e  
p r i n c i p a l  f i s s i o n  r e a c t i o n s  be measurable wi th  an  accuracy of - +5$ 
a t  t h e  95% confidenck l e v e l .  

Axia l  f i s s i o n  r a t e  d i s t r i b u t i o n s  were measured i n  t h e  C F ' W '  
u s ing  both  a c t i v a t i o n  and f i s s i o n  chamber techniques .  The a c t i v a t i o n  
measurements were made by i r r a d i a t i n g  a n  ~ 1 - ~ ~  5~ a l l o y  wire  (10 wt$ 
2 3 5 ~ ,  90 w t $  A l ;  40 m i l  d i a . )  t h a t  was p laced  i n  t h e  C F W  a'nd extended 
from t h e  bottom t o  t h e  t o p  of t h e  t e s t  reg ion .  This  wi re  was then  cu t  
i n t o  0.25 i n .  s e c t i o n s  ( t h i n  f o i l s )  and gross  b e t a  counted t o  ob ta in  2 35u 

f i s s i o n  r a t e  da t a .  The f i s s i o n  chamber measurements were made by 
p o s i t i o n i n g  a  p a r a l l e l  p l a t e  (Kirn  type)  2 3 5 ~  chamber along t h e  a x i s  
of t h e  C F W  t e s t  r eg ion  and observing t h e  p u l s e  counting r a t e s  
r e s u l t i n g  from the '  f i s s i o n  fragment i o n i z a t i o n  i n  t h e  chamber a t  t h e  
va r ious  p o s i t i o n s .  The r e s u l t s  from t h e s e  measurements a r e  presented  
g r a p h i c a l l y  i n  Figure 1. Here it i s  observed t h a t  t h e  r e l a t i v e  f i s s i o n  
r a t e s  from t h e s e  two types  of measurements fo l low t h e  same g e n e r a l  
d i s t r i b u t i o n .  Over t h e  c e n t r a l  p o r t i o n  of t h e  t e s t  reg ion  t h e  f i s s i o n  
r a t e  fol lows a  cosine d i s t r i b u t i o n  and a t  t h e  ends a sharp  inc rease  i s  
observed due t o  t h e  lower energy f l u x  t h e r e .  

' Some a d d i t i o n a l  f i s s i o n  chamber measurements were made over a  
l i m i t e d  reg ion  using a back-to-back  r run dl type)  chamber wi th  2 3 7 ~ p  
and 2 3 9 ~ u  p l a t e s .  Also,  a p a r a l l e l  p l a t e  ( ~ i r n  type)  chamber wi th  
2 3 7 ~ p  was used f o r  ob ta in ing  f i s s i o n  r a t e s  from a th re sho ld  r e a c t i o n .  
The r e s u l t s  of t h e s e  measurements a r e  summarized i n  Table I .  Over 
t h e  c e n t r a l  inch  of t h e  C F W  where most a c t i v a t i o n s  a r e  made, a 
g r a d i e n t  of approximately 0.3% i s  observable.  

TABLE I 

CFRMF YERTICAL RELATIVE FISSION RATES 

Inches Above 
CFW c e n t e r l i n e  2 " ~ ( a )  23?Np(a) 2 37Np 

( b )  2 3 9pu ( b )  

4 0.897 0.934 0.905 0  .glO 

( a )  ANC ( ~ i r n  t y p e )  f i s s i o n  chambers 
( b )  NBS  rundl dl type') f i s s i o n  chambers. 



Absolute f i  s ' o n  r a t e s  i n  t h e  CFRMF have a l s o  been measured wi th  
f i s s i o n  chambersflf  and a c t i v a t i o n  d e t e c t o r s  f u r  2 3 5 ~  arrd 2 3 8 ~ .  The 
f i s s i o n  chamber  r run dl type)  measurements were made a t  0.6 k~  and 
t h e  f i s s i o n  f o i l s  were i r r a d i a t e d  a t  9.75 kW a s  s e t  on t h e  CFRIflF power 
l e v e l  c o n t r o l  system. Indium and gold  power normalizat ion f o i l s  were 
i r r a d i a t e d  w i t h  bo th  t h e  f i s s i o n  chamber measurements and t h e  f i s s i o n  ' 
f o i l s .  The f i s s i o n  f o i l  r e s u l t s  were obtained by counting 1 4 0 ~ a  and 
assuming f i s s i o n  y i e l d s  of 5.8% and 6.0% f o r  2 3 5 ~  and 2 3 " ~ ,  r e s p e c t i v e l y .  
Table I1 summarizes t h e  r e s u l t s  f o r  t h e  abso lu t e  f i s s i o n  r a t e s  obta ined  
a t  t h e  cen te r  of t h e  CFRMF i n  u n i t s  of f i s s i o n s  pe r  atom pe r  second. 

TABLE I1 

CFRMF ABSOLUTE FISSION RATES 
(X 10-14) 

F i s s i o n  F i s s i o n  F o i l  F i s s i o n  F o i l  F i s s i o n  F o i l  
Chamber Power Level Au A c t i v i t y  I n  A c t i v i t y  

Ma te r i a l  a t  0.6 kW Norm. t o  0.6 kW Norm. t o  0.6-kw Norm. t o  0.6-kw 
L 3 5 ~  1.284 . 1.258 1 .371  1.316 

These r e s u l t s  y i e l d  va lues  f o r  t h e  2 3 5 ~ / 2 3 8 ~  f i s s i o n  r a t i o  of 21.33 
and 20.80 from t h e  f i s s i o n  chamber and f i s s i o n  f o i l s ,  r e s p e c t i v e l y .  
No u n c e r t a i n t i e s  a r e  p laced  on t h e s e  numbers as they  a r e  c u r r e n t l y  
being evaluated.  A s  can be  seen t h e r e  a r e  d i sc repanc ie s  i n  t h e  
methods of normalizat ion which a r e  a l s o  being i n v e s t i g a t e d .  

[ l ]  J. A. Grundl, Nat iona l  Bureau of S tandards ,  p r i v a t e  communication 
( 1972) . 
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A knowledge of the reactor power density is necessary on a l l  n m  
care loadings fo r  safety aad asperintental analysis. 

The CFRW power measurements were made using 23 5~ wires placed 
ver t ica l ly  and horizontally throu hout the core. The average f i s s ion  8 rate and average power per gram i n  each element was obtained from 
the above data. 

'She avereige pawet in w a t t s  f o r  each f u e l  element and the peak-40- 
average r a t i o  fo r  the &a1 f lux  dis t r ibut ion i n  each element was then, 
appHed t o  a two-  en sf anal polpvminal program which pr~duced the 
pawer in  waets faic'!each ele~aent and total power %a watts f o r  rke 3CFRkIF 
Gore (gee Figure l)i 

Core Neutron Fl31;#-:Mspri&uZ%on - - - 
i 

Vertical dZg.f'ributipm of f u e l  e?esp*L Tap% the 
d cosine @&l@n, .Mta 

c-4' 
flu d i s t r i b u t h n  tn elepabts,.- P5o Wt 
m Z  tk &%ILtsm tXW7B- 88 d&k +fii H~* 3- P&~U=!, 
ef fec t  on eJ.k&t S Y  which is naxt to? 'I& c a ~ u m : l i ~ b a d  a,$@ spat$&,lew An 

hqxirir&ta~ tl:%~&z~e. ~ I S O ~ ,  ,iho ~ t t p -  of sbg r % k p ~  SB 
skim ip Fjt;g:zt~fw 5. The horA'zaa. ttaufrae of BQN 3 @&%& th ~ ~ m a n c e d  , 
r'lur .- .&epress&o.jls . -- due tu. the ~~ uwt, . . ms kg show Ctr- Figuie:' 6. 

CFRME' Dt.y Tube Vertical l ? l ax ,~ i s t%~but i& - 

The vertgcsl  f l w  &s,tr&k&ion .$h the BEY tube inside t@e @'%@B? 
uni t  is shown fn Figure 7.. The Bery 'rapid f n ~ r e a s e  of f lux  ob~erved 
at the top and bottom of the blokk is due to  ah-1 neutttnw. j?w 
8 s h s  'a 'cutaway Mew of the ClWdF wit. 
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2 .O 3.0 4.0 
X lo4 Fission / Second - g U - 235 

Figure 3 Element D2 ve r t i ca l  traverse. 



X 10' Fission/ Second - g U -'235 

Fi.gi~re 4 Element F3 v e r t i c a l  t raverse .  
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Figure 7 CFRMF v e r t i c a l  t raverse .  
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SPATIAL DEPENDENCE OF REACTIVITY I N  THE CFRMF 

N. F. A l l a rd ,  I. E. Stepan 

Traversing experiments were run i n  t h e  CFRMF t o  determine t h e  
r e a c t i v i t y  e f f e c t s  due t o  t h e  p o s i t i o n  of samples i n . t h e  dry  tube. 

I n  t h e  f i r s t  experiment a  deple ted  uranium s l u g  measuring 1-3/16 in .  
diameter  x-114 i n .  long and weighing 1017.6 g  was t r ave r sed  from t h e  
bottom of t h e  CFRMF t o  t h e  top edge of t h e  block. The n e t  worth of t h e  
sample a t  c e n t e r l i n e  was. -40.41 pk and became p o s i t i v e  a t  both ends of 
t h e  CFRMF block due t o  t h e  thermal  neutrons a s  shown i n  F igure  1. 

The second experiment u t i l i z e d  a smal le r  deple ted  sample t o  
determine i f  sample s i z e  a f f e c t e d  t h e  r e a c t i v i t y  worth. The smal le r  
deple ted  d i s c  measured 1-114 i n .  diameter x  7/16 i n .  long and weighed 506.6 g. 
The r e a c t i v i t y  worth of bo th  samples was 0.04 pk per g  a t  t h e  c e n t e r l i n e .  

I n  t h e  t h i r d  experiment t h e  smal le r  deple ted  uranium d i s c  was 
used along wi th  two deple ted  end caps t o  t r y  and c u t  ou t  t h e  thermal 
neut ron  s t reaming a t  both ends of t h e  CFRMF block. The end caps measure 
1-318 i n .  i n  diameter and 2-518 i n .  long. They were cons t ruc ted  wi th  b o r a l  
p l a t e s  o u t s i d e  t h e  deple ted  uranium t o  s imu la t e  t h e  CFRMF block. The 
thermal neutron e f f e c t  w a s  no t i ced  t o  some ex ten t  a t  bo th  ends of t h e  
curve b u t  no e f f e c t  was seen i n  t h e  c e n t e r . r e g i o n  of t h e  block a s  shown 
i n  F igures  2 and 3.  

These experiments determined t h a t  t h e  b e s t  reg ion  of t h e  block 
t o  make r e a c t i v i t y  measurements w i t h  d i f f e r e n t  s i z e d  samples i s  t h e  
c e n t e r  6  inches.  It a l s o  showed t h a t  t h e  b e s t  device  f o r  t r a v e r s i n g  
samples would be  a  u n i t  designed t o  f i t  above and 'below t h e  r e a c t o r  
core.  This  would e l imina te  t h e  thermal e f f e c t  a t  each end. This  
u n i t  would extend from t h e  cana l  f l o o r ,  t o  a  d i s t a n c e  fou r  f e e t  above 
t h e  core.  With t h i s  system, long samples o r  f u e l  p ins  could be t r ave r sed  
w i t h  s e l f  s h i e l d i n g  having a  minimum e f f e c t  on t h e  r e a c t i v i t y  worth 
of t h e  samples. 
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CFRMF TEMPERATURE COEFFICIENT MEASUREMENT 

I. E. Stepan, N. F. Allard 

The precision required for measurements made in the Coupled Fast 
Reactivity Measurement Facility require an understanding of the magnitude 
of the temperature effects in this system. Even though this effect is 
quite small it can be important-when making precision measurements. 
For this reason a limited study of the temperature coefficient was 
made. 

Measurements were made on the reactor at numerous temperature 
points between 17 and 28OC. The reactor pool was heated stepwise with 
steam and stirred to obtain a uniform temperature throughout. A 
thermistor element located near the reactor served to monitor the 
temperature of the water to O.Ol°C of its value. 

The temperature effect on the reactor when it is critical is 
given in Figure 1. The regulating rod position in servo control was 
translated to reactivity in uk Ak/k) by a calibration curve 
based on period measurements. The temperature coefficient is negative 
and linear over the entire range. The measured value of the temperature 
coefficient is -105 pk/OC. 

Canal Temperoture PC) A N C - B -  1042 

Figure 1 CFRMF temperature r e a c t i v i t y  e f f ec t .  - 



MONTE CARLO CALCULATIONS FOR THE CFRMF 

D. A. Mi l l sap  

A s  r i e s  of c a l c u l a t i o n s  has been made us ing  t h e  Monte Carlo code 
RAFFLEI1? t o  determine i f  c e r t a i n  f e a t u r e s  of t h e  measured f l u x  spectrum 
f o r  t h e  CFRMF (Coupled F a s t  R e a c t i v i t y  Measurement ~ a c i l i t ~ )  could b e  
c a l c u l a t e d  from curren-L ENDF/B c r o s s  s e c t i o n  s e t s .  Previ.ous spectrum 
c a l c u l a t i o n s  f o r  t h e  CFRMFI 1 have shown c o n s i s t e n t  d i f f e r e n c e s  with t h e  
spectrum a s  measured by t h e  p ro ton - reco i l  methodL31. The Monte Carlo 
approach e l imina te s  many of t h e  approximations involved i n  o t h e r  
c a l c  u l a t i u n a l  methods. 

The f l u  spectrum mea,sured by t h e  p ro ton - reco i l  method exhibi ' ls  
s e v e r a l  major peaks and d ips  i n  t h e  energy range above 1 5  keV t o  t h e  
t o p  of i t s  range, about 2.5 MeV. A minor d ip  occurs  a t  about 1 . 0  MeV, 
and major ones occur a t  450 key and 90 keV. The f i r s t  two d ips  corre-  ' 
l a t e  w e l l  with e l a s t i c  s c a t t e r  resonances i n  oxygen, t h e  l a t t e r  two 
w i t h  e l a s t i c  s c a t t e r  resonances i n  aluminum. These m a t e r i a l s  a r e  
p re sen t  i n  t h e  b o r a l  (aluminum) and i n  t h e  thermal  d r i v e r  (a lun~inun 
and wa te r )  The c e n t r a l  f l uxes  c a l c u l a t e d  by t h e  d i f f u s i o n  theory  
code,  MONA[^], show a t  b e s t  a f l a t t e n i n g  of t h e  f l u x  a t  t h e s e  ene rg i e s  
( s e e  F igure  1). However, i n  t h a t  c a l c u l a t i o n  s e v e r a l  f l u x  d ips  do 
occur  i n  t h e  thermal  d r i v e r  which a r e  a l s o  a t t r i b u t a b l e  t o  oxygen and 
aluminum ( a l s o  F igure  l ) ,  though of much smal le r  magnitudes than  shown 
by t h e  pro ton- recoi l  measurement. Thus it seems p l a u s i b l e  t h a t  . the f l u x  
d ips  shown by t h e  measurement d e r i v e  from t h e  a l~~minum and oxygen i n  t h e  
core ;  and t h a t  t h e  d i f f u s i o n  theory  c a l c u l a t i o n  smears out  t h e  s t r u c t u r e  
a s  a  r e s u l t  of t h e  averaging procedures  imposed by t h e  process ing  codes 
i n  ob ta in ing  t h e  1 1 4  l e t h a r g y  u n i t  c r o s s  s e c t i o n s  used i n  MONA. 

Seve ra l  explora tory  c a l c u l a t i o n s  were made wi th  RAFFLE t o  determine 
t h e  adequacy of  t h e  b u i l t - i n  c ros s  s e c t i o n  s e t  and t h e  degree of d e t a i l  
necessary  f o r  a reasonably d e f i n i t i v e  problem. It was found by comparing 
va r ious  i n f i n i t e  medium and few-region RAFFLE problems wi th  previous  
d i f f u s i o n  theory  c a l c u l a t i o n s  thaL l i t t l e  a d d i t i o n a l  f l u x  s t r u c t u r e  would 
be  produced i f  one adhered t o  t h e  b a s i c  1 1 4  l e tha rgy  u n i t  l i b r a r y  of 
RAFFLE. As a  consequence, pointwise d a t a  was inpu t  f o r  aluminum and 
oxygen e l a s t i c  s c a t t e r  s i n c e  t h e s e  were thought t o  be  t h e  p r i n c i p a l  
producers  of t h e  observed d ips  i n  t h e  measured f l u x  (poin twise  c ros s  
s e c t i o n s  a r e  a l r eady  p r e s e n t  only f o r  i n e l a s t i c  s c a t t e r i n g ) .  Also, 
it was decided t h a t  a  f e a t u r e  of  t h e  code which permi ts  e d i t i n g  of 
d i r e c t i o n a l  c u r r e n t s  i n  any a r b i t r a r y  energy s t r u c t u r e  up t o  100 groups 
wo~i ld  b e  used. (1n RAFFLE, f l u x e s  may b e  e d i t e d  unly i n  t h e  1 / 1 1  
l e t h a r g y  u n i t  s t r u c t u r e  of t h e  c ros s  s e c t i o n s .  ) Accordingly , a 1.18 
l e t h a r g y  u n i t  energy s t r u c t u r e  f o r  d i r e c t i o n a l  c u r r e n t s  was used f o r  
subsequent c a l c u l a t i o n s .  The d i r e c t i o n a l  c u r r e n t s  between ad jacent  
reg ions  w i l l  b e  very nea r ly  p ropor t iona l  t o  t h e  f l u x e s  e x i s t i n g  a t  t h e  
boundary. Other RAFFLE c a l c u l a t i o n s  us ing  s i m p l i f i e d  few-region 
c y l i n d r i c a l  models i n d i c a t e d  cons iderable  s e n s i t i v i t y  t o  t h e  moun t  
and r e l a t i v e  l o c a t i o n  of t h e  m a t e r i a l s  of i n t e r e s t ,  p a r t i c u l a r l y  aluminum. 
It was decided t h a t  a  f a i r l y  e x p l i c i t  c a l c u l a t i o n  would be r equ i r ed .  



A diagram of an X-Y p lane  of  t h e  d e t a i l e d  model ultima.t.ely used 
i s  shown i n  Yigure 2. It inco rpora t e s  a s  l i t t l e  homogei~izsLion a s  
p r a c t i c a b l e .  The model extends about 2 .5 cm i n t o  t h e  CFRMF thermal  
d r i v e r ;  t h e  homogenized f u e l  reg ions  ( r eg ions  1 through 1 2 )  a r e  nowhere 
l e s s  t han  2  cm t h i c k .  This  thickrless was found t o  be  adequate  t o  d e f i n e  
t h e  b a s i c  f l u x  spectrum of  t h e  thermal  d r i v e r .  The Z a x i s  was s e t  a t  an 
a r b i t r a r y  1000 cm wi th  no at tempt  t o  r ep re sen t  s t r u c t u r a l  d e t a i l s  i n  t h i s  
d i r e c t i o n  ( a c t u a l  co re  he ight  i s  about 60 cm) . The problem was run a s  a 
c e l l  c a l c u l a t i o n  wi th  a  f i x e d  source i n  t h e  homogenized f u e l  r eg ions ,  
f i s s i o n  daughters  were not fol lowed,  and t h e  e x t e r n a l  boundaries  of t h e  
r e a l  reg ions  were r e f l e c t i v e  boundaries .  ( s ee  Table I f o r  d e s c r i p t i o n  
of r e g i o n s . )  ENDF/B Version-111 c r o s s  s e c t i o n s  were used f o r  a l l  
elwnents except ' O B ,  which was Version-I1 . 

Some of  t h e  important  r e s u l t s  of t h e  RAFFLE c a l c u l a t i o n  a r e  
presented  i n  F igures  3 and 4. Figure  3 compares t h e  c a l c u l a t e d  f l u x  
i n  t h c  cen te r  of the.CFRMF ( i e ,  t h e  d i r e c t i o n a l  cu r r en t  i n t o  t h e  c e n t e r )  
wi th  t h a t  measured by t h e  pro ton- recoi l  method. It i s  seen  t h a t  t h e  
Monte Carlo c a l c u l a t i o n  shows l i t t l e  f l u x  s t r u c t u r e  r e l a t i v e  t o  t h e  
measurement. F igure  4 compares d i r e c t i o n a l  cu r r en t  s p e c t r a  a t  va r ious  . 

i n t e r f a c e s  through t h e  c e l l  c a l c u l a t i o n :  from t h e  wa te r - s t a in l e s s  
conta iner  reg ion  t o  t h e  b o r a l  ( r eg ions  32 t o  3 6 ) ;  from t h e  b o r a l  t o  
t h e  deple ted  uranium block ( reg ions  36 t o  37 ) ;  and from t h e  block t o  
t h e  'OB annulus ( reg ions  37 t o  3 8 ) .  It i s  c l e a r  from t h e  p l o t s  of 
F igure  4 t h a t  t h e r e  i s  s u b s t a n t i a l  s t r u c t u r e  i n  t h e  f l u x  e x t e r n a l  t o  
t h e  deple ted  uranium. There a r e  major f l u x  d ips  a t  35 keV, 90 keV, 
160 keV, 450 keV and a  broad v a l l e y  j u s t  above 1 MeV. Lesser  f l u x  
d ips  occur a t  205 keV and 280 keV. A l l  of t h e s e  could conceivably be  
a s soc i a t ed  with s c a t t e r  resonances i n  oxygen and aluminum. However, t h e  
deple ted  uranium block  v i r t u a l l y  e l imina te s  t h e  s t r u c t u r e ;  on ly  
remnants of t h e  o r i g i n a l  s t r u c t u r e  su rv ive  a t  t h e  inne r  boundary of 
t h e  block. From t h e r e  t o  t h e  cen te r  t h e  spectrum ohape appears  l-i'L'Lle 
changed by t h e  1°B, 2 3 5 ~  and s t a i n l e s s  s t e e l  annu l i .  . It i s  i n t e r e s t i n g  
t h a t  t h e  low energy d i p  (now about 30 k e ~ )  which does su rv ive  i s  not 
shown by t h e  measurement. 

The d e t a i l e d  Monte Carlo c a l c u l a t i o n  c l e a r l y  does not  show t h e  
f l u x  s t r u c t u r e  exh ib i t ed  by t h e  measurement t o  anywhere near  t h e  same 
degree. It i s  a d e f i n i t e  improvement over t h e  previous  d i f f u s i o n  
theory  ca l cu la t io l l  b u t  t h i s  may b e  due t o  t h e  f i n e r  group s t r u c t u r e  
a.s much a s  t o  t h e  powcr of t h e  approach. Addi t iona l  ref inements  could 
be  made which might improve agreement. Pointwise c ros s  s e c t i o n s  could 
be  input  f o r  va r ious  o t h e r  elements such a s  t h e  components of s t a i n l e s s  
s t e e l ,  a n d ' f o r  ' O B .  I r o n  i n  p a r t i c u l a r  has s e v e r a l  resonances i n  t h e  
25 keV t o  300 keV range which might b e  at l e a s t  p a r t l y  r e spons ib l e  f o r  
t h e  observed f l u x  behavior .  The 1°B absorp t ion  c ros s  s e c t i o n s  may be  
having t o o  g r e a t  a  smoothing e f f e c t  on t h e  cu r r en t  through t h e  b o r a l  
simply because t h e  1 / 4  l e tha rgy  u n i t  group s t r u c t u r e  i s  coa r se r  t h a n  
t h a t  ed i t ed .  However, s i n c e  it i s  undeniable t h a t  t h e  dep le t ed  uranlum 
has a dominant inyluence on t h e  c a l c u l a t e d  c e n t r a l  f l u x ,  any a d d i t i o n a l  
work with RAFFLE concerning t h e  CFRMF must c e r t a i n l y  involve  a d e t a i l e d  
check of t h e  c ros s  s e c t i o n  s e t  used f o r  2 3 8 ~ ,  p a r t i c u l a r l y  t h e  i n e l a s t i c  
s c a t t e r  c ros s  s e c t i o n s .  



TABLE I 

INFORMATION PERTINENT' TO CALCULATIONAL MODEL 

M a t e r i a l  Mat e r  i a 1  I so topes  Regions i n  
Number Descr ip t ion  i n  Ma te r i a l  Which Used 

1 Void ----- 4 1  

2 S t a i n l e s s  S t e e l  C r ,  Mn, Ye, N i  40 
(dry tube  ) 

3 2 3 5 ~  Sleeve & 2 3 5 ~ ,  2 3 8 ~ ,  c r y  39 
S . S . Cladd.ings Mn, Fe, N i  

4 l u g  S leeve  & ~ O B ,  I ~ B ,  ~r 38 
S. S . Claddings Mn, Fe,  N i  

5 . Depleted Uranium 2 3 5 ~ ,  2 3 8 ~  3'1 
Block 

6 Boral  C ,  A L ,  "B, "B 33 through 36 

7 S.  S. Container ,  H ,  0 ,  C r ,  Mn 29 through 32  
Water Annulus Fe,  N i  

8 Fuel  Element S ide  H,  0 ,  A 1  13 through 28 
P l a t e s ,  Water 

9 HomogenizedFuel H , O , A l ,  1 through 1 2  
P l a t e s  and Water 2 3 5 ~ ~  2 3 8 ~  

No Vacuum ( ~ e q u i r e d  ----- 43 through 46 
desig- by problem) [ p l u s  42 (bottom) & 
n a t i  or1 47 ( t o p ) ,  not shown] 

[ l ]  W. E. Vesely, F. J. Wheeler,.and R.  S. Marsden, RAFFLE - A General 
F a s t  Reactor Monte Carlo Code, ANCR-1022 ( t o  b e  p ~ ~ h l i s h e d ) .  

121 D. A. Mi l l sap ,  "spectrum Ca lcu la t ions  f o r  The CFRMF", -- Nuclear 
Technology Divis ion  Annual Progress  Report f o r  Pe r iod  Ending 
June 30, 1971, ANcR-1016, pp. 507-509 (1971) .  

131 D.  A. Mi l l sap  and J. W. R o g e r ~ , ~ ~ ~ e c t r u m  Determinations i n  t h e  cFRMF", - - 

Nuclear ~ e c h n o l o ~ ~  Branch i n n u a l  Progress  Report f o r  Per iod  Ending 
June 30, 1969, IN-1317, pp. 277-272 (1970).  

[ 4 ]  G. E. Putnam, MONA - A Multigroup One-Dimensional Neutronics Analysis  
Code, ANCR-1051 (1972).  - 



Lethargy ANC-C-1130 

Figure 1 CFRMF f l u x  a s  ca l cu la t ed  by MONA, va r ious  loca t ions .  



ANC-A-1129 
Figure 2 Deta i led  model used f o r  RAFFLE CFRMF c a l c u l a t i o n s .  



Figure 3 Comparison of c e n t r a l  f l u x  spectrum measured by proton-recoil  
with current  spectrum calcula ted  by RAFFLE. 





CFRMF POWER LEVEL CONTROL AND MONITORING 

J. W; Rogers,.I. E. Stepan 

A study and analysis of the CFRMF power level control and monitor 
systems was made to determine their performance characteristics. This 
work was done because of the need to know very accurately the relative 
(or preferably absolute) neutron flux levels of separate irradiations 
which are related to one another. This is important because both the 
capture integral evaluations of fission prod~~ct, isotopes and the 
~nterlaborator~ LMFBR Reaction Rate measurements depend on related 
flux levels in CFRMF. 

\ 

The setting and controlling of the power 1,evel in the CFRMF is 
accomplished by means of a compensated ion chamber, reference voltage 
source and appropriate amplifiers in conjunction with a servo.controlled . . 
regulating rod. These d.evices control the critical reactor a tla constant preset power level and have been described elsewhere . 
The reference voltage source consists of a voltage power supply, 
potentiometer and two switchable precision resistors (~100 and ~1000). 
The overall stability of this device over the normal range of kmbient 
temperatures is approximately 20.01% 1 2 ]  . The reference voltage 
output was measured as a function of potentiometer setting at both 
precision resistor settings and the results are tabulated in Table I. 

Potentiometer 

* These results are presented relative to the 600 setting on the 
potentiometer. 

In addition to setting and controlling the power level, it is 
necessary to monitor it. The power level of the CFRMF is normally 
monitored by two power level channels, #1 and #2, and are described 
elsewhere ['I . An additional auxiliary power level monitor was 



i n s t a l l e d  a t  the  CFRMF cons i s t ing  of an a u x i l i a r y  2 3 5 ~  f i s s i o n  chainber, 
b a t t e r y  power supply and high s t a b i l i t y  current  ampl i f ie r .  The l i n e a r i t y  
of  t h i s  system over t h e  range of t h e  CFRMF power l e v e l  i s  excel lent [31.  
The output  of t h i s  system is  read d i r e c t l y  on a d i g i t a l  voltmeter .  

The ac tua l  power of t h e  CFRMF reac to r  core a t  t h e  600 x 100 
reference  voltage s e t t i n g  was determined by obta in ing the  5~ f i s s i o n  
r a t e  throughout the  core 14]. Dilute  7 3 5 ~  i n  A 1  wires was used t o  
ob ta in  t h e  f i s s i o n  r a t e  d i s t r i b u t i o n s  and power per  gram of 2 3 5 ~  i n  t h e  
core f u e l  elements. The a c t u a l  power l e v e l  a t  t h i s  s e t t i n g  was found 
t o  be 600 + 12 wa t t s .  

T a b l e I I i s  a compilation of r e s u l t s  obtained from s e v e r a l  monitors 
of t h e  CFRMF power l e v e l  a t  d i f f e r e n t  reference  voltage s e t t i n g s .  The 
gold  a c t i v a t i o n  monitors were 5-mil t h i c k  f o i l s  placed i n  t h e  center  of 
t h e  CFRMF and i r r a d i a t e d  f o r  one hour a t  t h e  d i f f e r e n t  s e t t i n g s .  The 
f o i l s  were counted using standard NaI techniques and t h e  sa tu ra ted  
r e a c t i o n  r a t e s  were computed from the  r e s u l t s .  The 2 3 3 ~  Kirn type 
f i s s j o n  chamber was a l s o  loca ted  a t  t h e  center  of t h e  CFRMF and standard 
pulse  counting e lec t ron ics  were used t o  c o l l e c t  the  f i s s i o n  r a t e  da ta  
from t h i s  chamber. The r e s u l t s  a r e  presented i n  percentage of what was 
obtained r e l a t i v e  t o  t h e  s e t t i n g  of 600 x 100 on t h e  reference  vol tage  
of t h e  power l e v e l  con t ro l  ( se rvo) .  

Based on these  and some subsequent t e s t s ,  t h e  r ep roduc ib i l i ty  of  
t h e  CFRMF power l e v e l  where no movement of the  servo chamber i s  involved 
i s  found t o  be +0.5%. Since t h e  CFRMF is  used t o  make both  reacLivi ty  
measurements a t  low power and i r r a d i a t i o n s  a t  high power, it i s  necessary 
t o  operate with t h e  servo chamber a t  d i f f e r e n t  pos i t ions .  This i s  
necessary s o  t h a t  t h e  chamber output w i l l  be a t  t h e  appropr ia te  l e v e l  
f o r  con t ro l  and s a f e t y  instrumentat ion.  It has been found t h a t  the  
r epos i t ion ing  of  t h e  servo chamber as it i s  now done can cause a 3-5% 
change i n  t h e  a c t u a l  power l e v e l  a t  t h e  same reference  vol tage  s e t t i n g .  
This suggests  t h a t  a more p rec i se  pos i t ioning device f o r  t h e  servo 
chamber would be des i rab le .  

( 1 )  E. E. Burdick e t  a l ,  The Advanced React iv i ty  Measurements 
F a c i l i t i e s ,  IDO-17005 (1964). 

( 2 )  H. R. Hansen, P r i v a t e  Communication (1972). 

( 3 )  R. L. Copyak, P r i v a t e  Comu~uiication (19'72). 

( 4 )  N .  F. Al lard  and I. E. Stepan, "CFRMF Reactor Power Density", 
t h i s  r epor t .  
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TABLE I1 

CPRMF POWER LEVEL CONTROL SETTINGS AND FONITOR READINGS 

Reference Voltage 
S e t t i n g  ( %  of 600x100) 

100 x 100 (16.7)  

340 x 1-00 (56.8)  

500 x 100 (83.5)  

600 x 100 (100.) 

700 x 100 (116.) .  

800 x 100 (133.)  

900 x 100 (150 , )  

1000 x 100 (167.)  

100 x 1000 (167.)  

500 x 1000 (835. ) 

990 x 1000 (1650.)  

Au 
Activat ion 

2 3  33 Kirn 
Fiss ion  Chamber 

5~ Auxiliary 
Fiss ion  Chamber 

- - 

Power Level #1 
C I C  Chamber 

- - - - - - - 

Power Level #2 
C I C  Chamber 

* These values a r e  what vas obtained fo l lowing. the  x 0.10 gain change of t h e  Pre-Amp and ind ica te  
the re  i s  a l i n e a r i t y  problem which i s  being inves t iga ted .  



MEASURZMENT OF FOIL ACTIVITIES FOR THE ILRR PROGRAM 

R. G. Helmer, R.  C. Greenwood 

The ILRR ( ~ n t e r l a b o r a t o r y  LMFBR Reaction ~ a t e s ' )  program has been 
organized t o  develop t h e  c a p a b i l i t y  t o  measure accura te ly  neutron-induced 
r e a c t i o n  r a t e s .  This c a p a b i l i t y  i s  necessary i n  t h e  development of f u e l s  
and o the r  ma te r i a l s  f o r  t h e  W B R .  A goal  of t h e  ILRR program i s  t o  
measure f i s s i o n  and nonf iss ion  reac t ion  r a t e s  by means of gamma-ray 
spectroscopy with accuracies of  about +5% a t  t h e  95% confidence l e v e l .  

I n  t h i s  program, a s e r i e s  of i r r a d i a t i o n s  has been made i n  t h e  
CFRMF (coupled Fas t  React iv i ty  Measurement F a c i l i t y ) .  The gamma-ray 
s p e c t r a  from t h e  f o i l s  from these  i r r a d i a t i o n s  have been measured on 
t h e  ND-3 and OR-5 Ge(Li) de tec to r  systems. Three types of  f o i l s  have 
been counted: 

( a )  a 2 3 5 ~  f o i l  from f o i l  packet Preliminary-I,  

( b )  f lux  monitor f o i l s  from f i v e  nonfission f o i l  packets ,  

( c )  the  twenty f o i l s  from nonf iss ion  f o i l  packet ANC-1. 

One purpose of these  experiments i s  t o  determine t o  what extent  
t h e  counting r e s u l t s  from various l abora to r i e s  agree.  To t h i s  end, four  
i d e n t i c a l  f o i l  packets [ s imi la r  t o  ANC-1 i n  ( c ) ]  were assembled, i r r t id i -  
a ted  i n  CFRMF, and d i s t r i b u t e d  t o  d i f f e r e n t  l a b o r a t o r i e s  ( i  . e . ,  ANL, 
ANC, ARHCO, and HEDL). The monitor f o i l s  (b) were used t o  determine t h e  
r e l a t i v e  neutron exposures of these  four  f o i l  packets a s  we l l  a s  a f i f t h  
i r r a d i a t i o n .  Experiment ( a )  was c a r r i e d  out  t o  determine t h e  neutron 
exposure and sample mass needed t o  produce a quant i ty  of f i s s i o n  products 
t h a t  y i e l d s  a s a t i s f a c t o r y  counting r a t e .  

Preliminary-I F o i l  This f o i l  of 2 3 5 ~  was i r r a d i a t e d  i n  t h e  CFRMF 
f o r  7 hours a t  0.6 kW. The gamma-ray spectrum was observed on two Ge(Li.) 
de tec to r s  over a per iod  from 1 day t o  35 days a f t e r  t h e  i r r a d i a t i o n .  
Due t o  t h e  low a c t i v i t y  l e v e l s ,  t h e  s t a t i s t i c a l  e r r o r s  i n  the  observed 
peak areas  a r e  l a r g e  ( i . e . ,  %I%) i n  s p l t e  of t h e  long counting times 
( i . e . ,  1 1 t o  22 hours) .  Two s p e c t r a  from each de tec to r  were used i n  
t h e  f i n a l  ana lys i s .  Af te r  correc t ing  f o r  source decay and averaging t h e  
r e s u l t s  from t h e  two measurements, the  consistency of t h e  r e s u l t s  f o r  
t h e  two de tec to r s  i s  shown i n  Table I. The gamma-ray emission r a t e s  a r e  
given f o r  t h e  f i s s i o n  products lo3I3u, 9 5 ~ r ,  and lJ1'OLa. Even with these  
l i m i t e d  counting s t a t i s t i c s ,  t h e  r e s u l t s  from t h e  two de tec to r s  agree 
t o  - < 1.2%. 

Monitor Fo i l s  For each of t h e  f o i l  packets  i r r a d i a t e d  i n  t h e  CFRMF 
( f o r  7 o r  i 6  hours a t  10  k ~ ) ,  gold and indium monitor f o i l s  were a l s o  
i r r a d i a t e d  t o  determine t h e  neutron exposure. The gamma-ray s p e c t r a  
from t h e s e  f o i l s  were counted on t h e  ND-3 G e ( ~ i )  de tec to r  system. 

For t h e  indium f o i l s ,  t h e  335-keV gamma ray  of t h e  4.5-h 5 m ~ n  
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a c t i v i t y  was uscd. Although each f o i l  was counted th ree  times ( a f t e r  
about 9 ,  2 5 ,  and 48 hours decay),  because of t h e i r  high s t a t i s t i c a l  
accuracy only the  da ta  from the  f i r s t  measurements were used. These 
r e s u l t s  a r e  given i n  Table I1 i n  t h e  form of "sa tura ted  a c t i v i t i e s " .  
(That i s ,  the  d i s in tegra t ions  per  sec per  atom of the  i so tope  involved 
a t  t h e  end of the  i r r a d i a t i o n  i f  t h e  a c t i v i t y  were s a t u r a t e d . )  

For t h e  gold f o i l s ,  t h e  411-ke~ t r a n s i t i o n  from the  decay of l g 8 ~ u  
was counted. Each f o i l  was measured t h r e e  times over a  per iod  of one 
week and t h e  t h r e e  values were averaged. The r e s u l t s  a r e  given i n  
Table 111. . 

I n  Tables I1 and I11 the  e r r o r s  include only those terms which 
contr ibute  t o  t h e  uncer ta in ty  i n  t h e  r e l a t i v e  a c t i v i t y .  For t h e  indium 
f o i l s ,  t hese  cont r ibut ions  a r e  source pos i t ion  0.4%, peak a rea  0.14-0.21%~ 
and decay cor rec t ion  0.02-0.23%. For the  gold f o i l s ,  s eve ra l  measurements 
a r e  combined s o  t h e  s i t u a t i o n  i s  somewhat more complex, bu t  t h e  e r r o r  
c o n t r i b ~ l t b n s  from individual  runs a r e  source p o s i t i o n  0 . 4 % ~  peak a r e a  
0.07-0.13%, decay cor rec t ion  0.00-0.32%~ and random summing cor rec t ion  
0.06 t o  1.0%. The combined e r r o r  on the  average i s  0.4-0.55%. 

From t h e  da ta  i n  Tables I1 and 111, it appears . t h a t  t h e  f luxes  were 
t h e  same wi th in  about 1% f o r  t h e  l a s t  four i r r a d i a t i o n s .  The ARHCO-1 
packet was exposed t o  3% more meutrons. 

A c t i v i t i e s  From F o i l  Packet ANC-1 The ANC-1 f o i l  packet was 
i r r a d i a t e d  f o r  t h r e e  purposes: 

(1) To compare the  measured a c t i v i t i e s  with those obtained f o r  
similar packets counted a t  o ther  l a b o r a t o r i e s ,  

( 2 )  To measure any f l u x  gradients  across t h e  packet volume, 

( 3 )  To determine t h e  sa tu ra ted  a c t i v i t i e s  f o r  use i n  computing 
t h e  energy d i s t r i b u t i o n  of the  neutron spectrum. 

The packet was i r r a d i a t e d  i n  t h e  CFRMF f o r  7 ,hours a t  10 kW. The 
gamma-ray spectrum of each f o i l  was counted on t h e  ND-3 ~ e ( ~ i )  spec- 
t rometer .  The f l u x  v a r i a t i o n  was t e s t e d . b y  comparing t h e  peak areas 
correc ted  only f o r  source decay and random coincidence summing. After  
averaging t h e  values of t h e  various measurements, t h e  r e s u l t s  i n  Table I V  
were obtained. The uncer t a in t i e s  quoted include cont r ibut ions  from t h e  
peak a reas ,  source pos i t ion ,  decay correc t ion ,  and the  random summing 
correc t ion .  The da ta  f o r  2 7 ~ g ,  2 4 ~ a ,  1 1 6 m ~ n ,  1151n, 6 0 ~ o ,  and 4 6 ~ c  a l l  
a r e  cons is tent  wi th  the  proposi t ion  t h a t  t h e  f l u x  i s  constant  across 
the  packet t o  1% ( a t  l e a s t  f o r  t h e  packet o r i e n t a t i o n  used) .   he l 1  5 m ~ n  
da ta  from t h e  monitor f o i l  i nd ica tes  t h a t  the  f l u x  a t  t h e  monitor pos i t ion  
(about 1 i n .  from t h e  packet ) i s  2% lower than t h a t  a t  t h e  packet.  

The use of four d i f f e r e n t  f o i l  thicknesses complicates t h e  i n t e r -  
pre ta t ion '  of t h e  gold f o i l  da ta .  The two t h i n  samples (0.00005 in .  f o i l  and 
d i l u t e  A 1  a l l o y  wi re )  agree wi th in  <I%, as  do t h e  two medium thickness 
f o i l s  (0.0005 i n . ) .  This r e s u l t  agrees w i t h '  t h e  suggested f l u x  uniformity. 



The f a c t  t h a t  the  th icke r  samples have a  lower sa tu ra ted  a c t i v i t y ,  by 
3%, i s  presumably due t o  se l f - sh ie ld ing  of t h e  neutrons i n  t h e  th icke r  
samples. The gold monitor f o i l  a c t i v i t y  i s  lower by 7% due t o  both t h e  
lower f l u x  and t h e  s e l f  sh ie ld ing .  

The sa tu ra ted  a c t i v i t i e s  per  atom f o r  t h e  f o i l s  i n  t h e  ANC-1 packet 
a r e  given i n  Table V.  No uncer t a in t i e s  a r e  quoted s ince  they a r e  s t i l l  
being evaluated. These values include correc t ions  f o r  random summing, 
but  not f o r  r e a l  coincidence summing o r  f i n i t e  source s i z e  correc t ions  
t o  the  e f f i c i ency  (determined f o r  po in t  sources) .  

TABLE I 

COMPARISON OF GAMMA EMISSION RA'I'ES FROM TWO DETECTORS 

The e r r o r s  include cont r ibut ions  from peak a rea  (A), source p o s i t i o n  
( 0 . 5 % ) ~  and e f f i c i ency  curve in te rpo la t ion  (0 .5%).  

