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FOREWORD 

The T e c h n i c a l  A c t i v i t i e s  Q u a r t e r l y  R e p o r t  r e p l a c e s  t h e  

P h y s l c s  R e s e a r c h  Q u a r t e r l y  R e p o r t  p r e v i o u s l y  p u b l i s h e d  by 

B a t t e l l e - N o r t h w e s t ' s  R e a c t o r  P h y s l c s  Depa r tmen t .  The o b j e c t i v e  

o f  t h e  r e p o r t  1s t o  i n f o r m  t h e  scientific community i n  a  t l m e l y  

manner o f  t h e  t e c h n i c a l  p r o g r e s s  made on t h e  many p h a s e s  o f  

work w i t h l n  t h e  d e p a r t m e n t .  The r e p o r t  c o n t a i n s  b r i e f  t e c h n l -  

c a l  discussions o f  accompl i shmen t s  i n  a l l  a r e a s  where s i g n l f l -  

c a n t  p r o g r e s s  h a s  been  made d u r i n g  t h e  q u a r t e r .  The r e s u l t s  

p r e s e n t e d  s h o u l d  be c o n s i d e r e d  preliminary, and do n o t  c o n s t i -  

t u t e  f i n a l  p u b l l c a t l o n  o f  t h e  work.  A l l s t  o f  p u b l i c a t i o n s  

and p a p e r s  by t h e  d e p a r t m e n t  s t a f f  1s g l v e n  I n  t h e  r e p o r t .  Any- 

one w l s h i n g  t o  o b t a l n  a d d l t l o n a l  information on t h e  work p r e -  

s e n t e d  1s encouraged  t o  c o n t a c t  t h e  a u t h o r  directly. 
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SUMMARY 

R E A C T O R  THEORY A c a l c u l a t i o n a l  s t u d y  o f  t h e r m a l i z a -  

A r e c e n t  r e v i s i o n  i n  HRG (Hanford  - t i o n  i n  Pu02-U02 f u e l e d  H20 modera ted  

Revised  Gam), a  n e u t r o n  s l o w i n g  down - - l a t t i c e s  h a s  been  per formed .  The p u r -  
c o d e ,  m o d i f i e s  t h e  c a l c u l a t i o n  o f  t h e  pose  o f  t h e  s t u d y  i s  t o  d e t e r m i n e  

e f f e c t i v e  r e s o n a n c e  i n t e g r a l  o f  i n d i -  w h e t h e r  e r r o r s  a r e  i n c u r r e d  i n  making 

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

z a t i o n  an  a p p r o x i m a t i o n  t o  t h e  f l u x  p r o c e s s e s ,  boundary  c o n d i t i o n s ,  and 

u s e d  i n  t h e  r e s o n a n c e  i n t e g r a l  c a l c u -  t h e  s o u r c e  o f  t h e r m a l  n e u t r o n s .  The 

l a t i o n  i t s e l f  r a t h e r  t h a n  a  1 / E  f l u x .  r e s u l t s  o f  t h e  s t u d y  show t h a t  t h e  

S i n c e  p u b l i c a t i o n  o f  a  d e s c r i p t i o n  

o f  d a t a  i n  t h e  BNW M a s t e r  L i b r a r y  
(BNWL-CC-325), 32 i s o t o p e s  have  been  

u p d a t e d  and t h r e e  s y s t e m  m o d i f i c a t i o n s  

h a v e  b e e n  c o m p l e t e d .  

T H E R M A L  R E A C T O R S  

A c a l c u l a t i o n a l  s t u d y  o f  t h e r m a l i z a -  

t i o n  w i t h i n  a  s i m p l e  c e l l  h a s  been  made 

u s i n g  t h e  RBU Monte C a r l o ,  THERMOS, and 

Program S-XI11 c o d e s .  A compar i son  o f  

t h e  r e s u l t s  shows t h e  RBU Monte C a r l o  

t h e r m a l i z a t i o n  r o u t i n e  i s  f o r m u l a t e d  

c o r r e c t l y  and f r e e  from d e t e c t a b l e  nu-  
m e r i c a l  e r r o r .  

Exper iments  have  been  c o n d u c t e d  i n  

t h e  PRCF u s i n g  2 w t ;  Pu02-UO, f u e l  i n  
u 

H20. These e x p e r i m e n t s  a r e  d i r e c t e d  

t o w a r d s  d e t e r m i n i n g  t h e  p h y s i c s  p r o p e r -  

t i e s  o f  p l u t o n i u m - f u e l e d  H20 modera ted  

r e a c t o r  s y s t e m s .  R e s u l t s  a r e  g i v e n  f o r  

a  two-zone  c r i t i c a l  e x p e r i m e n t .  A l s o  

g i v e n  a r e  r e s u l t s  o f  measurements  i n  a  

s i n g l e - z o n e  l o a d i n g  o f  f u e l  which  con-  
2 4  0 

t a i n s  24 w t %  Pu . 

a s s u m p t i o n s  do l e a d  t o  e r r o r s  and 

s h o u l d  n o t  b e  made t o  a c c u r a t e l y  com- 

p u t e  t h e r m a l i z a t i o n  e v e n t s  f o r  t h e s e  

l a t t i c e s .  

Measurements  have  b e e n  made i n  t h e  

PCTR w i t h  a  mixed l a t t i c e  o f  Pu-A1 f u e l  

and t h o r i a  t a r g e t s  i n  a l t e r n a t i n g  c e l l s .  

New t e c h n i q u e s  were  d e v e l o p e d  t o  a d a p t  

t h e  PCTR t y p e  o f  measurement t o  t h i s  
l a t t i c e  a r r a y  o f  s u p e r c e l l s .  The r e -  

s u l t s  i n c l u d e  v a l u e s  o f  km f o r  t h e  

a r r a y  w i t h  and w i t h o u t  w a t e r  c o o l a n t  

s u r r o u n d i n g  t h e  f u e l  and t a r g e t s .  

Neut ron  a c t i v a t i o n  o f  g o l d  f o i l s  i n  

t h e  t h e r m a l  column o f  t h e  PCTR have  

been  made t o  measure  t h e  r e l a t i v e  neu-  

t r o n  f l u x  i n t e n s i t i e s  f o r  v a r i o u s  t h e r -  

mal column c o n d i t i o n s .  The a d d i t i o n  

o f  a  p o l y e t h y l e n e  r e f l e c t o r  t o  t h e  

g r a p h i t e  s t a c k  was found  t o  improve 

t h e  t h e r m a l  n e u t r o n  i n t e n s i t y  and t o  

r e d u c e  t h e  f a s t  n e u t r o n  component o f  

t h e  t o t a l  f l u x .  The p r e s e n c e  o f  a  

s m a l l  c a v i t y  i n  t h e  c e n t e r  o f  t h e  t h e r -  

mal column d i d  n o t  a p p r e c i a b l y  r e d u c e  



t h e  n e u t r o n  f l u x  g r a d i e n t  i n  t h e  s t a n -  

d a r d  f o i l  i r r a d i a t i o n  p o s i t i o n .  

F A S T  R E A C T O R S  

N e u t r o n i c s  c a l c u l a t i o n s  were  p e r -  

formed f o r  a n  800 l i t e r ,  Pu02-U02 FTR 

" r e f e r e n c e "  c o r e .  P r i n c i p a l  p h y s i c s  

s t a t i c s  and k i n e t i c s  p a r a m e t e r s  were  

d e t e r m i n e d .  

