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NEUTRON S P E C T R U M  S T U D I E S  I N  THE P C T R  F A S T  NEUTRON C A V I T Y  

D .  F .  Newman a n d  L .  C .  D a v e n p o r t  

I n t r o d u c t i o n  

Neutron spec t rum measurements were made i n  t h e  i n t e r i o r  

o f  t h e  F a s t  Neutron C a v i t y  assembled i n s i d e  t h e  c e n t r a l  zone 

o f  t h e  P h y s i c a l  C o n s t a n t s  T e s t i n g  R e a c t o r  (PCTR). An i n t e r -  

comparison between two e x p e r i m e n t a l  methods f o r  d e t e r m i n i n g  

t h e  n e u t r o n  spec t rum was o b t a i n e d  u s i n g  a p r o t o n - r e c o i l  s p e c -  

t r o m e t e r  and a  m u l t i p l e  f o i l  a c t i v a t i o n  method. The r e s u l t s  

o f  t h e s e  n e u t r o n  spec t rum measurements p r o v i d e  a  v a l u a b l e  

check o f  b o t h  r e a c t o r  t h e o r y  and a n a l y t i c a l  t e c h n i q u e  f o r  

d e v e l o p i n g  c a l c u l a t i o n a l  methods a p p l i c a b l e  t o  f a s t - t h e r m a l  

coup led  r e a c t o r  c o r e s .  

P r o t o n - R e c o i l  S ~ e c t r o m e t e r  Measurements 

P r o t o n - r e c o i l  c o u n t e r  measurements u s i n g  b o t h  hydrogen-  

g a s - f i l l e d  and m e t h a n e - g a s - f i l l e d  d e t e c t o r s  were made i n  t h e  

c e n t e r  o f  t h e  F a s t  Neutron C a v i t y ,  f o l l o w i n g  t h e  method o f  

E .  F. B e n n e t t .  The n e u t r o n  spec t rum o b t a i n e d  from t h e  

p r o t o n - r e c o i l  c o u n t e r  d a t a ,  shown i n  F i g u r e  4 . 1 ,  i s  t h e  com- 

p o s i t e  o f  s e v e r a l  measurements a t  t h e  same r e a c t o r  f l u x  l e v e l .  

Count r a t e s  d u r i n g  a l l  measurements were k e p t  below 9 2 0  c o u n t s  

p e r  s e c .  The p r o t o n - r e c o i l  spec t rum was obse rved  i n  consecu-  

t i v e  o v e r l a p p i n g  ene rgy  i n t e r v a l s ,  o b t a i n e d  by v a r y i n g  t h e  gas  

m u l t i p l i c a t i o n  i n  each  p r o p o r t i o n a l  c o u n t e r .  The methane 

d e t e c t o r  spanned e n e r g i e s  between 1 . 4  MeV and 160 keV i n  t h r e e  

i n t e r v a l s .  Neutron e n e r g i e s  between 335 keV and 9 .6  keV were 

obse rved  i n  s i x  i n t e r v a l s  u s i n g  t h e  hydrogen d e t e c t o r .  C o r r e c  

t i o n s  f o r  s y s t e m a t i c  e r r o r s  i n  t h e  r e c o i l - p r o t o n  spec t rum 

i n c l u d i n g  w a l l - a n d - e n d  e f f e c t ,  inhomogeneous e l e c t r i c  f i e l d  

e f f e c t  ( t i p  e f f e c t ) ,  and heavy n u c l e i  r e c o i l  d i s t o r t i o n  were 

made i n  t h e  d a t a  a n a l y s i s .  The f a s t  n e u t r o n  f l u x  spec t rum was 
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u n f o l d e d  by d i f f e r e n t i a t i n g  t h e  p r o t o n  r e c o i l - s p e c t r u m  u s i n g  

computer  program PSNS. ( 2 )  The s p e c t r o m e t e r  was c a l i b r a t e d  
14 u s i n g  t h e  N ( ~ , ~ ) ' ~ C  r e a c t i o n  which r e l e a s e s  i o n i z a t i o n  

e q u i v a l e n t  t o  a  p r o t o n  w i t h  ene rgy  of  615 keV when t h e r m a l  

n e u t r o n s  a r e  i n c i d e n t .  Both d e t e c t o r s ,  c o n t a i n i n g  4 .0% n i t r o -  

gen ,  were c a l i b r a t e d  i n  t h e  PCTR t h e r m a l  column (3)  w i t h  t h e  

r e a c t o r  a t  a  10 w a t t  power l e v e l .  The ave raged  composi te  

n e u t r o n  s p e c t r a l  r e s u l t s  from t h e  p r o t o n - r e c o i l  measurements ,  

shown i n  F i g u r e  4 . 1 ,  c o n s i s t  o f  i n v e r s e  v a r i a n c e  we igh ted  d a t a  

from t h e  i n d i v i d u a l  measurements w i t h i n  t h e  n e u t r o n  ene rgy  

i n t e r v a l  1 . 4  MeV t o  9 . 6  keV. Neutron e n e r g y  r e s o l u t i o n  was 

na r rower  t h a n  1 5 %  ( f u l l - w i d t h  a t  half-maximum) o v e r  t h e  ene rgy  

i n t e r v a l  1 MeV t o  40 keV and i n c r e a s e d  t o  about  23% a t  10 keV. 