Gamma Gamma W s s i o n  
Isotope Energy ( k e ~ )  Detector Rate (y / sec )  Difference ( % )  

l o 3 ~ u  497 OR- 5 214.3 ( 2  1.0%) 1 .2  5 1.3  
ND- 3  216.8 ( +  0.9%) 

5 ~ r  756 OR- 5 157.0 ( +  1.2%) 1.0 + 1.6 
ND-3 158.5 ( +  1.0%) 

1 4 0 ~ a  1596 OR- 5 1521 ( +  1.2)  0.6 4 1.6 
ND- 3 1530 ( k  1.0%) 



TABU I1 

COMPARISON OF SATURATED ACTIVITIES FOR THE INDIUM MONITOR FOILS 

 ass ["I Sa tu ra t ed  ~ c t i v i t ~  L b l  
Experiment kid ( 1 0 ' ~  dis/sec-atom) - Rat io  lb 

ARHCO-1 49.76. 6.445 + 0.033 1.035 + 0.007 
ANL- 1 48.48 6.225 + 0.026 -1.000 
HEDL- 1 48.40 6.280 + 0.027 , 1.009 + 0.006 
ANC-1 48.05 6.190 + 0.027 0.994 + 0.006 
AI-1 50.10 6.205 + 0.028 0.997 + 0.006 

- .  

[ a ]  ANC va lues  determined a f t e r  i r r a d i a t i o n .  

. ' [ b l ~ h e s e  e r r o r s  a r e  d iscussed  i n  t h e  t e x t .  

TABLE I11 

COMPARISON OF SATURATED ACTIVITIES FOR THE GOLD MO?$ITOR,FOILS 

Sa tu ra t ed  ~ c t i v i t ~  ["I 
Experiment ( 1 0 - l ~  dis/sec-atom) - ~ a t i o [ " ]  

ARHCO-1 . 5.102 + 0.020 
ANL-1 4.970 + 0.022 
HEDL- 1 4.910 + 0.022 
mc-1 4.962 + 0.020 
AI-1 4.891 + 0.027 

[a] The e r r o r s  a r e  d iscussed  i n  t h e  t e x t .  



TABLE I V  

COMPARISON OF SIMILAR FOIL ACTIVITIES FROM ANC-1 PACKET 

F o i l  
A l - 3  

AU- 2 
AU-1 

P i k t e  
wire 

AU-AM 

In-3 
In- 2 
In- 1 

In-3 
In- 2 
In-1 
In-2-13 

Location 
t o p  
middle 
bottom 

.Lop 
middle 
bottom 

top  
middle 
bottom 
a,round 
packet 
monitor 
p o s i t i o n  

t o p  
middle 
bottom 

top  
middle 
bottom 
monitor 
p o s i t i o n  

top["] 
middle 
bottom 

top[bl 
bottom 

Rela t ive  Act iv i ty  
(per  u n i t  mass) 
-1.000 

[a]The Au samples were of t h e  following thicknesses:  Au-2 and Au-1 
(bottom) 0.0005 i n . ,  Au-1 (middle) 0.00005 in . ,  Au-AM 0.002 i n . ,  and 
t h e  wire was a d i l u t e  mixture of Au i n  A l .  

[b] These f o i l s  were adjacent  i n  t h i s  packet .  

[c]The source p o s i t i o n  e r r o r  i s  not included i n  e r r o r  es t imate .  For a l l  
t h e  6 0 ~ o  sources,  it was necessary t o  count the  samples d i r e c t l y  on 
top  of t h e  de tec to r  cap (source-to-detector d is tance  % 1 cm) and thus  
it i s  r a t h e r  d i f f i c u l t  f o r  us t o  es t imate  a r e l a t i v e  source p o s i t i o n  
e r r o r .  



TARTR V 

SATURATED ACTIVITIES OF FOILS FROM ANC-1 PACKET 

Foil -. Isotope 

fi-3 7 ~ g  
Al-2 

Al-3 
Al- 2 
Al- 1 

Au- 2 ' 8 ~ u  
Au-1 ( .00005 in. ) ' 

Au-1 ( .0005 in. ) 
Au-A1 wire 
Au-AM monitor 

In- 3 1 1 5m1, 
In- 2 
In- 1 
In- 2- 13. monitor 

CO-3 
Co- 2 
Co-1 

Number of 
Measurements 

'2 
1 

Saturated Activity 
10-1 dis/sec-atom 

370.4 per atom 5 ~ n  
367.6 
365.8 

63.11 per atom 151n 
63.69 

30.81 per atom 58~i 

21.15 per atom 5 4 ~ e  

0.08887 per atom 4 8 ~ i  

5.441 per atom 4 7 ~ i  

3.261 per atom 4 6 ~ i  
3.319 

119.1 per atom 2 3  5~ 

5.793 per atom 23'8~ 

[a] Only one measurement of the 2 4 ~ a  activity was made at a source- 
detector distance of 10 cm, all other measurements were at %5cm. 

[b] Only one measurement of the 6'0~o activity was made at a source- 
detector distance of 10 cm, all other measurements were at Q1 cm. 



FLOW TESTS FOR THE GAS CORE NUCLEAR.ROCKET 

J. F. Kunze, C. G. Cooper, D.  H. Suckling, J. H. Lofthouse 

The gas  c o r e  nuc lear  rocke t ,  schemat ica l ly  shown In Figure  1, lias 
long been considered t h e  u l t i m a t e  i n  s p e c i f i c  impulse c a p a b i l i t y  f o r  
space  p ropu l s ion [ ly21 .  Recent cons ide ra t ions  of t h e  c a p a b i l i t i e s  f o r  
t h i s  system[31 consider  engines w i th  s p e c i f i c  impulses a s  h igh  a s  4400 
seconds, w i t h  6000 MW power and 10  l b / s e c  hydrogen p rope l l an t  flow r a t e s .  
Mass flow r a t e  l o s s  r a t i o s  of t h e  nuc lear  f u e l  ( 2 3 5 ~  o r  2 3 3 ~ )  t o  t h a t  of 
the p rope l l an t  a r e  hoped t o  be  i n  t h e  range of 1% o r  less. Discharge 
temperatures  through t h e  nozz le  of a s  h igh  a s  30,000°R a r e  considered 
feas ib leL3]  even though present-day chemical rocke t  d i scharges  a r e  only 
a s  h igh  a s  7 5 0 0 " ~ .  

This  concept has  been s tud ied  experimental ly  I n  a  number of labora-  
t o r i e s .  The flow p a t t e r n s ,  w i t h . h i g h  r a t i o s  of ou te r  t o  i nne r  gas  flow 
r a t e s ,  have been s tud ied  previous ly  i n  c y l i n d r i c a l  geometry experiments [ 4 9 5 1  . 
C r i t i c a l  experiments t o  s tudy t h e  r e a c t o r  physics  c h a r a c t e r i s t i c s  of a  d i l u t e  
gas  co re  surrounded w i t h  hydrogen and a  low absorp t ion  moderator (heavy water)  
have a l s o  been repor ted[6 ,71 .  The i d e a l  geometry f o r  c r i t i c a l i t y  i s  a sphere ,  
w i t h . l a r g e  volume f r a c t i o n  of c e n t r a l  f i s s i l e  m a t e r i a l  i n  t h e  gaseous cav i ty .  
In 1969, ~ a n z o [ 8 ]  performed t h e  f i r s t  s p h e r i c a l  geometry flow experiments and 
found t h a t  f low p a t t e r n s  could be a t t a i n e d  t h a t  o s t e n s i b l y  would c r e a t e  a  
con f igu ra t ion  capable of a t t a i n i n g  nuc lear  c r i t i c a l i t y  w i t h  gas  p re s su res  
i n  t h e  c a v i t y  which would no t  be  imprac t i ca l  f o r  an ope ra t ing  system ( l e s s  
than  1000 atm p res su re ) .  S ince  t h a t  time, a s e r i e s  of flow experiments on 
s p h e r i c a l  o r  pseudo-spherical chambers has  been conducted a t  Aerojet  
Nuclear,  w i t h  d i r e c t  cons ide ra t ion  being given t o  e s t a b l i s h i n g  those  condi- 
t i o n s  which a r e  nuc lea r ly  f e a s i b l e  a s  w e l l  a s  economically p r a c t i c a l .  The 
goa l s  a r e  minimum c a v i t y  p re s su res ,  maximum prope l l an t  t o  nuc lea r  f u e l  flow 
rate r a t i o s ,  minimum r e a c t o r  s i ze , '  and, more r e c e n t l y ,  o v e r a l l  low flow r a t e s  
t o  correspond t o  low t h r u s t  condi t ions  f o r  t h e  a p p l i c a t i o n  rocket .  

F igure  2 shows a  t y p i c a l  s e t  of flow p a t t e r n s ,  i n  which t h e  inner  gas ,  
s imula t ing  t h e  uranium gas i n  t h e  a c t u a l  rocke t ,  has  been co lored  w i t h  smoke. 
A i r  has been used a s  t h e  o u t e r  gas  i n  a l l  t e s t s ,  w h i l e . t h e  inne r  gas  has  
been a i r ,  argon, and f r eon .  This  combination enables  one t o  s tudy  t h e  
buoyancy e f f e c t s  of gases  of d i f f e r e n t  d e n s i t i e s .  I n  t h e  opera t ing  rocke t ,  
t h e  ho t  uranium gas  i n  t h e  cen te r  w i l l  be  about fou r  t i m e s  heavier  than  t h e  
coo le r  hydrogen gas  surrounding i t .  

The fol lowing conclus ions  can b e  drawn from t h e  flow t e s t i n g  performed 
t o  da t e .  

1. Obtaining h ighvo lume  f low r a t e  r a t i o s  w i t h  high f u e l  volume f r a c t i o n  
can be achieved by proper ly  d i r e c t i n g  a  h i g h  v e l o c i t y  o u t e r  gas  flow 
stream t a n g e n t i a l l y  along t h e  c a v i t y  wal l .  The r e s u l t i n g  high-shear, 
t u rbu len t ,  high-veloci ty  stream is  nominally bu t  a  few inches t h i c k  
(5 2 inches i n  t h e  18-inch diameter test, c 4 i n  t h e  36-inch diameter 
t e s t s ) ,  . 



2. Recirculation within the in te r ior  region of the central  gas appears 
a t  present to  be desirable and even necessary t o  assure good dis- 
persal of the heavy inner gas throughout a large portion of the 
cavity. 

3. The penalty of a low radius r a t i o  (of inner gas radius/cavity 
radius) is more severe than the mix%% of hydrogen and uranium 
i n  the cavity inter ior .  l a t t e r  is i n  fac t  s l igh t ly  beneficial  
except near the  outer edge of the fue l  region. 

4. Keavier gases a s  the  central  gas show a noticeable gravi tat ional  
effect.  They f i l l  the cavity l e s s  easily,  and tend t o  t rave l  
d i rec t ly  downward toward the exhaust nozzle. The direct ion of the  
gravi tat ional  force corresponds to  the i n e r t i a l  force direct ion i n  
an accelerating rocket. I 

5 .  Volume flow r a t e  r a t i o s  of outer t o  inner gas of 100/1 t o  200/1 can 
give very sat isfactory uranium fue l  dis t r ibut ions and volume fractions,  
the l a t t e r  i n  the range of 33% fo r  spherically shaped cavities.  
However, such desirable  resu l t s  weremost readily obtained with gases 
of equal denefty. ttben gases of d i f fe rent  densities, were .tested, not 
only w e r e  flow dis$rifiution patterns s l igh t ly  l e s s  sat isfactory,  for  
the same volume f l &  r a t e  ratfos ,  but the mass f l o w  rate r a t i o  was 
automattcally reduced by the r a t i o  of the gas densit ies.  

a The above conclusfons are with teference t o  the fundamental goal of 
achieving flow dis tr ibut ions i n  the cavity which: w i l l  permit !he gas 
core reactor to  be c r i t i c a l  with as low a s  poseible cavi ty pressure, 
hence as  l o w  as pract ical  a s t ruc tura l  weight f o r  the  rocket engine. 

[I] G, Safanov (1955 Rand ~ o r ~ o r a t i o n  Report). 

121 - F. E. Ram, NASA TM-X-52644 (October 1969). 

[3] M. F. Taylor e t  a l ,  p. 179 of Proceedings of 2nd Symposium on 
Uranim Plasmas ( A m ,  November 1971). 

[4] J* C. Bennett and B. V. Johnson, Experimental Study of One- and Two 
Component Low-Turbulence - -  - ~ o n f ~ n e d  Axial Flows, MSA CR-1851 ( ~ u n e  1971). 

[5] H. Weinstein e t  a l ,  Turbulence i n  the Mixing Region Between Ducted - 
Coaxial Streams, NASA CR-1335 CJuly 1969). 

[61 J. F. Kunze, G. D. Pincack, and R. E. Hyland, "Cavity Reactor Cr i t ica l  
Experiments", Nuclear Applications 6, p. 104 (1969). 

[7] J. F. lhnze e t  a l ,  "Benchmark Gas Core Cr i t ica l  Experiment", Nuclear 
Science and Engineering 47, p . 59 (1972) . 

[81 C. D. Laazo, "A Flow Experiment on a .  Curved-Porous-Wall-Gas-Core 
Reactor Geometry", Nuclear Applications and Technology 8, p. 7 (1970). 



GAS-CORE NUCLEAR ROCKET CONCEPT 



Center gas 4'cfm of air- Center gas 4 cfm of argon 
Outer gas 200 cfm of air Outer gas 200 cfm of air 

"Two dimensional" sphere, 18 in. dia. "Two dimensional" sphere, 18 in. dia. 

Center gas 1 cfm of air Center gas 6 cfm air 
Outer gas 150 cfm of air Outer gas 550 cfm air 

Spherical cavity,l8 in. dia. "Two dimensional" sphere, 36 in.  dia. 

Figure 2 Typical examples of cold flow t e s t s  on gas core configuration. 
Central gas i s  "colored" by smoke. 



FEASIBILITY STUDY OF FULL-REACTOR CORE DEMONSTRATION TEST 

J. F. Kunze, J. H. Lofthouse, C. J. Shaffer g ,  M. Brugger 
7i+ +>pz ,k ' . ;r;Z 9'. 5. 

NASA i s  act ively interested i n  developing'$bre powerful rocket >.: \: 

engines than NERVA. Such an engine could be the  gas core reactor and 
development t o  date has produced no data tha t  indicate tha t  t h i s  
engine concept w i l l  not work. The next s tep i n  the  development mighL 
%e a demonstration. The summary of our f e a s i b i l i t y  study is: 

I 

,mi-J.+<>. , ,  Y75-,.. 
. - ., .. fib, r - 

"This report considers the  f eas ib i l i t y  of a small scale,  but 
- .  -5 s t i l l  full-operating, gas core reactor demonstration t e s t .  The 
, , - report  compares the  operating conditions, t e s t  r e su l t s ,  and costs . " ', 

with those of the  'Mini-Cavity' demonstration concept. 

"The s m a l l  scale,  full-reactor concept usfng hydrogen coolant 
involves a strong dependence of maximum available discharge tempera- 
tu re  on cavity s ize.  A 4-ft diameter cavity, for  instance, appears 
limited t o  a discharge temperature of about 4 0 0 0 ~ ~ .  The cause of 
this l imitat ion i s  the  strong negative reac t iv i ty  e f fec t  of up- 
scattering fram the hydrogen. 

"costs of the  small scale full-operating gas core reactor 
demonstration compare favorably with those of the 'Mini-Cavity' 
concept, being only a nominal 25% higher than fo r  the 'Mini-Cavity'. 
We f e e l  the advantage of effectively demonstrating the f e a s i b i l i t y  
of the  gas core concept def ini te ly favors the  full-reactor demon- 
s t r a t ion  t e s t . "  

- - 
(;+; -> :.: , 

. r . I I.,. \ 

l p -  ha- ; ./.A 



NUCLEAR DESIGN STUDY FOR POWER TESTING A GAS CORE REACTOR 

3. F. Kunze, J. H. Lofthouse, C. J. Shaffer 

A study has been performed to  determine the engineering scope, costs,  
and problems of testing, on earth,  the  gas core nuclear rocket concept. 
The principal purpose was to  find the minimum sized reactor system tha t  
could perform an effect ive test, and what the approximate lower l i m i t  of 
costs  would be. 

The  nuclear deaQn for  a gaa care  Reactor pregents some unusual 
reactor p h p i c s  problem of a type not encountwed $n conyent%onal 
reactor des&n, Fundamentally, the concept of a gas core reactor 2s 
one fa W c h  the central  reactor core consists of very Ti&h temperature 
gaseous uranium, surrounded hg the 3410 P coolant, ~ C F A  fs hydrogen 
%n the  case of tk rocket a p p l i c a t ~ n r  Pfgure 1 shows the  general 
concept. T h e  cavi ty contabiag  tFie uranfum fue l  and tBe hflrogen coolant 
is surrounded 6y a moderator w$th a highmoderating ra t io .  The moderator 
considered i n  tUs design study is DP, Some of tlie problems which deal 
e t h  correlatfon of room t a p e r a t u r e  crf tScal  experfments using multi- 
energy-group numerical calculat2onal t ech iques  a r e  discussed i n  References 
2, 3, and 4. The principal d i f f i cu l t i e s  found with the calculation of cold 
~nomindly  room temperatuts) gas core reactors were as  fallows: 

1. The uranium core  bad a higk r a t i o  of absorption to  scattering, 
maUw diffusron the07 not applicable without the  use of 
spec%-ally modtfied dEfPus20n coefficients. Use of transport 
theory is v i r tua l ly  a requftrement. 

2. Tht2 scatterrng effects  of the  hydrogen propellant mater2al 
Csb~ulated] were much more important t h n  tke hydrogen 
absorpt2on effects.  The correct scat ter ing kernel f o r  the 
parti-cular moZecule must lie used i n  order t o  obtain the 
correct "dif fus2on Garr2erV effect  . 

3. Because of the  sensit&v&ty of the resul t s  t o  the scat ter ing 
law, a multi-thermal group s tructure is required. This be- 
comes even more important f o r  high temperature operation where 
the  hydrogen propellant has rnuchhigher energy tha t  the  thermal 
neutrons emanating from the  reflector-moderator of D 0. Multi- 
thermal groups, with upscattering,* c rea te  d i f f i c u l d e s  i n  
achieving convergence of the numerical solutions. This problem 
is enhanced by the long mean f r e e  paths i n  the  system and the  
high importance of neutrons deep i n  the ref lector .  

* En the multi-enexgy-group numeri-cal calculat%ona, solutions a r e  made 
from tb top energy group wr- down. WEien upscatterfng is present, 
t he  lower energy group fluxes from t ~ p r w j i o u s  i t e ra t ion  a r e  the 
Best that 2s available f o r  calculatron of the  upscattering source terms. 
This r e su l t s  i n  a slow convergence on energy group fluxes a s  w e l l  a s  on 
spa t i a l  and angular fluxes. 



4. T h e  low densi ty  core  with poor sca t te r ing  c rea tes  ray prob- 
l e m  e f f e c t s  i n  t w o ~ ~ e n s i o n a l  S calcula t ions  where the Sn 
d e t a i l  is small (such. a s  4). ~ds, plus  the long running 
times fo r  two-dimensional t ranspor t  problems, make such cal- 
cula t ions  too costly.. One-dimensional approxiraatZons are 
needed t o  the t r u e  geonetry, i f  computer c o s t s  are t o  be 
kept reasonable. 

The problems above can only be  expected t o  be compounded by 
t h e  t r ans i t i on  t o  high temperature calculations.  The main problem here 
l i e s  wi th  proper accounting of neutron u p s c a t t e r  i n  the hot hydrogen 
coolant region of t h e  cavity. 

A design study conducted f o r  a gas core  reac tor  system which could 
be power t es ted  on the  ground, a t  nominal f u e l  temperatures i n  t he  
range of 2500°K t o  5000QK and zoned hydrogen coolant temperatures from 
room temperature t o  5000°K, i l l u s t r a t e s  t h e  magnitude of t h i s  problem for 
the designer. 

Figures 2 and 3 i l l u s t r a t e  the  energy and temperature dependence 
of the t o t a l  (molecular) hydrogen cross  sec t ion  and t h e  angular sca t te r ing  
d i s t r i bu t i on  fo r  t h e  several  temperatures used i n  t he  ca lcu la t iona l  model. 
Of spec ia l  s ignif icance is the  d r a s t i c  up-scattering e f f e c t  on thermal 
energy neutrons by hydrogen a t  elevated temperatures. This e f f ec t  has a 
most pronounced influence on t h e  calcula t ional  r e su l t s .  The molecular 
hydrogen model used f o r  creat ing thermal neutron sca t te r ing  kernels,  allowed 
f o r  harmonic v ibra t ion  w i t h  a quantum l e v e l  spacing of 0.545 eV (a spring 

q .  

type arrangement). This model should be r e a l i s t i c  and appears t o  give 
about t he  same t o t a l  cross sec t ion  vs  energy a s  a f r e e  atom model. Thus 
a t  5000°K, t h e  amount of molecular d i s soc ia t ion  w i l l  have a neg l ig ib le  
e f f e c t  on t h e  s ca t t e r i ng  propert ies.  

The r e s u l t s  of calcula t ions  using t ranspor t  theory shows a strong 
negative reactivity-temperature coef f ic ien t  i n  t h e  range of -7XAk per 
1000°K of propellant  discharge temperature. Furthermore t h e  l a rger  t he  
cavi ty  t h e  higher w i l l  be t h e  system mult ip l icat ion f ac to r  f o r  given 
condit ions of temperatures, pressure, and radius  r a t i o .  Thus, t he  l a rger  
t h e  system, thehigher  operating temperatures and discharge temperature 
w i l l  be possible. Perhaps t h e  most s t a r t l i n g  r e s u l t  from t h e  study is 
t h a t  t h e  pressure coef f ic ien t  of r e a c t i v i t y  is  negative, a t  l e a s t  f o r  
the condit ions assumed i n  the study. This fu r ther  i l l u s t r a t e s  that t he  
hydrogen penalty is indeed severe, so  much so t h a t  above 100 atmospheres 
t h e  addi t ion of fuel v i a  an increase  i n  pressure was  more than o f f s e t  by 
t h e  negative e f f ec t  of t he  corresponding increase i n  hydrogen. 

I n  summary, t h e  hydrogen de f in i t e ly  limits t h e  performance of a 
rocket. The performance can be increased by increasing t h e  reactor  s i z e  
and hence cos t  of the  t e s t .  But t h i s  hydrogen e f f ec t  is so complex and 
e s sen t i a l l y  without precedent i n  the  h i s to ry  of reactor  t es t ing ,  t ha t  
extremely careful  nuclear design around t h i s  parameter w i l l  be necessary 
i f  cos t s  a r e  to  be minimized f o r  an adequate t es t ing  configuration. 



111 B. G, Rag&& a d  8: 4. W i l l i s ,  Jr , ,  "GaacCose lGLock& Resctors - 
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[2] J. F. TCunre, G. D. Pimzock, and R. E. Hylaed, Nucl. - Appl. 3, ld, 
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Figure 2 Neutron angular distribution at several H2 temperatures. 

Figu-c 3 To.La1 ~leutrun scattering cross section for several H 2 
temperatures. 
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GAMMA HEATING IN A GAS CORE ROCKET REFLECTOR 

J. H. Lofthouse, J. F. Kunze, R. C. Young, T. E. Young 

The gas core rocket['] has unique gamma heating problems for its 
reflector. The desire for high specific impulse and, hence, high hy- 
drogen propellant exhaust temperatures, has required the installation 
of space radiators to remove the heat that the cold propellant cannot 
regeneratively remove. For instance, with -10% of the reactor power 
deposited in the reflector, the low propellant flow rate enables it to 
remove only 3 or 4% of the power before entering the core. The remain- 
ing reflector heat must be space-radiated, and this corresponds to 
300 to 400 MW of power for a 6000-MW rocket. 

The above reasons place requirements of extra precision on the 
calculated heating rate values in the reflector. A benchmark-type of 
gamma heating experiment was recently run in a spherical geometry con- 
figuration, nearly identical to that reported for benchmark critical 
experiments [ 2  1 for correlating eigenvalues and neutron fluxes. In 
this recent e'xperiment, gamma heating in a beryllium-oxide heat shield 
of a D20 reflector was measured at power levels between 10 and 100 W, 
and compared with calculations using a point kernel codet3], and also 
using a photon transport code [41. The results are shown in Figure 1. 
Experimental error is estimated to be &lo%. 

Comparison of the experiment and the calculations shows a sig- 
nificant discrepancy, approaching 50%. The experimental measurements 
were obtained with both Bragg-Gray chambers (1.7 cm3) and LiF ther- 
moluminescent dosimeters. The latter were of the highly depleted type, 
and corrections were applied for the thermal-neutron energy deposition 
from both the Li-6 (n,a) and Li-7 (n,2a) interactions. The TLD and 
Bragg-Gray chamber results agreed to within lo%, with the Bragg-Gray 
results being the higher of the two. 

The calculations were made using gamma yield spectra from 
Boulette and ~unch[5]. and gamma transport cross .sections from Storm 
and 1sraelr6] and the computer program GAMLEG[~] . 

Calculations included the effect of the direct core gammas as 
well as the capture gammas from within the reflector. 

The thermal neutron-to-core produced gamma-ray ratio in the heat 
shield of a gas core reactor in orders of magnitude greater than in the 
reflectors of more conventional reactors. As indicated by the top curve 
of Figure 1, a substantial amount of the total gamma heat can be gen- 
erated internally in the heat shield by even low-capture cross-section 
materials. 



The discrepancy between calculations and experiments is thought 
to be the result of errors in capture cross sections and gamma spectra 
from the low cross-section elements D, 0, and Be, which in most reactors 
would make an insignificant contribution. 

(1) R.G. Ragsdale, "To Mars in 30 Days by Gas-Core Nuclear Rocket", 
Aeronautics and Astronautics, p.' 65 (January 1972). 

(2) J. F. Kunze et al, "Benchmark Gas-Core Critical Experiment", 
Nuclear Science and Engineering 47, 59 (1972): 

(3) E. Solomito and J. Strockton, Modifications of the Point Kernel, 
Code QAD-P5A; Conversion to the IBM-360 Computer and Incorporation 
of Additional Geometry Routines, ORNL-4181, Oak Ridge National 
Lab. (July 1968). 

(4) G. E. Putnam, Aerojet Nuclear Company, Private Communication for 
Code SCAMP. 

(5) E. T. Boulette and W. L. Bunch, Analysis of ZPPRIFTR Shield 
Experiments: Gamma Distribution, WHAN-FR-13, Hanford Engineering 
Development Laboratory (February 1971). 

(6) E. Storm and H. I. Israel, Photon Cross-3753, Los 
Alamos Scientific Laboratory (November 1967). 

(7) K. D. Lathrop, GAMLEG-A FORTRAN Code to Produce Multigroup Cross 
Sections for Photon Transport Calculations, LA-3267, Los Alamos 
Scientific Laboratory (April 1965). 



UISTAJCE THROUGH A SPHERICAL BERMLIUvl OXIDE NiNUUIS (CM) 

Figure  1 Comparison of measured and ca l cu la t ed  gamma-ray h e a t i n g  r a t e  i n  a 
s p h e r i c a l  annulus of  beryllium-oxide r e f l e c t o r  i n  a gas core  rocket  
mock-up c r i t i c a l  experiment. 



A CALIFORNIUM-252 NEUTRON MULTIPLIER FOR NEUTRON RADIOGRAPHY 
AND ACTIVATION ANALYSIS 

L. G. Miller, J. F. Kunze, R. R. Jones 

With the need for neutron radiography and the loss of our 40 MW 
reactor facility, Aerojet Nuclear Company was forced to obtain another 
type of neutron source. A 2-mg Cf-252 neutron source was 
tried and found to produce too low a neutron flux at required resolu- 
tions. The Nuclear Test ~a~e[ll, a fueled subcritical assembly, was 
used to test the feasibility of multiplying flux from a 3-mg Cf-252 
neutron source. It worked so effectively that over 100 irradiations 
were made with this device. 

An optimized neutron radiography facility was then assembled in 
the split tabletusing aluminum clad fuel plates, polyethylene moder- 
ator and beryllium reflector. The flux trap technique was used to 
obtain a maximum neutron source with 2 mg of Cf as the 
driver. Although any size source could be used, the output is some 
multiple of the driver neutron source. Table I indicates the neutron 
radiography fluxes one can obtain from a multiplier compared to a 
moderated 5-mg Cf neutron source. The multiplier is assumed to be 
operating at k = 0.999, a value which has been found by experience 
to operate adequately subcritical, stable and at a power level (500 
watts) not requiring forced cooling. 

A Cf-252 multiplier is also a very useful sample irradiator for 
neutron activation analysis techniques. A 500X increase in flux 
increases neutron activation analysis sensitivity for low concentration 
or short lived isotopes. Table I1 is a comparison of thermal neutron 
activation fluxes. 

The Cf-252 multiplier has been used for direct and indirect 
neutr.on radiography. No gamma fogging is observed since the beam is 
extracted from the center flux trap containing a low density moder- 
ating material. Resolution was varied from LID = 15 to 220. As 
an example, an average object can be neutron radiographed with an LID 
= 10C in 8 minutes using a gadolinium converter foil and a single coated 
type R-~ilm*. Fueled capsules and boron nitride insulated electric 
heater rods up to 112 in. diameter have been radiographed with this 
facility. 

Since a vertical down-beam has been the most convenient for 
X-radiography beams, a neutron radiography facility utilizing this 
feature has been proposed. Figure 1 shows a cutaway view of a proposed 

t A flexible critical experiment facility in which the table halves 
separate to provide positive shutdown and easy access to the core. 

* Eas tman Kodak Designation. 



neutron multiplier and Figure 2 indicates the position of the multiplier 
in a proposed neutron radiography facility. Push button on-off* control 
gives it the flexibility of an X-ray facility. All safety features 
would be built into the system so that under no conditions could the 
device become critical. 

If we compare the replacement costs for several types of neutron 
sources independent of initial investment and operating costs to produce 
1020 neutrons, it is quite evident from Table I11 that the cheapest 
neutrons are those produced from fission of U-235 in a reactor or sub- 
critical neutron multiplier. 

Cost of a neutron multiplier after initial safety and design work 
are completed would be under $loOK. Lifetime of the multiplier is 
greater than 20 years with little upkeep and routine maintenance. The 
Cf driver replacement costs are.significant, but small compared to an 
all-Cf neutron source of the same total output. 

TABLE I 

MULTIPLIED VS NON-MULTIPLIED CALIFORNIUM-252 NEUTRON SOURCE 

* Source at Neutron 
Central (max.) Flux Radiography Image Plane With 

Neutron Source of Thermal ~eutrons* LID = 50 LID = 250 

5 mg Cf-252 in large lo8 
water moderator 
tank 

Subcritical Multi- 5 x 10l0 lo7 5 lo5 
plier driven by 5 
mg CF-252 and 
k-eff = 0.999 

* ~eutrons / cm2 sec 

* 
A multiplier system reaches a stable power level quite quickly, 
unlike a reactor that is critical and ascending on a positive 
period which subsequently requires control rod action to level 
the power. 

- - - - - - - - -- - - - - 

[l] Californium-252 Progress, USAEC, No. 4, 25, August 1970. 



TABLE I1 

THERMAL NEUTRON ACTIVATION F L m S  IN AVAILABLE FACILITIES 

5 mg Cf-252 lo8 a/cm2 eec 
5-Watt AGN University Reactor 2 x loa 
Neutron Generator (2 x 1011 n/sec) lo9 
Multiplied 5 mg Cf-252 (500 watts) 5 x 10l0 
10 kW Neutron Radiography Reactor 1. x loJ2 
Natural Convection TRIGA (500 kW) 5 x 1012 
Large Test Reactor (ETR, ATR) 1013 to 1015 f013 to lo1' 

TABLE III 

COMPARISON OF NmTTRON COSTS FOR lo2' NEUTRONS 

Source 
T h e  to Accumulate 1 0 ~ ~  

Present Material Cost Total Neutrons 

$ 5,000,000 3 years 

Neutron Generator $12,000,000 
{Cockroft-~alton 
Type) 

Reactor Fuel 

30 years (round- the- 
clock operation) 

10 seconds or longer* 

* 80 days in typical multiplier for Cf-252 operating at 503 watts. 
Fuel cost is based on typical manufactured cost of test reactor 
fuel elements. 
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Figure 1 Cutaway view of proposed optimum Cf-252 neutron multiplier. 
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Figure 2 Proposed down-beam neutron radiography f a c i l i t y  with Cf-252 
neutron multiplier. 



CALCULATED REACTIVITY OF Y I N S ' ~  

R. M. Brugger, F. J. Wheeler 

I1 The Very Intense Neutron Source (VINS) i s  one proposal for  an 
osc i l la ted  react ivi ty  neutron booster t o  provide intense thermal neutron 
bursts for use i n  neutron beam research. Three-dimensional steady s t a t e  
neutron transport calcula-t;ions have been performed fo r  a module of the 
system using the  Monte Carlo codes RAFFLE and KENO. These calculations 
have aided i n  t h e  design of the  system by: 1 1  providing an estimate of 
the  c r i t i c a l  mass of a module loaded with one of three fuels ,  i e ,  2 3 3 ~ ,  
2 3 5 ~  and 2 3 9 ~ u ;  2) determining the  reac t iv i ty  response of the  module as 
it passes under a fixed beryllium ref lector  and thus allowing a desfgn 
of the  ref lector  geometry such tha t  a near optimum shape of r e w t i v i t y  
osc i l la t ion  i s  obtained; and 3) yielding an estimate of l ifetime, 
component reac t iv i ty  worths, leakage currents and other parameters 
required i n  the design of the  system. 

"verification of the  cross sections and codes used i n  the  study 
was obtained by comparison of r e su l t s  from the two independent Monte 
Carlo codes and comparison with two c r i t i c a l  experiments i n  the  
l i t e ra tu re .  

+. - A, 

11 Although these calculations a re  preliminary i n  nature they have 
fur ther  demonstrated the  f eas ib i l i t y  of t h e  system and l a i d  the  ground 
work f o r  fur ther  design refinements and c r i t i c a l  experiments necessary 
f o r  fur ther  development of the sgst em. " 

[ l ]  R ,  M. Brugger and F. J. Wheeler, " ~ a l c u l a t e d  Reactivity of VINS", 
Informal Session, Reactor Physics Division, ANS, Las Vegas, Nevada, 
June 20, 1972. 



THE POTENTIAL OF A LASER-INDUCED FU I N DEVICE 
AS A THERJAL-IVETJTRR SOURCE 81?- . 

R .  M. Brugger 

An t i c ipa t ing  t h a t  a laser- induced fus ion  r e a c t i o n  w i l l  even tua l ly  
be  achieved,  t h e  p o t e n t i a l  of such a system a s  a source of thermal  
neutrons i s  considered.  This  source should provide  b u r s t s  of  thermal  
neutrons which would be  a t  l e a s t  t h r e e  orders  of magnitude more i n t e n s e  
f o r  t ime-of-f l ight  experiments t han  t h e  b e s t  e x i s t i n g  neutron source .  
The major l i m i t i n g  f a c t o r  appears t o  be  t h e  shock produced when each 
p e l l e t  r e a c t s ;  t h i s  shock must be  contained w i t h i n  t h e  t a r g e t  room and 
should not des t roy  t h e  moderators.  Est imates  i n d i c a t e  t h a t  t h i s  shock 
can be con t ro l l ed .  Considerat ion i s  a l s o  g iven  t o  moderator des ign ,  
s h i e l d i n g ,  beam tube  windows and backgrounds. 

[l] R .  M.  Erugger, Nuc. Tech. Vol. 15, 14-24 ( ~ ~ 1 ~ 1 9 7 2 1 .  



MEASUREMENT OF FISSION-PRODUCT INVENTORIES I N  COMMERCIAL 
POWER REACTOR COOLANT, OFF-GAS, AND WASTE SYSTEMS 

J. E. Cline, R.  L. Heath 

I n  conjunction with t h e  Directora te  of Regulatory 0persl;ions of t h e  
USAEC, measurements have been made of t h e  radionuclides present  i n  t h e  
coolant ,  off-gas, and waste systems of two bo i l ing  water r eac to r s .  These 
p l a n t s  a r e  being operated i n  commercial power production. The inventor ies  
were taken as a por t ion  of t h e  independent measurements program of 
Regulatory Operations t o  determine the  behavior and l e v e l s  of radio- 
nuclides i n  the  reac to r  coolant and e f f l u e n t  systems. 

A s impl i f ied  schematic of a BWR system i s  shown i n  Figure 1, The 
sampling points  i n  our s e r i e s  of measurements a r e  shown i n  t h e  f igure .  
A t  both of t h e  p l a n t s ,  samples were taken from t h e  d i f f e r e n t  s t a t i o n s  
on each of severa l  successive days. A l i s t  of' t h e  samples f r o ~ u  -tihe 
f i r s t  BWR i s  give11 i n  Table I. 

TABLE I 

SAMPLES FROM THE FIRST BWR 

1) 50-ml samples of primary coolant water 

2)  100-ml s m p l e  of primary coolant water taken j u s t  a f t e r  1 
star t -up of following re fue l ing  - f o r  "crud" ana lys i s  

3) 500-ml samples of steam (condensed i n  t h e  sampling l i n e )  4 

4 )  500-ml samples of condensate water 4 

5 )  50-ml samples of water taken a t  t h e  i n l e t  t o  t h e  by-pass 4 
o r  clean-up demineralizer 

6 )  500-ml samples of water . taken a t  t h e  o u t l e t  of t h e  bypass 4 
deminerali zer  

7 )  500-ml samples of water f r o m t h e  o u t l e t  o f t h e  ful l-f low 4 
deminerali zer  

8)  500-ml samples of r eac to r  feed water ' 4 

9 )  1000-ml samples of water tank e f f l u e n t  2 

1 0 )  15-ml samples of off-gas from t h e  steam-jet a i r  e j e c t o r  3 

11) 15-ml samples of off-gas a f t e r  delay l i n e  

12)  60.5-gm samples of by-pass demineralizer r e s i n  bed - - 2 
j u s t  p r i o r  t o  regenerat ion 

Tota l  Samples 4 0 



The garhma rays emitted by these  samples were measured over a period 
of seve ra l  weeks t o  obta in  information on radionuclides of all. h;l.lf 
l i v e s .  To make these  measurements, a high-resolut ion,  l a r g e  voluue 
40g&channel ~ e ( ~ i )  gamma-ray spectrometer was t ranspor ted  t o  t h e  
r eac to r  s i t e .  Gamma-ray spec t ra  were acquired a t  t h e  s i t e  during t h e  
week of sampling. The samples and t h e  spectrometer were then re turned 
t o  the  NRTS i n  order  t o  acquire da ta  o n t h e  longer-l ived species .  

Thi r ty  de tec t ion  e f f i c i ency  c a l i b r a t i o n s  were requi red  f o r  t h e  
de tec tors  used i n  acquir ing these  d a t a  i n  order  t o  account fbr all of 
t h e  sample s i z e s  and counting geometries used. Standards f o r  t h e  
e f f i c i ency  measurements were supplied by t h e  National Bureau of 
Standards. 

Approximately 170, 4096-channel s p e c t r a  were acquired " i n  these  
measurements. These were analyzed i n  batch process using t h e  current  
versivrl of t h e  ana lys i s  program, GAUSS V I  L1l, t h a t  h a s  been under 
development a t  t h i s  l&boratory f o r  s e v e r a l  years .  Without t h e  use of  
an automated batch processing complete ana lys i s  package, measurements 
such a s  were made here  would be  very d i f f i c u l t  and time consuming. I n  
all, some 70 f i s s i o n  and activation-product radionuclides were quan- 
t i t a t i v e l y  inventoried i n  t h e  measurements of t h e  two reac to r s .  The 
r e s u l t s  a r e  being used by Regulatory t o  evaluate t h e  hazards and t h e  
r e l e a s e  r a t e s  of b o i l i n g  water r eac to r s .  Additional measurements a r e  
planned f o r  BWR and PWR p l a n t s .  

[ l ]  J. E. Cline, R.  G. Helmer, M. H. Putnam, "~evelopment of Gamma 
Ray Spect ra  Analysis Program (GAUSS V I )  f o r  Production on 
Specia l ized  Problems", t h i s  r e p o r t .  
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Figure 1 Boil ing water r eac to r .  



Ge ( Li ) y -RAY SPECTRUM ANALYSES OF REACTOR 
RELATED PROJECTS AT THE NRTS 

R. J. Gehrke, M. J. Laird, J. E. Baston, S. D. McClure, J. E. Cline 

This past year we have been involved in the analysis of y-ray data 
from two reactor related projects at the NRTS: The rue1 scanni~lg Ge(Li) 
spectrometer at the Hot Fuel Examination Facility (HFEF ) , at Argonne 
West and. the GGA gas cooled reactor loop experiment in the Experimental 
Test Reactor (ETR). 

Argonne West operates a fuel scanning Ge(~i) sepctrometer which is 
used to study the fission and activation product distribution in fuel 
irradiated in the Experimental Breeder Reactor I1 (EBR 11). This 
scanning spectrometer counts the radioactivity through a 7-foot long 
adjustable slit (slit width can be varied from 5-50 mil). In the 
exmiination along the length of a complete fuel rod, a large number 
(%200) of y-ray pulse-height spectra are accumulated. The rods can 
also be scanned across their diameters and can be rotated. From the 
analysis of these spectra, information is obtained about fuel burnup, 
neutron flux exposure, and fission-product migration as a function of 
the position along the rod or across the diameter of the rod. 

The GGA gas cooled reactor experiment in ETR is a study of the 
behavior of fuel in a gas cooled reactor through a study of the radio- 
active fission gases which escape from the fuel. Samples of the gas 
coolant, containing fission gases,'are taken periodically and analyzed 
by ~ e ( ~ i )  spectrometry. The data are reduced to determine the conccn- 
tration of six fission gases emitted by the fuel mixture (85mKr, 87K.r, 
88K.r, 8 8 ~ ,  135~e, and 138~e). The variables in the experiment are the 
fuel mixture, fuel burnup, neutron flux, fuel temperature, and gas 
coolant pressure. 

For both of the experiments, the data are analyzed by the GAUSS 
V1[ll computer program, which automatically finds the y-ray peaks i i l  

. 

a spectrum accumulated with a ~e ( ~ i  ) spectrometer, measures their ener- 
gies and intensities, makes isotopic assignments from the energies of 
the y-ray peaks, corrects the peak intensities for isotopic decay and 
branching ratio and determines the initial disintegration rate of all 
the detected radionuclides. For the data from the HFEF, the correlated 
output produces plots of individual fission and activation product 
nuclides as a function of position along or across the rod. Up to 10 
preselected activities are chose11 ror these analyses. 