To a s s e s s  t h e  a c c u r a c y  o f  t h e  p r e s -  

e n t  c r o s s - s e c t i o n  s e t  i n  u s e  f o r  d e s i g n  

c a l c u l a t i o n s ,  numerous c r i t i c a l  a s sem-  

b l y  r e s u l t s  h a v e  b e e n  a n a l y z e d .  I n  

g e n e r a l ,  t h e  computed f i s s i l e  f u e l  f i s -  

s i o n  r a t i o s  a r e  i n  r e a s o n a b l e  a g r e e m e n t  

w i t h  e x p e r i m e n t ,  w h e r e a s ,  t h e  computed 

u ~ ~ ~ / u ~ ~ ~  f i s s i o n  r a t i o s  a r e  c o n s i s -  

t e n t l y  h i g h e r  t h a n  e x p e r i m e n t a l  v a l u e s .  

A new g r o u p  c r o s s - s e c t i o n  " c o l l a p s -  

i n g  a l g o r i t h m "  h a s  b e e n  d e v i s e d  which  

makes u s e  o f  a  pseudo  a b s o r p t i o n  c r o s s  

s e c t i o n  i n  e a c h  c o a r s e  g r o u p .  The u s e  

o f  s u c h  " p e r t u r b a t i o n "  c r o s s  s e c t i o n s  

i s  much more a c c u r a t e  f o r  comput ing  

m o d e r a t o r  r e a c t i v i t y  c o e f f i c i e n t s  t h a n  

c o r r e s p o n d i n g  mode l s  u s i n g  f l u x  

w e i g h t e d  s e c t i o n s .  

C r i t i c a l  e x p e r i m e n t s  i n  s u p p o r t  o f  

FTR a r e  b e i n g  p l a n n e d .  The f i r s t  s e r i e s  

o f  t h e s e  e x p e r i m e n t s  w i l l  p r o b a b l y  b e  

c a r r i e d  o u t  i n  ZPR-111, Assembly 4 8 .  

C a l c u l a t i o n s  f o r  t h e s e  e x p e r i m e n t s  a r e  

u n d e r  way. 

The r e m o v a l - d i f f u s i o n  code  MAC h a s  

b e e n  u s e d  t o  compare f o u r  d i f f e r e n t  

a x i a l  s h i e l d  a r r a n g e m e n t s  f o r  t h e  FTR. 

Energy and s p a t i a l  d i s t r i b u t i o n s  o f  

b o t h  n e u t r o n  and gamma f l u x e s  h a v e  

b e e n  o b t a i n e d .  

B a s i c  s h i e l d i n g  r e q u i r e m e n t s  f o r  a  

number o f  FTR f u e l  p r o c e s s i n g  a n d  h a n d -  

l i n g  f a c i l i t i e s  h a v e  b e e n  s p e c i f i e d .  

C R I T I C A L  M A S S  P H Y S I C S  

S u b c r i t i c a l  n e u t r o n  i n t e r a c t i o n  e x -  

p e r i m e n t s  were  p e r f o r m e d  w i t h  b a r e  and  

P l e x i g l a s  r e f l e c t e d  a r r a y s  o f  b o t t l e s  
2 3  3  

c o n t a i n i n g  aqueous  s o l u t i o n  o f  U . 
The c r i t i c a l  numbers  o f  b o t t l e s  i n  

a r r a y s  were  d e t e r m i n e d  f o r  v a r i o u s  

s p a c i n g s .  I n  a d d i t i o n ,  t h e  e f f e c t s  o f  

i n t e r n a l  m o d e r a t i o n  b r o u g h t  a b o u t  by 

p o s i t i o n i n g  L u c i t e  s h e e t  i n  v a r i o u s  

t h i c k n e s s e s  be tween  t h e  b o t t l e s  com- 

p r i s i n g  s e v e r a l  a r r a y s  w e r e  s t u d i e d .  

The c o n c e n t r a t i o n  o f  u r a n i u m  i n  t h e  e x -  

p e r i m e n t s  was 330 g   liter. The 

e x p e r i m e n t s  p r o v i d e  d a t a  f o r  n u c l e a r  

s a f e t y  g u i d a n c e  i n  h a n d l i n g ,  s t o r a g e ,  

and s h i p m e n t  o f  t h e  m a t e r i a l  and f o r  

c h e c k i n g  i n t e r a c t i o n  c a l c u l a t i o n s .  

A s e r i e s  o f  c r i t i c a l i t y  e x p e r i m e n t s  

were  b e g u n ,  u s i n g  a  v e s s e l  o f  u n i q u e  

d e s i g n ,  f o r  d e t e r m i n i n g  b a r e  and r e -  

f l e c t e d  c r i t i c a l  t h i c k n e s s e s  o f  p l u t o -  

nium s o l u t i o n  i n  s l a b  g e o m e t r y .  The 

s l a b  v e s s e l  was d e s i g n e d  t o  p e r m i t  ad 

j u s t m e n t  o f  i t s  t h i c k n e s s  o v e r  t h e  

r a n g e  3  t o  9 i n .  C r i t i c a l i t y  e x p e r i -  

ments  were  p e r f o r m e d ,  b a r e  and  w a t e r  

r e f l e c t e d ,  i n  t h e  t h i c k n e s s  r a n g e  4 . 5  

t o  6 . 5  i n .  w i t h  p l u t o n i u m  n i t r a t e  s o l u -  

t i o n  c o n t a i n i n g  a58  g  P u / l i t e r  w i t h  a n  

a c i d  m o l a r i t y  o f  2 . 3 .  I n f i n i t e  s l a b  

t h i c k n e s s e s  a r e  e s t i m a t e d  f rom t h e  mea- 

su rement  d a t a .  

To p e r m i t  s t u d y i n g  t h e  f u n d a m e n t a l  

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

f u e l e d  s y s t e m s ,  c r i t i c a l  a p p r o a c h ,  

p u l s e d  n e u t r o n  s o u r c e  and  f o i l  a c t i v a -  

t i o n  measurements  were  made on t h r e e  

P u 0 2 - p o l y s t y r e n e - f u e l e d  a s s e m b l i e s .  



Some i n i t i a l  r e s u l t s  a r e  r e p o r t e d ;  how- 

e v e r ,  t h e  major  p o r t i o n  o f  t h e  d a t a  r e -  

main t o  be ana lyzed .  

P u l s e d  n e u t r o n  measurements were 

performed c o n c u r r e n t l y  w i t h  t h e  c r i t i -  

c a l  expe r imen t s  on Pu(N03) s o l u t i o n  

i n  an expandable  s l a b  t a n k .  For  t h e  

w a t e r  r e f l e c t e d  4 . 6  i n .  t h i c k  s l a b  of  

58 g  P u / l i t e r  s o l u t i o n ,  @ / l i t e r  was 
- 1 found t o  be 95 * 3  s e c  . 

To account  p r o p e r l y  f o r  c o i n c i d e n c e  

l o s s e s  a t  t h e  v e r y  h i g h  c o u n t i n g  r a t e s  

o f t e n  encoun te r ed  i n  making p u l s e d  neu-  

t r o n  measurements ,  i t  i s  n e c e s s a r y  t o  

de t e rmine  how c l o s e l y  a  p e r f e c t l y  p a r a -  

l y z a b l e  o r  comple t e ly  n o n p a r a l y z a b l e  

sy s t em r e p r e s e n t s  t h e  r e a l  d e t e c t i o n  

sys tem u s e d  i n  t h e  measurements .  A 

"maximum observed  c o u n t i n g  r a t e "  t e c h -  

n ique  was deve loped  which ,  i n  con junc -  

t i o n  w i t h  a  double  p u l s e  method, p e r -  

m i t s  t h e  sys tem t o  be  c h a r a c t e r i z e d  

r e l a t i v e  t o  t h e s e  two t h e o r e t i c a l l y  

l i m i t i n g  models .  