M u l t i ~ l e  F o i l  A c t i v a t i o n  Measurements 

A n a l y s i s  of  m u l t i p l e  f o i l  a c t i v a t i o n  measurements i n  t h e  

empty F a s t  Neutron C a v i t y  (FNC) was made t o  o b t a i n  a  s e t  o f  

s a t u r a t e d  a c t i v i t i e s  f o r  26 f o i l  r e a c t i o n s .  S i x  o f  t h e s e  

r e a c t i o n s  a r e  t h r e s h o l d  r e a c t i o n s  t h a t  r e spond  o n l y  t o  n e u t r o n s  

w i t h  e n e r g i e s  i n  t h e  f a s t  r a n g e .  The r emain ing  twenty  r e a c -  

t i o n s  were o b t a i n e d  from b a r e  f o i l s ,  f o i l s  cove red  by 0 . 1  cm 

t h i c k  cadmium f i l t e r s ,  and f o i l s  cove red  by 1 . 0  cm t h i c k  

'OB f i l t e r s .  Neut ron  f i l t e r s  a l t e r e d  t h e  ene rgy  r e s p o n s e s  o f  

t h e  f o i l s  such  t h a t  a c t i v a t i o n  d a t a  spann ing  t h r e e  d i f f e r e n t  

n e u t r o n  e n e r g y  r a n g e s  were o b t a i n e d .  

A c t i v a t i o n  s h e l f - s h i e l d i n g  c o r r e c t i o n s  were measured by 

i r r a d i a t i n g  s e v e r a l  f o i l  t h i c k n e s s e s  o f  t h e  same m a t e r i a l  

s i m u l t a n e o u s l y  and e x t r a p o l a t i n g  t h e  s p e c i f i c  a c t i v i t i e s  t o  

z e r o  t h i c k n e s s .  The a b s o l u t e  c o u n t e r  e f f i c i e n c y  c a l i b r a t i o n  

f o r  a  NaI(Ta) gamma-ray s c i n t i l l a t i o n  s p e c t r o m e t e r  was measured 

w i t h  a  s e t  o f  IAEA s t a n d a r d  s o u r c e s  of  known a c t i v i t y .  The 

s o u r c e s  i n c l u d e d :  2 4 1 ~ m  (60 keV), 5 7 ~ o  (122 keV) , 203 Hg 

(279 keV), " ~ a  (511,  1275 keV),  1 3 7 ~ s  (622 keV),  5 4 ~ n  (835 keV), 

8 8 ~  (898,  1836 keV), and 6 0 ~ o  (1173,  1332 keV). I n f i n i t e l y  



d i l u t e  s a t u r a t e d  a c t i v i t i e s  f o r  t h e  l l 5 1 n ( n Y y ) ,  1 9 7 ~ u ( n , ~ ) ,  

and 6 3 ~ u ( n , u )  r e a c t i o n s  were determined from f o i l s  i r r a d i a t e d  

i n  t h e  PCTR thermal  column. Non-l/v c o r r e c t i o n  f a c t o r s  f o r  

t h e  2200 m/sec c r o s s  s e c t i o n s  were c a l c u l a t e d  f o r  t h e  thermal 

column w i t h  THERMOS. (4 )  The thermal  f l u x  i n  t h e  PCTR thermal  
8 column a t  100 Watts was determined t o  be 1.07 x 10 neu t rons  p e r  

cm2-sec (&2.6%) . This  f l u x  l e v e l  and. t h e  THERMOS c a l c u l a t e d  

non- l / v  f a c t o r s  f o r  t h e  thermal  column were used t o  determine 

s a t u r a t e d  a c t i v i t i e s  of  o t h e r  r e a c t i o n s  i n  t h e  F N C  from 

a c t i v i t y  measurements r e l a t i v e  t o  t h e  thermal column. Sa tu -  

r a t e d  a c t i v i t i e s  f o r  t h e  2 3 5 ~ ( n , f ) ,  2 3 9 ~ u ( n , f ) ,  2 3 2 ~ h ( n y ~ ) ,  

and 2 3 8 ~ ( n  ,u) r e a c t i o n s  were determined by t h i s  method. 

I n f i n i t e l y  d i l u t e  s a t u r a t e d  a c t i v i t i e s  f o r  26 f o i l  r e a c t i o n s  

measured i n  t h e  FNC a r e  l i s t e d  i n  Table 4 . 1 .  The average 

u n c e r t a i n t y  i n  a l l  t h e  s a t u r a t e d  a c t i v i t y  measurements was 

l e s s  t han  3 % .  