[l] M. H. Putnam, J. E. Cline and R. G. Helmer, "Development of Gamma- 
Ray Spectrum Analysis Program (GAUSS VI) for Production and 
Specialized Problems", this report. 
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TELEMETERED PROFILING ISOTOPIC SNOW GAUGE NETWORK 
. - . .  

P. D.  Randolph, R .  A.  Coates,  E. W. K i l l i a n ,  
K. g. Brown, E. E. h e n  

I n  t h e  Western United S t a t e s  most of t h e  a v a i l a b l e  water  comes 
from snow s t o r e d  i n  t h e  mountains dur ing  t h e  w i n t e r .  I n  gene ra l  it 
con t r ibu te s  some 70% of t h e  s t ream flow i n  t h e  mountainous s t a t e s .  
F luc tua t ions  i n  t h e  amount of  runoff  do not u s u a l l y  exceed 25% of 
t h e  average. Present  f o r e c a s t i n g  methods.based on t a k i n g  r e g u l a r  snow 
core  samples a t  se lec t ,ed  s i t e s  can account f o r  about h a l f  of such a 
f l u c t u a t i o n .  With t h e  inc reas ing  demands p l aced  on water  it i s  very  
d e s i r a b l e  t o  improve methods of snow measurement t o  develop b e t t e r  
f o r e c a s t i n g  methods. The Div is ion  of ~ p ~ l i e d  Technology, USAEC, 
has funded the development, of a p r o f i l i n g  i s o t o p i c  snow gauge which 
not on ly  y i e l d s  t o t a l  water conten t  va lues  more a c c u r a t e l y  than  
cu r ren t  sampling methods, bu t  a l s o  ob ta ins  t h e  d e t a i l e d  s t r u c t u r e  of 
a snow pack i n  t h e  form of a p r o f i l e  of snow d e n s i t y  v s  depth.  

A te lemetered  engineered demonstration gauge of t h i s  type  was 
i n s t a l l e d  a t  Donner Pass ,  C a l i f o r n i a  i n  1971. The gauge opera ted  by 
measuring the h o r i z o n t a l  t r ansmis s ion  of gamma rays  through t h e  snow 
between two p a r a l l e l  v e r t i c a l  t u b e s ,  one of which contained a 10 Mc 
1 3 7 ~ s  r a d i o a c t i v e  source  and t h e  o the r  a s c i n t i l l a t i o n  d e t e c t o r .  The 
source and d e t e c t o r  a r e  l i f t e d  i n  0.5-inch increments t o  o b t a i n  a 

A more d e t a i l e d  d e s c r i p t i o n  i s  given i n  t h e  FY 1971 annual  
f i  and a s h o r t  t e c h n i c a l  r e p o r t  has  been publ ished [21 . 

I n  o rde r  t o  promote t h e  t r a n s f e r  of gauge technology t o  t h e  pub l i c  
domain, and t o  have i t s  c a p a b i l i t i e s  eva lua ted  by u s e r s  having 
r e s p o n s i b ' i l i t i e s  in .snow measurements, t h r e e  more.snow gauges were 
i n s t a l l e d  and opera ted  during t h e  1971-72 snow season.  These gauges 
were opera ted  a s  a network us ing  te lephone t e l eme t ry  from a s i n g l e  
base s t a t i o n  a t  t h e  National  Reactor Tes t ing  S t a t i o n .  The base 
s t a t i o n  i s  a sma l l  d a t a  processor  t o  c o n t r o l  gauge ope ra t ion  and t o  
convert  t h e  d a t a  t o  a snow d e n s i t y  p r o f i l e .  It a l s o  inc ludes  a 
c a s s e t t e  magnetic t a p e  t r a n s p o r t  t o  s t o r e  d a t a ,  and an  X-Y r eco rde r  
f o r  p l o t t i n g  t h e  r e s u l t s .  A t e l e t y p e  i s  used t o  e n t e r  commands t o  
t h e  processor  and t o  l i s t  ou t  t h e  analyzed r e s u l t s .  A t  t h e  gauge 
s i t e  an automatic  answering t,el..ephone d a t a  s e t  se rves  as t h e  l i n k  
between t h e  te lephone  l i n e  and t h e  f i e l d  u n i t  s t a t i o n s .  The t h r e e  
gauges a r e  descr ibed  below: 

M t .  Baldg - This  gauge i s  loca t ed  a t  t h e  t o p  of M t .  Baldy near  
Ketchum, Idaho a t  an e x i s t i n g  snow survey s i t e  ( e l e v a t i o n  9000 f t ) .  
Both commercial power and te lephones  a r e  a v a i l a b l e .  The u s e r  agency 
i s  t h e  S o i l  Conservation Se rv i ce  and uses  t h e  gauge f o r  runoff  fo re -  
c a s t i n g .  It has 11 f e e t  of t r a v e l  (3 .35  M) and i s  l o c a t e d  on a 20% 
s lope .  The main p h y s i c a l  concern was snow movement, not wind, b u t  no 
no t i ceab le  movement of t h e  gauge has occurred.  The f i r s t  run  was 
made on November 22, 1971. F igure  1 shows a p l o t  of a t y p i c a l  d a t a  
run.  A t o t a l  of 45 runs  was made. The gauge i t s e l f  has  had only  
minimal maintenance problems; most of t h e  problems have been wit'n B e l l  



system da ta  s e t s .  The gauge was down a t o t a l  of 11 days of which 9 
were due t o  da ta  s e t  f a i l u r e  caused by t r a n s i e n t s  on t h e  power l i n e s .  
Two maintenance t r i p s  were made t o  i n s t a l l  p r o t e c t i v e  c i r c u i t r y  and t o  
change a de tec to r  tube .  

Red Mountain - This gauge i s  loca ted  a t  Red Mountain Pass,  
Colorado i n  t h e  San Juan range. The funding agency was t h e  USBR who 
cont rac ted  i t s  use t o  t h e  I n s t i t u t e  of Arc t i c  and Avalanche Research 
(INSTAAR) of t h e  Universi ty of Colorado, whose i n t e r e s t  i s  snow physics  
and avalanche r e sea rch ,  It has 1 2  f e e t  of t r a v e l  and i s  loca ted  a t  
11,000 f e e t  p ro tec ted  from snow movement. Wind bracing i s  provided by 
2 i r o n  p ipes .  It uses commercial power, but due t o  high c o s t  of i n s t a l l -  
i ng  a p r i v a t e  phone l i n e ,  an e x i s t i n g  L - p a r - ~ ~  l i r ie  was used. This  l i n e  
was subjec t  t o  noise  which caused transmission e r r o r s  i n  about 25% of 
t h e  runs ,  but  could usual ly  be recognized. Figure 2 shows a p l o t  of a 
t y p i c a l  d a t a  run t h a t  inc ludes  a t ransmission e r r o r .  I n  spiLe of t h i s ,  
opera t ion  was q u i t e  s a t i s f a c t o r y .  The gauge was i n s t a l l e d  December 11, 
1971 and 43 runs were made. No maintenance t r i p s  were made 
by t h e  f a b r i c a t o r .  Two f a i l u r e s  of gauge components were f i x e d  by 
having t h e  l o c a l  user  change c i r c u i t  cards .  This experience shows t h a t  
t h e  use of a c o n t r o l l i n g  processor  allowed d iagnos t ics  t o  be performed 
from t h e  base s t a t i o n  which determined what component was f a i l i n g ,  and 
t h e  use of c i r c u i t  cards  which could b e  changed by non-technical 
personnel .  

The INSTAAR personnel performed an evalua t ion  of t h e  gauge f o r  
accuracy, both a s  t o  dens i ty  of snow s t r u c t u r e  and t o t a l  water .  A 
weekly p i t  was dug and a manual p r o f i l e .  taken by weighing 5-cm diameter 
samples taken a t  5-cm i n t e r v a l s .  Of seven p i t  comparisons with t h e  
gauge, they obtained mean dev ia t ions  i n  average dens i ty  of 0.008 g/cm3, 
of 0.32 inch  i n  t o t a l  water equivalent  (of  t o t a l s  between 5 and 1 4  
inches of water )  and mean devia t ions  i n  dens i ty  a t  5-cm i n t e r v a l s  t h a t  
were not g r e a t e r  than  0.017 g/cm3. 

M t .  Hood - This gauge i s  loca ted  a t  M t .  Hood i n  Oregon, The main 
use r  agency i s  t h e  Oregon snow superv i so r ' s  o f f i c e  of t h e  S o i l  
Conservation Service ,  whose i n t e r e s t  i s  i n  runoff fo recas t ing .  The 
gauge i s  loca ted  a t  t h e  5600-ft l e v e l .  The s i t e  i s  l e v e l  and no snow 
movement was expected. Winds gene ra l ly  do not exceed 75 mph. The 
normal snow pack i s  q u i t e  deep and t h e  gauge provides f o r  24 f e e t  
(7 .3  M )  of t r a v e l .  Commercial power could not be provided a t  reasonable 
c o s t ,  and power was supplied by a 1 5  W thermoelec t r ic  converter  run 
from lvopane. The f i r s t  run was made on January 3 ,  1972. Figure 3 
shows a p l o t  of a t y p i c a l  run  from t h i s  gauge. About 50 runs were 
made. 

The gauge was inopera t ive  once due t o  a mechanical problem. Few 
e l e c t r o n i c  problems were encountered, and t h e  thermoelec t r ic  genera tor  
was completely r e l i a b l e .  

Operation of t h e  network of t h r e e  gauges was i n  gene ra l  q u i t e  
s a t i s f a c t o r y ,  and r a t h e r  l e s s  gauge maintenance problems were encountered 
t h a n  might have been expected. 



[ l ]  Nuclear Techmolojq Division Annual Progress Report f o r  Period 
Ending June. 30, ' 1971, ANCR-1016 (November. 19'(1) 

121 R.  A.  Coates e t  a l ,  IEEE Transactions on Nuclear' Science, 1971 
Nuclear Science Symposium, NS-19 #1, p. 239 (February 1972) . 
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ON-LINE ANALYSIS OF DATA FROM AN ELECTRON MICROPROBE 
EQUIPPED WITH A s i ( L i )  SPECTROMETER 

R. C. Davies, R.  J. Gehrke 

One of the  many a n a l y t i c a l  instruments used f o r  analys is  of lunar  
samples a t  the  NASA Manned Spacecraft Center i s  t h e  e lec t ron  microprobe 
equipped with an energy dispers ive  spectrometer (EDS). One of these  
e lec t ron  microprobes i s  present ly  being in te r faced  t o  an on-line PDP-11 
computer t o  shorten t h e  time from da ta  accumulation t o  analys is .  Because 
of our background and experience i n  analyses of spectrum data ,  ~ i ( ~ f )  
energy dispers ive  X-ray fluorescence and software f o r  small on-line com- 
pu te r  systems, NASA has requested us t o  construct  a completely automated 
q u a n t i t a t i v e  elemental analys is  program f o r  t h e  on-line analys is  of t h i s  
e l ec t ron  microprobe data.  When complete, t h i s  program, without operator  
in tervent ion,  w i l l  be ab le  t o  e s t a b l i s h  t h e  gain and zero of t h e  ~ i ( L i )  
spectrometer, l o c a t e  t h e  pos i t ions  of a l l  X-ray peaks present  i n  t h e  
spectrum, i d e n t i f y  t h e  elements represented by these  peaks, determine 
the  i n t e n s i t y  of each X-ray peak i n  t h e  composite spectrum r e l a t i v e  t o  
t h a t  i n  a standard, apply t h e  necessary matrix correc t ions  t o  each of 
these  peaks, and f i n a l l y  determine t h e  percent  contr ibut ion of each of 
t h e  i d e n t i f i e d  elements i n  t h e  sample region under inves t igat ion.  

This p ro jec t  i s  of p a r t i c u l a r  i n t e r e s t  because it has severa l  
challenging aspects .  F i r s t ,  due t o  t h e  poor reso lu t ion  of energy 
dispers ive  ~ i ( ~ i )  X-ray spectrometers compared t o  t h a t  of wavelength 
d ispers ive  spectrometers, t h e  X-ray peaks of t h e  lower Z elements a r e  
not always wel l  resolved. Therefore, these  peaks a r e  d i f f i c u l t  .to fil; 
prec i se ly  and t h e  background contr ibut ion under them becomes d i f f i c u l t  
t o  determine. A s  a r e s u l t ,  a more sophiskicated scheme had t o  be 
developed f o r  determination of X-ray peak i n t e n s i t i e s .  Second, i n  order 
f o r  t h e  program t o  perform a complete analys is  without operator  i n t e r -  
vention, t h e  computer i s  required t o  make decisions normally made by t h e  
operator .  Third, because t h i s  analys is  package i s  t o  be used un a small, 
on-line computer, t h e  program must be w r i t t e n  with a constant  awareness 
of core s i z e  r e s t r i c t i o n s .  

A t  present ,  t h e  rout ines  have been w r i t t e n  and checked f o r  t h e  
determination of the  gain ,  f o r  automated peak loca t ion  and f o r  t h e  
i d e n t i f i c a t i o n  of t h e  elements associa ted  with these  peaks. The coding 
has been w r i t t e n  f o r  t h e  determination of t h e  i n t e n s i t i e s  of each X-ray 
peak i n  t h e  composite spectrum r e l a t i v e  t o  t h a t  i n  a s tandard spectrum. 
I n i t i a l  checks of the 'peak i n t e n s i t y  rou t ine  have produced encouraging 
r e s u l t s .  We a r e  hopeful t h a t  during t h e  coming year ,  t h i s  on-line 
microprobe analys is  program w i l l  be f in i shed ,  checked out  and i n  rou t ine  
use a t  NASA. 
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I. GAMMA-RAY SPECTROSCOPY 

ISOTOPIC MONITORING P R O G W  

J. E. Cline, R. L. Heath, R. A. Coates, 
G. 0. English, E. E. Owen, E. W. Killian, W. R. Myers 

The obje~tives of this program are to develop and demonstrate 
systems and techniques for the monitoring of radioactive materials to 
obtain a field assay of the radionuclides present in the materials. 
These systems cam be used in fuel and waste management and in fuel 
safeguards throughout the nuclear fuel cycle, ie. in fuel fabrication 
facilities, nuclear power plants, chemical reprocessing plants, fuel 
recovery facilities, and waste disposal facilities. 

To use the successfilly demonstrated techniques of non-destructive 
assay in nuclear materials safeguards and management, in nuclear waste 
management, and in nuclear power plant monitoring, suitable field 
instrumentation is required by inspectors and plant operating personnel. 
These instruments must be easily operated and capable of complex analyses, 
often in real time. 

Systems being developed are shown functionally in Figures 1-3. The 
first, Figure 1, a conventional spectrometer with a data link, was 
developed specifically for use in semi-routine analyses by inspector or 
plant personnel.- The data link from the 4096-channel pulse-height 
analyzer to the base station is by telephone. The base station analyzes 
the data and'transmits the results back to the operator. A magnetic 
tape at the computer permanently records the data and allows batch 
processing by a larger computer. Data transmission is at 1200 baud, 
which permits 4096-channel transmission with channel identification 
in about 5 minutes. Temporary magnetic cassette storage and a tele- 
typewriter at the analyzer allows, as a header, alphnumeric identifi- 
cation and analysis instructions for every data dump and a typed copy 
of the transmitted results. This system is being applied to measurements 
such as plutonium assay, in waste, fuel elements, or soluti'ons, and to 
fission-product monitoring in nuclear facilities. 

The second system, Figure 2, considerably more powerful and complex, 
is intended for the more sophisticated inspection measurement. It is 
based on a mini-computer and is capable of both data acquisition and 
analysis. Adequate mini-computer capacity is obtained with either an 
8K-word, 16-bit, or 12~-word, 12-bit memory. Tape cassettes, a program 
interrupt function box, an alpha-numeric keyboard, and a memory scope 
complete the units. Program controlled data transmission has ,also been 
incorporated for very complex analyses or where the allowable analysis 
time is limited. This system has been used to analyze fission product' 
species in the cooling, off-gas, and waste systems in a commercial 
nuclear power station. 

The third system, Figure 3, used for on-line monitoring applications, 
operated remotely under computer control. The remote station, a 4096- 
channel analyzer, has been equipped with command, status, and data 
registers which communicate at 1200 baud with the base computer. This 



system w i l l  be demonstrated a s  an on-line s tack e f f l u e n t  monitor on t h e  
Advanced Test ~ e a c t o r .  It could very e f f e c t i v e l y  be used as  a monitor 
i n  nuclear  o r  chemical processing p lan t s .  

The base s t a t i o n  computer, shown i n  Figure 4, i s  a PDP-9 computer 
with complete da ta  analys is  capab i l i ty . '  This system can con t ro l  t h e  
acqu i s i t ion  of d a t a  as  wel l  a s  analyze the  pulse-height spec t ra  subinitted 
t o  it e i t h e r  by telephone o r  by magnetic tape .  It a l s o  contains t h e  
c a p a b i l i t y  t o  format t h e  da ta  f o r  batch processing by t h e  l a r g e  IBM 
360/75 computer. A more complete descr ip t ion of t h e  PDP-9 system i s  
given i n  Reference 1. 

[l] A. L. Connelly, E. W. K i l l i a n ,  W. R .  Myers, "A Completely In te r -  
a c t i v e  Gamma Spectroscopy, Cal ibra t ion and Analysis System 
U t i l i z i n g  .a PDP-9 Computer", t h i ~  repor t .  
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Figure 2 Portable gamma-ray spectrometer with data link. 
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IIEALTII FINSICS INSTRUMENT AND PERFORMANCE REVIEW 

E. B. Nieschmidt, P. D. Randolph, R. L. Heath 

Interest in protection of the surroundings of the NRTS, the people 
employed and the investment in the facilities has promulgated a study of 
health physics radiation monitoring instrumentatLon. This study, sup- 
ported by the office of Fire Safety and Operational Continuity, considered 
routine monitoring instruments and effluent monitoring systems. Portable 
hand-held, instruments were excluded. All ANC operated facilities at the 
NRTS were studied as was the ICPP operated by ACC. The study also 
included visits to UCRL Berkeley, LRL Livermore, and ORNL Oak Ridge to 
study techniques and equipment used at these facilities. 

Results of the study are contained in Reference 1. This report 
contains criticisms of existing monitoring equipment and recommendation 
for the improvement of its performance from both functional and main- 
tenance standpoints. Discussions include: 

. .. 
. . 

1. Remote Air Monitors 

2. constant Air Monitors 

3. Portal Monitors 

4. Hand and Foot Couri.l;er.s 

5. Neutron Monitors 

6. .Health Physics Office Equipment 

7. Hood Monitors 

In addition to these, discussions are presented on the general 
problem of isotopic monitoring and the application of modern high 
resolution gaqna-ray spectro.meter systems and digital processors to 
in-line process and effluent monitoring. 

[l] E. B. Nieschmidt, P. D. Randolph, R. L. Heath, private communication. 



COOPERATIVE ACTIVATION ANALYSIS PROGRAMS 

J.  R.  Ber re th ,  E. H .  Turk, D.  A.  George 

Two Idaho u n i v e r s i t i e s  a r e  c u r r e n t l y  conducting a c t i v a t i o n  a n a l y s i s  
programs i n  coopera t ion  wi th  Aeroje t  Nuclear Company. One o f  t h e s e  
programs i s  wi th  Ricks College on a  s tudy  of t h e  ecology of t h e  Upper 
Snake River  Val ley.  Measurements f o r  t r a c e  elements a r e  conducted on 
f i s h ,  i n s e c t s ,  and r i v e r  and l a k e  s ludges .  Samples a r e  i r r a d i a t e d  a t  
a neut ron  f l u x  of  1.9 x 1013 n/cm2sec i n  t h e  ETR pneumatic r a b b i t  
f a c i l i t y .  Long l i v e d  t r a c e  elements a r e  determined from samples 
i r r a d i a t e d  f o r  5 hours and s h o r t  h a l f  l i v e d  elements from 1 minute 
i r r a d i a t i o n s .  Gamma counting i s  done us ing  ~ e ( ~ i )  d e t e c t o r s .  Trace 
elements determined a r e  B r ,  C s ,  Co, Eu, Au, Hg, Fe, La, Ru, Se ,  Sc,  
Ta, Tb, and Zn. 

Counting of  samples and a n a l y s i s  i s  done by t h e  c o l l e g e ,  while  
ANC provides  t h e  s e r v i c e  f o r  i r r a d i a t i o n ,  count ing ,  computer a n a l y s i s  
programs, and t e c h n i c a l  consul t ing .  

The second program i s  w i t h  t h e  Un ive r s i t y  of  Idaho on a s tudy of 
t h e  r e l a t i o n s h i p  of t r a c e  element content  i n  s o i l s  t o  nematode 
i n f e s t a t i o n  of sugar  b e e t s .  There i s  some i n d i c a t i o n  t h a t  nematodes 
only i n f e s t  s o i l s  where t h e  proper  t r a c e  element r e l a t i o n s h i p  occurs .  
Neutron a c t i v a t i o n  a n a l y s i s  is  be ing  used t o  i d e n t i f y  t h e s e  elements 
and 'determine t h e i r  concent ra t ion  i n  bo th  nematodes and t h e  s o i l  
samples.  Only t r a c e  elements i n  t h e  proper  form f o r  p l a n t  up-take 
a r e  determined i n  t h e  s o i l s .  These a r e  o r g a n i c a l l y  e x t r a c t e d  from 
t h e  s o i l  p r i o r  t o  a n a l y s i s .  The coopera t ive  e f f o r t  i s  s i m i l a r  t o  t h a t  
of t h e  Rieks College program descr ibed  above. 

A t h i r d  program us ing  a c t i v a t i o n  a n a l y s i s  is  be ing  conducted f o r  
t h e  Brooks A i r  Force Aerospace Medical School.  I n  t h i s  program we a r e  
performing a n a l y s i s  f o r  t r a c e  elements on serum and blood samples. 
Both s h o r t  and long l i v e d  a c t i v i t i e s  a r e  determined. Work f o r  t h i s  
yea r  cons i s t ed  only of ana lyz ing  a  s e r i e s  of s tandard  samples. 
Analysis  of serum and blood samples a r e  now underway. 



ACTIVATION ANATeYSIS OF A I R  FILTER GmLEC 

P. D.  Randolph 

The c i t y  of Cleveland, Ohio has cont rac ted  wi th  NASA t o  ob ta in  
information on what kinds and how much of var ious  p a r t i c u l a t e s  a r e  
found i n  t h e  a i r  of t h e  c i t y .  As p a r t  of t h i s  program, f o r t y  samples 
were rece ived by ANC t o  be s tudied  by neutron a c t i v a t i o n  a n a l y s i s .  The 
samples were c o l l e c t e d  on Whatman 4 1  f i l t e r  paper .  Each sample was 
placed i n  a p l a s t i c  i r r a d i a t i o n  capsule and i r r a d i a t e d  twice using t h e  
Engineering Test  Reactor r a b b i t .  The i r r a d i a t i o n  a n d  counting schedule 
f o r  each sample i s  given below, 

F i r s t  I r r a d i a t i o n :  5 minutes 

Decay Af te r  Count 
Count # I r r a d i a t i o n  Duration 

1 4 min, 4ar,. 
2 9 min. 1000 sec .  
3 2 hr. 1000 sec .  
4 30 hr. 30 min, 

Af te r  a t  l e a s t  two weeks t o  al low decay of shor t  l i v e d  a c t i v i t i e s ,  
each sample was again i r r a d i a t e d .  

Second I r r a d i a t i o n :  4 hours 

Decay Af ter  Count 
Count # I r r a d i a t i o n  Dur a t  ion 

1 30 - 60 h r .  30 min. 
2 140 -200 hr .  30 min. 

Standard samples containing known amounts of t h e  var ious  ma te r i a l s  
present  were a l s o  i r r a d i a t e d  and counted according t o  t h e .  same schedule. 
Counting was done on high r e s o l u t i o n  ~ e ( ~ i )  gamma-ray spectrometers and 
t h e  raw da ta  put on a magnetic t ape  da ta  l i b r a r y .  Data reduct ion  was 
accomplished us ing- the  GAUSS-6 program. This program f i n d s  t h e  gamma- 
ray  peaks, c a l c u l a t e s  t h e i r  energies  a f t e r  ad jus t ing  f o r  smal l  non- 
l i n e a r i t i e s  i n  t h e  de tec t ion  system, and i d e n t i f i e s  t h e  i so topes  present  
by comparing wi th  a nucl ide l i b r a r y  of gamma-ray energies .  The in t eg ra ted  
peak i n t e n s i t i e s  a r e  obtained and proper ly  correc ted  f o r  decays t h a t  occur 
during i r r a d i a t i o n ,  a f t e r  i r r a d i a t i o n ,  and during counting. 

Analysis of t h e  r e s u l t s  from t h e  five-minute i r r a d i a t i o n  i s  near ly  
complete. 'The ma te r i a l s  found and t h e i r  genera l  range of va lues  
found per  1000 cubic meters of a i r  passing through t h e  f i l t e r  a r e  
given below : 



Range of Values Range of Values 
Mater ia l  

Arsenic 
Bromine 
Tung s t en 
Magnesium 
Manganese 
Copper 
Nickel 

Micrograms 
1000 M~ 

Mat e r  i a 1  Micrograms 
1000 ~3 

Vanadium 0.2 - 1.0 
Potassium " 25 - 100 
Aluminum 10 - 40 
Calcium 100 - 700 
Chlorine 1 0  - 100 
Indium 0.001 - 0.01.0 

DEVELOPMENT OF A PROMPT NEUTRON ACTIVATION ANALYSIS 
FACILITY UTILIZING A L'L~f SOURCE 

R.  C .  Greenwood 

The p r i n c i p a l  object ive  of t h i s  e f f o r t  i s  t o  explore t h e  p o t e n t i a l  
of 2 5 2 ~ f  as  a source of neutrons f o r  prompt neutron a c t i v a t i o n  analys is  
(PNAA). To date ,  t h e  appl ica t ion of t h e  PNAA technique has been con- 
f ined,  p r i n c i p a l l y ,  t o  r eac to r  neutron sources. This dependence on 
reac to r  neutrons has severely r e s t r i c t e d  t h e  use of t h e  technique i n  
i n d u s t r i a l  appl ica t ions .  This has been a p a r t i c u l a r l y  unfortunate 
r e s t r i c t i o n  s ince  t h e  technique i s  i d e a l l y  su i t ed  f o r  process con t ro l  
and geologic assay, i n  t h a t  it has good neutron economy (i. e . ,  one o r  
more gamma rays a r e  produced instantaneously f o r  each neutron c a p t e e d ) ,  
and i n  t h a t  it i s  p r inc ipa l ly  use fu l  f o r  assay of t h e  major const i tuent  
elements ( t y p i c a l l y  > 0.1%) present .  The a v a i l a b i l i t y  of 2 5 2 ~ f  sources 
with outputs  of > l o 9  neutrons/sec,  however, holds promise of providing 
s u i t a b l e  neutron sources f o r  many of these  types of appl ica t ions  of t h e  
PNAA technique. Sources containing severa l  milligrams of 2 5 2 ~ f ,  wi-th 
outputs  i n  the  range of l o 9  t o  1011 neutrons/sec,  a r e  becoming r e a d i l y  
ava i l ab le .  Furthermore, s ince  these  sources can be handled without too  
much d i f f i c u l t y  they should be usable i n  t h e  i n d u s t r i a l  labora tory  and 
in- the-f ie ld  appl ica t ions .  

It must be recognized though t h a t  2 5 2 ~ f  sources with even these  
high neutron outputs  produce usable neutron f luxes  which a r e  considerably 
l e s s  than those obtainable from even a modest power nuclear r eac to r .  
Hence, very ca re fu l  design i s  necessary i n  constructing a PNAA f a c i l i t y  
with 2 5 2 ~ f  i n  order  t h a t  maximum s e n s i t i v i t y  might be achieved. I n  t h e  
work t o  da te  then,  we have not t r i e d  t o  concentrate on t h e  so lu t ion  of 
s p e c i f i c  problems using t h e  PNAA technique. ~ n s t e a d ,  our approach has 
been t o  try t o  design and bu i ld  t h e  b e s t ,  t h a t  i s  t h e  most s e n s i t i v e  - 
low background, PNAA f a c i l i t y  t h a t  we could using a 2 5 2 ~ f  source and t o  
c r i t i c a l l y  compare t h e  q u a l i t y  of t h e  da ta  obtained from t h i s  system 
with t h a t  obtained using a good reac to r  based PNAA f a c i l i t y .  The value 



of t h i s  approach i s ,  we believe,  t h a t  one rapidly  gains ins igh ts  i n t o  
t he  t r ue  po t en t i a l  and l imitat iorls  of a 2 5 2 ~ f  PNAA f a c i l i t y .  Further- 
more, c r i t i c a l  comparison of t he  data  from the  two systems provides a 
mechanism fo r  i so l a t i ng  those design parameters which c r i t i c a l l y  a f f ec t  
s ens i t i v i t y .  

1n.construct ing a PNAA f a c i l i t y  with 2 5 2 ~ f  it m u s t  be rea l ized  t h a t  
two basic  geometrical configurations can be used. These are :  

(1) An external  t a rge t  arrangement - i n  which a beam of neutrons 
i s  extrac'ted from the 5 2 ~ f  source-shielding arrangement, 
with t he  samples being i r r ad i a t ed  outside of the biological  
sh ie ld  and with the  detector  located c lose  t o  t he  sample. 
This i s  t he  conventional arrangement used i n  a reactor-based 
PNAA f a c i l i t y .  

(2)  An in t e rna l  t a rge t  arrangement - i n  which t he  samples a re  
located close t o  the  2 5 2 ~ f  source i n  a tangent ia l  beam channel, 
and t he  detector i s  located outside of t he  biological  sh i e ld  

' and views t he  sample down the  beam channel. 

I n  our e a r l i e s t  assessment of t he  problem of constructing a PNAA f a c i l i t y  
based upon 2 5 2 ~ f  it seemed f a i r l y  obvious t h a t  the  i n t e rna l  t a r g e t  arrange- 
mentwould provide t he  greater  s ens i t i v i t y  fo r  PNAA. Hence our i n i t i a l  
f a c i l i t y  was designed pr inc ipa l ly  t o  optimize t h e  i n t e rna l  t a r g e t  
arrangement, but f l ex ib l e  enough.to -allow fo r  measurement i n  t he  external  
t a rge t  geometry. Specific d e t a i l s  of t h i s  experimental arrangement, 
.including schematic drawings of t he  f a c i l i t y  and of t he  coll imator.design 
fo r  t h e  i n t e rna l  t a rge t  arrangement, a r e  given i n  Reference 1. The e s t i -  
mated thermal neutron f l ux  a t  t he  saxple posi t ion i s  estimated t o  be 
% 5 x l o 7  n/cm2-sec with a 2-mg 2 5 2 ~ f  source. It was noted i n  Reference 1 
t h a t  considerable a t t en t ion  was given t o  the  problem of minimizing t he  
background seen by t he  detector.  Figure 1 i l l u s t r a t e s  a t yp i ca l  back- 
ground spectrum which was obtained with t he  f i n a l  collimator arrangement 
( ~ i ~ .  2 of Reference 1). It i s  c lea r ly  seen then t h a t  t h i s  background 
spectrum predominantly r e su l t s  from neutron capture i n  the  s t ruc tu r a l  
materials  of t he  f a c i l i t y .  We might note t ha t  replacement of t he  bismuth 
components of t he  collimator by lead  r e s u l t s  i n  an unacceptably l a rge  
component of l ead  capture gamma rays i n  t he  background spectrum. 

Turning now t o  a comparison of the  spec t ra l  qua l i ty  and s e n s i t i v i t y  
fo r  t he  i n t e rna l  t a rge t  f a c i l i t y  compared t o  t h a t  obtained with a reactor  
based f a c i l i t y ,  Figures 2 and 3 i l l u s t r a t e  such a comparison f o r  Cu and 
W samples. (1t should be noted t h a t  t he  spectra  labeled B i n  these  
f igures  were obtained by i r r ad i a t i ng  the  samples i n  a very pure thermal 
neutron beam, with a f lux  % 4 x l o 6  neutrons/cm2-sec, which was obtained 
from the  MTR.) It i s  c lea r ,  by comparing the  port ions of spectra  labeled 
A and B i n  each f igure ,  t h a t  the  spec t ra l  qua l i ty  obtainable using each 
of t h e  two systems i s  e s sen t i a l l y  iden t ica l .  I f ,  however, s e n s i t i v i t y  
i s  defined as being proportional  t o  t he  product of spec t ra l  counts, 
sample mass and counting time we f ind  t h a t  the  MTR f a c i l i t y  has roughly 
twenty times t he  s e n s i v i t i t y  of t he  2 5 2 ~ f  system. 



As a fu r the r  example of spec t ra l  qua l i ty  and s ens i t i v i t y  fo r  a 
mixed sample ( see  a l so  Fig. 4 of Reference l ) ,  Figure 4 shows a prompt 
gamma-ray spectrum obtained with t he  i n t e rna l  t a rge t  ' "~f  f a c i l i t y  
obtained with a r e l a t i ve ly  small sample of rhyo l i t e .  As was the  case 
with t h e  ba sa l t  sample i l l u s t r a t e d  earlierL1] d i sc re te  l i n e s  a re  
observed f o r  a l l  the  p r inc ipa l  ( >  few tenths  percent)  consti tuent 
elements of rhyo l i t e ,  except f o r  oxygen and magnesium. 

While t he  i n t e rna l  t a rge t  f a c i l i t y  discussed above would appear t o  
be usefu l  f o r  many applications of t he  PNAA technique, e.g.,  fo r  t he  
assay o f  geologic core samples, the re  a r e  many other applications fo r  
which an external  neutron beam f a c i l i t y  might be desi rable ,  e.g.,  process 
streams, l a rge  o r  i r regu la r  shaped objects ,  e t c .  The present 2 5 2 ~ f  
f a c i l i t y  i s  e a s i l y  converted i n t o  an external  t a rge t  arrangement by 
using n coll imator design such as  t h a t  i l l u s t r a t e d  scheinatically i n  
Figure 5. With t h i s  arrangement, however, t he  thermal rieutron f l ux  a t  
t he  sample posi t ion i s  only Q 5 x l o 3  n/cm2-sec; which i s  r e a l l y  in- 
adequate t o  get  good qual i ty  prompt gamma-ray spectra ,  even when the  
detector  i s  moved as close t o  the  samples a s  possible ( i n  t h i s  case t o  
wi thin  1 i n . ) .  The background spectrum obtained with t h i s  external  
sample arrangement i s  shown i n  Figure 6,  and t h i s  can be compared with 
the  spectrum of a basa l t  sample shown i n  Figure 7. This comparison 
c l ea r ly  i l l u s t r a t e s  t he  poor s e n s i t i v i t y  obtained with t h i s  arrangement, 
especia l ly  when Figure 7 i s  a l so  compared with Figure 4 of Reference 1. 

In  t h e  process of exploring methods t o  improve t he  s e n s i t i v i t y  of 
t he  external  beam arrangement it i s  p rof i t ab le  t o  compare t h e  computed 
s e n s i t i v i t i e s  obtainable with both t he  i n t e rna l  t a rge t  and external  
beam arrangements. Such a comparison i s  i l l u s t r a t e d  i n  Figure 8. From 
t h i s  comparison we see,  not unexpectedly, t h a t  with t he  present fn .c i l i ty  
t he  i n t e r n a l  t a rge t  arrangement i s  about seven times more sens i t ive  than 
t he  be s t  (closest detector-sample dis tance)  external  t a rge t  arrangement. 
But, we can a l s o  see  from Figure 8 t h a t  with optimum design, using a 
l a rge  value of r and the  smallest  possible value of d ,  we should be able  
t o  bu i l d  an external  beam arrangement which i s  comparable i n  s e n s i t i v i t y  
t o  t h e  i n t e r n a l  t a rge t  arrangement. Figure 8 suggests,  however, t h a t  i n  
order t o  do t h i s  we must be wi l l ing  t o  consider converging beam channels, 
t h i s  being t h e  only way t o  obtain a l a rge  value of r and ye t  keep d small. 
I f  we consider such a converging coll imator arrangement, it i s  reason- 
able t o  assume tha t  as R ( r e f e r r i ng  t o  Figure 8 )  gets  l a rge r ,  r can be 
allowed t o  become correspondingly l a rge r ,  so  t h a t  the  source neutron 
f l u  Sn = a r 2  $ f ( r , ~ )  which i s  seen by t he  sample i s  generated from the  
same f r ac t i ona l  s o l i d  angle of t h e  sphere of radius R.  I n  f a c t ,  it seems 
reasonable t o  consider r = R being a reasonable c r j t e r i a  f o r  se lec t ing  
t he  maximum beam channel diameter ao t ha t  t h e  neutron source term i s  

h now reasonably defined as Sn = aR Thus, i n  order t o  obtain a 
maximum thermal neutron f lux  a t  t he  sample posi t ion,  it would appear t o  
be desi rable  t o  u t i l i z e  l a rge  values of R ,  which immediately suggests 
t h a t  a hydrogenous moderator may not now be t he  optimum, s ince  the  peak 
thermal f l ux  i n  a hydrogenous moderator occurs close t o  t he  neutron 
source (within a few cm). This i s  c l ea r ly  i l l u s t r a t e d  by t he  data  i n  
Figure 9 which shows t he  thermal neutron leakage from bare spheres of 
H20 and D20, as  caluculated using the  SCAMP t ranspor t  code with e i t he r  



19 o r  24 groups. A t  t h e  most, only 20 percent  of t h e  neutrons emit ted 
by t h e  2 5 2 ~ f  S O I I T ~ P  w i l l  escape from a sphere or H20 moderator a s  thermal 
neutrons, compared t o  D20 where e s s e n t i a l l y  a l l  of t h e  f a s t  neutrons a r e  
thermalized and escape given a l a r g e  enough sphere. Even where we con- 
s t r a i n  t h e  D20 volume t o  a 55 gal lon  drum, which i s  then surrounded by 
a hydrogenous r e f l e c t o r ,  t h e  da ta  presented i n  Figure 10 would suggest 
t h a t  f o r  l a r g e  values of  R ( >  10 cm) it i s  p re fe rab le  t o  use a D20 
moderator i n  order  t o  maximize the  f l u x  at  the  sample pos i t ion .  The 

, c a l c u l a t i o n s  of S which a r e  i l l u s t r a t e d  i n  Figure 10 ,  of course, assume 
n 

no per turbat ion  from t h e  void crea ted  by t h e  beam channel. While t h i s  
i s  obviously u n r e a l i s t i c  a s  f a r  a s  ca lcu la t ing  exact  values of Sn, t h e  
d i f f e r e n t  behavior exhibi ted  by t h e  H20 and D20 moderators i s  s u f f i c i e n t l y  
d i f f e r e n t  t o  support a conclusion t h a t  t h e  D20 moderator wi th  l a r g e  value 
of R w i l l  g ive t h e  g r e a t e r  ex te rna l  beam f lux .  Another advantage of a 
D20 moderator i s  i l l u s t r a t e d  i n  Figure 11. Here it i s  seen t h a t  t h e  
ex te rna l  beam w i l l  conta in ,  relat ive]-y,  many fewer neutrons wi th  energies 
i n  excess of 600 keV with a D20 moderator compared t o  an H2 moderator. 

Based upon these  cons idera t ions ,  then,  the  second generat ion of a 
2 5 2 ~ f  f a c i l i t y  shown.schematically i n  Figure 12 i s  being b u i l t  f o r  PNAA 
with an ex te rna l  beam arrangement. 

[ l ]  R .  C.  Greenwood, Nuclear Technology Division Annual Progress Report 
f o r  Period ending June 30, 1971, USAEC Report ANCR-1016 (1971) 
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I Borated Polyethylene I 
Figure 12  Proposed 2 5 2 ~ f  based PNAA f a c i l i t y  optimized f o  

sample geometry. 

Samp 

d' 

r an exter 



DOCUMENTATION OF GAUSS V, G w - R A Y  SPECTRUM 
ANALYSIS PROGRAM 

R. G. Helmer, M. H. Putnam 111 

Over the past several years, several versions of the GAUSS 
computer program have been developed to analyze gamma-ray spectra 
from Ge(~i) detectors. Two main versions of the program now are in 
use: GAUSS V for the detailed analysis of single spectra and GAUSS V I  
for the analysis of large groups of spectra (up to 200 at a time) and 
includine isotopic assignment of the observed peaks, 

The GAUSS V program has now been documented with the publication 
of report ANcR-1043 [PI .  This report includes (1) a description of the 
mathematical methods used, (2) a complete description of the input 
variable and options, (3) samples of the usual input and output, and 
(4 )  descriptions of auxiliary programs for the storage of spectral data 
and linearity and efficiency data. This documentation is sufficient to 
allow distribution of the program. 

[l] Member of Computer Science Branch, Technical Services Division, 

[2 ]  R. G, Helmer and M. H. Putnam, GAUSS V, A Comguter Program for 
the Analvsis of Gamma-Ray Spectra from ~e(~i.1 S~ectrometers, 
USAEC Report ANCR-1043 (1972 ) . 



llEVETIT)PMFNT nF GAMMA-RAY SPECTRUM ANKLYSIS PROGRRM (CAUSS VI) 
FOR USE I N  ANALYSES OF LARGE AMOUNTS OF DATA 

J. E. Cline, M. H. ~ u t n & ,  R .  G. Helmer 

The development of analys is  rou t ines  f o r  gamma-ray pulse-height 
s p e c t r a  has long been an i d e n t i f i e d  t a s k  of t h e  Nuclear Techrlology 
Division. These s p e c t r a  a r e  genera l ly  from ~ e ( ~ i )  de tec to r s  and 
include 4096 channels of da ta  with t y p i c a l l y  50-100 peaks. An auto- 
mated ana lys i s  rou t ine ,  GAUSS V,  one of t h e  most r ecen t ly  developed 
has been documented and repor ted[ l1 .  I n  t h e  two years ,  a s  a  r e s u l t  
of our work i n  neutron a c t i v a t i o n  ana lys i s  and f o r  t h e  safeguards and 
regula tory  organizat ions wi th in  t h e  AEC, t h e r e  has developed a need f o r  
an automated analys is  rou t ine  which can process l a r g e  numbers of s p e c t r a  
i n  batch operat ion with a minimum input .  To s a t i s f y  t h i s  need, GAUSS V I  
has been developed f o r  use on t h e  IBM 360175 computer. 

Although t h e  peak analys is  por t ion  of GAUSS V I  i s  t h e  same a s  
GAUSS V, V I  has add i t iona l  f e a t u r e s  including 

1. l a r g e  reduction of input ,  e spec ia l ly  f o r  ba tch  opera t ion ,  

2. high-speed analys is  ( t y p i c a l l y  one complete spectrum i n  
30 seconds ) , 

3. hatch  processing,  

4. i d e n t i f i c a t i o n  of nuclide decay responsib le  f o r  each 
gamma-ray peak, , 

5. autcjia.l;ic energy s c a l e  c a l i b r a t i o n ,  

6. correc t ions  t o  observed i n t e n s i t i e s  f o r  decay, 

7. a  co r re la t ed  output which combines t h e  output  from severa l  
spec t ra  of  the  same sample, taken a t  d i f f e r e n t  decay times. 