A l e a s t  s q u a r e s  code has  been assem- 

b l e d  t o  f a c i l i t a t e  r e d u c t i o n  of  d a t a  

from p u l s e  n e u t r o n  and r e a c t o r  n o i s e  

expe r imen t s .  

N E U T R O N  P H Y S I C S  

The spec t rum o f  n e u t r o n s  from t h e  
9  Be (d ,n)B1°  r e a c t i o n  was s t u d i e d  by 

t i m e - o f - f l i g h t  t e c h n i q u e s  a t  d e u t e r o n  

e n e r g i e s  o f  1 . 7  and 2 . 0  MeV. A s t u d y  

of  t h i s  spec t rum shows no e v i d e n c e  f o r  

t h e  e x i s t e n c e  o f  an e x c i t e d  s t a t e  i n  

B 1 °  a t  2 .86  MeV which h a s  been r e p o r t e d  

i n  some o t h e r  i n v e s t i g a t i o n s .  

The n e u t r o n  t o t a l  c r o s s  s e c t i o n  of  

deu t e r ium has  been measured c o n t i n u -  

o u s l y  ove r  t h e  ene rgy  range  2.25 t o  

1 5 . 0  MeV w i t h  good r e s o l u t i o n  and a c c u -  

r a c y .  The r e s u l t s  o f  t h i s  measurement 

a r e  c o n s i s t e n t  w i t h  r e c e n t  t h e o r e t i c a l  

c a l c u l a t i o n s  which assume cha rge  i n d e -  

pendence and d e r i v e  n - d  s c a t t e r i n g  

l e n g t h s  i n  agreement  w i t h  e x p e r i m e n t a l  

measurements .  

A method o f  o b t a i n i n g  h i g h l y  mono- 

ch roma t i c ,  r e p r o d u c i b l e  beams o f  s low 

n e u t r o n s  o r  X r a y s  a t  f i x e d  wavelength  

by means o f  c r y s t a l  d i f f r a c t i o n  i s  d e -  

s c r i b e d .  D e t a i l e d  computer c a l c u l a -  

t i o n s  have been c a r r i e d  o u t  t o  a s c e r -  

t a i n  p o t e n t i a l l y  u s e f u l  wavelengths  f o r  

a germanium monochromator.  

The a b s t r a c t  o f  a  r e p o r t  on t h e  S c a t -  

t e r i n g  Law f o r  n e u t r o n s  on H20 a t  9 5  O C  

i s  p r e s e n t e d .  





R E A C T O R  T H E O R Y  

EFFECTIVE CROSS SECTIONS F O R  RESONANCES IN H R G  - 

J .  L .  C a r t e r  

One o f  t h e  d i s t i n g u i s h i n g  f e a t u r e s  

o f  t h e  GAM-I c a l c u l a t i o n a l  scheme f o r  

d e t e r m i n i n g  t h e  energy  spec t rum o f  e p i -  

t he rma l  n e u t r o n s  i s  t h e  method o f  t r e a t -  

i n g  r e sonance  c o n t r i b u t i o n s  o f  t h e  p r i n -  

c i p a l  r e sonance  a b s o r b e r s .  The r e s o -  

nances  a r e  found and t h e s e  a r e  conve r t ed  

i n t o  e f f e c t i v e  f i n e  group c r o s s  s e c -  

t i o n s  by d i v i d i n g  by a  f i n e  energy  group  

f l u x .  G A M Y  and HRG u n t i l  r e c e n t l y ,  ha s  

used  a  1 / E  f l u x  f o r  t h i s  c o n v e r s i o n .  

T h i s  p rocedu re  has  n o t  c o r r e c t l y  a l lowed 

f o r  s p a t i a l  and ene rgy  s e l f  - s h i e l d i n g  

e f f e c t s .  A r e c e n t  r e v i s i o n  i n  HRG 

(Hanford - - Revised  Gam) has  mod i f i ed  t h i s  - 
o e f f  c a l c u l a t i o n  by u s i n g ,  i n s t e a d  o f  

t h e  1/E f l u x ,  an app rox ima t ion  t o  t h e  

f l u x  used  i n  t h e  r e s o n a n c e  i n t e g r a l  

c a l c u l a t i o n  i t s e l f .  I t  i s  a l s o  a s -  

sumed t h a t  unbroadened c r o s s  s e c t i o n s  

and t h e  Wigner r a t i o n a l  app rox ima t ion  

t o  t h e  c o l l i s i o n  p r o b a b i l i t y  cou ld  be 

u s e d .  The r e s u l t i n g  d i v i s o r  o f  t h e  

r e sonance  i n t e g r a l ,  i n s t e a d  o f  t h e  

v a l u e  0 . 2 5  p r e v i o u s l y  u s e d ,  becomes 

and o t h e r  q u a n t i t i e s  a s  d e f i n e d  i n  t h e  

GAM-I document,  GA-1850. 

Numerical  e v a l u a t i o n  o f  Equa t ion  (1 )  

i n  r e p r e s e n t a t i v e  c a s e s  o f  a  modera te  

c o n c e n t r a t i o n  o f  puZ40 g i v e s  a  r e v i s e d ,  

u e f f  f o r  t h e  s t r o n g  1 .056  eV r e sonance  

5 t o  1 0 %  l a r g e r  t h a n  t h e  u n r e v i s e d  

v a l u e  i n  a  u s u a l  homogenized c e l l  c a l -  

c u l a t i o n ,  and 20 t o  40% l a r g e r  i n  a  

o n e - r e g i o n  c a l c u l a t i o n  f o r  t h e  f u e l  r o d  

i t s e l f .  The accu racy  o f  t h e s e  c a l c u l a -  

t i o n s  was 0 .5  t o  1% and 3  t o  4 %  i n  t h e  

r e s p e c t i v e  c a s e s ,  when compared t o  a  

form o f  t h e  f l u x  i n t e g r a l  i n  which ex -  

a c t  c o l l i s i o n  p r o b a b i l i t i e s  and Doppler  

b roadened  c r o s s  s e c t i o n s  were u s e d .  

These comparisons show t h a t  t h e  HRG 

m o d i f i c a t i o n s  t o  oe f f  can  be a p p r e c i -  

a b l e  f o r  s t r o n g  r e sonances  and can  be 

c a l c u l a t e d  w i t h  a c c e p t a b l e  a c c u r a c y .  

The e f f e c t  o f  t h e  r e v i s e d  oe f f  on t h e  

n u c l e a r  p a r a m e t e r s  o f  t h e  c e l l  depends ,  

o f  c o u r s e ,  on t h e  f l u x  spec t rum.  S i n c e  

I N c e l l  b  
t h e  c o r r e c t i o n s  a r e  l a r g e s t  f o r  t h e  

dE 4 ( E )  = 0.25 - - 
N f u e l  ( b  + 1 )  ( 1  + c 2 )  

s t r o n g ,  low ene rgy  r e sonances  o f  i s o -  
n t o p e s  such  a s  u~~~ and t h e i r  

. [ 0 .25  + 2c t a n - 1  0 . 1 2 4 3 5 3 0 ~ 1  i n f l u e n c e  i s  s t r o n g e s t  f o r  t he rma l  o r  

n e a r  t he rma l  r e a c t o r s .  For such  r e a c -  ... (1)  
t o r s ,  c a l c u l a t e d  changes i n  r e a c t i v i t y  

0 
0 w i t h  b = N R o f  10 t o  15  mk a r e  t y p i c a l .  The r e v i -  

0 + a  
P  a. s i o n s  have a l s o  improved t h e  c o r r e l a -  

t i o n  between HRG c a l c u l a t i o n s  and 
- r a  0 
- - 0 

r 0 + oa. 
I  M H e l l s t r a n d ' s  e x p e r i m e n t a l  measurements 

m 
of  r e sonance  i n t e g r a l s .  