The i n f i n i t e l y  d i l u t e  s a t u r a t e d  a c t i v i t i e s  ob t a ined  from 

f o i l  measurements were analyzed us ing  t h e  SAND-I1 computer 

code t o  unfo ld  t h e  neu t ron  spectrum. I n i t i a l  t r i a l  func-  

t i o n s  f o r  t h e  neu t ron  spectrum i n  t h e  SAND-I1 a n a l y s i s  

inc luded :  a  t r a n s p o r t  theory  c a l ~ u l a t i o n ( ~ )  from DTF-IVY ( 7 )  

a  c o n s t a n t  + ( u ) ,  a  Gaussian f u n c t i o n  cen t e r ed  a t  1 0 0  keV, and 

a  Gaussian f u n c t i o n  cen t e r ed  a t  1 MeV. The b e s t  SAND-I1 r e p r e -  

s e n t a t i o n  f o r  t h e  neu t ron  spectrum,  shown i n  F igures  4 . 1  and 

4 . 2 ,  was ob t a ined  from a  weighted average of t h e  i t e r a t i v e  

neu t ron  spectrum s o l u t i o n s  r e s u l t i n g  from d i f f e r e n t  i n i t i a l  

t r i a l  f u n c t i o n s .  A weigh t ing  f a c t o r  p r o p o r t i o n a l  t o  t h e  

i n v e r s e  v a r i a n c e  i n  t h e  measured- to- ca lcu la ted  a c t i v i t y  r a t i o s  

was used i n  t h e  averaging procedure .  The s t anda rd  d e v i a t i o n  

i n  t h e  m u l t i p l e  f o i l  a c t i v a t i o n  neu t ron  spectrum was i n f e r r e d  

from t h e  wid th ,  A $ ( E ) ~ ~ ~ / $ ( E ) ~ ~ ~ ,  of t he  envelope of a l l  

SAND-I1 s o l u t i o n s  ob ta ined  from measured a c t i v i t i e s  u s ing  

d i f f e r e n t  i n i t i a l  t r i a l  f u n c t i o n s .  



T A B L E  4 . 1 .  I n f i n i t e l y  D i lu t e  Sa tu ra t ed  A c t i v i t i e s  
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Discussion and Comparison of Results 

The integral flux in the neutron energy interval 9.32 keV 

to 1.17 MeV was obtained from the SAND-I1 analysis of multiple 

foil activations within +3% uncertainty from all iterative 

spectrum solutions. This permitted normalization of proton- 

recoil spectrometer results to multiple foil activation results, 

as shown in Figures 4.1 and 4.2. In addition to permitting 

direct comparison between the two experimental methods, this 

normalization was used as an absolute flux level calibration 

for the proton-recoil spectrometer. The envelope of all 

SAND-I1 solutions exhibited poor resolution in the interval 

where the proton-recoil counter results were obtained. The 

activation cross sections were small and similar in shape over 

this neutron energy interval. Activation integrals were rela- 

tively insensitive to the shape of the neutron spectrum in the 

region of the flux peak. Agreement of the results from the 

two methods was encouraging. Large flux depressions at about 

7 eV and between 20 and 40 eV, shown in Figure 4.2, were the 

result of 2 3 8 ~  resonance absorption in the FNC buffer. The 

apparent depression in the SAND-I1 spectrum at approximately 

2 MeV is believed to be due to errors in the cross sections 

and the activation measurements for the 115~n(n,n0) 116m~n and 

58~i(n,p) '*CO reactions. 

Energy degradation of fission spectrum neutrons into the 

few hundred keV energy region, as shown both by experimental 

results and calculations, ( 6 )  was the result of 2 3 8 ~  inelastic 

scattering in a uranium buffer zone. This 5.4-in. uranium 

buffer zone completely surrounded a 1/2-in. thick stainless 

steel box (29.0 in. by 29.0 in. by 24.7 in. inner dimensions) 

forming the large Fast Neutron Ca~ity.'~) The uranium fuel in 

the FNC absorbed incident thermal neutrons and produced fast 

neutrons by the fissioning process such that a flux of pre- 

dominantly fast neutrons entered the central cavity. 



Neutron spect rum r e s u l t s  from m u l t i p l e  f o i l  a c t i v a t i o n  

measurements were o b t a i n e d  o v e r  t h e  e n t i r e  ene rgy  spec t rum,  

1 0 - l o  t o  18 MeV. D e t a i l e d  n e u t r o n  spect rum s t r u c t u r e  was 

measured by p r o t o n - r e c o i l  s p e c t r o m e t e r  methods i n  t h e  ene rgy  

i n t e r v a l ,  9 . 6  keV t o  1 . 4  MeV, compris ing  80% of  t h e  i n t e g r a t e d  

n e u t r o n  f l u x .  Thus,  each  of  t h e s e  two e x p e r i m e n t a l  methods 

supplemented and conf i rmed t h e  i n f o r m a t i o n  o b t a i n e d  from t h e  

o t h e r .  Using b o t h  methods p e r m i t t e d  t h e  a b s o l u t e  v a l u e  o f  t h e  

n e u t r o n  f l u x  spect rum t o  be o b t a i n e d  i n  t h e  c e n t e r  o f  t h e  FNC 

w i t h  t h e  PCTR o p e r a t i n g  a t  a  100 Watt power l e v e l .  
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