I n  t h e  development of t h i s  program, it has been assumed t h a t  i n  
genera l  t h e  experimentor has s e e n - t h e  da ta  only when it was acquired 
and does not  examine l i s t i n g s  o r  p l o t s  of t h e  da ta  p r i o r  t o  t h e  analys is  
by GAUSS V I .  Thus, s e v e r a l  d iagnost ics  have been incorporated i n t o  t h e  
analys is  output t o  a s s i s t  t h e  experimentor i n  t h e  evaluat ion  of t h e  
analyses.  

A flow diagram f o r  t h e  ana lys i s  rou t ine  i s  shown i n  Figure 1. I n  
addi t ion  t o  t h e  program which res ides  on a d i sc  i n  t h e  360175, two 
magnetic t apes  a r e  required:  t h e  spectrum l i b r a r y  and t h e  nuclide da ta  
master l i b r a r y .  The spectrum l i b r a r y  contains t h e  pulse-height da ta ,  
each spectrum having a w:i-que i d e n t i f i c a t i o n  word. Up t o  250 spec t ra  
may be on a s i n g l e  spectrum l i b r a r y .  The nuclide da ta  master l i b r a r y  
contains t h e  information about t h e  gamma rays  associa ted  with t h e  decay 
of t h e  nuclides observed i n  any of our da ta .  Information included i n  



t h i s  f i l e  i s :  

1. Z ,  chemical element name, A of the  nuclide 

2. B5 of t h e  nuclide 

3.  Ey ( i n  k e ~ )  of each gamma ray 

4. AEy (energy u n c e r t a i n t y )  f o r  each gamma ray 

5 .  I y  (absolute branching r a t i o  i n  y /d is in tegra t ion)  f o r  each 
gamma ray 

6. an i n t e n s i t y  code f o r  each gamma ray which ranks t h e  i n t e n s i t y  
from 1-6, 1 represent ing the  most c h a r a c t e r i s t i c  gamma ray f o r  
t h a t  nuclide 

7. production mode f o r  t h a t  nuclide, an alpha-numeric code which 
i d e n t i f i e s  how t h e  nuclide i s  most usual ly  produced. Each 
entry may have severa l  production mode codes. 

A nuclide subset  i s  generated f o r  each problem ( a  problem i s  
defined as a group of spec t ra  t o  be analyzed i n  one run on t h e  computer) 
by so r t ing  data  o f f  of the  master l i b r a r y  on c r i t e r i a  which cons i s t  of 
r e s t r i c t i o n s  on: 

4. In tens i ty  code 

5 .  Production mode 

The subset  i s  then arranged i n  order of increas ing energy and 
s to red  t o  compare agains t  t h e  l i s t  of energies obtained i n  t h e  s p e c t r a l  
ana lys i s  rou t ine .  

Af ter  the  generat ion of t h e  nuclide l i b r a r y  subset ,  the  f i r s t  
spectrum t o  be analyzed i s  t r a n s f e r r e d  from t h e  spectrum ( d a t a )  l i b r a r y .  
Generally, the  f i r s t  da ta  a r e  an energy c a l i b r a t i o n  spectrum and a re  
i d e n t i f i e d  as such by t h e  computer from the  spectrum t i t l e .  I n  such a 
case,  t h e  spectrum (usual ly  of 2 2 8 ~ h )  i s  automatical ly analyzed t o  obta in  
t h e  energy s c a l e  parameters, gain and zero, and t h e  parameters of t h e  
funct ion which describes t h e  width of the  observed peaks as a function 
of t h e  channel p o s i t i o n  i n  t h e  spectrum. This l a t t e r  funct ion i s  used 
i n  the  subsequent peak search and f i t t i n g  procedures. Cal ibra t ion 
spec t ra  genera l ly  occur about every 10th spectrum i n  t h e  data .  

The spectrum analys is  rou t ine ,  shown i n  block form i n  Figure 2 ,  i s  
very s imi la r  t o  t h a t  i n  GAUSS V.  One di f ference  i n  t h e  two rout ines  



l i e s  i n  t h e  recycl ing  of peaks with "bad f i t s " .  The c r i t e r i o n  of a  
s a t i s f a c t o r y  f i t  i s  t h a t  of convergence. I f  i n  the peak f i t  procedure 
t h e  matrix elements "blow up" o r  t e n  i n t e r a t i o n s  a r e  exceeded i n  the  
non-linear l e a s t  squares f i t t i n g ,  the  program f i x e s  t h e  width of t h a t  
peak t o  t h a t  determined from the  width funct ion  and t h e  f i t  i s  done 
again.  A loop,  not shown i n  t h e  f i g u r e ,  a l s o  occurs i n  t h e  f i t  t o  t h e  
energy c a l i b r a t i o n  l i n e s .  I n  t h e  automated assignment of the  c a l i b r a t i o n  
energies t o  the  peaks found i n  the  search and f i t  procedures, improper 
assignments occasionally occur. These a r e  usual ly  de tec ted  through an 
inspect ion  of the  reduced chi-squared term from the  f i t  t o  t h e  ca l ib ra -  
t i o n  l i n e s .  When an improper assignment i s . s u s p e c t e d ,  t h e  program w i l l  
inspect  t h e  assignment of those two c a l i b r a t i o n  l i n e s  whose ca lcu la ted  
energies d i f f e r  the  most from t h e  assigned energies .  I f  t h e r e  a r e  
c lose ly  ly ing  peaks t o  the  assigned peaks, th-e energy w i l l  be assigned 
t o  t h e  second peak and a new f i t  made t o  t h e  new s e t  of c a l i b r a t i o n  
l i n e s .  If t h e  f i t  i s  an improved one, t h e  new assignment w i l l  be kept;  
i f  no t ,  t h e  previous assignment w i l l  be r e s to red .  

Nuclide assignments a r e  made t o  t h e  computed energies on t h e  b a s i s  
of an energy comparison of t h i s  l i s t  t o  t h a t  from t h e  nuclide l i b r a r y  
subset .  For an assignment t o  be made, t h e r e  must be an agreement wi th in  
0.3 keV o r  wi th in  t h e  e r r o r s  i n  t h e  energy measurement i t s e l f ,  whichever 
i s  t h e  l a r g e r .  Following a nuclide assignment, a  co r rec t ion  i s  made t o  
t h e  observed i n t e n s i t y  of the  gamma ray  t o  account f o r  decay during t h e  
sampling, wa i t ,  and counting times. Information concerning these  times 
needed f o r  t h e  ca lcu la t ion  i s  contained i n  the  t i t l e  information of t h e  
spectrum. 

The r e s u l t s  from a complete ana lys i s  of a  spectrum a r e  s t o r e d  on 
magnetic tape .  Following t h e  completion of a l l  of t h e  s p e c t r a l  analyses 
i n  a  s e r i e s ,  a  da ta  c o r r e l a t i o n  rou t ine  can be c a l l e d .  The c o r r e l a t i o n  
rou t ine  i s  i l l u s t r a t e d  simply i n  Figure 3. 'This procedure can e d i t  t h e  
output tape  from t h e  ana lys i s  program, de le t ing  and adding individual  
analyses from other  t apes .  Af ter  t h e  e d i t i n g  i s  complete, t h e  corre la-  
t i o n  i s  performed which compiles the  l i s t  of decay correc ted  nuclide 
abundances so r t ed  and folded together  according t o  and i n  t h e  order  of 

1. Sample number 

2. Nuclide 

3. Gamma-ray energy 

4 .  Decay time 

Within t h e  l i s t  of nuclide abundances f o r  t h e  same gamma-ray energy 
wi th in  a given nuclide,  the  values a r e  inspected f o r  t h e  s t a t i s t i c a l l y  
"bad" values which a r e  then flagged and rej-ected.  F ina l ly  a  weighted 
average i s  taken and p r i n t e d  a t  the 'bot tom of each l i s t .  

The next development s tages  w i l l  include 1) performing a c o r r e l a t i o n  
on t h e  averages f o r  the  d i f f e r e n t  gamma rays from a s i n g l e  nuclide t o  
determine the  b e s t  value f o r  t h e  i n t e n s i t y  of t h a t  nuclide,  2 )  iden t i fy ing  



and eliminating false nuclide assignments. These developments will be 
undertaken during the next year. 

[l] R. G. Helmer and M. H. Putnam, GAUSS V, A Computer Program for the 
Analysis of Gamma-Ray Spectra from ~ e ( ~ i )  Spectrometers, USAEC 
Report ANCR-10.43 (1972). 

Nucl lde l l b r a r y  so r t  parameters 4096-channel spectra wl t h  
Spectra I d e n t l f l c a t l o n  numbers alpha-numeric headers contalnlng 
L l nea r i t y  and detect ion efficiencf-1 , somple identifications. sample and 
t ab le  i d e n t l f l c a t i o n  numbers count times, and analysis Ins t ruc t lons  
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Figure 1 GAUSS VI analysis. 
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Inspects 1 i s t  o f  n u c l i d e  
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1) sample number, 
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Figure 3 Data c o r r e l a t i o n  rou t ine .  



STORAGE AND ANALYSIS OF GAMMA-RAY SPECTRA FROM G e ( ~ i )  DETECTORS 

J. E. Baston, S. D.  McClure 

During the  l a s t  few yea r s ,  t h e  personnel of t h e  Nuclear Technology 
Division have recorded about 10,000 gamma-ray spec t ra  on G e ( ~ i )  spec- 
t rometers  f o r  measurement and an lys i s .  

I n  order  t o  s t o r e  these  spec t ra ,  a l i b r a r y  computer program has 
been developed' to p lace  them i n  binary on 9 t r a c k ,  1600 bpi  dens i ty  
magnetic tapes  i n  e a s i l y  r e t r i e v a b l e  form f o r  ana lys i s ,  l i s t i n g ,  o r  
p l o t  rou t ines .  

Xach spectrum i s  assigned an i d e n t i f i c a t i o n  number cons is t ing  of 
8 numeric and 8 alphanumeric charac ters  and i s  given a t i t l e  of up t o  
8 l i n e s  of  80 charac ters  each. The l i b r a r y  program t r a n s f e r s  t h e  
s p e c t r a  from t h e  analyzer  tape  ( e i t h e r  18 b i t  b inary ,  24 b i t  b inary ,  
o r  b inary  coded decimal) ; records t h e  spec t ra  I D ,  t h e  number of channels,  
t h e  t i t l e  cards ,  and t h e  spec t ra  on t h e  l i b r a r y  t ape  i n  the  proper order ;  
and l i s t s  t h e  I D ' S  on t h a t  l i b r a r y .  It can a l s o  l i s t  and p l o t  on micro- 
f i l m  each spectrum, co r rec t  overflows, and e d i t  mistakes. 



ENERGY AND RELATIVE INTENSITY MEASUREMENT OF y-RAYS EMITTED FROM 
ELEVEN RADIONUCLIDES PRODUCED WITH A PROTON CYCLOTRON 

R.  J. Gehrke, L. D. McIsaac 

The need cont inues i n  nuc lear  s t r u c t u r e  and s p a l l a t i o n  s t u d i e s  f o r  
t h e  p r e c i s e  measurement of y-ray energ ies  and i n t e n s i t i e s .  I n  s eve ra l  
reg ions  of t h e  nuc l ide  cha r t  t h e s e  measurements a r e  lack ing .  As a r e s u l t ,  
during t h e  p a s t  yea r ,  ye used t h e  52-inch v a r i a b l e  energy cyc lo t ron  oper- 
a t e d  by t h e  Univers i ty  o f  Colorado a t  Boulder t o  produce s e v e r a l  neutron 
d e f i c i e n t  i so topes .  This  machine i s  capable of a c c e l e r a t i n g  protons t o  
predetermined ene rg i e s  i n  t h e  range from 5 t o  30 MeV and t h i s  c a p a b i l i t y  
of proton energy s e l e c t i o n  was used t o  produce both  ( p , n )  and (p ,2n )  
r e a c t i o n s  and t o  enhance t h e  product ion r a t i o  0 f . spec i f i . c  radioisomers  
when t h e i r  sp in  s t a t e s  d i f f e r  s i g n i f i c a n t l y .  A l l  i r r a d i a t i o n s  were per- 
formed us ing  t h e  d e f l e c t e d  e x t e r n a l  beam. The s t r e n g t h  of t h i s  beam 
v a r i e d  wi th  energy bu t  averaged about 1 5  PA. The beam was focused onto 
t h e  water-cooled t a r g e t  by means of quadrupole magnets l o c a t e d  c l o s e  t o  
t h e  t a r g e t  box. The s i z e  of t h e  focused beam w a s  about 1/8 i n .  i n  diameter .  
The pro ton  beam passed through a  10-mil t h i c k  vanadium water-cooled t u b e  
before  s t r i k i n g  t h e  sample t o  be i r r a d i a t e d .  

Among t h e  r ad io i so topes  prepared were '21-min 52mMn, 5.7-da 52Mn, 
9.5-hr 6 6 ~ a ,  31-min l15sb ,  15-min l16sb ,  60-min 2.8-hr '17Sb, 
3.5-min '18sb, 5.1-hr '18sb, 18-hr l g 3 ~ u ,  and 39-hr l g 4 ~ u .  Chemical pur i -  
f i c a t i o n s  were performed on a l l  t h e  i r r a d i a t e d  samples wi th  t h e  except ion 
of 3.5-min 8 ~ b .  

The ene rg i e s  and r e l a t i v e  i n t e n s i t i e s  of t h e  y-rays were determined 
us ing  techniques  descr ibed  elsewhere i n  t h i s  r e p o r t  [ l ] .  The high energy 
( >  2300 k e ~ )  y-rays emitLed i n  t h e  decay of 6 6 ~ a  were ~ e a s u r e d  by de ter -  
mining t h e  high energy crossover  t r a n s i t i o n s  from t h e i r  r e s p e c t i v e  lower 
energy cascade y-rays c o r r e c t i n g  f o r  t h e  e f f e c t  of r e c d i l .  

The y-ray ene rg i e s  and r e l a t i v e  i n t e n s i t i e s  ob ta ined  from t h e s e  
measurements a r e  l i s t e d  i n  Table I. Due t o  t h e  na tu re  of t h i s  p r o j e c t ,  
only a  b r i e f  s tudy w a s  made of each rad ionucl ide  and t h e r e f o r e  t h e  l i s t  
of y-rays recorded f o r  each i so tope  i s  not  n e c e s s a r i l y  i nc lus ive .  

[ l ]  R .  J. Gehrke, "Energy and Re la t ive  I n t e n s i t y  Measurements of y  Rays 
Emitted from 4 7 ~ c ,  6 1 ~ o ,  l o 6 ~ u ,  l o 6 ~ h ,  1 4 0 ~ a ,  l5lsrn, and 1 8 0 m ~ f " ,  
t h i s  r e p o r t .  



TABLE I 

ENERGIES AND INTENSITIES OF y-RAYS 
p~ - p ~  ~ 

Energy ( k e ~ )  

377.614 + 0.050 ( IT)  
1434.047 + 0.030 
1727.3 + 0.5 

448.88 2 0 . 1 0  
459.9 ' +  0.5 
578.2 k 0 . 5  
686.11 + 0.10 
833.500 + 0.020 
855 Doublet 

1039.195 t 0.030 
1147.87 2 0.30 
1190.35 ' 0.30 
1232 Doublet 
1333.087 + 0. 080 
1356 T r i p l e t  
1418.74 + 0.08 
1459.9 2 0 . 3  
1508.20 + 0.10 
1898.78 + 0.10 
1918.28 + 0.07 
2173.40 + 0.30 
2109.56 1 0.10 
2213.52 + 0.30 
2393.15 t 0.30 
2422.50 t 0.10 
2751.75 + 0.08 
2780.2 f 0.3 
2933.3 k O . 2  
3228.68 t 0.10 
3256.2 + 0.3 
3380.87 t 0.10 

I n t e n s i t y  ( r e l )  

2.8 k O . 5  
100 

0.4 + 0 . 1  

1 . 2  + 0.1  
0.36 t 0.06 
Doublet ? 

0.14 t 0.02 
0.53 + 0.03 
0.40 i 0.03 

88.2 -t 5.0 
3.4 + 0.2 

95 + 5 
4.8 i 0 .3  
5.3 + 0.3 

100 
0.055 + 0.008 
0.039 t 0.006 



TABLE I (Contd . ) 
- -- -- - - - - - 

Energy ( k e ~ )  

9.5-hr 6 6 ~ a  (~ontd. ) 3422.0 f0.2 
3432.5 kO.3 
3767.1 + 0.4 
3791.06 + 0.20 
4085.8 + 0.1 
4295.10 k 0.10 
4461.14 f 0.20 
4805.9 f 0.3 

Intensity (rel) 

2.1 +. 0.2 
0.75 + 0.09 
0.37 + 0.06 
2.8 20.3 

Detector Efficiency 
not determined at 
these energies 

99.818 0.~15 
135.520 .f 0.030 
407.351 f 0.020 
436.680 + 0.060 
542.872 t 0.020 
844.015 + 0.050 
972.550 + 0.025 
1072.360 + 0.040' 
1293.538 + 0.040 
1315.4 2 0.4 
1501.2 + 0.4 

* Assignment uncertain 

158.562 + 0.010 loo 
553.00 + 0.10 0.095 + 0.015 
846.0 k0.3 0.06 f 0.02 
861.346 + 0.050 0.36 -1: 0.04 
1004.51 + 0.15 0.24 f 0.03 
1020.8 Doublet 0.21 + 0.03 



TABLE I ( Contd. ) 

- 

5.1-hr 8 m ~ b  40.82 + 0.10* 
253.678 + 0.010 

1050.689 0.030 
1091.51 t 0.08 

.1229.645 + 0.040 * y-ray energy determined by energy 
d i f f e r e n c e  of lOgl - 1050 keV y-rays. 

- - 

I n t e n s i t y  ( r e l )  

Not determined 
99.3 + 5.5 
97.3 + 5.0 

3.6 + 0.3 
100 

28.9 
100  

9.9 
5.4 
6.4 

67.6 
44.0 

8 .9  
16.8 

7.0 
6 ..6 

25.4 ( ~ o u b l e t  ) 
9.0 (Doublet ) 
9.6 ( ~ 0 1 1 b l k t )  



TABLE I ( Contd. ) 

39-hr 9 4 ~ u  (Contd. ) 

Energy (ke~) 

1038.558 + 0.080 
1048.577 + 0.050 
1104.061 + 0.050 
1150.778 + 0.050 
1156.606 + 0.060 
1175.340 + 0.050 ' 

1183.521 + 0.050 
1~8.764 + 0.050 
1302.288 + 0.080 
1308.55 + 0.20 
1339..6 + 0.3 
1342.15 f 0.10 
1421.654 + 0.070 
1431.6 t 0.4 
1441.89 + 0.15 
1450.06 0.15 
1463.45 + 0.10 
1468.893 + 0.050 
1487.0 + 0.3 
1491.97 2 0.15 
1511.9 + 0.3 
1519.2 t 0.4 
1562.8 + 0.3 
1593.0 + 0.1 
1595.947 t 0. lo 
1602.01 + 0.10 
1617.73 + 0.15 
1622.23 + 0.15 
1632.86 + 0.15 
1670.66 0.15 
1675.7 t 0.3 
1689.7 + 0.2 
1715.231 + 0.060 
1735.31 + 0.10 
1785.474 + 0.070 . 
1797.306 t 0.080 
1829.41 + 0.10 
1835.334 t 0.070 
1886.497 t 0.050 
1911.30 t 0.15 
1924.184 t 0.50 
1958.74 t 0.20 
1969.654 t 0.070 
,2043.668 + 0.050 
211.3.93 + 0.20 
2215.15 f 0.15 
2298.2 2 0.3 
23L2;Ol + 0.15 
2365.56 t 0.20 

Intensity (rel) 

0.52 + 0.05 
1.41 + 0.10 
3.27 + 0.20 
2.26 + 0.15 
0.76 + 0.06 
3.36 t 0.20 
1.04 + .O.lO 
1.76 + 0.15 
0.43 + 0.04 
0.24 + 0.03 
oi45 2 0.10 
2.03 5 0.15 
0.60 + 0.05 
0.30 (5) 
0.33 (4) 
0.55 (5) 
1.19 (10) 
10.50 (6) 
,0.20 (4) 
0.29 (4) 
0:19 (3)' 
0.11 (2j 
0.56 ( ' 7 )  
2.8 (.3) 
2.8 (3) 
0.45 (5) 
0.34 (4) 
0.26 (4) 
0.47 (5) 
0.36 (5) 
0.27 (4) 
0.28 (5) 
1.14 (10) 
0.46 (5) 
0.62 (6) 
1.06 (lo) 
0.41 (5) 
0.64 (6) 
5.33 (30) 
0.21 (3) 
3.22 (20) 
0.26 (4) 
0.71 ( 7 )  
5.92 (40) 
0.46 (5) 
0.32 (4) 
0.072 (15) 
0.28 (3) 
0.057 (10) 



ENERGY AND RELATIVE INTENSITY MEASUREMENTS OF y-RAYS EMITTED FROM 
EIGHT RADIONUCLIDES PRODUCED WITH A LINEAR ELECTRON ACCELERATOR 

L. D. McIsaac, R .  J. Gehrke 

E f f o r t  cont inues  t o  improve rad ionucl ide  i d e n t i f i c a t i o n  by y-ray 
energy and i n t e n s i t y  measurements. The new l i n e a r  e l e c t r o n  a c c e l e r a t o r  
a t  Lawrence Livermore Laboratory w a s  made a v a i l a b l e  f o r  our use  l a s t  
y e a r  f o r  t h e  product ion of r ad ionuc l ides .  This  f a c i l i t y  has s e v e r a l  
advantages over t h e  l i n e a r  e l e c t r o n  a c c e l e r a t o r  a t  Gulf General Atomic 
inc lud ing  h igher  energy and more i n t e n s e  bremsstrahlung beam. 

The l i n e a r  e l e c t r o n  a c c e l e r a t o r  a t  Livermore, C a l i f o r n i a  has a 
v a r i a b l e  e l e c t r o n  beam energy'  t h a t  ranges from 10-160 MeV, and a beam 
cu r ren t  of  0-600 rnA can be obta ined .  ' Puise  widths can be v a r i e d  up t o  
3 psec at r e p e t i t i o n  r a t e s  of  0-300 pu l se s / sec .  The maximum power out-  
pu t  from t h e  beam i s  50 kW. - 

Last  yea r ,  t h e  fo l lowing  r ad io i so topes  were produced i n  s u f f i c i e n t  
amounts t o  measure t h e  ene rg i e s  and r e l a t i v e  i n t e n s i t i e s  of t h e  y-rays 
emi t ted  i n  t h e i r  decay: 23-hr 4 8 ~ r ,  8.3-hr 5 2 ~ e ,  18-hr 5 5 ~ o ,  6.2-day . 

5 6 ~ i ,  46.5-hr 7 2 ~ n ,  23-hr 9 6 ~ b ,  6. 6-day 3 2 ~ s ,  10-day 1 8 8 ~ t ,  and 3.0-day 
l g l p t .  These rad ionucl ides  weie prepared us ing  ( y  , n )  , ( y  , 2n ) ,  ( y  , 3 n ) ,  
(y ,a ) , ' and  ( Y , ~ )  r e a c t i o n s  and i n  every case  t h e  i r r a d i a t e d  sample was 
chemical ly p u r i f i e d .  

The ene rg i e s  and r e l a t i v e  i n t e n s i t i e s  of t h e  y-rays were measured 
wi th  a ~ e ( ~ i )  spectrometer  us ing  techniques  d iscussed  elsewhere i n  t h i s  
annual r e p o r t  [ l l  . 

The y-ray ene rg i e s  and r e l a t i v e  i n t e n s i t i e s  ob ta ined  from t h e s e  
measurements a r e  l i s t e d  i n  Table I. Because of t h e  na tu re  o f  t h i s  
p r o j e c t ,  only a b r i e f  s tudy  of each rad ionucl ide  was made. Therefore ,  
t h e  y-ray l i s t s  a r e  not  n e c e s s a r i l y  i n c l u s i v e .  

[ l ]  R. J .  Gehrke, "Energy and R e l a t i v e  I n t e n s i t y  Measurements o f  y-Rays 
Emitted from 4 7 ~ c ,  6 1 ~ o y  l ° C ~ u ,  lo613h, l 4 O ~ a Y  151sm,and 1 8 0 m ~ f " ,  
t h i s  r e p o r t .  



TARLE I 

.ENERGIES AND INTENSITIES OF y-RAYS 

Energy (ke~) 

112.44 + 0.02 
308.33 + 0.02 
420.72 f 0.08 

18-hr 5 5 ~ 0  169.01 f 0.20 
385..2 f 0.4 
rill.1, + 0.5 
477.29 ' 0.20 
931.27 2 0.15 
1316.39 + 0.30 
1369.75 f 0.20 
1408.55 f 0.10 
1434.0 f 0.3 
1576.4 f 0.2 
2035.2 k0.5 
2180.b1 + .0.3 
2231.43 f 0.20 
2250.9' '1.0 

* Assignment uncertain 

Intensity (rel) 

8 3 + 4 
100 5 

Sum 



TABLE I (contd . )  

Energy ( k e ~ )  I n t e n s i t y  ( 're1 ) 

23-hr ( ~ o n t d . )  591.29 2 0.10 2.7 + 0.8 

5 2 
66 (complex peak) 



MEASUREMENT OF GAMMA-RAY ENERGIES AND RELATIVE INTENSITIES OF FISSION 
- - .. 

PRODUCT GASES AND THEIR DAUGHTERS 

L. D. McIsaac, R.  J. Gehrke, J. E. Cline, R .  L. Heath 

We have undertaken t he  measurement of energies and r e l a t i v e  inten- 
s i t i e s  of y-rays emitted from f i s s i o n  gases and t h e i r  daughters i n  order 
t o  analyze t he  ~ e ( L i )  yl.ray spec t ra  accumulated from several  current  
Nuclear Physics Branch pro jec t s .  These include the  Assistance t o  
Compliance Program, the  GGA gas cooled reactor  experiment i n  ETR, and 
t he  Isotopic  Monitoring Program. 

Among the  radioisotopes s tudied f o r  the  above programs were 4.48-hr 
85mKr ,  76.4-m 8 7 K r ,  2.80-h 8 8 K r ,  17.8-m 8 8 ~ b ,  3.16-m 8 9 K r ,  15.2-m 8 9 ~ b ,  
15.6-m 5 m ~ e ,  9.14-h 5 ~ e  , 1.4. 2-I~I 3 8 ~ e  , and 32.2-m 3 8 ~ s .  The energies 
and i n t e n s i t i e s  of t he  y-rays emitted from the  above radionuclides were 
determined using techniques described elsewhere i n  t h i s  annual repor t  [l]. 

The y-ray energies and r e l a t i v e  i n t e n s i t i e s  obtained from these  
measurements a r e  l i s t e d  i n  Table I., , I 

[l] R. J. ~ e h r k e ,  "13nergy and Relat ive In tens i ty  Measurements of v-Rays 
Rnit ted From 4 7 ~ c ,  6 1 ~ o ,  l o 6 ~ u  - lo6Rh, l4OLa, l S 1 s m ,  and 180m~fl~,  ; 

t h i s  repor t .  
1 

i 



TABLE I 

ENERGIES AND INTENSITIES OF y-RAYS 

402.578 + 0.020 
674.01 20.15 
845.43 t 0.08 
1174.75 + 0.12 
1740.47 + 0.08 
2011.81 + 0.08 
2408.44 + 0.20 
2555.37 Doublet 

Intensity (rel) 



TABLE I (Contd. ) 

Energy ( k e ~ )  I n t e n s i t y  ( r e l )  
~. - 

"Assignment u n c e r t a i n  



TABLE I (contd. ) 

Energy ( k e ~ )  I n t e n s i t y  ( r e l )  



T)RmTIOP~NT OF 5 9 ~ i  -FOE. THE &PAY FIJTJORESCENCE OF 
MANGANESE I N  PLAIN CARBON STEELS 

R .  J .  Gehrke 

About a year ago we developed a technique' f o r  t h e  on-line analys is  
of manganese i n  carbon s t e e l  using energy dispers ive  X-ray fluorescence 
spectrometry ['I. When t h i s  work was brought t o  t h e  a t t e n t i o n  of t h e  
s t e e l  indust ry  through a news b r i e f  i n  I ron ~ ~ ~ ~ ~ 1 ,  many major s t e e l  
producers showed s u f f i c i e n t  i n t e r e s t  i n  t h i s  technique t o  request  a 
r e p r i n t  of t h e  PaPer [ l ] .  During my v i s i t  t o  Bethlehem S t e e l  Corporation 
t o  become b e t t e r  acquainted with t h e  d i f f i c u l t i e s  of on-line analyses of 
hot  s t e e l ,  it became apparent t h a t  a small por table  instrument f o r  f i e l d  
use on cold s t e e l  was a l s o  needed. This paper r epor t s  progress made 
toward development of such a f i e l d  instrument using 8 x 5 9 ~ i  as  an 
exc i t ing  source f o r  manganese' analyses .us ing energy dispers ive  X-ray 
fluorescence spectrometry. The cobal t  K X-rays emitted from t h e  5 9 ~ i  
source p r e f e r e n t i a l l y  exc i t e  manganese over i r o n  and s u f f i c i e n t l y  reduce 
t h e  i n t e n s i t y  of t h e  exci ted  i r o n  K, X-ray r e l a t i v e  t o  t h e  manganese 
I& X-ray t o  resolve  these  peaks with a high reso lu t ion  ~ i ( ~ i )  spectrom- 
e t e r  even when t h e  percent  i r o n  t o  manganese concentrat ion i n  t h e  carbon 

. \ s t e e l  i s  350:l. 

Unt i l  r ecen t ly ,  8 x 5 9 ~ i  did  not appear t o  be a p r a c t i c a l  X-ray 
fluorescence source based on cos t .  However, a few months ago a t  t h e  
request  of severa l  researchers i n t e r e s t e d  i n  studying various proper t ies  
of 5 9 ~ i ,  t h e  ca lut ron group a t  Oak Ridge National Laboratory obtained . 

some highly enriched 5 8 ~ i  s t a b l e  isotope which was i r r a d i a t e d  f o r  a 
period of severa l  months i n  one of Savannah River 's  high f l u x  reac to r s .  
Oak Ridge mass separated t h e  5 9 ~ i  a c t i v i t y  from t h e  i r r a d i a t e d  mate r i a l  
and obtained a 5 9 ~ i  enrichment of 95.35%. A t o t a l  of 30 mg of t h i s  
enriched 5 9 ~ i  a c t i v i t y  was obtained and it was so ld  through t h e  Oak Ridge 
Isotope Sales  Division a t  a r a t e  of $1200/10 mg. 

We procured 5 mg. of t h e  95% enriched 5 9 ~ i  a c t i v i t y  and e lec t rop la ted  
it onto a .l-718 in .  O.D. x 718 in .  I . D .  x 20 x i n .  t h i c k  copper washer. 
Preliminary manganese analyses with t h i s  X-ray exc i t ing  source ind ica te  
t h a t  5 9 ~ i  has g rea t  p o t e n t i a l  f o r  use i n  a ruggedly b u i l t  por tab le  f i e l d  
X-ray f luorescence spectrometer, and t h e  long h a l f - l i f e  of 5 9 ~ i  eliminates 
any need'for source replacement o r  frequent  c a l i b r a t i o n .  

[ l ]  R. J. Gehrke, M. S. Cole, W. A. Ryder, "Rapid Analysis of Mn i n  
P l a i n  Carbon S t e e l s  by Nondispersive X-Ray Fluorescence Spectros- 
copy", i n  Advances i n  X-Ray Analysis,  Vol. 15 ,  Kurt F. J .  Heinrich, 
Charles S. Bar re t t .  John B. Newkirk, and Clayton 0. Ruud ( ~ d i t o r s ) ,  
Plenum Press ,  New ~ o r k  (1972) pp. 276-284.. 

[2]  I ron  Age, November 25, 1971, p. 29. 



ENERGY AND REUTIVE INTENSITY MEASUREMENTS OF y-RAYS EMITTED FROM 7 ~ c ,  

R. J. Gehrke 

As reference information for projects involving activation analysis, 
isotopic monitoring and decay scheme studies, we measured the energies 
and relative intensities of y-rays emitted from the following radio- 
nuclides: 3.4-day'47~c, 99-rnin 61~o., 1.0-yr l o 6 ~ u  - 30-sec lo6~h, 
40.2-hr l4OLaZ 90-yr 151sm and 5.5-hr 180m~f. 

The energies of the stronger y-rays emitted from these radionuclides 
were determined with a ~e(Li) spectrometer using the techniques described 
in References 1 and 2. After the energies of the more intense y-rays 
were determined, these y-rays were then used to measure the energies of 
the weaker y-rays . 

The photopeak efficiencies of the ~e(Li) spectrometers used in this 
study were determined using a combination of several techniques. 'Rle 
absolute photopeak efficiency was determined at several energies using 
NBS, IAEA and/or  IT B-y calibrated y-ray standards. The energy regions 
between these efficiency values were determined using the relative 
technique described by Gehrke et a1[31. From the areas of the y-ray 
peaks and the detector photopeak efficiency, the relative intensities 
of the y-rays were determined. 

The y-ray energies and relative intensities obtained from these 
measurements are listed in Table I. 

[l] R. C. Greenwood, R. G. Helmer and R. J. Gehrke, Nucl. Instr. and 
Meth. 77 (1970) 141. -- 

[ 2 ]  R. G. Helmer, R. C. Greenwood and R. J. Gehrke, Nucl; Instr. and 
Meth. 96 (1971) 173. -- 

[3] -R. J. Gehrke, J. E. Cline and R. L. Heath, Nucl. Instr. and Meth. 
96 (1971) 349. - 



u ENERGIES AND INTENSITIES OF .(-RAYS 

Energy (ke~). Intensity (rel) 

3.4-day 4 7 ~ c -  159.381 + 0.015 

99-min 6 1 ~ o  67.415 + 0.010 

*Assignment Uncertain 

- .  



TABLE I ( Contd. ) 

Enerpy (ke~.) 

1.0-yr l o 6 ~ u  + 30-Sec lo6Rh 1927.26 t 0.06 
(~ontd. ) 1988.46 + 0.06 

2112.58 + 0.05 
2193.28 + 0.08 
2242.60 + 0.15 
2271.82 + 0.25 
2308.95 + 0.07 
2316.42 + 0.07 
2365.99 k 0.08 
2390.56 + o ,12 
2405.89 t 0.05 
2438.99 t 0.09 
2484.72 + 0.20 
2542.70 + 0.10 
2570.85 + 0.10 
2651.30 t 0.20 
2705.00 t 0.020 
2706.3 + 0.8 
2709.4 + 0.2 
2808.7 + 0.3 
2820.9 t 0.3 
2917.7 t 0.2 
0 6 . 6  + 0.25 

751.655 + 0.035 
815.775 t 0.030 
867.842 t 0.035 
919.54 + 0.04 ' ' 

925.188 0.035 
951.00 + 0.06 
1045.2 + 0.3 
1097.2 + 0.3 

- -  1404.5 % + 0.2 
1596.17 ' .+ 0.06 
1924.2 + 0.3 
2347.80 0.06. 
2521.32 + 0.06 

* Assignment uncertain 2547.14 + 0.06 

Intensity (rel) 

0.075 +_ 0.005 
0.126 + 0.007 
0.17 + 0.01 
0.028 + 0.003 
0.012 + 0.002 
0.008 2 0.002 
0.030 + 0.003 
0.031 + 0.003 
0.110 + 0.oog 
0.033. + 0.003 
0.069 + 0.006 
0.023 +0,002 . . 
0.004 +_ 0.001 
0.015 2 0.002 
0.008 + 0.002 
0.004 + 0.001 
0.014 2 0.001 
0.03 + 0.02 
0.020 +_ 0.003 
0.003 + 0.001 
0.006 + 0.001 
0.005 + 0.001 
0.005 + 0.001 

0.17 2 0.04 
0.42 2 0.05 
0.6 + 0.2 
0.51 + 0.08 
0.50 2 0.05 
Very weak 
19.6 +_ 1.3 
0.12 2 0.03 
2.94 + 0.20 
44.7 + 3.0 
Very weak 
4.5 + 0.3 
24.2 +_ 1.5 
7 ~ 0 . 3  : 
2.89 + 0.20 
7.2 + 0.4 
0.56 + 0.04 
0.04 + O.Ol* 
0.020 + O.OO6* 
0.50 t 0.06 

100 
0.023 + 0.005* 
0.89 t 0.06 
3.59 t 0.18 
0.110 + 0.006 



TABLE I Lcontd. ) 

Energy ( k e ~ )  Intensity (rel) 



INTERPOLATION OF EFFICIENCY OF ~ e ( L i )  DETECTOR 

R .  G. Helmer, R. C .  Greenwood 

I n  t h e  determination of gamma-ray i n t e n s i t i e s  o r  sample a c t i v i t i e s  
from t h e  gamma-ray spectrum from a ~ e ( L i )  de tec to r ,  it i s  necessary t o  
know t h e  de tec t ion  e f f i c i ency  a t  t h e  p a r t i c u l a r  energy involved. Since 
t h e  e f f i c i ency  i s  genera l ly  determined experimentally a t  a  few energies ,  
some method of i n t e r p o l a t i n g  the  e f f i c i ency  between these  po in t s  i s  
needed. The i n t e r p o l a t i o n  method should a l s o  be such as  t o  average out  
the  s t a t i s t i c a l  spread i n  t h e  experimental e f f i c i ency  values.  

For t h e  OR-5 e f f i c i ency  da ta  discussed i n  ~ e f e r e n c e  1, t h r e e  
methods.of i n t e r p o l a t i o n  have been compared. These a r e :  

( a )  a  hand-drawn curve 
N 

( b )  a  polynomial of  t h e  form En E = 2 a , ( E n ~ ) ~ - '  with one 
ri=l 

s e t  of c o e f f i c i e n t s  an below 200 keV and a  second s e t  above 
200 keV 

( c )  f o r . t h e  region above 200 keV,.an equation proposed by 
Mowatt 1 . 

The c o e f f i c i e n t s  i n  t h e  polynomial i n t e r p o l a t i o n  ( b )  were deter -  
mined by a  least-squares f i t  t o  t h e  experimental po in t s .  An N equal  
t o  4 and 5 was found s u i t a b l e  i n  t h e  two energy regions.  The expression 
of Mowatt a l s o  contains 5 parameters which were determined by a  non- 
l i n e a r  least-square f i t .  

E f f i c i enc ies  were computed a t  r egu la r ly  spaced energies f o r  each 
of these  t h r e e  i n t e r p o l a t i o n  methods. The d i f ferences  between the  
values from ( b )  and ( a )  and ( c )  and ( a )  a r e  shown i n  Figure 1. The 
former comparison i s  a l s o  shown i n  Table I. 

Between 200 and 1800 keV, t h e  experimental e f f i c i e n c i e s  a r e  
accura te  t o  2 1% and t h e  hand-drawn curve should be of about t h e  same 
accuracy. Therefore, from t h e  v a r i a t i o n s  of  up t o  5% between t h e  Mowatt 
expression and t h e  hand-drawn curve, it i s  c l e a r  t h a t  t h e  formula of  
Mowatt i s  not capable of  giving in te rpo la ted  values of s u f f i c i e n t  
accuracy. In  c o n t r a s t ,  t h e  Rn E polynomial and t h e  hand-drawn curve 
values a r e  i n  good agreement i n  t h i s  region.  A t  higher and lower 
energies ,  t h e  experimental da ta  a r e  too  sparse  o r  not p rec i se  enough 
t o  def ine  the  e f f i c i ency  t o  b e t t e r  than 2-3%. Therefore, t h e  d i f fe rences  
i n  these  regions between t h e  in te rpo la ted  values a r e  not se r ious .  

These r e s u l t s  i n d i c a t e  t h a t  t h e  i n t e r p o l a t i o n  of t h e  e f f i c i ency  
value should introduce an e r r o r  of  l e s s  than 1%. 
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: [l] R. C. Greenwood, "Precise Measurements of ~ e ( ~ i )  Detector 
Efficicncy" , this report. 

[2] R. S. Mowatt, Nucl. Instr. and Methods - 70 (1969) p. 237. 



TABLE I 

COMPARISON OF EFFICIENCY VALUES INTERPOLATED FROM HAND-DRAWN CURVE 
AND Rn E vs  Rn E POLYNOMIAL FOR THE OR-5 DETECTOR 

Gamma-Ray 
Energy ( k e ~ )  

30 
40 
5 0 
6 o 
'7 u 
80. ' 
9 0 

110 
130 . 
150 
170 
130 
210 
250 
290 
330 
400 
500 
600 
700 
800 
900 

1000 
1200 
1400 
1600 
1800 
2000 
2200 
2400 
2600 
3006 
3500 
4000 

Efficiency (x103) 

Hand Curve ~ o l ~ n o m i  alLa I 
Difference 

( %  1 
1 .5  
5.4 
2.4 

-0.5 
-1.7 
-1.5 
-1.2 

0.9 
2.0 
2 .1  
1 .6  
1.2 
0.3 

-0.7 
-0.3 

0. i 
0.6 
0 .1  
0.4 
0.4 
0.3 
0 9 
1.0 
0.8 

-0.9 
-1.8 
-2.2 
-2.3 
-1.8 
-0.8 
1.1 
6 

1 5  
24 

[a ]  Below 200 keV, a third-order polynomial ' is  used and above t h i s  energy 
a d i s t i n c t  fourth-order polynomial i s  employed. The points  above 
2800 keV a re  an ext rapola t ion.  
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10 io2 103 io4 
Energy ( k e V )  

ANC-B-794 
Figure 1 These curves give a comparison of the  ~ e ( ~ i )  detector  e f f i c ien-  

' 

c i e s  in terpola ted by d i f fe ren t  methods. The dashed curve repre- 
sents  t he  di f ference between t he  values obtained from a hand- 
drawn curve and a f i t  of t he  Mowatt expression t o  t he  measured 
values. The two so l i d  curves show the  di f ference between Rn E 

vs Rn E polynomials f i t  t o  t he  data  and t h e  hand-drawn curve. 



VARIATION OF Ge(~i ) DETECTOR EFFICIENCY WITH TIME 

R. C. Greenwood, R. G. Helmer 

Recently there has been speculation about the constancy of peak 
detection efficienci s of Ge(~i) detectors as a function of time; and In 
fact, Wagner et a1[lP have presented data which indicate that the peak 
detector efficiencies of many detectors do change significantly with 
time . 