B N W  M A S T E R  C R O S S - S E C T I O N  L I B R A R Y  - S T A T U S  R E P O R T  

K .  B .  S t e w a r t  

S i n c e  t h e  BNW M a s t e r  L i b r a r y  (BNWL- 

CC-325) was l a s t  d e s c r i b e d  on Septem- 

b e r  1, 1 9 6 5 ,  a  d e s c r i p t i o n  o f  improve-  

ments  i n c o r p o r a t e d  i r l t o  t h e  l i b r a r y  

s y s t e m  d u r i n g  t h e  l a s t  y e a r  i s  a p p r o -  

p r i a t e .  I n  a d d i t i o n  t o  improvements 

i n  t h e  d a t a  f o r  numerous i s o t o p e s ,  

t h r e e  m a j o r  m o d i f i c a t i o n s  have  been  

made i n  t h e  l i b r a r y  s y s t e m  i t s e l f .  

The s y s t e m  m o d i f i c a t i o n s  a r e :  

D a t i n g  e a c h  r e c o r d  on  t h e  l i b r a r y  

t a p e  

S t o r i n g  r e s o n a n c e  p a r a m e t e r  t a b l e s  

i n  t h e  e v e n  numbered r e c o r d s  o f  

e a c h  i s o t o p e  i n s t e a d  o f  i n  t h e  

s e c o n d  r e c o r d  o f  t h e  l i b r a r y  t a p e  

w i t h  a l l o w a n c e  f o r  u s e  o f  bound 

s t a t e  r e s o n a n c e s  ( E  < 0 )  

Al lowing  Legendre  e x p a n s i o n  c o e f -  

f i c i e n t s  a t  e a c h  e n e r g y  p o i n t  

i n s t e a d  o f  t h e  p r e v i o u s  f i f t y  

p o i n t  l i m i t .  

A d d i t i o n a l  and  more a c c u r a t e  d a t a  

h a v e  been  i n c l u s e s  f o r  t h e  f o l l o w i n g  

i s o t o p e s :  

1. Carbon 1 2  

2 .  N i t r o g e n  14 

3.  Oxygen 16 

4 .  F l u o r i n e  19  

5 .  Sodium 23 

6 .  Aluminum 27 

7.  Chromium 52 

8 .  I r o n  54 ,  5 6 ,  5 7 ,  and  58 

9 .  N i c k e l  58 

1 0 .  Copper 63 and  65 

11. Indium 1 1 5  

1 2 .  Samarium 149  

1 3 .  Europium 1 5 1  and 1 5 3  

1 4 .  L u t e t i u m  175  and 176 

1 5 .  Gold 1 9 7  

1 6 .  Thorium 230 

1 7 .  Thorium 232 

1 8 .  P r o t a c t i n i u m  231 

1 9 .  P r o t a c t i n i u m  233 

20. Uranium 233 

2 1 .  Uranium 234 

2 2 .  Uranium 235 

23. Uranium 236 

24.  Uranium 238 

25. Neptunium 237 

26. P l u t o n i u m  239 

27.  P l u t o n i u m  240 

28.  P l u t o n i u m  241 

29.  P l u t o n i u m  242 

30. P l u t o n i u m  243 

31. P l u t o n i u m  244 

32. Americium 241 

A b r i e f  d e s c r i p t i o n  o f  t h e  c h a n g e s  

made t o  e a c h  o f  t h e  i s o t o p e s  a l o n g  

w i t h  a  l i s t i n g  o f  s o u r c e  r e f e r e n c e s  

w i l l  b e  p u b l i s h e d  s h o r t l y .  



T H E R M A L  REACTORS 

THERMALIZATION CALCULATIONAL STUDY 

COMPARISON O F  RESULTS OBTAINED USING T H E  R B U  M O N T E  C A R L O ,  

THERMOS, A N D  PROGRAM S-XI11 CODES 

D .  H .  Thomsen 

INTRODUCTION 

T h e r m a l i z a t i o n  c a l c u l a t i o n s  f o r  a  

s i m p l e  c e l l  w e r e  p e r f o r m e d  u s i n g  t h e  

RBU Monte C a r l o ,  ( I )  THERMOS, and 

Program S - X I I I  ( 3 )  c o d e s  a n d  t h e  r e s u l t s  

compared .  The p u r p o s e  o f  t h e  c o m p a r i -  

s o n  was t o  c h e c k  t h e  f o r m u l a t i o n  and 

n u m e r i c s  o f  t h e  RBU Monte C a r l o  t h e r -  

m a l i z a t i o n  r o u t i n e .  

SUMMARY 

The r e s u l t s  o b t a i n e d  f rom t h e  RBU 

Monte C a r l o  and  Program S-XI11  c o d e s  

a r e  i n  e x c e l l e n t  a g r e e m e n t .  The 

r e s u l t s  o b t a i n e d  f rom t h e  THERMOS c o d e  

do n o t  a g r e e  w i t h  t h e  RBU r e s u l t s .  The 

d i s c r e p a n c y  i s  a t t r i b u t e d  t o  t h e  i s o -  

t r o p i c  s c a t t e r i n g  1 i m i t a t i o n  i n  t h e  

THERMOS c o d e .  

ANALYSIS 

The p r o b l e m  was t o  compute  t h e  t h e r -  

m a l i z a t i o n  w i t h i n  a  two r e g i o n  c y l i n -  

d r i c a l  c e l l  c o n s i s t i n g  o f  a  b o r o n  

aluminum r o d  i n  l i g h t  w a t e r .  The ma- 

t e r i a l  c o m p o s i t i o n s  a n d  c e l l  d i m e n s i o n s  

a r e  g i v e n  i n  T a b l e  I .  The e n e r g y  r a n g e  

s t u d i e d  was f rom 0 . 0  t o  0 . 6 8 3  eV. The 

a n a l y s i s  w i t h  t h e  RBU Monte C a r l o  c o d e  

was b a s e d  upon t h e  f o l l o w i n g .  The s c a t -  

t e r i n g  model u s e d  f o r  a l l  m a t e r i a l s  was 

t h e  i d e a l  g a s  m o d e l .  M i r r o r  r e f l e c t i o n  

c e l l  b o u n d a r y  c o n d i t i o n s  w e r e  u s e d .  A 

1 . 0  eV m o n o e n e r g e n i c  i s o t r o p i c  s o u r c e  

was u s e d .  The s o u r c e  was s p a t i a l l y  

c o n s t a n t  i n  t.he w a t e r .  

The c o n d i t i o n s  on  t h e  p r o b l e m  s o l v e d  

u s i n g  t h e  THERMOS c o d e  w e r e  t h e  same 

w i t h  t h e  f o l l o w i n g  e x c e p t i o n s .  The 

s c a t t e r i n g  c r o s s  s e c t i o n s  and  t r a n s f e r  

k e r n e l  w e r e  c a l c u l a t e d  u s i n g  t h e  Brown 

S t .  J o h n  model o f  t h e  THERMOS c o d e .  