The peak detection efficiencies of the ND-3 and OR-5 ~ e ( ~ i )  detectors 
have been periodically remeasured using selected standard sources over 
the past seven months (i.e., covering the period of our participation in 
the ILRR program). Standard sources emitting both low ( <  150 k e ~ )  and 
"higher energy gamma rays were included in this series of measurements in 
order that we might be able to monitor changes in the detector surface 
(e . g . , dead layer) as well as in the bulk sensitive volume. The results 
of these measurements are summarized in Tables I and 11. Examination of 
the data contained in these tables would indicate tha-t above % 100 keV 
the efficiencies of both of these detectors have remained constant to 
within % 0.3% over this period of time. Below % 100 keV, however, the 
efficiency data for OR-5 appear to be slowly decreasing with time, 
suggesting that the dead-layer on the open front-face of this coaxial 
detector might be gradually increasing. The data in Table I are insuf- 
ficient to allow any conclusions to be drawn concerning gradual changes 
in the surface condition of ND-3. 

Short-term checks on the constancy of the ND-3 detector efficiency 
were made during this same period. A strong 1 3 7 ~ s  source. ( %  15% dead 
'time) and a weaker 6 0 ~ o  source ( %  2% dead time) were used for these 
measurements. These data are summarized in Tables I11 and IV. For the 
6 0 ~ o  source, after correcting for decay, the RMS deviation of. the measured 
peak area is + 0.51%~ which is only slightly larger than the expected 
statistical variation (lo) of + 0.42%. For the 1 3 7 ~ s  source, however, 
the RMS deviation is + 0.40% which is significantly larger than the 
expected statistical variation of + 0.10%. It is expected for our source 
mounting arrangement that most of this + 0.40% error is due to small 
variations of the source position. (1n fact, we have usually estimated 
our source position error to be + 0.5% at a source-detector distance of 
10 cm. ) 

[l] S. Wagner, R. Trammell, and F.. J. Walter, IEEE Trans. Nucl. Sci. 
NS-19, No. 3 (1972) p. 380. 



TABLE I 

TESTS OF LONG-TERM VARIATION IN THE PEAK DETECTION ~. EFFICIENrJIES OF ND-3 
' .~.. . 'i - 'Ef 

Source-Detector Date of Initial Date of Final x 100 
E 

Di s t an'; e Measurement , Measurement * i 
. (cm)\a'l 

ti tf E c 
Source-Ey (ke~) - i - f ( % P I  

[a] The source-$osition error for each measurement is 20.5% and 0.2% ( 1 a uncertainties) for source-detector 
distances of 10 cm and 25 cm, respectively. 

[b] The 1 ,p uncertainties aye quoted here. 

[c] Relative efficiences.' 

. . 



TABLE I1 

TESTS OF LONG-TERJL: VARIATION IN THE lEAK DETECTION EFFICIENCIES 3F OR-5 

Source-Detector Date of Initial E -E tf-ti 
Distance Measurement - 

E E 
x 100 

(cm)[al ti ( days f 
E 

Source-Ey (ke~) i - - ( % )  

[a] The source-position error for e x h  measurement is estimated as 0.5% and 0.2% for source-detector distances 
of 10 cm and 25 cm, respecti-rely. 

[b] Relative efficiencies. 



TABLE I11 

TEST OF CONSTANCY OF PEAK DETECTION EFFICIENCY AND REPRODUCIBILITY 
OF THE SOURCE-DETECTOR GEOMETRY AT.THE'10 cm'POSITION 

WITH .ND-3 USING A 7 ~ s  SOURCE 

Peak Areala] 
Date - ( Counts ) 

AVG' . 1,023,912 

RMS' deviation from mean is t4031 (k 0.40%) 

[a] The areas measured for this 661-keV line have been corrected for the 
decay of the 3 7 ~ s  source. 



TABLE IV 

TEST OF CONSTANCY OF PEAK DETECTION EFFICIENCY AND REPRODUCIBILITY 
OF THE SOURCE-DETECTOR GEOMETRY AT THE 10 cm POSITION 

WITH ND-3 USING A 6 0 ~ o  SOURCE 

Peak Area["] 
Date - (counts ) 

Mean 59,092 

RMS .deviation from mean i s .  k299 (k 0.51%) 

[a ]  The areas measured f o r  t he  summed 1173- and 1332-keV peaks have been 
corrected f o r  the  decay of t h e  6 0 ~ o  source. 



PRECISE MEASUREMENT OF Ge ( L i  ) DETECTOR EFFICIENCY 

R .  C .  Greenwood 

During t h e  pas t  year we have engaged i n  an e f f o r t  t o  upgrade t h e  
capab i l i ty  of t h i s  labora tory  t o  measure p rec i se ly  absolute gamma-ray 
emission r a t e s  with G e ( ~ i )  de tec to r  systems, and t o  explore t h e  limits 
on t h e  precis ion with which such measurements can be made. While the  
upgraded capab i l i ty  which has r e s u l t e d  from t h i s  e f f o r t  w i l l  be of value 
t o  us i n  a wide va r ie ty  of nuclear spectroscopic appl ica t ions ,  t h e  
i n i t i a l  appl ica t ions  of t h i s  capab i l i ty  have been i n  t h e  areas  of 
dosimetry and f i s s i o n  product assay,  a s  f o r  example i n  measurements 
made on t h e  ILRR program. 

To determine absolute gamma-ray i n t e n s i t i e s  with a G e ( ~ i )  de tec to r  
it i s  necessary t o  measure t h e  spectrum a t  a  s tandard source-detector 
d is tance  f o r  a  known counting time, determine t h e  peak a reas ,  and apply 
t h e  appropriate correc t ions  f o r  dead-time, summing, and de tec t ion  
e f f i c i e n c i e s .  The procedure which must be used t o  measure de tec t ion  
e f f i c iency  i s  simply t h e  inverse  of t h i s ,  i . e .  t o  measure t h e  spectrum 
from a source with an accura te ly  known gamma-ray emission r a t e  a t  t h e  
standard source-detector d is tance  f o r  a  known counting time, determine 
the  appropriate peak areas  and apply t h e  dead-time and summing correc- 
t i o n s  c h a r a c t e r i s t i c  t o  t h a t  Ge(Li) de tec tor  spectrometer system. I n  
both cases then a key p a r t  of t h e  measurement i s  t h e  development, and 
consis tent  u t i l i z a t i o n ,  of procedures f o r  accurate determination of 
peak areas and f o r  p rec i se ly  accounting f o r  dead-time and summing 
correc t ions .  

F i r s t ,  considering t h e  problem of accura te ly  determining peak 
areas ,  Figure 1 i l l u s t r a t e s  a t y p i c a l  peak obtained i n  a gamma-ray 
spectrummeasured with a G e ( ~ i )  de tec tor  system. The p r i n c i p a l  problems 
which a r e  encountered i n  determining t h e  areas. of such peaks r e s u l t  from 
t h e  f a c t  t h a t  a  peak cannot be represented exact ly  using a simple func- 
t i o n  (e.g.  a  Gaussian). Generally, an exact  descr ip t ion of one of these  
peaks would involve a Gaussian main-peak plus  a function t o  represent  
t h e  low-energy asymmetry of t h e  peak. As  f u r t h e r  complication, an 
exact descr ip t ion of t h e  s p e c t r a l  s t r u c t u r e  upon which a .peak i s  super- 
imposed must include a s tep- l ike  function,  i n  addi t ion  t o  t h e  funct ion 
representing the  contr ibut ion from higher.-energy gamma rays .  This 
combined s p e c t r a l  "background" i s  then s imi la r  t o  curve B i n  Figure 1. 
A v a r i e t y  of funct ional  forms have been used t o  describe gamma-ray peaks 
f o r  computer analys is  ( ~ e f e r e n c e  1 provides a comprehensive summary t o  
these  various peak f i t t i n g  procedures).  ' I n  t h e  present  work, however, 
p e a k a r e a s  have been determined e i t h e r  by simply summing t h e  a c t u a l  
da ta  p o i n t s  (us ing a consis tent  procedure f o r  defining. t h e  upper and 
lower channel l i m i t s )  and subtrac t ing a background, o r  by using t h e  
GAUSS V peak f i t t i n g  program. Comparison of peak areas  determined 
using both procedures, with any one of t h e  t h r e e  l i n e a r  background 
functions ( B ~ ,  Bu, and Bs)  i l l u s t r a t e d  i n  Figure 1, has  shown t h a t  t h e  
r e l a t i v e  peak areas'  obtained f o r  any given s e t  of gamma-ray peaks a r e  
q u i t e  consis t e n t  ( <1% differences  between t h e  two methods ) , even though 



t h e  absolute peak areas  depend s e n s i t i v e l y  upon t h e  f i t t i n g  l i m i t s  and 
background function used. Hence, we conclude t h a t  t h e  choice of t h e  
background function and t h e  peak f i t t i n g  procedure i s  not c r i t i c a l  t o  
t h e  accura te  measurement of gamma-ray emission r a t e s  provided t h a t  
consistency i s  maintained i n  a l l  phases of t h e  measurement. Therefore, 
i n  these  present ,  and f o r  a l l  f u t u r e  measurements, we have se lec ted  peak 
areas  determined using GAUSS V with a s p e c i f i c  choice of f i t t i n g  limits 
and t h e  l inea r .  background f'unction Bs f o r  s tandard use. Also, i n  view 
of t h e  c lose  agreement between the  summed and GAUSS V r e l a t i v e  peak 
a reas ,  t h e  s t a t i s t i c a l  p a r t  of t h e  uncer ta in ty  on t h e  peak a r e a  i s  
determined from 

aA = Jm- 
where A i s  t h e  net  area  and B i s  t h e  t o t a l  background under t h e  peak. 

Before quan t i t a t ive  comparison of peak areas  ( i . e .  gamma-ray 
i n t e n s i t i e s  o r  de tec to r  e f f i c i e n c i e s )  can be made, t h e  areas  must be 
correc ted  f o r  t r u e  and random summing e f f e c t s  and f o r  any e r r o r s  i n  t h e  
ADC live-time c i r c u i t r y .  Corrections f o r  r e a l  coincidence summing a r e  
simply r e l a t e d  t o  t h e  source-detector geometry and t h e  d e t a i l s  of t h e  
radioisotopic  decay scheme. Correction fac to r s  f o r  random summing and 
count r a t e  dependent va r ia t ions  i n  the  l ive-t imer can be determined 
through simple experiments with e i t h e r  two s i n g l e  gamma-ray sources 
(keeping one source a t  a  f ixed  pos i t ion  and varying t h e  pos i t ion  of t h e  
o the r  with respect  t o  t h e  d e t e c t o r ) ,  o r  one s ing le  gamma-ray source 
together  with a pu l se r .  A s  i l l u s t r a t i o n  of these  e f f e c t s ,  t h e  correc t ion 
curves which were obtained with t h e  OR-5 ~ e ( ~ i )  de tec tor  p lus  ND2200 
multichannel analyzer system a r e  shown i n  Figure 2. 

Spec i f i ca l ly ,  i n  t h i s  work, we have measured t h e  full-energy peak 
e f f i c i e n c i e s  a t  % 25 gamma-ray energies f o r  OR-5 ( a  35-cm3 open-ended 
coaxia l  ~ e ( ~ i )  de tec to r )  and ND-3 ( a  60-cm3 closed-ended coaxia l  detec- 
t o r ) .  Over hal f  of these  e f f i c iency  values were-obtained using standard 
sources from IAEA ( 2 4 1 ~ ~ ,  5 1 ~ r ,  2 0 3 ~ g ,  2 2 ~ a ,  . 1 3 7 ~ s ,  54Mn, 6 0 ~ o ,  and 8 8 ~ )  
o r  NBS ( 1 3 ' 7 ~ s ,  6 0 ~ o ,  and 2 2 8 ~ h ) .  However, i n  order t o  obta in  more com- 
p l e t e  f i n a l  ef f ic iency curves f o r  these  de tec to r s ,  measurements were 
a l s o  made using gamma-ray sources which had been d i r e c t l y  ca l ib ra ted  
upon a standard N ~ I ( T ~ )  de tec to r .  Preliminary s e t s  of full-energy peak 
e f f i c iency  values f o r  OR-5 and ND-3 measured a t  source-detector d is tances  
of 10 cm a r e  given i n  Tables I and 11, respec t ive ly ,  and t h e  da ta  f o r  OR-5 
a r e  i l l u s t r a t e d  i n  Figure 3. The uncer ta in t i e s  i n  these  t w o  t a b l e s  
contain four  contributions which have been combined i n  quadrature. 

a .  The e r r o r  i n  t h e  d i s in tegra t ion  r a t e  of t h e  sample a s  quoted 
by the  supp l ie r  [or i n  t h e  N ~ I ( T ~ )  measurement of t h e  gamma- 
ray emission r a t e ] .  

b.  The uncertainty i n  t h e  gamma-ray branching r a t i o  and from any 
decay correc t ion.  [Note t h a t  t h i s  contr ibut ion i s  not present  
f o r  the  sources c a l i b r a t e d  with a N ~ I ( T ~ )  spectrometer.] 

c .  The counting s t a t i s t i c s  



d. The reproduc ib i l i ty  of t h e  source posi t ion .  This contribution 
i s  taken t o  be 0.5% i n  'all cases.  

From t h e  d a t a  i n  Tables I and 11, we have some t e s t  of t h e  accuracy 
of t h e  d i s in tegra t ion  r a t e s  of t h e  standard sources. For two sources 
( 3 7 ~ s  and OCO ) we have IAEA and NBS standards.  The e f f i c iency  values 
determined with these  sources a r e  compared i n  Table 111. These r e s u l t s  
ind ica te  t h a t  t h e  two suppl iers  agree within about 1%; and i n  a l l  cases 
the re  i s  no ind ica t ion  t h a t  t h e  quoted e r ro r s  a r e  too  small.  

As noted, t h e  g m s - r a y  emission r a t e s  of severa l  sources were 
measured with a N ~ I ( T ~ )  spectrometer. This N ~ I  ( T l )  de tec to r  i s  a home- 
mounted assembly f o r  trhich t h e  dimensions o f . t h e  c r y s t a l  and a l l  of t h e  
mounting mater ia ls  a r e  accurately known. This allows an accurate deter -  
mination of t h e  source-detector d is tance  a s  wel l  a s  t h e  t o t a l  e f f i c i ency  
a t  any energy. As a t e s t  of t h e  consistency of t h e  NaI(T1) standardi-  
zat ions with those done elsewhere, severa l  of t h e  IAEA and NBS sources 
were counted on t h e  NaI(T1) detec tor .  The r e s u l t s  a r e  given i n  Table I V .  
Excluding t h e  four  measurements f o r  which the re  a r e  d i f f i c u l t i e s  i n  
analyzing t h e  N ~ I ( T ~ )  spectrum, t h e  average r a t i o  of emission r a t e s  i s  
-0.998. The l a r g e s t  deviat ion of t h e  two values i s  2.6%. These r e s u l t s  
ind ica te  t h a t  the  remaining N ~ I ( T ~ )  s tandardiza t ions  a r e  probably 
accurate t o  1%. 



TABLE I 

SUMMARY OR-5 EFFICIENCIES 

Radioisotope 

O 9 ~ d  
24 l ~ ,  

7cs 
139ce 
3 ~ d  

24 lh 

loqcd 
5 3 ~ d  
S'YC0 

5 7 ~ o  
l4 Ice 
3 9 ~ e  
O 3 ~ g  
S l ~ r  

l 1  38, 
7 ~ e  
58, 

228Th 
137~s 
7cs 

54m1 
BY 
60co 
6 Oco 

2 2 ~ a  
Oco 

60co 
8~ 

1 4 4 ~ ~  

228.~h 



Radioisotope 

TABLE I1 

SUMMARY ND-3 EFFICIENCIES 



TABLE I11 

COMPARISON OF EFFICIENCY VALUES FROM STANDARD 
SOURCES FROM TWO SUPPLIERS 

Gamma-Ray Dif fe rence  
Energy Source Ef f i c i ency  Between Sources 

Source ( k e ~ )  Detector  Suppl ie r  Value ( x104 ) Value ('%) ~ v e r a g e  ( % ) 

IAEA 
NBE 

IAEA 
NBS 

IAEA 
NBS 

IAEA 
NBS 

IAEA 
NBS 

IAEA 
NBS 



TABLE I V  

COMPARISON OF N ~ I ( T ~ )  RELATIVE TO IAEA OR NBS STANDARDIZATIONS 

Source 

24 1pjn 

57Co 

203Hg 

137Cs-IAEA 

137cs-NBS 

54Mn 

2 2 ~ a  

6 OCO-IAEA 

60~0-FIBS 

8 8 ~  

Gamma-Ray 
~ n e r b  ( k e ~ )  

Rela t ive  Gamma-Ray 

Ehnission Rate 

[a]  .In N ~ I ( T ~ )  spectrum, the re  i s  some ambiguity i n ' t h e  separa t ion of 
t h e  full-energy and iodine  X-ray escape peaks. 

[bl This source was 7 ha l f - l ives  old. 

[c]  'Some e r r o r  i n  background subtrac t ion due t o  presence of 511-1274-ke~ 
coincidence summing. 

[dl I n  N a l ( ~ 1 )  s p e c t h ,  t h e  1173 and 1332 keV peaks a r e  not resolved.  

[ l ]  C .  M. Lederer, UCRL-18948 (1969). 
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Figure 1 A t y p i c a l  gamma-ray peak measured with a ~ e ( L i )  de tec tor  
system. The background funct ion B i s  shown together with 
th ree  l i n e a r  approximations; B and BL which a r e  taken t o  be 

u 
constants  obtained from t h e  average background l e v e l s  j u s t  

- above and below the .peak,  respect ively ,  and Bs which i s  a 
l i n e a r  function which 'connects t h e  minimum values j u s t  on 
each s ide  of t h e  peak. 



Total Gamma - Ray Count Rote 
A N C - 0 -  737 

Figure 2 I l l u s t r a t i o n  of t h e  dependence of t h e  random summing and l ive -  
timer e r r o r  function on count r a t e  f o r  t h e  OR-5 plus  ND2200 
detec tor  system. Curve A represents  t h e  l ive-t imer correc t ion 
measured with a pulser  and a s i n g l e  gamma-ray source. Curve 
B represents  t h e  t o t a l  correc t ion f o r  random sumpling and l i v e -  
timer e r r o r  determined with a 1 3 9 ~ e  sour,ce and p u l s e r ,  while 
Curve C represents  t h e  same correc t ion measured with a 5 1 ~ r  
o r  1 3 7 ~ s  source and a pulser .  Curve D a l s o  represents  t h i s  
t o t a l  correc t ion funct ion,  but  as  measured with two s i n g l e  

. gamma-ray sources. 



Gamma-Ray Energy (key) 

Figure 3 Absolute ful l -energy peak e f f i c i e n c y  measured f o r  t h e  OR-5 
~ e ( ~ i )  de tec to r .  A hand-drawn curve i s  shown-through t h e  
experimental po in t s .  



MEASUREMENT . -. OF Ge ( Li ) SPECTROMETER LINEARITIES AND 
EFFICIENCIES FOR PRODUCTION COUNTING SYSTEMS 

R. J. Gehrke, E. B. Nieschmidt, J. E. cline 

During the past y,ear we have obtained several new contracts which 
require the counting of large numbers of samples of varying shapes, 
sizes and source strengths with Ge(~i) spectrometers to identify the 
radionuclides initially present in the sample and.to determine the 
amount of each radionuclide present; Because of the large number of 
gma-ray spectra accumulated, hand manipulation of the data is un- 
reasonable and therefore we require the computer to perform the complete 
analysis. Such a program (GAUSS VI) has been developed at this 
laboratory [ll. 

In order to make effectively such a quantitative identification, 
however, it is essential to provide the analysis program with corrections 
for non-linearityin t.hegamma-ray pulse height distribution of the Ge(~i) 
spectrometer system and for the absolute photopeak efficiency for each 
counting geometry used. 

Last year using NBS calibrated gamma-ray standards and variations 
of the techriiques described by Gehrke et &1[21.,, about 50 absolute 
photopeak efficiencies and 6 system. linearities were measured. Because 
even these simplified methods for efficiency measurement are time con- 
suming, efforts continue to find easier and quicker techniques for 
measuring and/or describing these calibration parameters. 

[l] M. H. Putnam, J. E. Cline, and R. G. Helmer, "Development of 
Gamma-Ray Spectrum Analysis Program (GAUSS VI) for Production 
and Specialized Problems", this report. 

[2] R. J. Gehrke, J. E. Cline, R. L. Heath, Nucl. Instr. and Meth. 
91 (1971) 349. - 



PmCISE COMPARISON AND MEASUREMENT OF GAMMA-RAY ENERGIES 
WITH A ~ e ( ~ i  ) DETECTOR 111: 1300-3600 keV 

K. C .  Greenwood, R.  G .  Helmer, R. J .  Gehrke 

I n  p r e v i o u ~  papers [1a21, we have repor ted  t h e  r e s u l t s  of  an 
extens ive  s e r i e s  of measurements t o  p rec i se ly  determine gamma-ray 
energies i n  the  range from 50-1300 keV. Also, a d iscuss ion of some 
of t h e  problems involved, together  with some prel iminary r e s u l t s ,  i n  
measuring gamma-ray energies i n  t h e  energy region above 1300 keV has 
been presented i n  ~ e f e r e n c e  3. I n  t h e  l a t t e r  report 'we summarized 
t h e  d i f f i c u l t i e s  inherent  i n  c a l i b r a t i n g  ( t o  measure gamma-ray ene rg ies )  
s p e c t r a  containing mixed full-energy (FEP) and double-escape (DEP) 
peaks: v i z . ,  those  r e s u l t i n g  from the  f i e l d  e f f e c t ,  and t h e  quest ion 
of whether the  FEP-DEP spacing, even a f t e r  co r rec t ion  f o r  t h e  f i e l d  
e f f e c t ,  i s  exactly 2 mOc2. The da ta  shown i n  Table I i l l u s t r a t e  t h e  
magnitude of the  f i e l d  e f f e c t ,  and i t s  s t rong dependence on gamma-ray 
energy, f o r  one of t h e  de tec to r s  used i n  t h i s  work. While it i s  poss ib le  
t o  e l iminate  ( t o  a f i r s t  o r d e r )  t h e  s h i f t  i n  gamma-ray peak energies  by 
having a l l  t h e  gamma rays  e n t e r  t h e  de tec to r  perpendicular  t o  t h e  elec- 
t r i c  f i e l d ,  the  quest ion of t h e  FEP-DEP di f ference  i s  not f u l l y  resolved 
as  y e t .  Consequently, a l l  of t h e  energy values repor ted  he re in  have 
r e l i e d  upon the  use of ful l-energy peaks exclusively.  

I n  t h e  energy region above 1300 keV t h e r e  a r e  no gamma rays  which 
have been determined with s u f f i c i e n t  accuracy ( t o  wi th in  25 ppm e r r o r  
s a y )  t o  provide s u i t a b l e  energy c a l i b r a t i o n  standards.  Hence, we have 
had t o  generate primary s e t s  of gamma-ray energy standards i n  t h i s  region 
by u t i l i z i n g  radio isotopes  having s u i t a b l e  cascade-crossover combinations, 
where t h e  energies of t h e  cascade t r a n s i t i o n s  a r e  < 1300 keV, and where 
t h e  energies could be measured p rec i se ly  s ince  they were c lose  t o  (nomi- 
n a l l y  wi th in  Q., 3% o f )  t h e  energies of energy c a l i b r a t i o n  standards whi.ch. 
had been determined i n  References 1 and 2. The cascade re l a t ionsh ips  of 
many of t h e  crossover t r a n s i t i o n s  which a r e  'being u t i l i z e d  i n  t h i s  work 
as  primary c a l i b r a t i o n  standards i n  t h e  energy region > 1300 keV a r e  
i l l u s t r a t e d  i n  Table 11. Energy d i f fe rence  measurements (us ing t h e  
procedures which have been described i n  d e t a i l  i n  References 1 and 2 )  
obtained t o  determine t h e  energies of many of t h e  cascade gamma-rays 
i l l u s t r a t e d  i n  Table I1 a r e  included i n  Table 111. A prel iminary l i s t  
of t h e  cascade gamma-ray energies and t h e  crossover gamma-ray energies 
( a f t e r  co r rec t ing  f o r  nuclear  r e c o i l )  i s  then included i n  Table I V .  

A t  t h i s  point  we should note t h a t  the  gamma-ray energies shown i n  
Table I V  a r e  based upon standard c a l i b r a t i o n  energies taken from Table 15 
of Reference 2. Such a procedure i sp robab ly  undesirable because t h e  
gamma-ray energies i n  Table 15  have already been adjus ted  t o  e l iminate  
t h e  17 + 4 eV discrepancy between t h e  9 2 ~ r - 1 6 0 ~ b  s e t  and t h e  9 8 ~ u - 5 9 ~ e  
s e t .  Hence, while t h e  gamma rays  which r e s u l t  from using t h i s  procedure 
should form a cons i s t en t  s e t ,  it becomes d i f f i c u l t  t o  keep a proper 
accounting of t h e  measurement and reference  e r r o r  components associa ted  
with each new gamma-ray energy, e spec ia l ly  i n  those  cases where t h e  new 



> 

gamma-ray energy i s  obtained from xcre  than one di f ference  measurement 
o r  where it i s  t he  resul-l; of' a sum. It i s  probably a more cor rec t  
procedure then t o  measure a l l  new gamma-ray energies r e l a t i v e  t o  t h e  
unadjusted c a l i b r a t i o n  s e t  of Table 12 Reference 2, and subsequently t o  
make t h e  appropriate adJustments f o r  i921r-1 60Tb/ 1 9 8 ~ u - 5 9 ~ e  s c a l e  
d i f ferences  on eac6 of t h e  new gamma-ray energies;  o r  on a crossover 
t r a n s i t i o n  only a f t e r  summing t h e  cascade energies.  Since t h i s  l a t t e r  
procedure has not been followed i n  obtaining t h e  Table I V  energies,  it 
i s  emphasized t h a t  t h e  energy values contained the re in  a r e  prel iminary 
and most c e r t a i n l y  w i l l  be subject  t o  'small correc t ions  before f i n a l  
publ ica t ion.  

The s e t  of grimary gamma-ray energy standards i l l u s t r a t e d  i n  
Table I1 a r e  quiLe comprehensive i n  t h e  region < 2 MeV. Thus, u t i l i z i n g  
t h i s  s e t  we are ,  able  t o  generate add i t iona l  higher-energy c a l i b r a t i o n  
standards by using cascade-crossover combinations i n  which t h e  energies 
of t h e  cascade t r a n s i t i o n s  a r e  now < 2 MeV. Sev.era1 of these  cascade- 
crossover combinations a r e  i l l u s t r a t e d  i n  Table V. Energy di f ference  
measurements t o  obta in  t h e  cascade energies f o r  severa l  of t h e  cases 
i l l u s t r a t e d  i n  Table V a r e  included i n  Tables 111 and V I ,  and, a prel imi-  
nary l i s t  of  t h e  r e s u l t a n t  cascade and crossover energies i s  included 
i n  Table I V .  

F ina l ly ,  t h e  a v a i l a b i l i t y  of t h e  cascade-crossover energy standards 
i l l u s t r a t e d  i n  ~ a b l e s  I1 and V allows us t o  obta in  add i t iona l  useful  
c a l i b r a t i o n  standards i n  t h e  energy region < 3600,keV by measurements 
of small energy di f ferences  and by u t i l i z i n g  add i t iona l  cascade-crossover 
combinations. Examples of gamma-ray energi.es which a r e  being obtained i n  
t h i s  way include: 1332-60~o,  1368- and 2754-24~a,  2614-2281"h, and 1771-, 
2015-, 2034-, 3253-, and 3273-keV 5 6 ~ o .  

1 R. C. Greenwood, R.  G. Helmer, and R. J. Gehrke-, Nucl. I n s t .  and 
Methods - 77 (1970) 141.  

[2 ]  R. G. Helmer, R.  C .  Greenwood, and R. J. Gehrke, Nucl. I n s t .  and 
Methods - 96 (1971) 173. 

[3]  R.  G. ~ e l m e r ,  R.  .C. Greenwood, and R.  J. ~ e h r k e ,  Nuclear Technology - 

Division Annual Report f o r  Period Ending June 30, 1971, USAEC 
Report ANCR-1016 (1971) p. 403. 



TABLE .I 

THE SHIFT I N  LINE ENEkGY FOR THE P-60 PLANAR DETECTOR BETWEEN A GAMMA-MY ENTERING PARALLEL TO THE ELECTXIC 
FIELD VECTOR AND PA GAMMA-RAY ENTERING PERPENDICULAR TO THE FIELD. (THE P-60 3ET3CTOR He.S AN APPLIEU BIAS 
LEVEL OF -2000 VOLTS ACROSS A1J % 8 mm IIEPLETION LAYER.) 

F i x e d  P o s i t i o n  S h i f t  i n  p e a k  e n e r g y  [ p a r a l l e l - p e r p e n d i c u l a r )  
Gamma Ray R e f e r e n c e  ' V a r i a b l e  P o s i t i o n  (eV) 

Energy (keV) - I s o t o p e  L i n e  - I s o t o p e  L i n e  (Type) Ful l -Energy Peaks  Double-Escape Peaks  

L i n e  S h i f t s  f o r  FEP 

-r 
P 810  - 5 8 ~ 0  834 - "Mn 810 (FEP) 32 t 6 
03 ." 

1 1 7 3  - 6 0 ~ o  1189 - 1 8 2 ~ a  1173  (FEP) 76 2 4 

1 6 9 1  - 124Sb 1674 - 5 9 ~ o  1 6 9 1  (FEP) 114  F 1 8  

2598 - 5 6 c ~  2614 - 2 2 8 ~  2598 (FEP) 264 F 1 6  

L i n e  S h i f t s  f o r  DEP 

1 6 9 1  - 124sb'  6 6 1  - 1 3 7 ~ ~  669 (DEP) 

2598 - 5 6 ~ 0  1592 - 2 2 8 ~ h  1576  (DEP) 



TABLE I1 

CASCADE-CROSSOVER COMBINATIONS WHICH HAVE CASCA3E TRANSITION ENERGIES 
< 1300 keV AND WHICH ARE BEING USED TO PROVIDE PRIMARY GAMMA-RAY ENERGY 
STANDARDS. 

, , 

Isotope Cascades - - Crossover 



TABLE I11 

MEASURED ENERGY DIFFERENCES FOR GAMMA RAYS BELOW 1300 keV 

Numb e r 
of 

Measure- 
ment s 

Average energy 
d i f f e r e n c e  

Value 
c 2  (ev) - 

Energy 
d i f f e r e n c e  

(eV > 
T r a n s i t i o n s  i n  

d i f f e r e n c e s  Detector  

P- 60 
ND- 2 

P- 60 
ND- 2 

P- 60 
ND- 2 
OR- 5 

ND- 2 

ND- 2 
OR- 5 

' P-60 
ND- 2 
OR-5 

P- 60 
ND- 2 
OR- 5 

P- 60 
ND- 2 
OR- 5 

P-60 
ND- 2 



TABLE I11 (Contd.) 

Numb er Average energy  
of Energy d i f f e r e n c e  

T r a n s i t i o n s  i n  Measure- * d i f f e r e n c e  Value 
d i f f e r e n c e s  D e t e c t o r  'ments (eV) 22 ELL -. 

P- 60 
ND- 2 

OR- 5  

ND- 2 

ND- 2  
OR-5 

722 (12%b) - 702 ('k) P- 60 4  20141 ' 5 0.7 20138 ' 1 
ND-2 1 4  20138 -1 2 
OR- 5  6  20135 2 2 

722 (12%b) - 744 (11 OmAg) ND-2 1 0  21473 + 6 1 . 8  21483 ' 6 
OR- 5 5  21502 + 1 4  

7 7 6 ( 8 2 ~ r )  - 786 ( 9 5 m ~ c )  ND- 2  
OR-5 

827 ( 8 2 ~ r )  - 835 ( 9 5 m ~ c )  ND- 2 
OR- 5  



TABLE I11 (Contd.) 

Number 
0 f 

Measure- 
'Betector ments 

Average energy 
d i f f  e.renc.e 

Value 
E~ (ev) - 

Energy 
d i f f e r e n c e  T r a n s i t i o n s  i n  

d i f f e r e n c e s  

P-60 1 
ND-2 6 
OR- 5 5 

ND- 2 10 
' OR-5 6 

1016 ( 8 4 ~ b )  -1043 ( 8 2 ~ r )  ND- 2 

1037 ( 5 6 ~ 0 )  -1063 ( 2 0 7 ~ i )  P-60 
ND- 2 
OR- 5 

1043 ( 8 2 ~ r )  -1039 (' 5 m ~ c )  ND- 2 
OR- 5 

1043 ( 8 2 ~ r )  -1063 ( 2 0 7 ~ i )  P- 60 
ND- 2 

1045 ( 2 4 ~ b )  -1039 (9 5 m ~ ~ )  P-60 
ND- 2 
OR- 5 



TABLE I11 (Contd.) 

Number Average energy 
of Energy d i f  f e r ence  

T r a n s i t  ions i n  Measure- d i f f e r e n c e  Value 
d i f f e r e n c e s  Detector  .merits (eV) - c2 ( e ~ )  

1175  ( 5 6 ~ o )  -1189 ( 1 8 2 ~ a )  ND- 2 7 13961  * 5 1 . 0  13962 * 3 
OR- 5 5 13959 5 3 

1238  ( 5 6 ~ o )  -1230 (18?Ta) P-60 3 7279 ' 7 0 .4  7273 * 2 
ND- 2 8 7271 * 5 
OR- 5 6 7272 * 3 



TABLE I V  

A PRELIMINARY L I S T  OF THE GAMW-MY ENERGIES WHICH HAVE BEEN DETERMINED 

E r r o r  C o m p o n e n t s  
( e V >  

M e a s u r e -  R e f e r -  
P a r e n t  E n e r g y  values A v e r a g e  energy m e n t  ence 
Isotope ( k e ~ )  [ a 1 M e t h o d  [ b , c l  ( k e V )  error error 



TABLE I V  (Contd.) 

. . Error  Components 
(ev) 

Measure- Refer- 
Parent  Energy values 

[b ,c l  
Average energy ment ence 

I so tope  (kev) [ a 1 Method (keV) e r r o r  e r r o r  



TABLE I V  ( Contd.) 

E r ro r  Components 
(eV> 

Measure- Refer- 
Average energy ment ence 

(keV) e r r o r  e r r o r  
Paren t  Energy va lues  
I so tope  (kev) [ "3 Method [b , c l  



TABLE I V  (Contd.) 

- 

Error  Components 
(eV) 

Measure- Refer- 
Parent  Energy va lues  Average energy ment ence 
I so tope  (kev) [a]  - Method [b , c l  (keV) . e r r o r  e r r o r  

\ 

[ a ]  As discussed  i n  Reference 2 t h e  genera l  f i t  (GI?) e r r o r s  from GAUSS V r ep re sen t  
only a po r t ion  of t h e  t o t a l  unce r t a in ty .  

[b] See Table 6 of Reference 2 f o r  an explana t ion  of t h e  no ta t ion .  

[ c ]  Energies involved i n  sums which a r e  no t  l i s t e d  in Table 111 a r e  taken from 
Tables  4 ,  7, ur 15 uf Rdlerence 2 .  

TABLE V 

CASCADE-CROSSOVER COMBINATIONS WHICH EIAVE CASCADE TRANSITION ENERGIES 
< 2 MeV AND WHICH ARE B E I N G  USED TO PROVIDE ADDITIONAL (TO TABLE . I I )  

' GMIMA-RAY ENERGY STANDARDS . 

Cascades - - I so tope  Crossover 



TABLE V I  

MEASURED ENERGY DIFFERENCES FOR GAMMA RAYS ABOVE 1300 keV 

T r a n s i t i o n s  i n  
d i f f e r e n c e s  D e t e c t o r  

1317 (13*Cs) -1332 ( 6 0 ~ o )  P-60 
ND- 2 
OR- 5 

1360 ( 5 6 ~ 0 )  -1332 (6 OCO) P-60 
ND- 2 

1 3 6 0 ( ' ~ ~ 0 )  - 1 3 7 3 ( ' * ~ ~ a )  P-60 
ND-2 
OR- 5 

1368 ( 1 2 4 ~ b )  -1384 ( l l O m ~ g )  ND-2 
OR- 5 

Number 
of 

Measure- 
ments 

Energy 
d i f f e r e n c e  

(eV) 

14593 + 1 6  
14580 -1- 8 
14572 + 5 

27696 + 1 4  
27705 + 10 

13669 + 57 
13602 + 9 
13637 + 8 

24099 t 6 
24098 + 5 

16141 + 8 
16131 + 7 

Average energy 
d i f f e r e n c e  

Value 
c 2  (ev) - 



1 1 .  EXPERIMENTAL FACILITIES AND TECHNIQUES - UC ' lrG J ! ' , . ' 1 4 4  

NEUTRON RADIOGRAPHY EXAMINATION OFSELECTED SEMISCALE HEATER RODS 

L. G. M i l l e r ,  R. R. Jones 

The Semiscale experiments a r e  an  important p a r t  of the.AEC1s 
e f f o r t s  t o  e s t a b l i s h  t h e  s a f e t y  l i m i t s  of water  r e a c t o r s .  With t h e  
f a i l u r e  of t h e  s imulated f u e l  rods  i n  t h e  Semiscale t e s t s ,  i t  was 
des i r ed  t o  determine whether t h e  dens i ty  of t h e  boron n i t r i d e  i n s u l a t o r  
i n  t hese  rods was t h e  cause of f a i l u r e .  Since an e f f e c t i v e  way t o  
examine t h e  d e n s i t y  is  wi th  neutron radiography, t h i s  method was 
proposed, b u t  s i n c e  t h e  MTR had been shu t  down another  source  of 
neutrons had t o  be developed. 

Af t e r  t h e  Semiscale h e a t e r  rod f a i l u r e ,  seven Semiscale hea t e r  
rods were neutron radiographed using a beam from t h e  s p l i t  t a b l e  
r e a c t o r  running a t  about 500 wat t s .  The f i r s t  radiograph was made 

' 

w i t h  good r e s o l u t i o n  (LID % 75) using dysprosium and indium d e t e c t o r  
f o i l s .  A 0.040 i n .  cadmium neutron f i l t e r  allowed only epicadmium neutrons 
t o  be used s i n c e  thermal  neutrons do not  p e n e t r a t e  t h i s  l a r g e  th i ckness  . 

of boron n i t r i d e .  Sca t t e r ed  neutrons add cons iderably  t o  t h e  background. 
This  f i r s t  radiograph, i r r a d i a t e d  f o r  112 hour, was underexposed and 
ind ica t ed  t h e  need f o r  a f a c t o r  of 5 t o  10 higher  neutron i n t e n s i t y .  
I t  a l s o  ind ica t ed  cons iderably  higher  exposures were obta ined  fr.om t h e  
dysprosium than  t h e  indium. The h e a t e r s  were scanned l o n g i t u d i n a l l y  
through t h e  beam so  a s  t o  g ive  uniform l o n g i t u d i n a l  exposure over t h e  
s e l e c t e d  length .  - 

The f a c i l i t y  was modified t o  p roduce ' a ' h ighe r  i n t e n s i t y  beam wi th  
poorer r e s o l u t i o n  (LID % 20). The s p l i t  t a b l e  was run  a t  t h e  same 
power and wi th  a s i m i l a r  neutron f i l t e r  f o r  a 112 hour exposure. This 
second neutron radiograph d id  have s u f f i c i e n t  exposure t o  p e n e t r a t e  t h e  
0.342 i n .  t h i c k  boron n i t r i d e  f i l l e r  through t h e  c e n t e r  of t h e  rod. Near 
t h e  edge of t h e  rod ,  pene t r a t ion  of t h e  BN was good. The c l ad  (hea t e r  
shea th)  and t h e  f i lament  of t h e  hea t e r  a r e  v i r t u a l l y  t r anspa ren t  t o  t h e s e  
epicadmium neutrons and could be  ignored i n  t h e  examination of t h e  radio-  
graphs. 

The radiographs taken on t h e s e  hea t e r  rods compare favorably  wi th  
those  taken of smal le r  hea t e r  rods  f o r  t h e  LMFBR program (0.2 i n .  of BN) 
using t h e  hign i n t e n s i t y  beam from the  MTR. However, t h e  r e s o l u t i o n  i s  
poorer  than  des i r ed ;  t h i s  does not  d e t r a c t  from t h e  va lue  of t h i s  
radiograph f o r  t h e  requested in spec t ion .  

The radiograph has been scanned f o r  boron n i t r i d e  d e n s i t y  v a r i a t i o n s  
us ing  a British-made f i l m  scanning densi tometer  ope ra t ing  w i t h  a chopped 
r e fe rence  l i g h t  beam and an o p t i c a l  wedge. The device  i s  on loan  from 
NASA. P o i n t , d e n s i t y  measurements were a l s o  made using a Macbeth t r ans -  
mission densi tometer .  Correc t ions  t o  t h e  measurements were made f o r  
neutron beam v a r i a t i o n s .  Since no boron n i t r i d e  s tandards  were a v a i l -  
a b l e ,  only r e l a t i v e  va lues  a r e  poss ib le .  



One scan radially across a rod with the heating wire in coil form 
gave excellent agreement with a theoretical plo't through a circular 
cross section, indicating that there was sufficient neutron penetration 
of the largest boron nitride thickness. The heating wire produces a 
small perturbation to the plot, because it represents a removal of BN 
from the beam. 

- A second scan longitudinally along a rod having the coiled heater 
wire through the center produced a similar plot with a shallow dip in 
the plot at each point where the heating wire crosses the longitudinal 
centerline. These two plots gave definite proof of the neutron penetra- 
tion capability of 0.342 in. of BN. BN densities as low as 53% of maximum 
were recorded. 



ELECTROMAGNETIC MASS SEPARATOR INSTALLATION AND PERFORMANCE CIIECKE 

Y .  D. Harker, J .  R .  Berreth 

The electromagnetic mass separa tor  purchased f o r  t h e  FBR Physics 
Constants Program was del ivered i n  February 1972. The machine i s  used 
t o  prepare i s o t o p i c a l l y  pure samples f o r  i n t e g r a l  cross sec t ion  measure- 
ments i n  t h e  CFRMF and EBR-11. Other uses include preparing samples 
f o r  be ta  and gamma ray spectroscopy measurements. 