I n  t h e  THERMOS t r a n s p o r t  c a l c u l a t i o n  

s c a t t e r i n g  i s  t r e a t e d  i s o t r o p i c a l l y .  

The s o u r c e  o f  t h e r m a l  n e u t r o n s  was 

s p a t i a l l y  c o n s t a n t  i n  t h e  w a t e r  and 

t h e  e n e r g y  d i s t r i b u t i o n  was p r o p o r -  

t i o n a l  t o  t h e  w i d t h  o f  t h e  e n e r g y  g r o u p .  

T A B L E  I .  D e s c r i p t i o n  o f  Two R e g i o n  C y Z i n c r i c a Z  C e l l  S t u d i e d  

C r o s s  S e c t i o n ,  
b a r n  

R a d i u s ,  C o n c e n t r a t i o n ,  Mass ,  2200 
Reg ion  cm M a t e r i a l  ( s )  a t o m s / b a r n - c m  a . m . u .  'a ' f a  

1 0 .47245  Boron 8 .73058  x 4020 

Aluminum 5 . 3 2 6 5  x  l o - '  2  7  0 . 2 4 1  1 . 4 5  

2 1 . 5 2 4 2 7  Hydrogen 6 . 6 8 6  x  l o - '  1 0 . 3 3 2  2 0 . 3  

Oxygen 3 . 3 4 3  x 1 0 - '  1 6  0 .0002  3 . 7  



P r o g r a m  S-XI11  accommoda tes  b o t h  

z e r o t h  (Po)  a n d  f i r s t  moment ( P I )  s c a t -  

t e r i n g .  The  Po a n d  PI t o t a l  s c a t t e r i n g  

c r o s s  s e c t i o n s  a n d  t r a n s f e r  k e r n e l s  
w e r e  c a l c u l a t e d  u s i n g  t h e  IDEAL GAS ( 4 )  

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

s c a t t e r i n g  c r o s s  s e c t i o n  t h e  i n - g r o u p  

t r a n s f e r s  a ( i  + i )  w e r e  c a l c u l a t e d  b y  

t h e  e q u a t i o n ,  

a ( i  + i )  AEi = a  ( i )  -1 a ( i  + j )  AE..  
t 1 

j  
i f  j 

The  P1 k e r n e l  was  u s e d  o n l y  f o r  h y d r o -  

g e n .  The  o t h e r  c o n d i t i o n s  i n  t h e  p r o b -  

lem w e r e  t h e  same a s  u s e d  i n  THERMOS. 

O t h e r  d e t a i l s  o f  t h e  p r o b l e m  a r e  

u p  P rogram S - X I 1 1  c o n v e r g e n c e  t h r e e  

a x i a l  a n g l e s  w e r e  u s e d  f o r  t h e  f i r s t  

i t e r a t i o n s  a n d  t h e n  f i v e  a x i a l  a n g l e s  

w e r e  u s e d  i n  a  r e s t a r t  t o  o b t a i n  t h e  

f i n a l  v a l u e s .  

C O M P A R I S O N  

The q u a n t i t i e s  o b t a i n e d  f r o m  t h e  * 
c a l c u l a t i o n s  a r e  f l u x  a v e r a g e d  c r o s s  

s e c t i o n  v a l u e s  f o r  b o r o n  a b s o r p t i o n ,  
- B - H a  h y d r o g e n  a b s o r p t i o n ,  a a ,  a n d  h y d r o -  a  ' - H g e n  s c a t t e r i n g ,  a  a l o n g  w i t h  t h e  s ' 
f l u x  d i s a d v a n t a g e  f a c t o r ,  ( H 2 0 / ( B ,  

( t h e  r a t i o  o f  t h e  a v e r a g e  f l u x  i n  t h e  

w a t e r  t o  t h e  a v e r a g e  f l u x  i n  t h e  b o r o n  

r o d ) .  A s t a t i s t i c a l  a n a l y s i s  was made 
g i v e n  i n  T a b l e  I 1  f o r  e a c h  c o d e .  The  - B  - H  o n  t h e  v a l u e s  o f  a a ,  a a ,  a n d  ( H 2 0 / ( B  
s p a c e  p o i n t s  i n  P rogram S - X I 1 1  w e r e  - 
d i s t r i b u t e d  a t  c l o s e r  i n t e r v a l s  n e a r  f o r  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  RBU 

t h e  i n t e r f a c e  o f  t h e  two r e g i o n s  w h i l e  Monte C a r l o  Code.  A l l  r e s u l t s  a r e  

t h e  THERMOS c a l c u l a t i o n  u s e d  a  u n i f o r m  in ' I 1 '  

s p a t i a l  mesh i n  e a c h  r e g i o n .  To s p e e d  

* , = Ja;;wE:(;; dE 

TABLE I I .  C o m p a r i s o n  o f  Prob lem I n p u t  f o r  R B U ,  Program S and Thermos  

RBU P rogram S  THERMOS 

T o t a l  Numbers o f  E n e r g i e s  6  3  3 0  3  0  

Number o f  E n e r g i e s  Below 0 . 6 8 3  eV 58 3  0  3  0  

Number o f  S p a c e  P o i n t s  i n  Boron  Rod 1 5  7  

Number o f  S p a c e  P o i n t s  i n  Wate r  1 4  1 3  

Number o f  P o l a r  A n g l e s  2 

Number o f  A x i a l  A n g l e s  3  o r  5  

TABLE I I I .  

C a s e  
-Hydrogen  -Hydrogen  -Boron  
s a  'a ' ~ ~ 0 / ' ~ o r o n  Rod 

- 

1. RBU Monte  C a r l o  2 7 . 4 3  0 . 2 6 2 5  + 0 . 0 0 0 9  2613 * 1 4  2 .684 * 0 . 0 3 4  

2 .  THERMOS, F l a t  S o u r c e  2 7 . 5 7  0 . 2 6 5 7  2615 2 . 9 6 4  

3 .  S n ,  P1 ,  F l a t  S o u r c e  27 .49  0 . 2 6 3 8  2611 2 . 6 0 9  

4 .  S n ,  No P1 ,  F l a t  S o u r c e  2 7 . 5 3  0 . 2 6 5 0  2605 2 . 9 3  

5 .  THERMOS, N o n f l a t  S o u r c e  27 .57  0 .2657  2623 2 . 9 8 7  



Comparison o f  Cases  1 and 2 shows 

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

u s i n g  THERMOS a r e  w i t h i n  1 . 2 %  o f  t h o s e  

c a l c u l a t e d  u s i n g  RBU w h i l e  t h e  f l u x  

d i s a d v a n t a g e  f a c t o r  d i f f e r s  by 1 2 % .  

These r e s u l t s  a r e  n o t  c l o s e  enough t o  

p r o v i d e  an a d e q u a t e  check  f o r  t h e  RBU 

Monte C a r l o  c a l c u l a t i o n .  Comparing 

Cases  1 and 3 shows t h a t  t h e  c r o s s  s e c -  

t i o n s  c a l c u l a t e d  us  i n g  Program S-XI11 

a r e  w i t h i n  0 . 5 %  o f  t h e  RBU Monte C a r l o  

v a l u e s  and  t h e  d i s a d v a n t a g e  f a c t o r  

d i f f e r s  by 2 . 9 % .  These  r e s u l t s  a r e  

i n  s a t i s f a c t o r y  a g r e e m e n t .  

To c h e c k  t h e  v a l i d i t y  o f  t h e  P r o -  

gram S  r e s u l t s ,  two a d d i t i o n a l  c a l -  

c u l a t i o n s  were made. The f i r s t  c a l -  

C O N C L U S I O N  

The c o m p a r i s o n  o f  t h e  r e s u l t s  from 

RBU and Program S-XI11 show t h a t  t h e  

RBU Monte C a r l o  i d e a l  g a s  r o u t i n e  i s  

b o t h  f o r m u l a t e d  c o r r e c t l y  and f r e e  

f rom d e t e c t a b l e  n u m e r i c a l  e r r o r .  I t  

s h o u l d  be s a f e  t o  u s e  RBU f o r  s i m i l a r  

c a l c u l a t i o n s  w i t h  c o n f i d e n c e  i n  i t s  

r e l i a b i l i t y .  

The i d e a l  g a s  model was u s e d  f o r  

t h e s e  c a l c u l a t i o n s .  A method o f  t r e a t -  

i n g  t h e  s c a t t e r i n g  i n  w a t e r  more a c c u -  

r a t e l y  i s  n e e d e d .  One a p p r o x i m a t e  

method w i l l  be t r i e d  w i t h  a  s i m i l a r  

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

R E F E R E N C E S  

c u l a t i o n  was made u s i n g  Program S  I .  J. I?. T r i p p l e t ,  E .  T .  M e r r i l l ,  and  
J .  R.  E r r .  T h e  RBU R e a c t o r - B u r n u p  

w i t h  i s o t r o p i c  s c a t t e r i n g  o n l y .  Code:  F o r m u l a t i o n  and O p e r a t i n g  

The compar i son  o f  r e s u l t s  f o r  P r o c e d u r e s ,  HK-70049, G e n e r a l  
E l e c t r i c  Company, R i c h l a n d ,  

Cases  2 a n d  4 shows t h a t  when g i v e n  W a s h i n g t o n .  J u l y  1961 .  

t h e  same i n p u t  Program S  and THERMOS 

g i v e  n e a r l y  t h e  same a n s w e r s .  

The o t h e r  c a l c u l a t i o n  was made 

u s i n g  THERMOS. The s o u r c e  i n  t h e  

RBU c a l c u l a t i o n  was n o t  s p a t i a l l y  c o n -  

s t a n t  below 0 .683  eV and t o  s e e  t h e  

e f f e c t  o f  t h i s  THEKMOS was u s e d  w i t h  

a  s p a c e  d e p e n d e n t  s o u r c e .  The s p a c e  

dependence  was o b t a i n e d  by u s i n g  t h e  

Program S  f l u x e s  f o r  t h e  h i g h e s t  en-  

e r g y  g r o u p .  Comparing t h e  r e s u l t s  o f  

t h e s e  c a l c u l a t i o n s ,  Cases  2 and 5 i n  

T a b l e  1 1 1 ,  shows t h a t  t h e r e  i s  a  0 . 8 %  

e f f e c t  i n  t h e  d i s a d v a n t a g e  f a c t o r  due  

t o  t h e  s p a c e  dependence  o f  t h e  s o u r c e .  

I f  t h e  c o r r e c t i o n  i n d i c a t e d  by t h e  

THERMOS r u n  due  t o  t h e  s o u r c e  i s  

a p p l i e d  t o  t h e  Program S  v a l u e  f o r  t h e  

d i s a d v a n t a g e  f a c t o r  t h e  v a l u e  becomes 

2.629.  

H .  C .  Honeck .  THERMOS, A T h e r m a l i -  
z a t i o n  T r a n s p o r t  T h e o r y  Code f o r  
R e a c t o r  L a t t i c e  C a l c u Z a t i o n s ,  
n*,? r ; 8 2 6 ,  Brookhaaen  N a t i o n a l  Lab- 
o r a t o r y ,  a l s o  J .  R.  Worden,  
W. L. P u r c e Z l ,  and  R. C .  L i i k a l a ,  
" M o d i f i c a t i o n s  t o  t h e  Compu ter  Code,  
THERMOS and C o m p a r a t i v e  S t u d i e s  o n  
S c a t t e r i n g  K e r n e l s ,  " P h ~ s i c s  Re- 
s e a r c h  Q u a r t e r l y  R e p o r t ,  Ju  l y ,  
A u g u s t ,  S e p t e m b e r ,  1 9 6 5 ,  BNWL-193, 
pp .  5 - 1 5 .  O c t o b e r  1 5 ,  1 9 6 5 .  

3 .  B .  H .  Duane. N e u t r o n  and P h o t o n  
T r a n s p o r t  P l a n e - C y l i n d e r - S p h e r e  
GE-AfVPD Program S  V a r i a t i o n a l  O p t i -  
mum F o r m u l a t i o n ,  X D C  5 9 - 9 - 1 1 8 .  
J a n u a r y  9 ,  1 9 5 9 .  

4 .  D .  R .  S k e e n .  I d e a l  Gas Program,  
H W -  7 6 9 4 5 ,  G e n e r a l  E l e c t r i c  
Company,  R i c h  l a n d ,  W a s h i n g t o n .  
March 1 4 ,  1 9 6 3 .  



C R I T I C A L  E X P E R I M E N T S  W I T H  P U O ~ - U O ~  F U E L  R O D S  

V .  0 .  Uot inen  and L .  D .  W i l l i a m s  

C r i t i c a l  e x p e r i m e n t s  a r e  b e i n g  c o n -  

d u c t e d  i n  t h e  PRCF u s i n g  H20 m o d e r a t o r  

and  1 / 2  i n .  diam 2  w t %  Pu02-U02 f u e l  

r o d s .  C r i t i c a l i t y  h a s  been  a c h i e v e d  

w i t h  a  t w o - z o n e  l o a d i n g  i n  which t h e  

i n n e r  zone c o n t a i n e d  p l u t o n i u m  w i t h  

24 w t %  ~ u ~ ~ ~  a n d  t h e  o u t e r  zone con-  
24 0  

t a i n e d  p l u t o n i u m  w i t h  1 6  w t %  Pu . 
The i n n e r  zone c o n t a i n e d  1 2 1  r o d s  and  

t h e  t o t a l  number o f  r o d s  r e q u i r e d  f o r  

c r i t i c a l i t y  was 3 5 3 . 4 .  