This separator  i s  of t h e  "laboratory" c l a s s  and i~ capable of 
ion  beam currents  a s - h i g h  as  400 vA. The spec i f i ed  reso lu t ion  i s  
M/&+ = 2000 with an enrichment f a c t o r  of t y p i c a l l y  1000 f o r  a  mass 
d i f ference  equal t o  one atomic mass u n i t .  AN+ i s  t h e  f u l l  width 
a t  ha l f  maximum of t h e  mass peak associa ted  with an i so top ic  mass M. 
The enrichment f a c t o r  i s  de f ined .as  t h e  r a t i o  of t h e  amounts of i so tope 
A t o  i so tope B co l l ec ted  a t  t h e  co l l ec t ion  point  of i so tope A divided 
by t h e  i n i t i a l  r a t i o  of these  amounts before separa t ion.  The ion 
source i s  of t h e  o s c i l l a t i n g  e lec t ron type with c a p a b i l i t i e s  f o r  . .  
ionizing gas and s o l i d  samples. The s o l i d  samples a r e  introduced i n t o  
t h e  ion  source by e i t h e r  evaporaliun i n  a high temperature oven connected 
t o  t h e  ion  source o r  by t h e  "carbon t e t rach lo r ide"  technique I l l .  The 
minimum'amount of charge mate r i a l  necessary f o r  a  separa t ion run i s  
about 1 mg and t h e  p r a c t i c a l  l i m i t  of mater ia l  t o  be co l l ec ted  i s  a l s o  
t h e  order of l m g ;  The o v e r a l l  ma te r i a l  e f f i c i ency  i s  l e s s  than 30% 
and t y p i c ~ l ~ . y  about 10%. The accelera t ion system i s  capable of 
accelera t ing ions t o  80 keV. 

The preliminary performance t e s t s  have indicated  a M/A&- = 1550; 
however, t h e  e f f e c t s  of t h e  beam scanning system have not been correc ted  
from t h i s  value and t h e  a c t u a l  r e so lu t ion  w i l l  be c lose r  t o  t h e  
spec i f i ca t ions .  The separa tor  has demonstrated a high degree of 
s t a b i l i t y  and requires  l i t t l e  correc t ion i n  t h e  progress of a  separa t ion 
run. No major vacuum problems have occurred a n d . a l l  measuring s t a t i o n s  
ind ica te  pressures below 2 x 10'~ t o r r .  

Samples of 1 3 2 ~ e ,  1 3 4 ~ e ,  and 3 6 ~ e  have been prepared i n  t h e  
separa tor .  Further performance t e s t s  on t h e  separa tor  a r e  t o  be 
performed with rad ioac t ive  mater ia ls  a s  t r a c e r s  and from these  t e s t s  
enrichment f a c t o r s  can be dete~mined.  

. . 

(11 B. S.  Jensen, " ~ o t e  on t h e  Preparat ion of Anhydrous Rare-Earth 
Chlorides of t h e  ~ l e c t r o m a ~ n e t i c  Isotope ~ e ~ a r a t o r " ,  Nucl. I n s t r .  
and Meth. 1, 323 (1957). 



XENON SAMPLE PREPARATIONS USING THE ELECTROMAGNETIC MASS SEPARATOR 

Y .  D. Harker, H. G. M i l l e r ,  D. A .  George 

The e lec t romagnet ic  i so tope  s e p a r a t o r  has  been purchased f o r  
p repa r ing  samples f o r  t h e  FBR Physics  Constants Program. One of t h e  
f i rs t  s e t s  of samples t o  b e  prepared a r e  t hose  of  ' j2xe ,  1 3 4 ~ e ,  and . 

1 3 6 ~ e .  Because xenon 5.s a. noble gas ,  a p c c i a l  equipment and procedures  
need t o  be  developed t o  c o l l e c t  i s o t o p i c a l l y  enr iched  samples i n  t h e  
mass s e p a r a t o r .  The s jmp les t  technique appears t o  be  implant ing t h e  
xenon ions  i n  a backing m a t e r i a l  such a.s aluminum. The amount of 
m a t e r i a l  t h a t  can b e  implanted i s  r e l a t ed .  t h e  energy of ion  beam 
and s a t u r a t i o n  f o r  an 80 keV beam and i s  expected t o  be about 10  pg/cm2 
f o r  a n  aluminum backing and a Xe i o n  beam. Thus f o r  a s t a t i o n a r y  
t a r g e t ,  r e l a t i v e  t o  t h e  p o s i t i o n  of t h e  ion  beam, only  a few pg can be  
c o l l e c t e d  be fo re  s a t u r a t i o n  occurs .  If l a r g e r  samples a r c  needed, which 
is' t h e  case  h e r e ,  one must i n c r e a s e  t h e  exposure a r e a  of t h e  c o l l e c t i n g  
f o i l .  This can b e s t  be accomplished by moving t h e  c o l l e c t i n g  f o i l  p a s t  
the  i o n  beam. 

I n  o rde r  t o  o b t a i n  c ros s  s e c t i o n  measurements on t h e  xenon i so topes  
i n  t h e  CFRMF, it i s  .necessary t h a t  a few hundred pg of  each i so tope  be  
c o l l e c t e d  i n  a backing f o i l .  It was t h e r e f o r e  necessary t h a t  a device 
be  cons t ruc t ed  t o  move t h e  c o l l e c t i n g  f o i i  p a s t  t h e  i o n  beam f o r  each 
i s o t o p e  t o  be co l l ec t ed .  The system devised cons i s t ed  of t h r e e  r o t a t i n g  
drums p o s i t i o n e d  a t  t h e  p o s i t i o n s  f o r  t h e  1 3 2 ~ e ,  1 3 4 ~ e ,  and 1 3 6 ~ e  i o n  
beams f o r  a 6 keV a c c e l e r a t i o n  p o t e n t i a l  i n  t h e  mass s epa ra to r .  Defining 
s l i t s  were p o s i t i o n e d  i n  f r o n t  of each drum and a s h u t t e r  system was used 
t o  s t o p  c o l l e c t i o n  on . the drums during s t a r t u p  o r  when cond i t i ons  i n  t h e  
s e p a r a t o r  were not r i g h t  f o r  c o l l e c t i o n .  The drums were connected 
e l e c t r i c a l l y  t o  t h e  s e p a r a t o r  charge i n t e g r a t i o n  c i r c u i t  s o  t h a t  t h e  
accumulated charge could be  monitored and t h u s  reproducib le  amounts 
of sample m a t e r i a l  could be obta ined .  D i f f e r e n t  methods were t r i e d  t o  
provide  r o t a t i o n  of  t h e  drums during c o l l e c t i o n ,  t h e  f i n a l  des ign  
c o n s i s t e d  of a smal l  v a r i a b l e  speed e l e c t r i c  motor l oca t ed  i n s i d e  t h e  
c o l l e c t o r  chamber and mechanical ly  connected t o  t h e  c o l l e c t o r  drums by 
a be l t -pu l l ey  system. The e l e c t r i c a l  power f o r  t h e  motor w a s  provided 
by a power supply/speed c o n t r o l  system s i t u a t e d  o u t s i d e  t h e  c o l l e c t o r  
chamber. The g rease  l u b r i c a t i o n  i n  t h e  motor and gea r  r educ t ion  were 
r ep l aced  w i t h  high vacuum pump o i l  and outgassing of t h i s  c o l l e c t o r  
system r e q u i r e d  approximately 1 6  hours .  

A c o l l e c t i o n  r u n  was completed us ing  t h i s  system. The f o i l  conta in ing  
3 2 ~ e  w a s  i r r a d i a t e d  i n  t h e  CFRMF and d e t e c t i b l e  amounts of t h e  neutron 

c a p t u r e  product ,  ' 3 ~ e ,  were observed. The f o i l s  conta in ing  3 4 ~ e  and 
1 3 6 ~ e  were used f o r  t e s t i n g  methods of determining t h e  exac t  amounts of 
t h e  i s o t o p e s  depos i ted .  A method involv ing  an  abso lu t e  mass spectrometry 
measurement of  t h e  t r apped  gas  i n  t h e  backing and 100 pg of 1 3 4 ~ e  were 
found i n  t h e  f o i l  analyzed.  

The procedures  and equipment descr ibed  here  a r e  very  s u i t a b l e  f o r  
ob ta in ing  samples f o r  i n t e g r a l  c r o s s  s e c t i o n  measurements of noble gases  
and w i l l  be  u t i l i z e d  t o  o b t a i n  such measurements i n  t h e  CFRMF. I n  



addition, the  isotopes of xenon mentioned above, samples of the  non- 
f i s s ion  product isotopes of xenon, used as  "tag gases" i n  FBR operations, 
and isotopes of -ton w i l l  be prepared using t h i s  technique. 

CHEMISTRY HOT CELL ADDITION 

J. R. Berre'Lh, D. A. George 

A special shielded c e l l  has been added t o  the present chemistry 
hot c e l l  fo r  the  purposes of f i n a l  encapsulating of radioactive samples 
i n  uncontaminated holders and removal of so l id  radioactive waste. The 
c e l l  a l so  serves for  introduction of radioactive samples t o  be processed. 
Because of building space limitations,  the c e l l  was constructed of 
s t e e l  encased lead. The operating front has 8 in. of poured lead shielding 
which i s  equivalent t o  the  old c e l l .  Twelve-inch thick lead shot walls 
provide the  shielding for  the  sides and rear .  The c e l l  is  divided in to  
an upper operating and a lower waste cask section (see Figure 1) . A 
s ta in less  s t e e l  l i n e r  i s  used i n  the  operating section which M c t i o n s  
as a sealed working area when a l l  ports are  closed. Dimensions of this 
area ar'le 42 in. wide by 54 in. deep. Transfer ports a re  provided fo r  moving 
samples into the  c e l l  or between ce l l s .  

. The lower section i s  equipped with tracks and a traveling lift 
table  for  moving the  waste cask in to  and out of the  ce l l .  The l i f t i n g  
motion of the  teb le  raises  the cask t o  i t s  sealing position against 
the operating c e l l  f loor  and also opens a f loor  port so tha t  the 
contained waste can be placed in to  the  cask. A built-in crane lifts 
the  cask l i d  in to  the  c e l l  while the  f loor  port l i d  acts  as  a contam- 
ination bar r ie r  for  the  cask l i d  during t h i s  operation, 

Solid waste materials are  placed i n  a primary container i n  the  
chemistry c e l l  pr ior  t o  transferring t o  the addition. This container 
i s  i n  turn  placed i n  another clean container before t ransfer  in to  the  
waste cask. I n  a similar fashion, contained radioactive samples a r e  
placed i n  clean containers before removal from the  c e l l  through a 
rear  t ransfer  port ,  

Special features of the  c e l l  include a f i r e  extinguishing l i n e  
which may be plugged in to  various types of extinguishers as  needed 
and a remotely operated decontamination l i n e  connected t o  an external 
foamer spray unit.  Cell operation i s  with plastic-booted Model G 
manipulators . 



Figure 1 Schematic view of hot c e l l  addit ion showing t he  operating 
and waste cask areas. 



THE AUTOMATED CROSS SECTION ANALY.SIS. PROGRAM (ACSAP) 

. N .  H. Marshall[ '], J. W .  Codding, 0 .  D. Simpsorl . 

J.  R. Smith, R. C. Young 

The' Automated Cross .  Sec t ions  Analys:is.Program (ACSAP) i.s t h e  work- 
ho r se  program usied'by Aeroje t  Nucl-ear Company. f o r  the eva lua t ion  of 
c ros s .  sec t ions :  i n  t h e  resonance region.. 'It. h a s  provis-i'ons f o r  p l o t t i n g  
experimental  d a t a . . i n  a  vari 'ety..of ways. Theore t i ca l  cu rves ,  app ropr i a t e ly  
broad'ened t o  account f o r  r e so lu t ion '  and Doppler e f f e c t s ,  may be ca l cu la t ed  
us ing  e i t h e r  s i n g l e  l e v e l  o r  Reich-Moore m u l t i l e v e l  parameters and p l o t t e d  
along wi th  t h e  da t a .  An i t e r a t i v e  f i t t i n g  r o u t i n e  may be  invoked t o  f i t  param- 
e t e r s  t o  t h e  da ta .  The f i t  given by t h e  ad jus t ed  parameters  may b e  
d isp layed  w i t h  d a t a  taken under a  v a r i e t y  of condi t ions .  

ACSAP.is now a v a i l a b l e  f o r  us  y o t h e r  l a b o r a t o r i e s .  A r e p o r t  7 descr ib ing  i ts .  u se  has  been i ssued  . This  r e p o r t  con ta ins  a  d e s c r i p t i o n  
of t h e  program from two p o i n t s  of view: t h e  programmer who w i l l  adapt  
t h e  program f o r  u se  a t  another  i n s . t a l l a t i o n ,  and t h e  u s e r ,  who w i l l  make 
use  of t h e  program. A u s e r s '  manual desc r ibes  i n  d e t a i l  how t o  s e t  up 
c a l c u l a t i o n s  us ing  ACSAP. Sample problems a r e  provided, by which new 
u s e r s  can check t h e  ope ra t ion  of ACSAP on t h e i r  own machines. 

S ince  ACSAP is  a program under con t inua l  mod i f i ca t ion ,  t h e  i ssuance  
of t h e  r e p o r t  and product ion ve r s ion  of t h e  program had t o  be  e f f e c t e d  
a s  of a  p a r t i c u l a r  s t a g e  of development. Th i s  cu tof f  e l imina ted  important  
f e a t u r e s  which, though they  have become very  u s e f u l  p a r t s  of ACSAP, 
were no t  considered t o  have been checked out  thoroughly enough f o r  r e l e a s e  
wi th  t h e  main ACSAP package. These f e a t u r e s  a r e  AREA, an i t e r a t i v e  r o u t i n e  
f o r  performing a r e a  a n a l y s i s  on resonance d a t a ,  and MERGE, a  s imple  bu t  
u s e f u l  r o u t i n e  f o r  combining parameters obtained from f i t s  t o  d i f f e r e n t  
p a r t i a l  c ros s  s e c t i o n s  of t h e  same nucleus.  MERGE gives ACSAP t h e  cap- 
a b i l i t y  f o r  simultaneous f i t t i n g  of p a r t i a l  c ros s  s e c t i o n  d a t a .  These 
two subrout ines  a r e  d iscussed  f u r t h e r  i n  t h e  fol lowing srections of t h i s  
r e p o r t .  

[l] Member of Computer Science Branch, Technical  Se rv i ces ,  ANC. 

[2 ]  N. H. Marshall  e t  a l ,  An Automated Cross Sec t ion  Analysis  Program 
(ACSAP) , ANCR-1042 (1972) . 



MERGE, A ROUTINE FOR COMBINING RESONANCE PARAMETERS - 

21. C., Young 

Two new funct ions.  h a y e  heen added t o .  ACS'W, whi.ch a r e  ~ e q u e s  t e d  b~ 
t h e  acti 'on ca rds  SNE. and NE&GE. .. ..The capabZ1j.t~ proyi;ded' by. these 
f u n c t  Tons. has F:een use fu l  i n  a number of " c~,rcums~ta,nc-e-s, b:ii t ne&they the 
Sormat nor  t h e  opera tggnal  d e t a i l s  ks. s.tab.ili.zed' suf f2c$ent ly  f o r  gen- 
e r a l  d ~ k t r i j i u t L o n ,  

The SAVE a c t t o n  causes. tKe cu r ren t  set of resonance parameters t o  
b e - w r i t t e n  from c o r e  s t o r a g e  t o  a temporary. d2 rec t  acces s  d i s c  f i l e .  
From t h e r e  i t  may be r e t r i e v e d  i n  va r ious  ways by a  MERGE card.  A simple 
app l i ca t5on  arl 'ses when a  computer run  c o n t a h s .  two o r  more blocks of 
f i ; t t fng  procedures and 2 t  2 s  deslked t h a t  eacFi. s t a r t  from t h e  same s e t  
of parameters.. rt has- Eiappened t l i a t ' h  a g2ven run ,  t h e  parameters 
were t o  Eie f i t  t o  t o t a l ,  c a p t u r e  and f t s s i o n  c r o s s  s e c t i o n  d a t a .  
The SAVE-MERGE opt ion  permits  t h e  cap tu re  and f i s s i o n  adjustments  
t o  begin w i t h  t h e  r e s u l t s  of the t o t a l  c r o s s  s e c t i o n  f i t .  W i t h . 1 0 ~  
p r i o r i t y  runs  o r  slow- compute'r turnaround f o r  any reason,  t h i s  s imple u s e  
can speed an a n a l y s l s  by  s e v e r a l  ca lendar  days. 

The MERGE a c t i o n  r e t r i e v e s  one o r  more s e t s  of resonance parameters 
which have p rev ious ly  been saved on a d i s c  f i l e  and combines them t o  y i e l d  
a  s i n g l e  set of parameters.  The r e s u l t s  a r e  placed i n  c o r e  s t o r a g e  a s  
the a c t i v e  set and a r e  then  a v a i l a b l e  f o r  f u r t h e r  adjustment ,  p r i n t o u t ,  
e t c .  The MERGE opera t fon  may b e  specl'f i e d  f o r  e n t i r e  s e t s ,  o r  f o r  
i n d i v i d u a l  resonances.  An ind iv rdua l  resonance may be  s e l e c t e d  e i t h e r  by 
number o r  n e a r e s t  energy. The t o t a l  wid th  and t h e  energy of a resonance 
may b e  s p e c i f i e d  i n  s e v e r a l  ways; this i s  t h e  only  way a t  p re sen t  t o  
r e a s s i g n  t h e  energy of a  g lven  resonance i n  t h e  middle of a  run.  A l l  
sets t o  b e  merged must have t h e  same number of resonances and t h e  same 
s t r u c t u r e  of l 'sotopes and s p i n  s t a t e s .  

The o r i g i n a l  o b j e c t i v e  of MERGE w a s  t o  merge the r e s u l t s  of s e p a r a t e  
parameter f i t s  t o  c a p t u r e  and f i s s i o n  c r o s s  s e c t i o n  d a t a  i n t o  a  s i n g l e  
c o n s i s t e n t  s e t .  Algorithms a l s o  have been included f o r  f i t s  t o  t o t a l  
c r o s s  s e c t i o n s  and abso rp t ion  d a t a ,  but  some combinations have not  given 
phys i ca l ly  d e s i r a b l e  r e s u l t s .  

It i s  assumed t h a t  t h e  complexi t ies  of resonance shape and o t h e r  
forms of i n t e r f e r e n c e  a r e  d e a l t  w i t h  elsewhere; very  s imple assumptions 
a r e  employed by MERGE. There a r e  no provis ions  f o r  weighted averages.  
Where averages a r e  poss ib l e ,  t h e  v a r i a b l e s  from a l l  d a t a  s e t s  which a r e  
included a t  a l l  a r e  g iven  equal  weight. Of course ,  t h e r e  may b e  only 
one e n t r y  i n  t h e  average. 

Parameter f i t s  t o  the follow,ing c r o s s  s e c t i o n  types  a r e  assumed t o  
determine t h e  corresponding comb.inatLons of parameters:  
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Here  l, Ty, re:, r O, and E a r e  the ACSAP resonance parameters des igna t -  
ing  t o t a l ,  c ap tu r  f i g s t o n  c&nnel a i d  reduced neut ron  wid ths  and t h e  
c h a r a c t e r f s t i c  energy of the resonance. The absorp t ion  wid th  T a  is obta ined  
either from an  average o r  2s. 2nput on the M.'ERGE card.  Then t h e  r o u t i n e  
determines 
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r n  = A/r f o r  t o t a l  

= D/ITa f o r  aBsorpt ion , . 

= CB+C]/'r-, f o r  b,oth c a p t u r e  and f i s s i o n .  

, An average  is taken if mbre than  one type  is  specif . ied,  F i n a l l y ,  
the r o u t i n e  c a l c u l a t e s  
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and r = B / r n  i f  c ap tu re  i s  s p e c i f i e d  
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USE OF THE INTERACTIVE GRAPHICS PROGRAM, SCORE, I N  RESONANCE ANALYSIS 

J .  R. Smith, N .  H .  Marshall  ['I I 

The i n t e r a c t i v e  graphics  system SCORE was devis.ed by Atomics 
I n t e r n a t i o n a l  .to a i d  t h e  process  of neut ron '  c r o s s  s:ection eva lua t ion .  
Included i n  t h e  resonance a n a l y s i s  porti'on o f '  SCORE is a  very- e a r l y  
v e r s i o n  of Aeroj e t  t s  .program ACSAJ?. This  comb.inatfon shows g r e a t  promise 
f o r  resonance f i t t i n g .  

This  promise has no t  y e t  been f u l l y  r e a l i z e d  because i t  has not  
prev ious ly  proved f e a s i b l e  t o  d e v o t e - t h e . n e c e s s a r y  e f f o r t  t o  t h e  t a s k  
of debugging t h e  system. Such a  debugging t a s k  was undertaken t h i s  
p a s t  year  i n  order  t h a t  SCORE migh t .be  used i n  t h e  d i f f i c u l t  t a s k  of 
m u l t i l e v e l  f i t t i n g  of U-235. 

I t  does not  seem a p p r o p r i a t e  t o  l i s t  t h e  co r r ec t ions  t o  SCORE i n  
d e t a i l  i n  t h i s  r e p o r t .  Anyone i n t e r e s t e d  i n  us ing  SCORE f o r  resonance 
a n a l y s i s  should con tac t  t h e  second-named author  f o r  a  l i s t  of t h e  modi- 
f i c a t i o n s .  

I n  t h e  course  of t h e  debugging, some modi f ica t ions  were made t o  SCORE 
t o  make i t  more u s e f u l  f o r  resonance a n a l y s i s .  One of t h e  nuisance a spec t s  
of t h e  program has been t h e  n e c e s s i t y  of en t e r ing  information such a s  run 
i d e n t i f i c a t i o n ,  experimental condi t ions ,  type  of formula, and energy range 
from t h e  keyboard. Though t h i s  uses  main system t i m e , ' - i t  had t o  be done 
f o r  every run. This  was p a r t i c u l a r l y  g a l l i n g  i f  a  ryn had been prematurely 
terminated and had t o  b e  s t a r t e d  from s c r a t c h  again.  SCORE was modified 
so  t h a t  t h e s e  i n i t i a l  condi t ions  could be  read from ca rds  i n  t h e  program 
deck. It is s t i l l  necessary t o  page through t h e  e a r l y  pane l s ,  bu t  e n t i r e s  
need be  made only i f  changes a r e  des i r ed .  

A p a r t  of t h e  energy sea rch  r o u t i n e  of t h e  cu r r en t  ACSAP program 
was i n s e r t e d  i n t o  SCORE. The r e s u l t  was t h a t  a  f i t t i n g  sequence t h a t  used 
3  i t e r a t i o n s ,  r equ i r ing  about 140 seconds i n  t h e  o ld  system, was performed 
a f t e r  t h e  modi f ica t ions  wi th  2  i t e r a t i o n s  r equ i r ing  30 seconds. 

Also added t o  SCORE was a  provis ion  f o r  d i sp l ay ing  d a t a  i n  t h e  form 
o d ~  v s  E, whereas SCORE was formerly r e s t r i c t e d  t o  d i sp l ay ing  o vs  E.  

Other modi f ica t ions  a r e  planned f o r  SCORE t o  improve i t s  a p p l i c a b i l i t y  
f o r  resonance ana lys i s .  However, some of t h e  d i f f i c u l t i e s  w i th  SCORE a r e  
hardware problems. Two hardware a d d i t i o n s  a r e  needed f o r  t h e  ANC computer 
system i n  order  t o  make SCORE f e a s i b l e  f o r  r o u t i n e  a n a l y s i s .  The f i r s t  is  
a  l a r g e r  b u f f e r  f o r  t h e  I B M  2250 scope. With t h e  present  4K bu f fe r  t h e  

' d i s p l a y  l o s e s  information and even f a i l s  t o  respond t o  u s e r  commands when 
t h e  d isp layed  d a t a  s e t  is  l a r g e .  The second need i s  f o r  a d d i t i o n a l  bulk co re  
f o r  t h e  main computer t o  make p o s s i b l e  t ime-sharing ope ra t ion  of SCORE. 
A t  p r e sen t  SCORE t i e s  up too  much of t h e  computer f a c i l i t i e s  i n  r e l a t i o n  t o  
t h e  a c t u a l  computing t ime used. 

[l] Member of Computer Sciences Branch, Technical  Serv ices  Div is ion .  
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INCORPORATION OF THE ~ L T ~ E V E L  LEAST SQUARES PROGRAM, MU . . , LTI ,- " - ,  

INTO THE RESONANCE FITTING SYSTEM OP AEROJET NUCLW COMPANY' 

J. R. Smith, N .  H .  Marshall  [ 1 I 

The Automated Cross Sec t i -ons  A n a l y s h  program CACSAPZ has  f o r  some 
y e a r s  been t h e  workhorse resonance a n a l y s i s  program a t  Aero je t  Nuclear 
Company. It Fmd been planned t o  add leas t - squares  f i t t i n g  c a p a b i l i t y  t o  
ACSAP. When t h e  m u l t i l e v e l  least-squares program MULTI became a v a i l a b l e ,  
fit seemed t h a t  tFie most exped?t*ous means of addfng t h e  leas t - squares  
method was t o  adopt tIi is.  a l r e a d y  developed program. 

'MULTT was developed by George F. Auchampaugh of Los Alamos Nat iona l  
Laboratory. I't was o r i g i n a l l y  w r i t t e n  f o r  t h e  CDC 6600 computer. 
Duane Winkler of Oak Ridge Nat iona l  Laboratory converted MULTI f o r  u s e  
on t h e  IBM 360191, a t  t h e  r eques t  of Gerard deSaussure,  The v e r s i o n  of 
MULTI' i n  u s e  a t  Aero je t  Nuclear Company ts e s s e n t i a l l y  t h e  Oak Ridge 
ve r s ion ,  w i t h  some modi f ica t ions  t o  make f t  compatible w i t h  ACSAP. 

The p r i n c t p a l  modff ica t ion  t o  MULTI'was t o  make i t  read experimental  
d a t a  from t h e  magnetic d i s c  s t o r a g e  developed f o r  ACSAP, MULTI o r i g i n a l l y  
read d a t a  from ca rds ,  o r  from magnetic tape .  When cards  a r e  used they  must 
be counted t o  avoid exceeding the  d a t a  dimensions of t he  program. Use of 
t h e  ACSAP d a t a  d i s c s  means t h a t  a c t i v e  experimental d a t a  a r e  r a p i d l y  access-  
i b l e  i n  t h e  same format t o  both ACSAP and MULTI. 

,MULTT'was f u r t h e r  modified t o  punch t h e  ad jus t ed  resonance parameters 
on ca rds  i n  ACSAP format ,  and t o  s t o r e  t h e  parameters i n  temporary d i s c  
s t o r a g e  f o r p o s s i b l e  l a t e r  u s e  by ACSAP i n  a subsequent s t e p  of t h e  same 
computer run. This  is  a smal l  modtficati .on, b u t  a n  important  one. The 
p l o t t i n g  package i n  ACSAP gives  a much:clearer p i c t u r e  of t h e  s t a t u s  
of t h e  f i t  than does t h e  p r i n t e r - p l o t  of MULTI. ACSAP can be  
used as a p l o t  package f o r  MULTI, sfiowing i n  d e t a i l  t h e  s t a t u s  of t h e  f i t .  
I n  add f t ion ,  ACSAP can be  used t o  show t h e  f i t  given by t h e  cu r r en t  param- 
e t e r s  t o  s e t s  of experimental  d a t a  o tke r  than those  used by MULTI. i n  i ts  
adjustment.  .Moreovei-, a d d i t t o n a l  resonances can  be  added beyond t h e  
l i m i t  of 50 allowed liyT4ULTr. ACSAP can  u s e  a s  many a s  250 resonances.  

ACSAP and PWLTI, based on d i f f e r e n t  f i t t i n g  procedures ,  complement 
each o t h a  w e l l .  N L T I  is  remarkably e f f e c t i v e  i n  a d j u s t i n g  f i s s i o n  
widths t o  d e s c r i b e  i n t e r f e r e n c e  e f f e c t s ,  p a r t i c u l a r l y  i f  t h e  neut ron  and 
cap tu re  widths and t h e  resonance energ ies  a r e  f a i r l y  c lo se .  ACSAP does 
not  a d j u s t  t h e  i n t e r f e r e n c e  terms, bu t  i s  quicker  and more sure-footed 
than  MULTI in a d j u s t i n g  t h e  neutron and cap tu re  widths.  I n  p r a c t i c e ,  i t  
has worked ou t  w e l l  t o  a l t e r n a t e  4CSA.P and MULTI runs ,  Approximate param- 
e t e r s  from ACSAP a r e  ad jus ted  by NLTI'  t o  improve t h e  f i s s i o n  v e c t o r  
o r f e n t a t i o n .  These ad jus ted  parameters a r e  then  passed t o  ACSAP f o r  
readjustment  of ene rg i e s ,  neutron,  and cap tu re  widths,  and f o r  comparison 
w i t h y a r i o u s  sets of d a t a .  , 

ACSAP and -MULTT. do indeed form a powerful combination f o r  Reich- 
Woore m u l t i l e v e l  f i t t i n g .  Neverth.eless,  the t n t e r f e r e n c e  p o s s i b i l i t i e s  
a r e  so  complex t h a t  thi.s. type  of analys2s remains. a v e r y  expensive, time- 
consq$ng  process ,  and a thoroughly exaspera t ing  experience.  



SCORE does not  y e t  con ta in  a l l  t h e  ACSAP c a p a b i l i t i e s ,  s.uch a s  ' 

f i t t i n g  and d i sp l ay  of s e v e r a l  types of  c ros s  sect i .ons s imultaneously.  
It has ,  however, proved u s e f u l  i n  c e r t a i n  s p e c i a l i z e d  appl icat ions- ,  s.uch. 
a s  t h e  s tudy  of nega t ive  energy l e v e l  e f f e c t s  and t h e  behavior of smal l  
resonances dominated by l a r g e  neighbors .  

... . -  . 

111 Member of Computer Science..  Branch, Technical  S e r v i c e s  Diyi.sion,, 
ANC . 



AN AREA ANALYSIS ROUTINE FOR ANALYZING NEUTRON CROSS SECTIONS 

J .  W. Codding 

I n  t h e  a n a l y s i s  of neut ron  c ros s  s e c t i o n  d a t a ,  one d e s i r e s  t o  
o b t a i n  t h e  resonance parameters Eo (resonance energy),  rno (reduced 
neutron width),  ry (cap tu re  k i d t h )  , and I'f ( f i s s i o n  wia th)  . The most 
d e s i r a b l e  way t o  obta in .  . t he se  parameters i s  by shape f i t t i n g .  However, 
when the 'Doppler  and r e s o l u t i o n  widths a r e  much'greater  than  t h e . a c t u a 1  
width of t h e  leve1,one must r e v e r t  t o  an  a r e a  a n a l y s i s  technique.  Such 
a  r o u t i n e  has been added t o  t h e  Automated.Cross Sec t ion  Analysis  Program [ 1 1 
(ACSAP),which was developed f o r  t h e  evazuat ion of neut ron  c ros s  s e c t i o n  
d a t a  . i n  t h e  resonance reg ion .  I n  ACSAP, resonance parameters may be  
f i t t e d  by i t e r a t i v e  adjustment t o  " f i t  po in ts"  chosen t o  r ep re sen t  how a 
curve should p a s s  through t h e  c r o s s  se.cti.on da ta .  Zn favoraBle cases. ,  

O ,  o r  rf can b e  determined. 
Eo' 

I'n 

Using t h e  new a r e a  a n a l y s i s  scheme, a  va lue  of t h e  abso rp t ion  width 
is  f i r s t  assumed by t h e  ana lys t .  

r n  
O can be  determined by an adjustment based 

on comparing a r e a s  under t h e  experiment d a t a  and t h e  t h e o r e t i c a l  curves ,  without  
t h e  n e c e s s i t y  of de f in ing  any f i t  po in t s .  Cross s e c t i o n  vs  energy 
d a t a  from ca rds  o r  a  d i r e c t  access  d i s c  e n t e r  ACSAP i n  t h e  usua l  way. 
The FWHM f o r  a  resonance under cons ide ra t ion  ( inc luding  Doppler and reso lu-  
t i o n  broadening) is  used t o  s e t  t h e  i n t e g r a t i o n  boundaries .  I f  a boundary 
over laps  a  s i m i l a r  boundary of an ad jacent  resonance, an  adjustment  i s  
made wherein t h e  ad jacent  resonances s h a r e  a  common bond loca t ed  so 
t h a t  i t s  d i s t a n c e  from each resonance is  approximately p ropor t iona l  t o  
t h e  rnO f o r  t h a t  resonance. (The shared boundary thus  may s h i f t  a s  each 

0 i t e r a t i o n  a d j u s t s  rn .) I f  a r e a  f i t t i n g  i s  being done i n  t ransmiss ion ,  
an a d d i t i o n a l  t e s t  a s su re s  t h a t  t h e  i n t e g r a t i o n  boundaries  a r e  s e t  wide 
enough t o  i nc lude  a l l  of t h e  resonance e f f e c t ,  e .g . ,  when t h e  resonance 
i s  blacked off  and thus  unusual ly wide. Each of t h e s e  boundary t e s t s  can 
b e  o p t i o n a l l y  skipped,  a l lowing t h e  use r  t o  d e f i n e  i n t e g r a t i o n  widths a s  
h e  wishes.  

Area under t h e  experimental  d a t a  curve i s  c a l c u l a t e d  between t h e  
i n t e g r a t i o n  boundaries  of t h e  resonance and compared t o  a  s i m i l a r l y  
bounded a r e a  under t h e  t h e o r e t i c a l  curve. The l a t t e r  is  computed us ing  
t h e  Breit-Wigner s i n g l e  l e v e l  formula, w i th  t h e  i n i t i a l  parameter e s t ima te s ,  
o r  t h e  parameters from t h e  most r ecen t  i t e r a t i o n .  I f  t h e  two a r e a s  a r e  
d i f f e r e n t ,  an 'ad jus tment  i s  made t o  r O ,  and we proceed t o  t h e  next  reso-  
nance. Both t h e  a r e a s ' u n d e r  t h e  theory  and t h e  d a t a  a r e  co r r ec t ed  be fo re  , 

comparison by a  "base a rea"  under a  t h e o r e t i c a l  curve generated wi thout  
i nc lud ing  t h e  c u r r e n t  resonance. 

The a r e a  f i t t i n g  sub rou t ine  has  been added t o  ACSAP i n  such a  way 
t h a t  resonances t o  b e  f i t t e d  i n  t h i s  manner can be i n t e r s p e r s e d  among those  
t o  be  f i t  by t h e  u s u a l  shape, peak, o r  wing techniques.  

[ I ]  N. H. Marshal l  e t  a l ,  An Automated Cross Sec t ion  Analysis  Program, 
USAEC Report ANCR-1042 (July 1972). 



A SYSTEM FOR CONVERTING ORELA TIME-OF-FLIGHT DATA 
TO NEUTRON CROSS SECTIONS 

J. W. Codding 

The Oak Ridge Linear  Acce lera tor  (ORELA) has been used t o  gene ra t e  
t r ansmis s ion  vs t ime-of - f l igh t  d a t a  f o r  a v a r i  t of m a t e r i a l s ,  over bJ energy ranges from a few eY t o  w e l l  over 1MeV . Even r e s t r i c t i n g  
one ' s  i n t e r e s t  t o  t h e  reso lved  resonance reg ion  leaves  a v e r i t a b l e  weal th  
of d a t a  t o  b e  considered,  perhaps a s  many a s  25000 p o i n t s  each f o r  open, 
sample, and background s p e c t r a .  An a d d i t i o n a l  c a l c u l a t i o n a l  complicat ion 
a r i s e s  because of cu r r en t  a b f l i t y  I;u u s e  va r i ab l e  channel  widths when 
c o l l e c t i n g  t ime-of-f l ight  da t a .  This  s i t u a t i o n  has l e d  t o  s u b s t a n t i a l  
changes i n  our program t o  c a l c u l a t e  c ros s  s e c t i o n  vs  energy curves from 
r a w  t ime-of-f l ight  da t a .  This program, c a l l e d  T o t a l  Cross Sec t ions  
(TXSEC), was o r i g i n a l l y  w r i t t e n  t o  handle t ransmiss ion  vs  de lay  d a t a  
from t h e  MTR neutron f a s t  chopper, b u t  t h e  new masses of d a t a  make 
such techniques a s  ca rd  input  and in-core d a t a  s t o r a g e  both  cumbersome 
and expensive. Therefore ,  t h e  d a t a  handl ing methods of TXSEC were 
s u b s t a n t i a l l y  r ev i sed .  I n  t h e  process ,  count ing l o s s  and d a t a  smoothing 
r o u t i n e s  were s e t  up a s  a s epa ra t e  program. 

ORELA time-of-flight d a t a  on magnetic t a p e  a r e  co r r ec t ed  f o r  
counting l o s s e s  a s  a f u n c t i o n  of system dead tl lne,  and o p t i o n a l l y  
smoothed by e i t h e r  a s l i d i n g  average o r  a pa rabo l i c  f i t .  The co r rec t ed  
counts  vs  channel r e s u l t s  a r e  s t o r e d  on a d i r e c t  access  d i s c  f o r  l a t e r  
i npu t  t o  t h e  program which c a l c u l a t e s  c ros s  s e c t i o n  spec t r a .  This code 
(TXSEC-ORELA) r e t r i e v e s  and uses  t h e  counts  v s  channel  d a t a  i n  groups of 
100 p o i n t s .  I f  no f a s t  background d a t a  a r e  a v a i l a b l e ,  t hey  a r e  computed 
a s  a pa rabo l i c  func t ion  of t h e  open counts .  This  func t ion  can be  
r e a d i l y  discovered i f  t h e  sample has s e v e r a l  blacked-off resonances 
over t h e  energy range of i n t e r e s t .  Cross s e c t i o n  vs  energy r e s u l t s  
( e i t h e r  pointwise o r  a variable-channel  average)  a r e  output  from 
TXSEC-ORELA t o  a d i r e c t  access  d i s c ,  where they  a r e  a v a i l a b l e  f o r  
p l o t t i n g  o r  evaluat ion.12J 

[ l ]  0 .  D. Simpson e t  a l ,  The T o t a l  Neutron Cross Sec t ion  of  
243h 

from 0 .5  eV t o  1000 eV, USAEC Report ANCR-1060 (1972)( for  . .. example). 
2 See "The Automated Cross Sec t ion  Analysis  Program (ACSAP)", t h i s  

r e p o r t .  



J. W .  Rogers, E . . H .  Turk 

Two 1 4 0 ~ a  - 140La standard solut ions  were acquired, one from 
Amersham/Searle Corporation and one from Hanford Engineering Development 
Laboratory. -From these ,  gamma-ray counting sources were.prepared and 
counted. These standards were obtained i n  support of t h e  In ter labora tory  
LMFBR Reaction Rate program and they a r e  f o r  making' interlaboratory 
comparisons of ac t iva t ion  analys is  techniques and es tab l i sh ing  c a l i -  
b ra t ions  f o r  measuring absolute f i s s i o n  r a t e s  by counting and analyzing 
t h e  1 5 9 6 - ~ e ~  gamma-ray of 140La. This work i s  important because of t h e  
necessi ty of being ab le  t o  measure f i s s i o n  r a t e s  i n  LMFBR's t o  an . 
accuracy o f , + 5 %  a t  t h e  95% confidence l e v e l .  

One 1 4 0 ~ a - 1 4 0 ~ a  so lu t ion  standard was obtained from Amersham/Searle 
Corporatioh ( A ~ s )  and another from Hanford Engineering Development 
Laboratory (HEDL) . . Each of these  standard so lu t ions  was c e r t i f i e d  by 
i t s  respect ive  supp l ie r  and shipped i n  a sea led  g lass  ampoule. 

The AmS standard consisted of 0.9579 grams of so lu t ion  containing 
95.97 ug of bari,um and 95.97 vg of lanthanum. The l4  O B ~  a c t i v i t y  was 
c e r t i f i e d  t o  be 4.6287 x l o 6  nuclear transformations per  second ( n t p s )  
per  gram on March 3, 1972 a t  1200 hours GMT. 

The HEDL standard consisted of 4.9563 grams of so lu t ion  containing 
337 11g of barium and 49.6 yg of lanthanum. The 1 4 0 ~ a  a c t i v i t y  was 
c e r t i f i e d  t o  be 1.134 x l o 6  ntps per  gram on March 13,  1972 a t  1200 
PST . 

I n  prepara t ion t o  make t h e  counting sources t h e  g l s ~ ~  ampoules 
were opened by breaking off  t h e  top  end. The sample s i z e  was based on . 
a l iquo t  weight and t o t a l  weight of solut ion.  The ampoule was weighed 
immediately before and a f t e r  t h e  taking of each a l iquo t  f o r  each source. 
CalJbrated p i p e t t e s  were used t o  take  the  a l iquo t s .  To insure  complete 
removal of t h e  weighed a l iquo t  from t h e  p i p e t t e ,  t h r e e  r i n s e s  of t h e  
p i p e t t e  were made using demineralized water and adding t h e  r i n s e s  t o  
the  source. The p i p e t t e s  were thoroughly d r ied  a f t e r  t h e  taking and 
r ins ing  of each a l iquo t .  

Four sources were prepared from the  AmS standard.  These sources 
were deposited on 0 .5  in .  diameter b l o t t i n g  paper d i scs .  Each a l iquo t  
and i t s  respect ive  r i n s e s  were deposited on t h e  d i s c s  uniformly and 

, then allowed t o  a i r  dry under an in f ra red  heat  lamp before being 
sealed  between two pieces of p l a s t i c  tape.  Table I summarizes . the  
preparat ion of t h e  AmS sources and t h e  spec i f i c  a c t i v i t i e s ,  r e l a t i v e  
t o  t h e  f i r s t  source, obtained by counting t h e  sources a t  10 cm.on a 
3 i n .  x 3 in .  N~I (TR)  c r y s t a l .  



TABLE I 

AMERSHAM/SEARLE l 4  OBa STANDARD SOURCES 

I d e n t i f i c a t i o n  Volume Weight Size  - Relative Speci f ic  
Act iv i ty  

AmS #1 % 50, X 0.05040 g 0.5" d i a .  1.0000 + 0.007 
A ~ S  #2 % 50 x 0.05060 I! 0.9998 + 0.007 , 

AmS #3 % 50 A 0.05055 If 1.0072. + 0.007 

AmS #4 % 10 X 0.01045 11 0.9845 + 0.009 

Nine sources were prepared from t h e  HEDL standard.  Six  of these  
sources were prepared i n  t h e  same manner a s  t h e  AmS sources on 0.5 i n .  
b l o t t i n g  paper d i scs .  Three point  sources were prepared by deposit ing 
t h e  a l iquo t s  and r i n s e s  on t h i n  0..5 in .  diameter mylar d i scs  and allowing 
them t o  a i r  dry l e t t i n g  t h e  surface  tens ion br ing them t o  a '  point  
source at  t h e  center  of t h e  d i sc .  Table I1 summarizes t h e  prepara t ion 
of t h e  HEDL sources and t h e  s p e c i f i c  a c t i v i t i e s ,  r e l a t i v e  t o  t h e  f i r s t  
source, obtained by counting t h e  sources a t  10 cm on t h e  same system 
used t o  count t h e  AmS sources. 