The d a t a  o b t a i n e d  i n  t h e  s i n g l e -  

zone l o a d i n g  o f  24 w t %  p u Z 4 0  r o d s  i s  

b e i n g  a n a l y z e d .  C o s i n e  f u n c t i o n s  h a v e  

b e e n  f i t t e d  t o  a x i a l  c o p p e r  a c t i v a t i o n  

d a t a  u s i n g  p rogram G L E X .  The f u n c t i o n  

t h a t  b e s t  f i t s  t h e  e x p e r i m e n t a l  p o i n t s  

i s  4 = A c o s  0 . 0 7 7 2 0  (H - 1 7 . 3 0 ) ,  where  

4 i s  t h e  f l u x  and  H i s  t h e  h e i g h t  meas -  

u r e d  f rom t h e  b o t t o m  of  t h e  f u e l .  The 

a x i a l  b u c k l i n g  a s  d e t e r m i n e d  f rom t h i s  

f i t  i s  ( 9 . 2 4  2 0 . 2 8 )  x  1 0  - 4  cm-2 , and  

t h e  r e f l e c t o r  s a v i n g s  i s  6 . 0  cm. Da ta  

f rom s p a t i a l  s c a n s  o f  t h e  gamma r a y  

a c t i v i t y  f rom f u e l  r o d s  a r e  b e i n g  a n a -  

l y z e d  i n  t h e  same way. A p r e l i m i n a r y  

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

a  v a l u e  o f  a135 f o r  t h e  q u a n t i t y  B / e ;  

a  c a l c u l a t i o n  u s i n g  t h e  t r a n s p o r t  

t h e o r y  c o d e  Program S p r e d i c t e d  a  v a l u e  

o f  1 2 7 .  M o d e r a t o r  l e v e l  c o e f f i c i e n t s  

2  o f  4 0 . 5  cm . Dysprosium a c t i v a t i o n  

d a t a  h a v e  been  a n a l y z e d  t o  g i v e  r e l a -  

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

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

t h e  c e n t r a l  l a t t i c e  p o s i t i o n .  The r e -  

s u l t s  a r e  shown i n  F i g u r e  1.  

o f  r e a c t i v i t y  have been  a n a l y z e d  a n d  a  FIGURE I .  D y - A c t i v a t i o n ,  2 4  w t %  Pu 
2 4 0  

v a l u e  o f  44 2 11 cm2 i s  deduced  f o r  Fuel Rods w i t h  V a r i o u s  M a t e r i a l s  

the  m i g r a t i o n  a r e a ;  a d i f f u s i o n - t h e o r y  Occupying t h e  C e n t r a l  L a t t i c e  P o s i t i o n  
 he r a d i u s  was measured a l o n g  p a t h  A 

c a l c u l a t i o n  u s i n g  HFN p r e d i c t e d  a  v a l u e  ( s e e  i n s e r t )  from c e n t e r  r o d . ]  



R E S U L T S  O F  T H E R M A L 1  Z A T I O N  C A L C U L A T I O N S  

FOR P U O ~ - U O ~ - H ~ O  L A T T I C E S  

R .  C. L i i k a l a  a n d  W .  L .  P u r c e l l  

I N T R O D U C T I O N  

E a r l i e r  r e p o r t s  on t h e o r e t i c a l  t h e r -  

m a l i z a t i o n  i n  p l u t o n i u m  l i g h t  w a t e r  

s y s t e m s  gave  r e s u l t s  compar ing ;  v a r i o u s  

s p e c t r a l  models  f o r  H20 ( l j 2 )  a n d ,  

methods o f  o b t a i n i n g  l a t t i c e  c o n s t a n t s  
( 3 )  f o r  t h e  homogenized u n i t  l a t t i c e  c e l l  . 

The THERMOS c o d e ( 4 )  was u s e d  e x t e n s i v e l y  

i n  t h e  l a t t e r  s t u d y .  Assumpt ions  were  

made i n  t h e  THERMOS prob lems  i n  t h i s  

s t u d y .  S p e c i f i c a l l y ,  we assumed t h a t  

t h e  1 . 0 5 6  eV r e s o n a n c e  o f  ~ u ~ ~ ~  d i d  n o t  

e f f e c t  t h e  t h e r m a l  f l u x  s h a p e s  i n  t h e  

l a t t i c e  c e l l .  I n  a d d i t i o n ,  t h e  THERMOS 

code  h a s  some i n h e r e n t  a p p r o x i m a t i o n s  

b u i l t  i n t o  i t ,  n a m e l y ,  t h e  b i r t h  r a t e  

d e n s i t y  i s  i s o t r o p i c  and  t h e  r e f l e c t i n g  

boundary  c o n d i t i o n  on a  c y l i n d r i c a l  c e l l .  

The p u r p o s e  of  t h i s  s t u d y  i s  t o  i n v e s t i -  

g a t e  what  e f f e c t s  t h e s e  a p p r o x i m a t i o n s  

h a v e  on t h e  r e s u l t s  ( t h e r m a l  l a t t i c e  

p a r a m e t e r s )  f o r  t h e  l a t t i c e s  c o v e r e d  i n  

t h e  p r e v i o u s  s t u d y ( 3 )  a s  w e l l  a s  f o r  

o t h e r  Pu02-U02-H20 l a t t i c e s .  

L A T T I C E S  

The l a t t i c e s  i n v e s t i g a t e d  a r e  s y s t e m s  

f o r  which  c r i t i c a l  masses  and b u c k l i n g s  

h a v e  been  e x p e r i m e n t a l l y  d e t e r -  

mined .  ( 6 , 7 , 8 i  The f u e l  i s  Pu02-U02 c l a d  

w i t h  z i r c a l o y  t u b i n g  a t  e n r i c h m e n t s  o f  

1 . 5  w t %  PuO, i n  d e p l e t e d  UO, (EBWR 
L - 

FUEL), ( 6 )  2:0 w t %  Pu02 i n  n a t u r a l  U02 , (7 )  

and 6 . 6  w t %  Pu02 i n  n a t u r a l  U02(SAXTON 

 FUEL).(^) The 1 . 5  and 2 .0  w t %  Pu02-  

U02 f u e l e d  e x p e r i m e n t s  a r e  u n i f o r m  

a r r a y s  o f  r o d s  i n  a  h e x a g o n a l  p a t t e r n .  

The e x p e r i m e n t s  u s i n g  6 . 6  w t %  Pu02-U02 

a r e  u n i f o r m  s q u a r e  a r r a y s  o f  r o d s .  Each 

s e t  o f  e x p e r i m e n t s  c o v e r s  a  wide r a n g e  

of  m o d e r a t o r  t o  f u e l  volume r a t i o s .  The 

puZ4'  c o n c e n t r a t i o n  i s  n e a r  8  a t . %  f o r  

t h e  1 . 5  and  6 . 6  w t %  Pu02-U02 f u e l e d  e x -  

p e r i m e n t s .  The 2 .0  w t %  Pu02-U02 f u e l e d  

e x p e r i m e n t s  have  e i t h e r  b8 ,  1 6 ,  o r  24 

a t .% puZ4O. D e t a i l s  o f  t h e  e x p e r i m e n t s  

a r e  g i v e n  e l s e w h e r e .  ( 6 y 7 3 8 ) .  From t h i s  

wide  r a n g e  o f  r e a c t o r  s y s t e m s ,  a p p r o -  

p r i a t e  c a s e s  were  s e l e c t e d  t o  i l l u s t r a t e  

t h e  p o i n t s  i n  q u e s t i o n .  

We s h a l l  d i s c u s s  t h e  r e s u l t s  i n  t e r m s  

o f  t h e  e f f e c t s  t h e  a p p r o x i m a t i o n s  have  

on t h e  f a m i l i a r  t h e r m a l  l a t t i c e  p a r a -  

m e t e r s ,  

d i s a d v a n t a g e  f a c t o r ,  $Mod/  JFue l  

t h e r m a l  u t i l i z a t i o n ,  f ( f u e 1  a b s o r p -  

t i o n s / c e l l  a b s o r p t i o r l s )  
- 

t h e r m a l  r e p r o d u c t i o n  f a c t o r .  r- 
f i s s i o n  n k u t r o n s  p r o d u c e d  e 

( c e l l  a b s o r p t i o n s  1 
r e a c t i v i t y ,  n f .  