TABLE I1 

HEDL 1 4 0 ~ a  STANDARD SOURCES 

I d e n t i f i c a t i o n  Volume Weight Size  - Relat ive  Speci f ic  
Act iv i ty  

% 100 X 0.10325 g 0.5" d i a .  
% 100 A 0.10230 11 

% 100 X 0.10115 11 

25 A 0.02600 11 

25 X 0.02635 11 

% 25 x 0.2620 I! 

% 100 A 0.09956 Point  
% 100 X 0.10225 TI 

% 100 x 0.10065 11 

A s  can be seen i n  these  two t a b l e s ,  only one source of 1 3  prepared 
y ie lded  spec i f i c  a c t i v i t y  outs ide  t h e  estimated l i m i t s  of uncer ta in ty  
and can be re jec ted  based on a  90% confidence l e v e l  r e j e c t i o n  quot ient  
t e s t .  

The a c t i v i t i e s  of these  standards were determined by using t h e  
de tec to r  system [ .3 i n .  x 3  in .  N ~ I ( T R ) ] ,  c a l i b r a t i o n ,  counting techniques 
and da ta  analys is  current ly  being-  used. A l l  counting was done a t  a  
source-to-detector d is tance  of 10 cm and correc t ions  were made f o r  
coincidence and random summing. Half- l ives,  taken from t h e  l i t e r a t u r e ,  
of 12.79 days f o r  140Ba and 40.26 hours f o r  . 1 4 0 ~ a  were used and t h e  
branching r a t i o  of t h e  1596-ke~ gamma ray was taken t o  be 0.9533. The 
f i n a l  values obtained f o r  t h e  1 4 0 ~ a  a c t i v i t y  of these  two standards 
and t h e  c e r t i f i e d  values a re  given i n  Table 111. 



TABLE I11 . 

140,~a STANDARDS COMPARISON 

Standard C e r t i f i e d  [ a ]  ~ e a s u r e d  a t  ANC 

A ~ S  (4.6287k0.0463) x l o 6  (4.354k0.048) x l o 6  
HEDL (1.134 20.018) x l o 6  (1.139+0.007) x l o 6  

[ a ]  I n  u n i t s  of nuclear  t ransformations per  second per  gram. 

The r e s u l t  f o r  t h e  HEDL s tandard  i s  i n  agreement wi th  t h e  c e r t i -  
f i c a t i o n  wi th in  t h e  l i m i t s  of uncer ta in ty  quoted. The r e s u l t  f o r  t h e  
AmS s tandard  was 6% lower than  t h e  c e r t i f i c a t i o n .  No explanat ion f o r  
t h e  disagreement on t h e  AmS s tandard  has been found. 



SELF-SHIELDING I N  STACKED FOILS 

R.  G. Nis le  

The neutron f l u x  s p e c t r a  i n  f a s t  b reeder  r e a c t o r s  fo l low no simple 
p a t t e r n  such a s  one f i n d s  i n  thermal  r e a c t o r s ;  t h e r e  i s  no s imple d i v i s i o n  
i n t o  a Maxwellian p l u s  a 1 / ~  t a i l .  Consequently, t h e  spectrum i n  a  fast- 
breeder  r e a c t o r  cannot b e  represented  by simple a n a l y t i c a l  express ions .  
Measurement techniques a r e  f u r t h e r  complicated by t h e  f a c t  t h a t  no one 
method se rves  t o  cover t h e  l a r g e  energy ranEje involved. Furthermore, i n  
p r a c t i c a l  a p p l i c a t i o n s  the .  primary method of Spectrum.measurement, . 

namely t ime-of-f l ight ,  cannot be used i n  a  product ion t y p e  of r e a c t o r .  
F o i l  a c t i v a t i o n  methods have, t h e r e f o r e ,  'been developed t o  measure 

p 

neut ron  f l u x  s p e c t r a .  I n  a d d i t i o n  t o  t h e  problem of unfolding a  spectrum 
from such i n t e g r a l  d a t a ,  t h e  ques t ion  of s e l f - sh i e ld ing  a r i s e s .  A t  t h e  
h igher  energ ies  (above 1 k e ~ )  c ros s  s e c t i o n s  a re-normal ly  s u f f i c i e n t l y  
smal l  t h a t ,  i n  gene ra l ,  s e l f - s h i e l d i n g  i s  not thought  t o  be  a  problem. 
Resu l t s  r epo r t ed  he re  show t h a t  s e l f - s h i e l d i n g  does e x i s t  i n  gold  f o i l s  a s  t h i n  
a s  5 m i l s  f o r  energ ies  i n  t h e  keV range. Thus, s e l f - s h i e l d i n g  can b e  
used t o  measure f l u x  s p e c t r a  a t  t h e s e  energ ies  by use of  a modi f ica t ion  
of t h e  sandwich-foil  technique.  

Th i s  work i s  a  g e n e r a l i z a t i o n  of t h e  se l f - sh i e ld ing  problem a s  it 
a p p l i e s  t o  i t s  use . i n  t h e  measurement of f l u x  s p e c t r a .  The theo ry  
t h a t  i s  developed a p p l i e s  t o  t h e  e n t i r e  neutron energy range from thermal  
t o  f i s s i o n .  Within t h e  l i m i t a t i o n s  of t h e  theo ry ,  t h e  s e l f - s h i e l d i n g  
can be  c a l c u l a t e d  f o r  any energy. 

The theory  i s  based on t h e  fo l lowing  assumptions and i s  s u b j e c t  t o  
t h e  consequent l i m i t a t i o n s .  

(1) F i r s t  f l i g h t  encounters  only a r e  considered.  The theo ry  i s  
thus  l i m i t e d  t o  th icknesses  l e s s  t han  those  i n  which second 
encounters c a n ' b e  expected , t o  b e  s i g n i f i c a n t .  

( 2 )  The f l u x  i s  assumed t o  be  i s o t r o p i c  and s c a t t e r i n g  events  a r e  
a l s o  assumed t o  b e  i s o t r o p i c .  Thus t h e  i so t ropy  of t h e  f l u  
i s  not  destroyed by s c a t t e r i n g .  

( 3 )  I n e l a s t i c  s c a t t e r i n g  i s  assumed t o  be  n e g l i g i b l e .  This  
assumption l i m i t s  t h e  a p p l i c a b i l i t y  t o  r e l a t i v e l y  heavy 
elements and t o  t h o s e  wi th  no s t rong  i n e l a s t i c  s c a t t e r i n g  
resonances.  

(4). I n f i n i t e  s l a b  geometry i s  assumed. This assumption l i m i t s  
t h e  theory  t o  f o i l s  t h a t  a r e  t h i n  r e l a t i v e  t o  t h e i r  o t h e r  
dimens ions . 

The a c t i v i t y  r e s u l t i n g  from t h e  decay of an i r r a d i a t i o n  product i n  
t h e  c a s e  of t h e  i r r a d i a t i o n  of an absorber  by mono-energetic neutrons 
can b e  approximated by us ing  a  flux-averaged cross-sec t ion  and an  energy- 
averaged group f l u x .  



where 

m = mass of absorber i n  grams, 
No = Avogadro's number - 1 

X = decay constant of daughter product,  sec , 
t e  = exposure time, sec 
& = atomic weight of absorber, 

U i  = f l u x  averaged cross-sect ion f o r  t h e  ith group, 
$i = neutron f l u x  f o r  t h e  ith group, 

and the  t o t a l  measured a c t i v i t y  corrected t o  t h e  time of termination of 
i r r a d i a t i o n  i s  

- 

where 

E = a f a c t o r  t h a t  includes counter e f f i c i ency ,  branching r a t i o ,  
peak t o  t o t a l  r a t i o ,  and a correc t ion f o r  any 6-absorber 
US ed , 

and where $i i s  replaced by I$ . i s  the  i n t e g r a l  f l u x  and i s  o i 
now the  normalized group f lux .  

The perturbed f l u x  within a th ick  s l ab  of an absorber has been 
shown t o  be propor t ional  t o  {E2(,Zaz) + E2(,Z,[d-z])) and t h e  r e s u l t i n g  
a c t i v i t y  of a  sec t ion ,  Az wi th in  t h e  slab-has been shown t o  be propor t ional  
t o  { ~ ~ ( ~ a z ~ )  - E2(taz2) + ~ ~ ( T , [ d - z ~ ] )  - E2(Ta[d-z2])}, where t h e  

E2 - functions a r e  second ,order exponential i n t e g r a l s .  

Five s tacks  of twenty f o i l s  each were i r r a d i a t e d  i n  t h e  Coupled 
Fas t  React iv i ty  Measurement ~ a c i l i t ~  under a v a r i e t y  of condit ions 
described as Tallows : 

Sample 1 During t h e  i r r a d i a t i o n  of t h i s  sample, t h e  ends of 
the  experiment hole were closed wi th ,  bora l  and 2 3 8 ~  t o  
el iminate any thermal . f lux t h a t  might en te r  from an a x i a l  .. 

di rec t ion .  The f o i l s  were or iented  perpendicular t o  . the  
reac to r  v e r t i c a l  axis .  

Sample 2 The i r r a d i a t i o n  condit ions were s i m i l a r  t o  those  
f o r  sample 1,' except t h a t  a bora l  and a l ead  plug were used 
i n  t h e  ends of 'the experiinent hole.  

Sample 3 This s tack of f o i l s  was i r r a d i a t e d  i n  t h e  CFRMF with 
t h e  ends of t h e  experiment hole  open. I n  each of these  f i r s t  
th ree  i r r a d i a t i o n s ,  t h e  s tacks  were placed i n  an aluminum holder. 



Sample 4 This sample was a l s o  i r r a d i a t e d  i n  a  h o r i z o n t a l  
p o s i t i o n ,  bu t  was mounted i n  a  paper h o l d e r  r a t h e r  t h a n  i n  
an aluminum one. 

Sample 5 This sample was o r i e n t e d  p a r a l l e l  t o  t h e  v e r t i c a l  
ax i s  of t h e  r e a c t o r  dur ing  i r r a d i a t i o n ,  and t h e  ends of t h e  

2 3 8  experiment ho le  were c losed  wi th  a b o r a l  and U p lug .  

By use of Equation ( l) ,  and t h e  f l u x  pe r tu rba t ion  f a c t o r s  given 
above, t h e  a c t i v i t i e s  of t h e  twenty f o i l s  i n  t h e  s t a c k s  were ca l cu la t ed  
and compared w i t h  t h e  measured a c t i v i t i e s .  The r e s u l t s  a r e  shown i n  
F igures  1 through 5. 

To o b t a i n  t h e s e  r e s u i t s  a  normaiized spectrum s i m i l a r  t o  t h a t  
der ived  by o t h e r  techniquesLi] was used as  a  f i r s t  guess .  Then t h e  
f l u x  i n  t h e  low energy groups (below 10 k e ~ )  was modified t o  o b t a i n  
t h e  f i t s  shown i n  t h e  f i g u r e s .  The r e s u l t i n g  normalized spectrum i s  
shown i n  Figure 6.  A D i g i t a l  Equipment Corporat ion PDP-15 computer 
was used i n  a  f l u x  f i t t i n g  program i n  t h i s  work. 

The r e s u l t s  of t h i s  work show t h a t  s e l f - sh i e ld ing  i n  s t a c k s  of  
upwards of twenty o r  more f o i l s  can b e  used t o  determine f l u x  s p e c t r a  
i n  t h e  lower energy groups. Work i s  cont inping  t o  extend t h e  technique 
t o  h ighe r  energ ies  by use of  f o i l s  conta in ing  mixtures  of r e l a t i v e l y  
few absorbers  and by t h e  use  of more powerful computer programs r e q u i r i n g  
more memory capac i ty  t han  i s  a v a i l a b l e  on t h e  PDP-15. 

[l] D. A.  Pearson e t  a l ,  Nuclear Technolorn Div is ion  Annual Progress  
Report f o r  Pe r iod  ~ n d i n g -  June 30, 1971, ANCR-1016; p.  383 (1971).  
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FZgure 3 Comparison of ca lcula ted with observed a c t i v i t i e s  f o r  Sample 3. 
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A PRECISE FISSION-RATE 'DOSIMETER 
C F . 7  - .. . 

B. W. Howes - 

Sol id - s t a t e  t r a c k  r eco rde r s  (SSTR) a r e  p r e s e n t l y  be ing  i n v e s t i g a t e d  
and developed a t  t h i s  l abo ra to ry .  This t c nique has  t h e  p o t e n t i a l  o f  tl? provid.ing .extremely accu ra t e  f  i s s i o n - r a t e  d a t a  f o r  va r ious  f i s s i o n a b l e  
m a t e r i a l s  and neutron energy s p e c t r a .  Accurate abso lu t e  f i s s i o n - r a t e  
d a t a  a r e  r equ i r ed  f o r  Nuclear Technology Divis,i  on programs a s soc i a t ed  
wi th  t h e  ope ra t ion  of t e s t  r e a c t o r s ,  LOFT, PBF, LPT, and FEFPL. 

Current ly ,  t h i n  uniform coa t ings  o f  2 3 5 ~ ,  2 3 8 ~ ,  2 3 7 ~ p ,  and 2 3 9 ~ u  
Eire being f a b r i c a t e d  f o r  t h i s  p r o j e c t .  These coa t ings  w i l l  be  p laced  
i n  c lo se  con tac t  with '  s u i t a b l e  t r a c k  record ing  mediums such as  Lexan, 
mica, o r  Kapton and i r r a d i a t e d  i n  t h e  s t anda rd  p i l e  o r  c r i , l ; i c a l  
f a c i l i t i e s .  The r e s u l t s  of t h e s e  t e s t s  w i l l  provide a 'more accura te  
c a l i b r a t i o n  of  s t anda rd  U-A1 f i s s i o n - r a t e  monitors c u r r e n t l y  i n  wide 
use at t h e  Tes t  Reactor Area and a  powerful technique f o r  determining 
f i s s i o n . . r a t e s  , - f i s s i o n  c ros s  s e c t i o n s  and f i s s i o n .  y i e l d  information 
f o r  a  v a r i e t y  of r e a c t o r  experiments and neutron environments. 

. . 

f i s s i o n s  
s s i o n - a t e  = N o J ~ $ ( E ) C J ~  (EICIE ( ) 

0 

ANALYSIS OF PROTON-RECOIL DATA FROM GREEK Fe BEAM 

J.  W. Rogers 

Pro ton- recoi l  measurements obta ined  i n  t h e  Greek i r o n  f i l t e r e d  
neutron Seam were analyzed t o  o b t a i n  t h e  neutron f l u x  spectrum. This 
work was done i n  support  of t h e  I n t e r n a t i o n a l  Atomic Energy Agency 
assignment of  R .  C .  Greenwood. This work i s  important because it he lps  
i n  t h e  i n t e r n a t i o n a l  e f f o r t  t o  develop and apply methods i n  nuc lear  

- sc i ence .  It a l s o  e s t a b l i s h e s  t h e  r ecogn i t i on  of t h i s  l a b o r a t o r y ' s  
c a p a b i l i t y  i n  such e f f o r t s  . 

P r i o r  t o  Greenwood's depar ture  f o r  h i s  assignment t o  Greece, d i s -  
cussions about and i n s t r u c t i o n s  on procedures  f o r  making p ro ton - reco i l  
measurements were he ld .  Because no pro ton- recoi l  d e t e c t o r s  were ava i l -  
a b l e  a t  t h e  Greek f a c i l i t y ,  Greenwood took one of ANC^'S hydrogen f i l l e d  
d e t e c t o r s  wi th  which t o  make t h e  measurements. The d a t a  obta ined  were 
brought t o  t h e  NRTS f o r  a n a l y s i s  t o  ob ta in  t h e  neutron s p e c t r a .  
Because t h e  d a t a  were i n  a  form t h a t  was incompatible wi th  t h e  e x i s t i n g  
code [ l l  used h e r e  f o r  pro ton- recoi l  d a t a  r educ t ion ,  a modi f ica t ion  w a s  



made t o  accept  . t h a t  form. Af t e r  modi f ica t ion  of t h e  code, t h e s e  d a t a  
were processed and t h e  r e s u l t i n g  neutron spectrum i s  shown i n  F igure  1. 
This  neutron spectrum i s  very s i m i l a r  t o  t h e  one obta ined  i n  t h e  i r o n  
f i l t e r e d  beam t h a t  was developed here12] .  

[ l ]  E. F. Bennett  e t  al, Analysis  and Reduction of Proton-Recoil 
Data,  ANL-7394 (1968).  - 

[ 2 J B. W. Howes e t  a l ,  The MTR 25-keV Neutron Beam, IN-1308 (1969 ) . 
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Figure  1 Neutron spectrum Trom Greek Fe beam. 



ASSAY OF 55-GALLON BARRELS FOR PLUTONIUM CONTENT 
ASSISTANCZ TO NRTS BURIAL GROUNDS 

- .. .. . . 

J.  E. Cline,  E. B. Nieschmidt 

Over t h e  course of t h e  p a s t  two yea r s ,  i t  has been repor ted  by 
Dow Chemical, Rocky F l a t s  Division,  t h a t  a few of t h e  plutonium waste 
b a r r e l s  shipped by them t o  t h e  NRTS b u r i a l  grounds contained h ign i f i can t  
amounts of plutonium. The contents  of these  p a r t i c u l a r  b a r r e l s  had 
previously been repor ted  as  "0". We have undertaken t o  assay these  
b a r r e l s  by a non-destructive technique which uses gamma-ray .spectroscopy. 
Deta i l s  of t h i s  technique, t h e  development of which was supported by the  
Division of Nuclear Materials  Secur i ty ,  USAEC, have been repor ted  
previously.  [l] 

The f i r s t  of these  "unknowns" were found t o  contain s i g n i f i c a n t  
q u a n t i t i e s  of plutonium. Our measurements made i n  May 1971 ind ica ted  
q u a n t i t i e s  of 1500 and 650 grams of plutonium, respect ive ly  f o r  the  two 
b a r r e l s .  These f indings  caused s i g n i f i c a n t  a c t i o n  wherein Dow personnel 
t r ave led  t o  the  NRTS t o  repackage these  b a r r e l s  i n t o  s e v e r a l  packages 

~ 

containing l e s s e r  amounts of plutonium so t h a t  these  packages could be 
rct.11.rncd t o  Ro F l a t s  f o r  recovery .  The Gulf Atomic Materials  Assay 
System (GANG) was t ranspor ted  t o  t h e  NRTS t o  assay. t h e s e  conta iners  
as we l l  a s  many o the r  b a r r e l s  containing "known" amounts of Plutonium 
waste . 

We were a l s o  asked t o  assay these  containers  and b a r r e l s ' f o r  i n t e r -  
comparison. These measurements were made during t h e  period from Ju ly  23 
t o  August 11, 1972. Twice s ince  t h a t  time we have provided ass i s t ance  
i n  t h e  assay of anomalous b a r r e l s  containing s i g n i f i c a n t  q u a n t i t i e s  of 
plutonium. 

Table I shows t h e  r e s u l t s  of t h e  measurements of t h e  two high-content 
b a r r e l s  measured by t h e  NRTS system and t h e  GAMAS system and which were 
eventual ly recovered by Rocky F l a t s  and assayed des t ruc t ive ly .  

TABLE I 

RESULTS OF ASSAY OF ROCKY FLATS PLUTONIUM WASTE BARRELS 

Grms PU 
After  NRTS GAMAS DOW - - 

Original  Repackaging - ( ~ e s t r u c t i v e )  

Barre l  #771-7959 1500?200 - - 
771-7959 146 155 (163 
"Pressure Cooker A" 37 5 270 264 
"Pressure Cooker B" 

0 7 y  97J"' 1541 1125 

Bar re l  #771-7961 650?100 
771-7961 - A 150 217 ( 163 
771-7961 - B 48 5 0 ( 61) 
' " ~ r e s s u r e  Cooker A" 243, 
"Pressure Cooker B" 

3 3  s 8  2% 



For t h e  o ther  b a r r e l s  which were measured both by t h e  NRTS technique 
and by GAMAS, t he  agreement i n  the  reported values i s  reasonable (2-40%) 
bu t  t h e  agreement with the  repor ted  values from t h e  Rocky F l a t s  non- 
des t ruc t ive  assay i s ,  i n  many cases ,  poor (t f a c t o r s  of 4 , even though 
t h e  accuracy of t h e  NRTS technique i s  f e l t  t o  be "220% [ l .  

I n  view of t h e  expense of recovery of b a r r e l s  from t h e  b u r i a l  grounds 
and t h e  sa fe ty  f a c t o r s  involved i n  handling o ld  b a r r e l s  containing l a r g e  
q u a n t i t i e s  of plutonium, we f e e l  t h a t  some assay 'should-be performed a t  
t h e  NRTS on each b a r r e l  before  it i s  placed i n  t h e  b u r i a l  grounds. The 
b a r r e l s  suspected of containing q u a n t i t i e s  of plutonium grea te r  than a 
few grams should be subjected t o  a complete non-destructive gamma-ray 
assay.  

[I] J. E. Cline, A Rela t ive ly  Simple and Precise  Technique f o r  t h e  
Assay of' Plutonium Waste, USAEC Report ANCR-1055 ( ~ e b r u a l ~  1972)'. - 

[ 2 ]  R .  L. Bramblett ,  Gulf General Atomic Report, Gulf-RT-A 10914 (1971). 



A TECHMIQUE FOR %SAY OF LL10 BOTTLE3 OF PLUTClEJIUM MPTRATE, T I  
C 

J. E. Cline, E. B. Nieschmidt 

I n  the  management and safeguarding of f i s s ionab le  mater ia l ,  i t  is  
highly des i rab le  t o  have avai lable  methods of f a s t ,  accurate and non- 
des t ruc t ive  assay f o r  t h e  'elements and isotopes present  i n  t h e  mate r i a l s .  
A s p e c i a l  need has ex i s t ed  f o r  a procedure f o r  t h e  assay of-plutonium 
s to red  as  a so lu t ion  i n  "load-out" b o t t l e s .  Perhaps equally as  important 
a.s an absolute assay of t h e  mater ia l  would be a method of iden t i fy ing  
b o t t l e s .  Such i d e n t i f i c a t i o n  would rap id ly  provide information f o r  t h e  
purpose of inventory o r  determination t h a t  tampering o r  mate r i a l  diver- 

, s i o n  had not occurred; 

A techniqueL1] has been developed and t e s t e d  which can provide both 
an absolute assay of t h e  plutonium content and a means of i d e n t i f i c a t i o n  
f o r  t h e  b o t t l e s .  The method uses non-destructive ~ e ( ~ i  ) spectrometry 
and can y i e l d  a complete analys is  i n  approximately 15 minutes. The 
elements of t h e  technique have been presented previously[ 1 . Included 
i n  t h e  new study a r e  some considerat ions regarding t h e  accuracy of t h e  
technique, a descr ip t ion of t h e  current  measurements, and t h e  r e s u l t s  of 
the  analyses.  

The technique a p p e a r s - t o  be  s a t a b l e  f o r  t h e  measurements of l a r g e  
numbers of b o t t l e s  i n  p lan t  environments. Information obtained from t h e  
measurements can include 1) plutonium concentrat ion ( i n  $ / a  o r  f / g )  , 
2) t o t a l  plutonium, 3) r e l a t i v e  i so top ic  abundance f o r  8 ~ u ,  2 3  Pu, and.  
2 4 0 ~ ~ ,  and 4 )  da te  of l a s t  chemical separat ion.  The precis ion with which ' 

t h e  f i r s t  th ree  items can be measured can, with care ,  approach 1 t o  2% 
except f o r  2 3 8 ~ u  determinations. The accuracy of t h e  measurements i s  
q u i t e  dependent upon t h e  a v a i l a b i l i t y  of adequate standards.  Additional 
measurements which could be made t o  provide fu r the r . in fo rmat ion  a r e  
neutron coincidence measurements f o r  2 4 0 ~ u  'determination and weighing 

- o f  t h e  so lu t ion  dyring t h e  f i l l i n g  operat ion,  where t h e  measurements a r e  
being done i n  a chemical processing p l a n t ,  t o  v e r i f y  t o t a l  plutonium 
content .  The technique could equally we l l  be applied t o  plutonium 
concentrat ion measurements of l i q u i d  streams i n  processing p lan t s  and ' 

provide a continuous monitoring of t h e  stream. 

A t  t h e  ARHCO f a c i l i t y  a t  Hanford, t h e  b o t t l e s  a r e  s to red  i n  s t e e l  
drums. Other than t h e  support webbing, no mate r i a l  i s  i n  t h e  drum. For 
such containers,  it i s  qu i t e  poss ib le  t h a t  t h e  b o t t l e s  could be assayed 
with precis ions  comparable t o t h o s e  above, while s t i l l  i n  t h e  container., 
slowly r o t a t i n g  t h e  drum during t h e  counting period.  This would be q u i t e  
meri torious i n  simplifying t h e  handling of t h e  b o t t l e s  and i n  decreasing 
t h e  i ike l ihood  of plutonium contamination of t h e  environs. 

[ l ]  J. E. Cline and E. B. N i e s c h i d t ,  A Technique f o r  Assay of L-10 
Bot t les  of Plutonium Ni t ra te  I1 - ~ d d i t i o n a l  Measurements and Con- 
s ide ra t ions  , USAEC Report ANCR-1086 ( 1972 ) . 

[2]  J. E. Cline,  E. B. Nieskhmidt, A. L. Connelly, and E. L. Murri, A 
Technique f o r  Assay of L-10 Bot t l e s  of Plutonium N i t r a t e ,  USAEC 
Report IN-1433 ( ~ c t o b e r  1970). 



HYBRID SIMULATION OF SYNCHRONOUS GENERATOR AND INDUCTION MOTOR 

F. K.  Hyer 

The s imula t ion  descr ibed  i n  t h i s  r e p o r t  was developed t o  provide 
a q u a n t i t a t i v e  assessment of t h e  ope ra t iona l  c h a r a c t e r i s t i c s  of a 
synchronous genera tor  d r iv ing  an  induc t ion  motor. 

Torque c h a r a c t e r i s t i c s ,  e l e c t r i c a l  l o s s e s , .  mechanical l o s s e s ,  and 
dynamic response of t h e  e l e c t r i c a l  and mechanical components a r e  
s p e c i f i c  a spec t s  of t h e  models. This  development was undertaken t o  
d e s c r i b e  t h e  t ransmiss ion  of s t o r e d  r o t a t i o n a l  energy of a f lywheel  t o  
t h e  f l u i d  stream i n  t h e  Loss of F l u i d  Tes t  F a c i l i t y  (LOFT) primary 
coo lan t  l o o p [ l l  t o  ob ta in  t h e  d e s i r e d  safeguards and f low c h a r a c t e r i s t i c s  
dur ing  ope ra t ion  of t h e  LOFT p l a n t .  A complete d e s c r i p t i o n  of t h e  
s imula t ion  i s  given i n  Reference 2. 

The models which form t h e  b a s i s  of t h e  s imula t ion  may be app l i ed  
g e n e r a l l y  by use  of  s u i t a b l e  system parameters.  The s imula t ion  i s  
adequate  t o  analyze t h e  expected response of t h e  gene ra to r  and motor t o  
e l e c t r i c a l  and mechanical f a u l t s  which have t ime cons t an t s  t h a t  a r e  
l a r g e  as compared t o  t h e  per iod  of t h e  genera ted  s i n u s o i d a l v o l t a g e  and 
t h a t  do not  r e v e r s e  t h e  normal d i r e c t i o n  of power f low,  i e ,  from 
gene ra to r  t o  motor. 

The genera tor  e l e c t  i c  c h a r a c t e r i s t i c s  a r e  descr ibed  according t o  
t h e  two-reactance theo ry  f3,t1 which accounts f o r  s a l i ency .  The 
induc t ion  motor equiva len t  c i r c u i t  inc ludes  t h e  components of l oad  
c u r r e n t ,  magnetizing c u r r e n t ,  and l o s s  c u r r e n t s  a t t r i b y t e d  t o  h y s t e r e s i s  
and eddy c u r r e n t s .  Armature r e s i s t a n c e ,  cab l ing  r e s i s t a n c e  and 
r eac t ance ,  and leakage r eac t ance  a r e  c o l l e c t e d  i n t o  a s e r i e s  r e s i s t a n c e  
and r eac t ance  between t h e  gene ra to r  and motor. The fol lowing assumptions 
a r e  made i n  t h e  development of t h e  model: 

(1) Trans ien t  c i r c u i t s  i n  t h e  quadrature a x i s  do not  e x i s t .  

( 2 )  Subt rans ien t  pa ths  i n  t h e  damper windings a r e  n e g l i g i b l e .  

(3 )  E f f e c t s  of s a t u r a t i o n  a r e  not  accounted f o r .  su he model may be 
extended t o  inc lude  e f f e c t s  of s a t u r a t i o n  i f  t h i s  becomes s i g n i f i c a n t . )  

(4) Time cons t an t s  of e l e c t r i c a l  t r a n s i e n t s  i n  genera tor  and induct ion  
motor a r e  n e g l i g i b l e  i n  comparison t o  mechanical t ime cons t an t s  
except  f o r  t r a n s i e n t  t ime cons tan t  of genera tor  f i e l d  c i r c u i t .  

The i n t e r n a l  r e l a t i o n s h i p  of vo l t ages  and c u r r e n t s  r e s u l t i n g  from 
t h e  magnetic c i r c u i t s  o f . t h e  gene ra to r  a r e  shown i n  t h e  vec to r  diagram 
of F igure  1. The v o l t a g e ,  Ed, i s  t h e  no-load vo l t age  developed by t h e  
a i r  gap f l u x  a s  r ead  from t h e  s a t u r a t i o n  curve ( i e ,  t h e  a i r  gap l i n e ) .  
E i s  t e r m i n a l  vo l t age  which i s  app l i ed  t o  t h e  motor t o  produce t h e  
t l l n e  c u r r e n t ,  'a' wi th  phase angle  , 0 .  The i n t e r n a l  machine ang le ,  6 ,  



e s t a b l i s h e s  t h e  r e l a t i v e  magnitude of t h e  d i r e c t  and quadra ture  components 
of armature c u r r e n t ,  Id and I , which s a t i s f i e s  t h e  vec to r  r e l a t i o n s h i p  
shown according t o  t h e  synchr8nous r eac t ances ,  X ( i n  t h e  d i r e c t  a x i s )  

d  
and X ( i n  t h e  quadra ture  a x i s ) .  The genera tor  armature r e s i s t a n c e  
vo l t a2e  drop i s  a l s o  shown i n  t h e  diagram of F igure  1. 

The fol lowing fundamental equat ion i s  expressed i n  per-uni t  
q u a n t i t i e s  f o r  t h e  g e n e r a t o r . f i e l d  c i r c u i t :  

I n  t h e  above equat ion ,  t h e  base u n i t  of Ex i s  t h e  e x c i t a t i o n  vo l t age  
r equ i r ed  t o  c i r c u l a t e  t h e  f i e l d .  c u r r e n t  necessary t o  o b t a i n  . r a t ed  
t e rmina l  vo l t age  on t h e  air-gap l i n e .  E i s  synonymous wi th  f i e l d  d  
cu r r en t  and,as mentioned b e f o r e , i s  r e l a t e d  t o  f i e l d  c u r r e n t  according t o  
t h e  air-gap l i n e ,  and t h e  base  u n i t  i s  t h e  base f i e l d  cu r r en t  f o r  r a t e d  
t e rmina l  v o l t a g e .  Eld i s  t h e  vo l t age  behind t h e  t r a n s i e n t  r eac t ance ,  
X I d ,  which i s  proportional t o  t h e  f l u x  l i nkages  wi th  t h e  f i e l d  windings. 
T' i s  t h e  open c i r c u i t  t ime cons tan t  of t h e  f i e l d  c i r c u i t .  The 
i -efgt ion of E' t o  t h e  diagram of F igore  1 i s  given i n  t h e  fol lowing 
equat ion : 

d 

E d - I X  = E '  - 1 X '  
d  d  d  d d '  

T  e  equiva len t  c i r c u i t  of t h e  induct ion  motor i s  given i n  l i t e r a -  
ture15? a s  shown i n  F igure  2. The power absorbed by t h e  r o t o r  i s  shown 
t o  be separa ted  i n t o  t h e  r o t o r  copper l o s s ,  R r ,  and s h a f t  power, R p$]. 
The t o t a l  r o t o r  r e s i s t a n c e  i s  R Is, where s  i s  t h e  s l i p  r a t i o  betwgen 
t h e  r o t o r  e l e c t r i c a l  angular  v e f o c i t y  and t h e  angular  v e l o c i t y  of t h e  
t e rmina l  vo l t age .  Rotor leakage r eac t ance  i s  des igna ted  by X,. The . 

magnetizing branch i s  des igna ted  by r eac t ance ,  Xm, and l o s s e s ,  RL. The 
s t a t o r  l o s s e s  a r e  accounted f o r  by t h e  r e s i s t a n c e ,  R s ,  and X i s  t h e  

s  
s t a t o r  leakage r eac t ance .  

The in t e rconnec t ion  of t h e  models descr ibed  above t o  o b t a i n  a  
s imula t ion  of t h e  system i s  shown i n  F igure  3. Input  to rque  t o  t h e  
genera tor  i s  not  computed, bu t  i s  assumed equal  t o  t h e  torque  requiired 
f o r  t h e  t o t a l  genera ted  e l e c t r i c a l  powe?. The gene ra to r  t hus  main ta ins  
cons tan t  frequency u n t i l  t h e  i n t e r r u p t i o n  of t h e  genera tor  input  power. 
Generator e x c i t a t i o n  produces a t e rmina l  vo l t age  as a f f e c t e d  by genera tor  
speed and armature c u r r e n t .  Cable l o s s e s  i n  t h e  connect ing l i n e  a r e  
computed. The motor and genera tor  speeds a r e  compared t o  o b t a i n  t h e  
s l i p  r a t i o  which, w i th  t h e  r o t o r  r e s i s t a n c e ,  determine t h e  load  c u r r e n t .  
The load  c u r r e n t ,  magnetizing c u r r e n t ,  and l o s s  cu r r en t  add t o  o b t a i n  t h e  
t o t a l  s t a t o r  ( l i n e )  cu r r en t  which i s  t h e  armature c u r r e n t  i n  t h e  gene ra to r .  
The load  c u r r e n t  i s  converted t o  mechanical to rque  t o  d r i v e  t h e  load .  A 
to rque  ba lance  f o r  t h e  sum of t h e  electromechanical  t o rque ,  l oad  torque ,  
and l o s s  torque  i s  cont inuously computed by i n t e g r a t i n g  networks d r iven  
by h igh  ga in  e l e c t r o n i c  ope ra t iona l  a m p l i f i e r s .  The motor speed i s  
f e d  back t o  t h e  generator-motor speed comparison t o  complete t h e  



s o l u t i o n  loop .  The s o l u t i o n  of t h e  induct ion  motor equiva len t  c i r c u i t  
i s  performed r e c u r r e n t l y  by t h e  d i g i t a l  p rocessor  from sampled va lues  
of t h e  cont inuously computed t e rmina l  vo l t age ,  genera tor  speed, and 
motor speed. The r e s u l t a n t  d i g i t a l  va lues  of armature cu r r en t  a r e  
c o n v e r t e d ' t o  equiva len t  computer vo l t ages  t o  be used by t h e  a m p l i f i e r s  
which compute t h e  genera tor  t e rmina l  vo l t age ,  genera tor  speed, and 
motor speed. Thus . a  hybrid computation loop i s  formed. Algorithms f o r  
r a p i d  convergence of s o l u t i o n  a r e  used t o  circumvent t h e  need f o r  mat r ix  
s o l u t i o n .  The d i g i t a l  processor  ope ra t e s  wi th  a cyc le  t ime i n  t h e  
o rde r  of 5  msec and t h e  o p e r a t i o n a l  a m p l i f i e r s  run  f o r  s e v e r a l  
t e n s  of seconds i n  a  g iven  scan of t h e  t y p i c a l  t r a n s i e n t .  Thus an 
adequate  r a t i o  of sample t ime t o  t r a n s i e n t  run  t ime i s  maintained.  

The outs tanding  f e a t u r e  of t h i s  s imula t ion  i s  t h e  continuous and 
simultaneous (wi th in  t h e  q u a l i f i c a t i o n s  of t h e  d i g i t a l  p roces so r )  
s o l u t i o n  of t h e  coupling of a synchronous genera tor  t o  a given load  
through t h e  t ransformer  a c t i o n  of t h e  induct ion  motor. Mathematical oper- 
a t i o n s  a r e  de lega ted  between t h e  d i g i t a l  processor  and o p e r a t i o n a l  
a m p l i f i e r s  t o  o b t a i n  p a r a l l e l  computation wi th  minimum equipment such 
t h a t  s o l u t i o n  of mul t i loop  conf igura t ions  i s  f e a s i b l e  . 
[ ~ J F ,  K. Hyer and D, J .  Hanson, Hybri.d Computer SimulatTon of t h e  LOFT 

Primary System, LTR 10-2A (December 1971) .  

[2]F.  K. Hyer, Primary Coolant MG Se t  Control  Study, LTR 144-3, 

[ 3 ] ~ .  Blondel ,  Transac t ions  of t h e  S t .  Louis E l e c t r i c a l  Congress, (1904). 

[4]D. B. Breedon and R .  W.  Ferguson, "~undamenta l  Equations f o r  Analogue 
S tud ie s  of Synchronous Machines", AIEE Transac t ions ,  Vol. 75, P a r t  111, 
Power Appl ica t ions  and Systems, (1956) p. 297-306. 

[ 5 ] ~ .  T. Puchs te in ,  T. C .  Loyd, and A.  G .  Conrad, A l t e rna t ing  Current 
Machines, John Wiley & Sons, Inc .  (1954).  

I q R g  

Figure  1 Generator i n t e r n a l  vec to r s .  
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Figure 2 Induction motor' equivalent  c i r c u i t .  

Excitot ion I 

Figure 3 ' Simulation diagram. 
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HYBRID COMPUTER APPLICATIONS FOR NUCLEAR ROD KEAT TI?ANSFER 

J .  R .  Venhuizen 

E l e c t r i c a l l y  hea ted  rods  a r e  commonly used t o  s imula te  nuc lear  f u e l  
rods  f o r  experiments designed t o  o b t a i n  thermal-hydraulic d a t a  app l i cab le  
t o  l a r g e  water cooled r e a c t o r s  during s teady  s t a t e  and t r a n s i e n t  
cond i t i ons .  The h e a t e r  rods ,  when exposed t o  t h e  condi.t ions t o  which 
t h e  nuc lear  f u e l  rod would be exposed, should provide t h e  same su r f ace  
temperature and hea t  f l u x  a s  would be obta ined  f o r  t h e  nuc lear  f u e l  
rod .  A s tudy has  been performed t o  eva lua t e  a a r t i c u l a r  design and 
ope ra t ing  technique of a sheath-type h e a t e r  r o d y l ] .  To eva lua t e  t h i s  
des ign  and opera t ing  technique ,  a n a l y t i c a l  models of t h e  hea t  t r a n s f e r  
processes  f o r  a sheath-type h e a t e r  rod ,  a nuc lear  rod ,  and a f i lament- type 
h e a t e r  rud with an a s soc i a t ed  coolant  channel were developed. Comparisons 
were made between t h e  responses of t h e  h e a t e r  rods  and t h e  nuc lear  rod 
when t h e  hea t e r  rods  werk exposed t o  condi t ions  expected t o  occiir f o r  
t h e  nuc lear  rod during a p o s t u l a t e d  loss-of-coolant  acc ident  i n  a 
l a r g e  p re s su r i zed  water  r e a c t o r .  The s tudy was conducted by modeling 
a s i n g l e  a x i a l  l e v e l  of t h e  rods  wi th  a hybrid computer and imposing 
boundary condi t ions  a t  t h e  c ladding  su r f ace .  A coolant  channel was 
inc luded  i n  t h e  modeling of t h e  sheath-type and nuclear  rods  f o r  t h e  
purpose of c a l c u l a t i n g  boundary cond i t i ons  based on t h e  su r f ace  hea t  
f l u x  and t h e  l o c a l  f l u i d  cond i t i ons .  ' The r e s u l t s  from t h i s  a n a l y s i s  
technique  were nea r ly  i d e n t i c a l  w i th  r e s u l t s  from d i g i t a l  computer codes. 
I n  a d d i t i o n ,  t h e  d i r e c t  involvement of t h e  ana lys t  i n  hybrid computation 
process  permi t ted  r a p i d  eva lua t ion  and comparison of t h e  models a s  they  
were developed and implemented. 

[ l ] ~ .  R .  Larson, J .  R .  Venhuizen, Evaluat ion (us ing  a Hybrid computer) 
of a Sheath Type E l e c t r i c a l  Heater Rod f o r  Simulat ing t h e  Response 
of a Nuclear Fuel  Rod, USAEC Report ANCR-1081 ( t o  be pub l i shed ) .  



VARIABLE TRANSPORT DELAY PROGRAM FOR HYBRID SIMULATION - 
J. R .  Venhuizen, F. K.  Hyer 

A t r a n s p o r t  de lay  program has been writt-en t o  s imula te  f l u i d  t r a n s -  
p o r t  t ime i n  p ip ing  networks. The program, w r i t t e n  f o r  t h e  d i g i t a l  
processor  of a  hybrid computer, i s  synchronized wi th  t h e  problem t ime a s  
determined by t h e  analog computer. Flow r a t e s  a r e  input  a s  cont inucus 
t ime funct ' ions,  u s u a l l y  obtained a s  flow v a r i a b l e s  being computed by 
t h e  analog consoles .  

The program was w r i t t e n  t o  c a l c u l a t e  the 'volume of f l u i d ,  AV, 
accumulated i n  a  program cycle  t ime,  A t c ,  of t h e  d i g i t a l  computer. 
When'the sum of t h e s e  incremental  volumes i s  equal  t o  o r  g r e a t e r  t han  
a s p e c i f i e d  c o n t r o l  volume i n  a  given p ipe ,  t h a t  c o n t r o l  volume i s  
d i sp l aced  down t h e  p ipe .  A g iven  p ipe  i s  d iv ided  i n t o  an i n t e g r a l  number 
of con:rol volumes. I n  each ' cyc l e  of t h e  program th,e  volumetr ic  flow 
r a t e ,  V ,  and t h e  d i g i t a l  computer c lock  a r e  sampled t o  determine t h e  
new incremental  volume, * A t c ,  f o r  t h a t  , pa s s .  The va lue  of t r a n s -  
p o r t e d ' v a r i a b l e ,  such a s  temperature o r  concent ra t ion  being t r a n s p o r t e d  
down t h e  p ipe ,  i s  determined by averaging t h e  inpu t  stream u n t i l  t h e  
c o n t r o l  volume i s  moved; f o r  example, 

T 
move 

i 

where 

T = some t r a n s p o r t  v a r i a b l e .  

The f e a t u r e  of t h e  program i s  t h a t  conserva t ion  of volumetr ic  flow 
i s  maintained.  The program i s  capable of handl ing s e v e r a l  independent 

. streams and/or mixing s e v e r a l  s t reams t o g e t h e r .  
I 



111. APPLIED MATHEMATICS AND COMPUTER SOFTWARE 

A COMPLETELY INTERACTIVE GAMMA SPECTROSCOPY CALIBRATION 
AND ANALYSES SYSTEM U T I L I Z I N G  A PDP-9 'COMPUTER 

A. L. Connelly, E. W. K i l l i an ,  W. R .  Myers 

An i n t e r a c t i v e  s p e c t r a l  analys is  and self-monitoring da ta  acqu i s i t ion  
program which has been developed over severa l  years i s  approaching completion. 
The program, GAP.11, consis ts  of severa l  l o g i c a l  program segments operat- 
ing  i n  ping-pong mode on an 8192-word PDP-9 with 128K word drum aux i l i a ry  
storage.  Operator i n t e r a c t i o n  i s  accomplished through use of a DEC-339 
Display Processor, a 10-key funct ion box, and a program con t ro l  panel; 
t h e  console ty-per i s  required f o r  some operat ions,  but  i t s  use i s  mini- 
mized. The major modules and t h e i r  functions are :  

A )  RESIDENT MONITOR: The core-resident GAP I1 monitor contains 
t h e  keyboard, panel and drum I 0  c o n t r o l l e r s ,  , t he  command 
i n t e r p r e t e r ,  t h e  339 character  generator ,  a program "common" 
a rea ,  and t h e  module overlay con t ro l l e r ;  it occupies 2400 
loca t ions .  

B )  DATA ACQUISITION: The da ta  acqu i s i t ion  module controls  da ta  
input  from a ~ e ( ~ i )  gamma spectroscopy system consis t ing  of a 
nuclear  ADC, a programmable p rec i s ion  pulse  generator  and a 
live-time clock. Data cApacity i s  present ly  4096 channels of 
18-bit words, with 24-bit capacity f o r  up t o  256 channels. 
Spectrometer gain and zero a r e  monitored constantly during 
da ta  acquis i t ion .  Data a r e  displayed l i v e  on a logarithmic 
s c a l e  with a wide range of window-widths and s c a l e  f a c t o r s  
se lec tab le  from t h e  con t ro l  panel.  Elapsed and live-time, 
cursor channel and channel content ,  and t o t a l  spectrum counts 
a r e  displayed. A drum-resident i so tope l i b r a r y  i s  used t o  
d isplay  the  isotope (and energy) corresponding t o  t h e  current  
cursor channel a t  a l l  t imes,  ( 5800 locat ions  ) 

DATA ANPLYSIS: A f u l l y  i n t e r a c t i v e ,  o r  a l tern .a te ly  , completely 
automatic vers ion of t h e  Gamma Spectrum Analysis P o ram 

f 2 7  "GAUSS" [ l ]  has been implemented on t h e  PDP-9 system . Up t o  
f i v e  convoluted gamma events may be f i t  with gaussians using 
non-linear least-squares methods. Choice of background l i m i t  
and type ,  f i t  region,  i n i t i a l  peak pos i t ion  es t imates ,  and o the r  
parameters a re  control led  i n t e r a c t i v e l y  using the  con t ro l  panel 
and funct ion box i n  conjunction with t h e  339 display  processor. 
Results  of t h e  f i t t i n g  may be displaye'd and/or p r i n t e d  and/or 
f i l e d  on DECtape f o r  l a t e r  r e t r i e v a l .  The output consis ts  of 
a l l  of the  f i t  da ta ,  l i n e a r i t y ,  e f f i c i ency  and decay correct ions,  
and isotope i d e n t i f i c a t i o n .  (11,200 l o c a t i o n s )  

D )  CALIBRATION: A c a l i b r a t i o n  module permits system c a l i b r a t i o n  
i n  severa l  modes: i n t e r n a l l y  with t h e  p rec i s ion  pulse  generator 
f o r  da ta  acquired on t h e  PDP-9 system, ex te rna l ly  (by enter ing 
energy and channel values from t h e  keyboard) f o r  analys is  of 
s p e c t r a  acquired on other  analyzers,  and two modes f o r  



c a l i b r d i o n  us ing  s p e c t r a l  da t a .  .The. c a l i b r a t i o n  module a l s o  
loads  l i n e a r i t y  and e f f i c i e n c y  t a b l e s  which a r e  s e l e c t e d  by 
t h e  opera tor  from on-line l i b r a r i e s .  (5000 l o c a t i o n s )  

E )  SEARCH: The automatic-search module l o c a t e s  peaks i n  pectrum 
&3 8 - 2  

us ing  a windowed gaussian c ros s -co r re l a t ion  technique . The 
search  s e n s i t i v i t y  i s  c o n t r o l l e d  from t h e  program panel .  Two 
opera t ing  modes al low immediate e n t r y  t o t h e  a n a l y s i s  module . 
i n  an automatic mode, o r  an e d i t  phase i n  which "peaks" may %be 
de l e t ed  o r  added us ing  t h e  func t ion  box. The f i n a l  r e s u l t s  a r e  
saved f o r  subsequent use by t h e  a n a l y s i s  module. 

F) INPUT - OUTPUT: The input-output  module implements s e v e r a l  
system u t i l i t y  func t ions  and d a t a  input  from: indus t ry-  
compatible magnetic t a p e  i n ,  s e v e r a l  formats ,  paper t a p e ,  .. - 
cass .e t te ,  DECtape, and te lephone.  Data may be .output t o  mag- 
n e t i c  t ape  i n  a s tandard  l i b r a r y  fokmat f o r  f u r t h e r  process ing  - - 
on t h e  360175 system by GAUSS. 

[ l ]  R .  G. Helmer and M. H.  Putnam, GAUSS V ,  A Computer Program f o r  t h e  
Analysis of Gamma-Ray Spec t r a  from ~ e ( ~ i )  Spectrometers ,  USAEC 
Report ANCR-1043 ( ~ a n u a r y  1972) .  

[ 2 ]  A. L. Connelly and R .  C. Davies, "New Software f o r  damma-~ay 
~ n a l ~ s i s " ,  Nuclear Technology Divis ion  Annual Propress  Report f o r  
Per iod  Ending June 30, 1971, USAEC Report ANcR-1016, p. 487 . 

( ~ c t o b e r  197.1). P 
I' 

[31 A. -L. Connelly - L d  W. W. Black, Nucl. I n s t r .  and Methods - 82, 1 4 1  . . ' 

(1970 1. - t- 



A F,OREGROUND/BACKGROUND DATA ACQUISITION AND 
ANALYSIS SYSTEM AT 'THE 'NASA 'LUNAR 'RECEIVING 'LABORATORY 

R. C. Davies 

A foreground/background da ta  system has been implemented on t h e  
PDP-9 computer a t  t h e  NASA Manned Spacecraft Center. The forerunner 
of t h i s  program (RALPH) was c a l l e d  COINC I l l .  The addi t ion  of core 
memory, bringing the  t o t a l  t o  2 4 ~  words and t h e  addi t ion  of a 256K 
work d i sk  made it poss ib le  t o  upgrade C O I N C  t o  RALPH (Reduction and 
Acquisi t ion of Lunar Pulse ~ e i g h t s ) .  

The improved system permits simultaneous acqu i s i t ion  of da ta  with 
on-line analys is  of previously acquired data. Acquisi t ion of data  
takes p lace  i n  a foreground mode, while a v a r i e t y  of o ther  t a sks  a r e  
executed i n  the  "background". The data  acqu i s i t ion  module simultaneously 
bui lds  a coincidence spectrum on t h e  d isk  an& a corresponding s ing les  
spectrum i n  core memory. 

Because of t h e  a v a i l a b i l i t y  of core and s i m i l a r i t y  of code, two of 
t h e  background jobs (STRIP and 5050) were made core-resident .  STRIP[^] 
i s  t h e  main analysis  rou t ine  f o r  coincidence da ta  acquired by t h e  PDP-9. 
11 5050" i s t h e  ana lys i s  rou t ine  f o r  coincidence da ta  acquired by a Nuclear 
Data 5050 system. . . ,!,, 

J '. 
A l l  of the* other  background jobs were made non-core-resident. They 

a r e  brought i n t o  core from DECtape upon request  and always occupy a 4~ 
block of coie  between locat ions  20000 and 27777. The background j bs 
i n  t h i s  catego$ a r e  EXTEND; SING, PLOT, LIB,  SEARCH, and FOCAL [BY. 

EXTEND allows t h e  e n t i r e  uqfo5ded coincidence matrix t o  be dumped, 
on DECtape, IBM compatible 'n;agn6tic t ape ,  or  d isk  and t o  be r e t r i e v e d  
again by name. EXTEND a l s o  allows d i f f e r e n t  segments of t h e  coincidence 
matrix t o  be displayed. . 

SING i s  the  rou t ine  which analyzes s ing les  data .  This s ing les  data  - 
i s  acquired by a PDP-81 and then punched on paper tape.  SING reads t h e  
d a t a  from t h e  paper tape  and allows t h e  user  t o  s t o r e  t h e  d a t a  on ~ ~ ~ t a ~ e -  
o r  disk. 

/ 

PLOT i s  a rou t ine  used t o  p l o t  t h e  data  present ly  being displayed - 
on t h e  CRT on a CALCOMP p l o t t e r .  Both background and foreground da ta  
may bc p lo t t ed .  

L I B  i s  a rou t ine  which t r a n s f e r s  i d e n t i f i c a t i o n  information of - 
spec t ra  s tored on many data  tapes t o  one l i b r a r y  DECtape. 

i s  a rou t ine  which may be used t o  l o c a t e  c e r t a i n  spec t ra  
by means of the  da ta  l i b r a r y  tapes .  Many ident i fy ing parameters may be 
defined before t h e  search i s  s t a r t e d .  SEARCH w i l l  then l o c a t e  a l l  t h e  
spec t ra  s a t i s f y i n g  these  parameters. 



FOCAT, was r ewr i t t en  from the  PDP-8 vers ion  t o  run on t h e  PUP-9 ' 

under t h e  RALPH program, with a few added s p e c i a l  f ea tu res .  Programs 
and/or d a t a  can be s t o r e d  t o  and r e t r i e v e d  from paper t ape ,  DECtape, 
IBM compatible t ape ,  and/or disk.  Data can a l s o  be r e t r i e v e d  from t h e  
d isplay  f i l e  p resen t ly  being displayed. 

To make communication poss ib le  between d i f f e r e n t  background jobs, 
. t h e r e  a r e  256 f l o a t i n g  po in t  r e g i s t e r s  which a r e  r e s iden t  wi th in  RALPH. 
This f e a t u r e  i s  p a r t i c u l a r l y  use fu l  wi th  FOCQ. Data may be analyzed 
by t h e  STRIP rou t ine  and a l l  p e r t i n e n t  information saved i n  t h e  common 
r e g i s t e r s .  FOCAL can then be c a l l e d  and asked t o  automatical ly s t a r t  
a program which may convert t h e  information i n  t h e  common r e g i s t e r s  t o  
meaningful da ta  and p r i n t  it i n  a r epor t  form. 

The new foreground/backgrow~d program i s  extremely use fu l  and time 
saving. Analysis and acqu i s i t ion  of da ta  can occur a t  t h e  same time, 
whereas previously,  acqu i s i t ion  had t o  be stopped t o  analyze t h e  data .  
The ana lys i s  can a l s o  be c a r r i e d  out  a s  f a r  a s  t h e  r epor t  form; previously,  
t h e  information from t h e  "str ipping" had t o  be converted by a desk 
ca lcu la to r  t o  meaningful da ta  u i i t s ,  and t h e  r epor t  generated manually; 

( 1 )  For f u r t h e r  information on preceding developments, see  R.  C. Davies, 
"Spectrum Str ipping Using a PDP-9" and "using a Function Box f o r  a 
Backup Control ~ e v i c e ' '  , .Nuclear Technology Branch Annual Progress 
Report f o r  Period Ending J i e  30, 1971, p:h90 and p. 531; 
W. W. Black and C. W. Richardson,  amma ma-~ay Spectroscol5y Analysis 
of Lunar ~amples"  , Nuclear ~ e c h n o l o g ~    ranch ~ E o g r e s s *  ~ e p b r t  fbr 
Period Ending June 30, 1968, p. 283. . 

( 2 )  FOCAL i s  a r e g i s t e r e d  trademark of t h e  Digita1'Equipmen-t Corporation. 

3 SEARCH was w r i t t e n  by E. W. K i l l i a n  of Aerojet Nuclear Company. 



The following i s  a map of t h e  RALPH 'core u t i l i z a t i o n .  
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FP-8 FT,OATTNG P O T N T  SOFTWARE F O R  D E C  
PDP-8 SERIES COMPUTERS WITH EXTENDED M E M O R Y ~ ~ ]  

W. R .  Myers - -  " , 

A f l o a t i n g  po in t  a r i t h m e t i c  i n t e r p r e t i v e  program f o r  use i n  
D i g i t a l  Equipment Corporat ion PDP-8 S e r i e s  (8 ,  8/S,  8 / i ,  8 / ~ ,  8 / e ,  
and PDP-12) computers which i s  somewhat,smaller and much more v e r s a t i l e  
t han  t h e  s tandard  DEC f l o a t i n g  po in t  sof tware package ( ~ i g i t a l - 8 - 5 ~ - S )  
has been w r i t t e n  and t e s t e d  i n  s e v e r a l  a p p l i c a t i o n s .  The f u l l  program 
r e q u i r e s  1266 l o c a t i o n s  (-plus 5 t o  33 l o c a t i o n s  i n  o the r  memory 
f i e l d s  f o r  liARagel compared t o  1 4 0 8 ~ ~  l o c a t i o n s  f o r  t h e  DEC software,  
and implements access  ac ros s  memory f i e l d  boundaries  f o r  both i n s t r u c -  
t i o n  sequences and operand r e fe rence .  The i n t e r p r e t e r ,  t h e  i n t e r p r e t e d  
code, and t h e  operands may be i n  t h e  same o r  t h r e e  d i f f e r e n t  memory 
f i e l d s  . 

A fou r -b i t  ope ra t ion  code, implemented by f o r f e i t i n g  d i r e c t  
address ing  c a p a b i l i t y ,  i s  used t o  ob ta in  a  v e r s a t i l e  s e t  of f l o a t i n g  
po in t  ope ra t ions  wi th  memory r e fe rence  inc luding  add, s u b t r a c t ,  
mu l t ip ly ,  d i v i d e ,  i nve r se  d iv ide ,  jump, jump t o  subrout ine ,  l o a d ,  
s t o r e ,  and three-way compare. '!operate1' and immediate c l a s s  i n s t r u c t  ions  
include:  l oad ,  abso lu t e  va lue ,  change s i g n ,  c l e a r ,  double and s i n g l e  
p r e c i s i o n  f i x ,  and f l o a t ,  s e t  d a t a  f i e l d ,  and s e t  dutput  format .  
Formatted ou tpu t ,  f  ree-f ormat i npu t  and square,  square r o o t ,  exponent ia l  , 
logari thm, s i n e ,  cos ine ,and  arc tangent  func t ions  a r e  included i n  t h e  
1266-word program. 

The program has been w r i t t e n  t o  perform on a  minimal machine 
( t h e  8 / ~ )  and does not r e q u i r e  EAE. The des ign  c r i t e r i a  were v e r s a t i l i t y  
and smal l  s i z e  a t  t h e  expense of execut ion t ime wherever a choice  was 
necessary.  The s a c r i f i c e  of d i r e c t  address ing  has not  proven a  major 
drawback because most operand r e fe rences  i n  a  t y p i c a l  computation a r e  
off-page. Appl ica t ion  programs us ing  FP-8 r e q u i r e  approximately 10% 
fewer l o c a t i o n s  f o r  f l o a t i n g  poin t  coding than  equ iva l en t  programs 
us ing  t h e  DEC package. 

1 To be  publ i shed  a s  a USAEC r e p o r t ,  ANCR-1040, approximately 
December 1972. 



FP9 - FLOATING POINT ARITHMETIC SOFTWARE FOR DEC 
PDP-9 AND PDP-15 C O M P U T E R S ~ ~ J  

W. R. Myers 

FP9 i s  a system of ar i thmet ic  and l o g i c a l  functions which 
provides t h e  assembly language programmer t h e  capab i l i ty  of coding 
f l o a t i n g  po in t  computations i n  a d i r e c t ,  n a t u r a l  manner. The package 
w i l l  opera te  i n  a D i g i t a l  Equipment Corporation PDP-9 or. PDP-15 computer 
equipped with t h e  extended ar i thmet ic  element (EAE) . Extensive use i s  
made of t h e  EAE i n s t r u c t i o n  s e t  t o  obta in  a f a s t ,  small ,  y e t  v e r s a t i l e  
f l o a t i n g  ar i thmet ic  capab i l i ty .  Versions a r e  provided f o r  operat ion 
wi th  e i t h e r  bank o r  page mode addressing. 

. The ar i thmet ic- logical  segment, which can be used independently 
of t h e  r e s t  of t h e  package, requires  I.ess than TOOl0 words of memory 
t o  implement four va r iab le  types and over twenty-five ins t ruc t ions .  
I n  addi t ion  t o  memory-reference load,  s t o r e ,  add, s u b t r a c t ,  mult iply 
and divide ,  t h e  i n s t r u c t i o n  s e t  includes inverse  d iv ide ,  f l o a t ,  f i x ,  
jump, jump t o  subroutine,  two three-way compares, square, square r o o t ,  
a f u l l  complement o f , immedia te~c lass  ins t ruc t ions :  load,  add, mult iply,  
d iv ide ,  and severa l  "operate-class" i n s t r u c t i o n s .  

Other segments include small ' r e l a t i v e l y  f a s t  subroutines f o r  v 

exponential ,  logarithm, s i n e ,  cosine and arctangent .  Two versions of 
t h e  input  and output c o n t r o l l e r s  a r e  provided: one version communicates 
through 'IOPS1 ASCII buf fe r s  and i s  completely compatible with t h e  
KM9/15 system; t h e  s.econd version employs ex te rna l  user  w r i t t e n  character  
handling rout ines .  

FP9 i s  intended pr imar i ly  f o r  use i n  dedicated appl ica t ions ,  and, 
though it i s  wel l  s u i t e d ,  not as  a general  purpose computational t o o l .  
I n  t h e  i n t e r e s t  of execution speed and program s i z e ,  then,  t h e r e  a r e  
no means provided f o r  detec t ion of ar i thmet ic  overflow o r  underflow, 
and t h e  functions r e t u r n  "reasonable" r e s u l t s  f o r  "nonsense" arguments. 
F loat ing po in t  ( i n t e r p r e t i v e  mode) coding i s  w r i t t e n  i n  exact ly  t h e  
same way a s  the  coding f o r  normal hardware-implemented operat ions.  The 
FP9 con t ro l  rou t ine  picks up single-word i n s t r u c t i o n s ,  separa tes  them 
i n t o  operat ion codes and operand des ignators ,  and performs t h e  required 
operat ions.  Algorithms coded using FP9 execute 20% t o  600% f a s t e r  than 
equivalent  PDP-9 For t ran  code. 

[l] W. R .  Myers, FP9 - Floating Point  Arithmetic Software f o r  DEC PDP-9 
and PDP-15 Computers, USAEC Report ANCR-1039  arch 1972 ) . 



DATA ACQUISITION SYSTEMS FOR THE NOVA AND PDP 81s 

J. W. Codding 

A PDP 8/S computer is  being used f o r  d a t a  a c q u i s i t i o n  - i n  an 
experimental  r e a c t o r  system a t  t h e  Low Power T e s t  F a c i l i t y  (LPT). 
Measured va lues  can b e  e i t h e r  r e a c t o r  r e a c t i v i t y  o r  c o n t r o l  rod 
p o s i t i o n  a s  a  func t ion  of t ime. Such information can then  be used 
t o  c a l c u l a t e  rod worth. The 8/S samples output  from an ADC a t  an  
o p t i o n a l  frequency between once every two seconds and 30 t imes per  
second, and s t o r e s  t h e  r e s u l t s  i n  up t o  3072 c o r e  l o c a t i o n s ,  a f t e r  
which t h e  d a t a  may be  p l o t t e d  o r  smoothed and even tua l ly  output  on 
paper t a p e  f o r  e n t r y  t o  t h e  360175 f o r  a n a l y s i s .  

I n  a  program t o  measure i n t e g r a l  c r o s s ' s e c t i o n s  on samples i r r a d i a t e d  
i n  CFRMF and t o  implement a c t i v a t i o n  a n a l y s i s  techniques ,  bo th  f o r  t h e  
LMFBR program, t h e  NOVA computer i s  being used a s  a  d a t a  a c q u i s i t i o n  device ,  
measuring t h e  output  from a Li-dr if  t ed  'germanium d e t e c t o r .  

The pulse-height  ana lyzer  is "read" by t h e  computer i n  a  d a t a  'channel 
mode, i n  which d a t a  can b e  t r a n s f e r r e d  t o  co re  us ing  only one processor  
cyc l e  per  word. A counting r a t e  a s  h igh  a s  about '200,000 counts  per  second 
can thus  be t o l e r a t e d .  A measure of dead time is  provided,  s i n c e  both 
r e a l  t ime and l i v e  t ime a r e  cont inuously recorded. A 4096-point spectrum 
is  s t o r e d  i n  core ,  and d isp layed  cont inuously on an a t t ached  scope. The 
d i s p l a y  can be  s c a l e d  i n  both  coord ina tes ,  and p rov i s ion  i s  made t o  l o c a t e  
and i d e n t i f y  by channel number any .peak of i n t e r e s t .  The spectrum can b e  
output  on paper t a p e  f o r  e n t r y  t o  the.360175 and a n a l y s i s  by GAUSS. 



LOW POWER TEST FACILITY DATA ACQUISITION SYSTEM 

D. R. S t a p l e s ,  J. H. Lofthouse, J .  W. Codding 

The r ap id  growth of computer technology.has brought numerous 
r e sea rch  b e n e f i t s .  For experimental  measurements, small  computers 
have,made poss ib l e  t h e  f a s t  accumulation and processing of d a t a ,  
enabl ing g r e a t e r  q u a n t i t i e s  of more meaningful d a t a  t o  be  ob ta ined ,  
and answers a v a i l a b l e  e s s e n t i a l l y  on-l ine whi le  t h e  experiment i s  i n  
progress .  Two of t h e  c r i t i c a l  f a c i l i t i e s  had no such f a s t  d a t a  acqu i s i -  
t i o n  and processing c a p a b i l i t y ,  and work was undertaken t o  b u i l d  a smal l ,  
p o r t a b l e  u n i t  t h a t  could be  used a t  e i t h e r  f a c i l i t y ,  t h e  Low Power Tes t  
F a c i l i t y  (LPTF) o r  t h e  Advanced Reac t iv i ty  Measurement F a c i l i t y  (ARMF). 

A f l e x i b l e  computer based d a t a  a c q u i s i t i o n  system has  been 
designed, b u i l t ,  and put  i n t o  ope ra t ion  t o  automate d a t a  
t ak ing  from c r i t i c a l  experiments.  The system con ta ins  m u l t i p l e  s c a l e r s ,  
sens ing  devices ,  analog-to - d i g i t a l  and d i g i t i a l -  to-analog c a p a b i l i t i e s .  
The system u t i l i z e s  a magnetic c a s s e t t e  t a p e  u n i t  f o r  program s t o r a g e  
and in te rmedia te  d a t a  s to rage .  

The computer i n t e r f a c e  inc ludes  fou r  12-b i t  s c a l e r s ,  a r e a l  t ime 
c lock ,  a 10 -b i t  ADC, a 6-bi t  r e l a y  r e g i s t e r ,  a pu l se  genera tor  f o r  
d r i v i n g  s tepping  motors,  a 10-b i t  d ig i ta l - to-ana log  conve r t e r ,  and a 
h igh  speed paper t a p e  reader  i n  a d d i t i o n  t o  a s tandard t e l e t y p e  f o r  
input-output t o  t h e  computer. The system is designed t o  be  gene ra l  pur- 
pose enough so  t h a t  i t  can  be u t i l i z e d  on a v a r i e t y  of r e a c t o r  experi-  
ments f o r  d a t a  t ak ing  and i n i t i a l  d a t a  reduct ion .  

The system has been demonstrated t o  be  e s p e c i a l l y  u s e f u l  f o r  
"rod drop" type  experiments where neutron l e v e l  w i t h  t ime a f t e r  move- 
ment of a r e a c t o r  c o n t r o l  element i s  reduced by inve r se  k i n e t i c s  tech- 
n iques  t o  produce t h e  magnitude of t h e  r e a c t i v i t y  change ( c o n t r o l  rod 
worth) .  

It has  a l s o  been used e f f e c t i v e l y  t o  t a k e  p o s i t i o n  d a t a  from a servo  
c o n t r o l l e d  c o n t r o l  rod. A s  new programs a r e  developed o t h e r  d a t a  tak ing  
and d a t a  reduct ion  chores  w i l l  be  handled by t h e  machine. 
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Besides their direct' res\earch accomplishments and their activities 
in support of education, Division personnel are often called upon -to . ,  . 
assume other professional responsibilities and duties. During the past 
year the following staff members have been so engaged: 

J. R. Berreth: Member, Research Materials Committee, AEC. 

R. M. Brugger: Program Committee of Reactor Physics Division of 
American Nuclear Society; AEC's Advisory cowittee on Reactor 
Physics; Argonne National Laboratory, Applied Physics Division 
Review Committee; Reviewer for Nuclear Technology and Applications. 

T. J. Boland: Advisory Committee, Electronics Technology, ISU. 

E. E. Burdick: General Chairman, RSTD Division Meeting, ANS, 
Idaho Falls, Idaho, 1972 Meeting; Local Sections Committee, ANS. 

J. E. Cline: Reviewer for Phys. Rev., J. Nucl: Applications, 
and IEEE Transactions on Nuclear Sources, ; ~herkal Cross Sections 
and Radioactive Samples Subcommittee, NCSAC. 

R. C. Greenwood: Reviewer for the physical Review and Nuclear 
Applications. IAEA Technical Expert to the Greek Government. 

R. A. Grimesey: Cross Sections Evaluation Working Group, AEC. 

R. L. Heath: Member, Board of Editors, Nuclear Instruments and 
Methods; Contributing Editor, Handbook of Chemistry and Physics; 
Member, Executive Committee, T & R Division, ANS; Reviewer for the 
Physical Review, Analytical Chemistry, Nuclear Applications, 
Nuclear Instruments and Methods, and Nuclear Science and Engineering; 
Chairman, Nuclear Detector Subcommittee, National Academy of Sciences. 

R. G. Helmer: Reviewer for the Physical Review. 

J. W. Henscheid: Finance Chairman, ANS Water Reactor Safety 
Meeting, Salt Lake City, March 1973. 

C. H: Hogg: ASTM Committee, E-10 Subcommittee on Neutron 
Dosimetry. 

N. C. Kaufman: Finance Chairman, RSTD Division Meeting, ANS, 
Idaho Falls, Idaho 1972 Meeting'. 

J. F. Kunze: Secretary, Reactor Physics Division of ANS; Reviewer 
for Nuclear Applications; Adjoint Professor in Mechanical Engineering, 
University of Utah; Vice Chairman, Idaho Society of Professional 
Engineers, NRTS Chapter; Public Information Committee Chairman, 
Eastern Idaho ANS. 

H. L: McMurry: Reviewer, Nuclear Science'and Engineering. 



L. G. Miller: Neutron Radiography Standards Committee, American 
Society of Nondestructive Testing. 

C. W. Reich: Reviewer. for the journal "Nuclear Physics1' and 
sponsor of a Nuclear Information Research Associate in the Nuclear 
Data Compilation Program supported -by the NSF through the NAS-NRC 
Commit.tee on Nuclear Science. 

L. A. Rowett: General Secretary, RSTD Division Meeting, September 
1972, Idaho Falls, Idaho Meeting, ANS. 

F. B. Simpson: Ex officio Member of Transplutonium Committee, AEC. 

J. R. Smith: Normalization and Standards Subcommittee, Cross Sections 
Evaluation Working Group, AEC . 
0 .  D. Simpson: Ex officio Member, Resonance Parameters Subcommittee 
of U. S. Nuclear Data Committee. 



NUCLEAR TECHNOLOGY D I V I S I C N  

P resen ta t i on  o f  Technica l  Papers 

AUTHOR ( S ) SUBJECT GROUP PLACE, DATE 
R .  J .  Gehrke Rapid Analysis  of Mn i n  P l a i n  Carbon Annual Conference on Denver, Colorado 
M .  S. Cole S t e e l s  by Nondispersive X-ray 
W. A.  Ryder Analysis  

Appl ica t ions  of X-ray August 11-13, 1971 
Analysis  

R .  L. Heath The ~ ~ ~ l i c a t i o n  of High-Resolution Annual Conference on Denver, Colorado 
I S o l i d  S t a t e  Detec tors  t o  X-ray Appl ica t ions  of X-ray August 11-13, 1971 

Spec t rohe t ry  - A Review Analysis  

R .  G .  Helmer Gamma-Ray Energies  Measured .with Fourth I n t e r n a t i o n a l  Teddington, England 
R. C . Greenwood ~e ( L i  1 Spectrometers Conference on Atomic September 6-10, 1971 
R .  J .  Gehrke Masses and Fundament a 1  

Constants 

L 
J. E. Cl ine  . .A Non-Destructive Technique f o r  I n t e r n a t i o n a l  Meeting I s p r a ,  I t a l y  

.r Assay of Load-out B o t t l e s  of on Non-Destructive . September 20-22, 1971 
--4 
4 P l u t o n i ~ m  N i t r a t e  Solu t ion  Measu~ement and Ident  i- 

f i c a t . i o n .  Techniques i n  
N u c l e : ~ ,  Safeguards 

J. E '  Cl ine  I s o t o p i c  Analyses of Plutonium I n t e r n a t i o n a l  Meeting I s p r a ,  I t a l y  
by ~ e [ L i  1 Spectroscopy on Non-Destructive ~ e ~ t e m b e r '  20-22, 1971 

Measurement and Iden t i -  
f i c a t i o n  Techniques i n  
Nuclear Safeguards 

R .  C .  Greenwood Measurement of Absolute Prompt' y-ray American Nuclear M i a m i  Beach, F l o r i d a  
C .  W .  Reich I n t e n s i t i e s  Produced by 2-keV Neutron Socie ty  Winter Meeting October 17-21, 1971 

Capture i n  Tungsten 
/ 



NUCLEAR TECHNOLOGY D I V I S I O N  
. 

, P r e s e n t a t i o n  o f  Techn ica l  Papers 

AUTHOR (S 1 SUBJECT 
R.  C .  Greenwood Prompt Neutron Ac t iva t ion  Analysis  

wi th  a ' 2 5 2 ~ f  Source 

J .  J .  S c o v i l l e  I n t e g r a l  Measureme~ts f o r  Fas t  
Reactor Cross Sec t ions  

L. G.  Mi l l e r  Boosting ~ e u t r o n '  Output fr.om a 5 2 ~ f  
T . Watanabe I r r a d i a t o r  Sa fe ly  and Economically 
J .  F. Kunze 

A. L. Connelly Laboratory Appl ica t ion  of On-Line 
R .  L. Heath Computer Systems i n  X- and Gamma-Ray 

3pectroscopy 

Brugger NRTS Research F a c i l i t i e s  and 
P o t e n t i a l  f o r  Agr icu l ture  

Coates Telemetered P r o f i l i n g  I s o t o p i c  
Johns on Snow Gauge 
K i l l i a n  
Brown 
Engl i sh  
Beck 

I 

Randolph 

M .  S.  Cole P e r i p h e r a l  Devices and Decis ion 
R .  C .  Davies Making on a Small Cmputer  
G. 0 .  Engl i sh  

GROUP P-UCE, DATE 
American Nuclear Miami 3each, F l o r i d a  
Soc ie ty  Winter Meet.ing October 17-21, 1971 

American Nuclear M i a m i  Beach, F lo r ida  
Soc ie ty  Winter Meeting October 17-21, 1971 

American Nuclear M i a m i  Beach, F l o r i d a  
Socie ty  Winter Meeting October 17-21, 1971 

Soc ie ty  of Applied S t .  Louis ,  Missouri 
Spectroscopy Meeting . October 18-22, .1971 

Agronuclear Information Twin F z l l s ,  Idaho 
Meeting October 27-28, 1971 

IEEE Nuclear Science San Franc isco ,  C a l i f o r n i a  
Symposium November 3-5, 1971 

D i g i t a l  Equipment San Franc isco ,  Calif ,ornia 
Computer User ' s  Soc ie ty  Noirember 11-13, 1971 
(DECUS ) F a l l  Sympos im 

E. W. K i l l i a n  Telemetered P r o f i l i n g  I s o t o p i c  Snow D i g i t a l  Equipnent San Franc isco ,  C a l i f o r n i a  
R .  A.  Coates Gauge Computer Use r ' s  Soc ie ty  November 11-13, 1971 

(DECUS ) F a l l  Symposium 



AUTHOR (.s 1 
A. L .  Conneliy' 

J .  F. Kunze 
J. H.  Lofthouse 

R .  L. Heath 

L. A .  Kroger 
C .  W. Refch. 

F. K .  Hyer 
J. R.  Venhuizen 
D. J .  Hanson 

R.  M. Brugger 
F. J .  Wheeler 

J. H. Lofthouse 
J. F:Kunze 
R.  C.  Young 
T. E. Young 

J. R .  Smith 
R .  C .  Young 

0. D .  Simpson 
Er. B. Simpson 

NUCLEAR TECHNOLOGY D I V I S I O N  

Presen ta t ion  o f  Technica l  Papers 

SUWECT GROUP 
computer S e l f  -Checki'ng D i g i t a l  Equipment 

Computer User 's  Soc ie ty  
(DECUS ) F a l l  Symposium 

Flow and C r i t i c a l i t y  i n  t h e  Open American I n s t i t u t e  of 
Cycle Gas Core Aeronaut ics  and Astro- 

n a u t i c s  Conference on 
Uranium Plasmas 

X-Ray and Gamma-Ray Spectrometry . Tenth Japan Conference 
Using S o l i d  S t a t e  Detec tors  ' on Radioisotopes 

Levels i n  2 2 9 ~ h  Exci ted i n  t h e  American Phys ica l  
a-Decay of 3~ Socie ty  Spring Meeting 

Hybrid Computer Simulat ion of t h e  Simulat ion Conference 
LOFT Nuclear P l an t  

Calcu la ted  R e a c t i v i t y  of VINS American Nuclear 
Socie ty ,  Informal  
Session 

Gamma Heating i n  a Gas Core Rocket American Nuclear 
Ref l e c t o r  Socie ty  Meeting 

1 

2 3 5 ~  Resolved Resonance Parameters American Nuclear 
f o r  Version 111, ENDF/B Socie ty  Meeting 

Evaluat ion of t h e  2 3 9 ~ u  Cross American Nuclear 
Sec t ions  i n  t h e  Resonance Region f o r  Socie ty  Meeting 
tl ie ENDF/B Version I11 Data F i l e  ,, 

PLACE, DATE 
San Franc isco ,  C a l i f o r n i a  
November 11-13, 1971 

Mew York, New York 
Bo'gember 15-19, 1971 

Tokyo, ~ a ~ a n  

Vashington, D . C .  
A p r i l  24-27 ,. 1972 

San Diego, Ca l i fo rn i a  
June 13-16, 1972 

Las Vegas, Nevada 
June 18-22, 1972 

Las Vegas, Nevada 
June 18-22, 1972 

Las Vegas, Nevada 
June 18-22, 1972 

Las Vegas, Nevada 
June 18-22, 1972 



NUCLEAR TECHNOLOGY DIVISION 

Papers Publ ished i n  t h e  Open L i t e r a t u r e  

AUTHOR CS 1 TITLE 
R .  G ;  ~ e f i e r  ' . ~ e v e l '  ~ t r u c t ~ e  of 
R .  C .  Greenwood 
C .  W. Reich 

C .  W .  Reich C o r i o l i s  Coupling i~ Doubly Odd Deformed Nuclei: 
R.  G .  Helmer The 112 -[510] and 312 -[512] Neutron S t a t e s  i n  
R.  C .  Greenwood 1 8 2 ~ a  

J.  E. Cl ine  Measurements of S p a l l a t i o n  Cross Sec t  ions f o r  
E. B. Nieschmidt 590 MeV Protons onThin Targe ts  of Copper, Nickel,  

I r o n  and Aluminum 

A. W. Solbrig* Valence Force P o t e n t i a l s  f o r  Calcu la t ing  Crys ta l  
Vibra t ions  i n  S i l i c o n  

M.  E. Bunker A- Survey of Nonrotat ional  S t a t e s  of Deformed Odd-A 
F- 
co CMSL 1. Nuclei (150 < A < 1901 
0 C .  W .  Reich 

R .  G .  Helmer P rec i se  Comparison and Measurement.of Gamma-Ray 
R .  C .  Greenwood Energies  wi th  a ~ e ( ~ i )  Detec tor .  11. 400-1300 keV 
R .  J .  Gehrke 

R .  C.  Greenwood Absolute Cross Sec t ions  f o r  2-keV Neutron 
C.  W. Reich Capture i n  2 0 4 ~ b  and 2 0 7 ~ b  

J. F. Kunze Benchmark Gas Core C r i t i c a l  Experiment 
J .  H .  Lofthouse 
C .  G .  Cooper 
R .  E. Hyland (NASA) 

R .  J. Gehrke C a l i b r a t i o n  of t h e  Eff ic iency  of a S i t ~ i  1 Photon 
R ,  A. Lokken Spectrometer i n  t h e  Energy Reglon 5 t o  125 keV 

PUBLICATION 
Nuclear Physics  ~ 1 6 8 ,  - 449-486 (1971) 

Nuclear Physics  ~ 1 6 8 ,  - 487-508 (1971) 

Nuclear Physics  ~ 1 6 9 ,  437-448 (1971) - 

J o u r n a l  of Physics  and Chemistry of 
S o l i d s  - 32, 1761-1768 ( ~ u g u s t  1971) 

Reviews of Modern Physics  - 43, 348-423 
(1971 ) 

Nuclear Instruments  and Methods 96, 
173-196 (1971 

N u ~ l e a r  Science and Engineering 5, 
59-65 ( ~ a n u a r ~  1972) 

Nuclear I-nstruments and Methods 97, 
219-228 (1971) 



NUCLEAR TECHNOLOGY DIVISIOb 

Papers ,Published i n  t h e  Open L i t e r a t u r e  

AUTHOR ( s ) TITLE . 

R. ,M. Brugger The P o t e n t i a l  of a Laser-Induced Fusion Devic-e 
, a s  a Thermal-Neutron Source 

R. L. Heath Gamma-Ray Energy ar-d I n t e n s i t y  Measurements with 
~ e ( ~ i  ). Spectrometers 

R.  L. Heath Table of I so topes  

Chapter 11, "Radioac t iv i ty  i n  
Nuclear Spectro.scopy", Vol.  I ,  
e d i t e d  by J. H.  Hamilton and 
J. C .  Manthuruthi l ,   ordo don anc 
Breach, Nej~ York, 1972) 

  and book of Physics  and Chemistry, 
.52nd Ed i t i on ,  Chemical Rubber 
Publ i sh ing  Co. (1971).  



REPORTS ISSUED DURING FY 1972 

AUTHOR ( s ) REPORT NO. TITLE ISSUE DATE 
R. G. Nis le  ANCR-1001 The Fabr i ca t ion  and Evaluat ion of Samples f o r  t h e  December 1971 

I r r a d i a t i o n  Por t ion  of t h e  FBR Physics  Constants Program 

D. W .  Knight ANCR-1002 
N.  C.  ~ a u f m a n  
J .  W .  Henscheid 

J. F. Kunze ANCR-1032 
D. H. Suckl ing (NASA CF-120824) 
C .  G. Cooper 

R.  M. Brugger ANCR-1034 

W .  R .  Myers ANCR-1039 

.I= 
R . G . H e l m e r  ANCR-1043 
M. H.  Putnam 

J. R.  Smith ANCR-1044 
R.  C.  Young ENDF-161 

-4 Summary of ETR C r i t i c a l  F a c i l i t y  Safe ty  Analysis  September 19 71  
Information 

Phase I Topica l  Report - Flowing Gas, Yon-Nuclear A p r i l  1972 
Experiments on t h e    as Core Reactor 

The P o t e n t i a l  of a Laser-Induced Fusion Device a s  a January 1972 
Thermal Neutron Source 

FP9 - Floa t ing  Poin t  Ari thmetic  Software f o r  DEC A p r i l  1972 
PDP-9 and PDP-15 Computers 

GAUSS Y - A Computer Program f o r  t h e  Analysis of March 1972 
~ a m m s - ~ a ~  Spec t r a  from ~e C L ~  )l Spectrometers 

1 

r2 5~ Resolved Resonance Parameters f o r  ENDF/3 January 1972 
Version I11 

0 .  D. Simpson ANCR-1045 Evaluat ion of t h e  2 3 9 ~ u  Cross Sec t ions  i n ' t h e  January 1972 
F. B..Simpson ENDF-162 Resonance Region f o r  t h e  ENDFIB Version I11 Data F i l e  

R .  G .  Nis le  ANCR-1050 Experiment Descr ip t ion  and Hazards Evaluat ion f o r  t h e  J u r e  1972 
I r r a d i a t i o n  of FBR Physics  Constants Samples i n  t h e  EBR-I1 

J. E. Cline ANCR-1055 A Re la t ive ly  Simple and P rec i se  Technique f o r  t h e  March 1972 
Assay- of Plutonium Waste 

J .  C .  Tappendorf ANCR-1057 React.or Gamma Heat Measurements wi th  Thermoluminescent May 1972 
Phosphors 



REPORTS ISSUED DURING FY 1972 

AUTHOR (S ) REPORT NO. TITLE 
0. D. Simpson ANcR-1060 The To ta l  Neutron CroSs Sect ion of 2 “ 3 ~ m  from 0.5 eY 

ISSUE DATE 
May. 1972 

. F. B. Simpson t o  1000 eY 
J. A. Harvey (ORNL) 
G. G .  Slaughter  (ORNL) 
C.  E.  Ahlfeld (SRL 1 

A. W .  Brown ANcR-1061 Summary of PDQ-7 CIBM-360-370 ~ e r  s ion  ) Input  Data May 1972 
J. A. McClure Requirements and Operating Procedures 
R.  J. Wagner 

R.  M. Brugger, ed. ANcR-lOi6 Nuclear Technology Division A'nnual Progress Report November 1971 
f o r  Period Ending June 30, 1971 

B.. ,L. Rushton ANCR-1008 Methods Used f o r  Physics Analysls of t h e  Power Burst September 1371 
F a c i l i t y  and Computed Results  f o r  t h e  Design Core 

E. E. Burdick ANCR-1013 Reactor Technology E.ranch Annual Report F i s c a l  Yeer 1970 September 1971 
W and s t a f f  

G.  L. Singer  ANCR-1~68 C-SURE - Cross Sect ions f o r  Unresolved Resonances from June 1972 
R.  A. Grimesey ENDF/ B 