A P P R O X I M A T I O N S -  

The THERMOS code  f o r  c y l i n d r i c a l  

c e l l s  i n  u s e  a t  P a c i f i c  Nor thwes t  

L a b o r a t o r y  (PNL) i s  l i m i t e d  t o  i s o t r o p i c  

s c a t t e r i n g .  A l s o ,  t h e  code  h a s  c e r t a i n  

r e s t r i c t i o n s  a s  t o  t h e  boundary  c o n d i -  

t i o n s  which  a r e  a p p l i e d  t o  t h e  o u t e r  

edge  o f  a  u n i t  l a t t i c e  c e l l .  Honeck 

h a s  i n v e s t i g a t e d  t h e  e f f e c t s  t h e s e  

r e s t r i c t i o n s  have upon comput ing  t h e r m a l  

u t i l i z a t i o n s  and d i s a d v a n t a g e  f a c t o r s  

f o r  u r a n i u m / w a t e r  l a t t i c e s .  ('1 AS a  

r e s u l t ,  he  h a s  d e v i s e d  some a p p r o x i m a t e  

c o r r e c t i o n s  f o r  b o t h  t h e  i s o t r o p i c  

s c a t t e r i n g  and boundary  c o n d i t i o n  l i m i -  

t a t i o n s .  



I n  t h e  same m a n n e r ,  t h e  s o u r c e  t e r m  

i n  t h e  THERMOS c o d e  assumes  t h e  e n e r g y  

v a r i a t i o n  o f  t h e  n e u t r o n  f l u x  j u s t  above  

t h e  h i g h e s t  e n e r g y  p o i n t  i n  t h e  p r o b l e m  

i s  1 /E  ( i  . e . ,  c o n s t a n t  i n  l e t h a r g y )  . 
As s t a t e d  a b o v e ,  t h e  THERMOS c o d e  (4 

was u t i l i z e d  i n  a  p r e v i o u s  s t u d y  o f  

c e l l  h o m o g e n i z a t i o n .  These  THERMOS 

p r o b l e m s  assumed t h e  h i g h e s t  e n e r g y  

p o i n t  a s  0 . 6 8 3  eV. I n  l a t t i c e s  f u e l e d  

w i t h  p l u t o n i u m ,  t h e  p r e s e n c e  o f  Pu 
240 

w i t h  i t s  g i a n t  r e s o n a n c e  a t  a1 eV may 

p e r t u r b  t h e  n e u t r o n  f l u x  s u c h  t h a t  t h e  

e n e r g y  v a r i a t i o n  j u s t  above  0 . 6 8 3  eV i s  

n o t  1 / E .  The e x p a n d e d  v e r s i o n  o f  t h e  

THERMOS code i n  u s e  a t  PNL( ' )  e n a b l e s  

a v o i d i n g  t h i s  p r o b l e m  o f  t h e  puZ4O p e r -  

t u r b i n g  t h e  s o u r c e  t e r m .  

The a p p r o x i m a t e  c o r r e c t i o n s  d e v i s e d  

by Honeck t o  i n c l u d e  a n i s o t r o p i c  

s c a t t e r i n g  a n d  t o  o b t a i n  t h e  e x a c t  

b o u n d a r y  c o n d i t i o n s  were  u s e d  i n  THERMOS 

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

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  

compared t o  t h o s e  o b t a i n e d  when t h e s e  

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

R e s u l t s  o f  THERMOS p r o b l e m s  f o r  c a s e s  

i n  which  t h e  puZ4O r e s o n a n c e  i s  i n c l u d e d  

i n  t h e  t h e r m a l i z a t i o n  c a l c u l a t i o n  a r e  

compared t o  t h o s e  c a s e s  where  i t  i s  

n e g l e c t e d .  

R E S U L T S  

C o r r e c t i o n s  f o r  A n i s o t r o p y  

The THERMOS c o d e  assumes  t h a t  t h e  

n e u t r o n  b i r t h  r a t e  d e n s i t y  i s  i s o t r o p i c .  

I f  t h e  g r a d i e n t s  o f  t h e  f l u x  i n  t h e  

l a t t i c e  c e l l  a r e  l a r g e ,  t h e n  i t  m i g h t  

be  e x p e c t e d  t h a t  n e g l e c t i n g  a n i s o t r o p i c  

s c a t t e r i n g  e f f e c t s  would l e a d  t o  s i g n i -  

f i c a n t  e r r o r s .  ~ o n e c k " )  d e v i s e d  a n  

a p p r o x i m a t e  c o r r e c t i o n  t o  be made i n  

g e n e r a t i n g  t h e  N e l k i n  ( l o )  s c a t t e r i n g  

k e r n e l  f o r  H20 t o  a c c o u n t  f o r  a n i s o -  

t r o p h y  by s u b s t i t u t i n g  t h e  t r a n s p o r t  

c r o s s  s e c t i o n  f o r  t h e  t o t a l  s c a t t e r i n g  

c r o s s  s e c t i o n .  

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

r a t e s  f o r  t h e r m a l  n e u t r o n s  i n  t h e  

Pu02-U02-H20  c e l l s  were  made u s i n g  t h e  

THERMOS c o d e .  The e n e r g y  r a n g e  f r o m  

0 . 0  t o  0 . 6 8 3  eV was s p a n n e d  w i t h  30 

g r o u p s .  The N e l k i n  s c a t t e r i n g  k e r n e l  

f o r  H20 was u s e d .  The B r o w n - S t .  J o h n  

s c a t t e r i n g  model was u s e d  f o r  a l l  o t h e r  

c e l l  m a t e r i a l s .  R e f l e c t i n g  c e l l  bound-  

c o n d i t i o n s  were  as sumed .  Twenty s p a c e  

p o i n t s  were  employed i n  t h e  t h r e e  r e g i o n  

u n i t  l a t t i c e  c e l l  c o n s i s t i n g  o f  f u e l ,  

c l a d ,  and m o d e r a t o r .  The r e s u l t s  o f  t h e  

c a l c u l a t i o n s  w h i c h  i n c l u d e d  t h e  " t r a n s -  

p o r t  c o r r e c t i o n "  t o  a c c o u n t  f o r  a n i s o -  

t r o p i c  s c a t t e r i n g  a r e  compared i n  

T a b l e  I t o  t h e  r e s u l t s  o b t a i n e d  assum-  

i n g  o n l y  i s o t r o p i c  s c a t t e r i n g .  

I n  g e n e r a l ,  t h e  r e l a t i v e  d i f f e r e n c e s  
- 

i n  t h e  t h e r m a l  l a t t i c e  p a r a m e t e r s ,  q ,  

a n d  f ,  a r e  s m a l l  w i t h  a  few e x c e p t i o n s .  

A s i z e a b l e *  d i s c r e p a n c y  i n  f i s  shown 

f o r  t h e  l o o s e  l a t t i c e s  f u e l e d  w i t h  2 . 0 ,  

and  6 . 0  wt5 Pu02-U02 .  The d i s c r e p a n c y  

i n  f  i s  n o t  s t r i c t l y  a  f u n c t i o n  o f  

e i t h e r  m o d e r a t o r  t o  f u e l  volume r a t i o  

o r  h y d r o g e n  t o  p l u t o n i u m  atom r a t i o .  

The l a r g e s t  d i f f e r e n c e  i n  f  i s  f o r  t h e  

2 w t ?  Pu02-U02-H 0  l a t t i c e  w h i c h  h a s  a  2  
m o d e r a t o r - t o - f u e l  volume r a t i o  o f  0 . 8 5 .  

The mos t  open l a t t i c e  o f  t h e  6 . 6  w t %  

Pu02-U02-H,O s y s t e m  h a s  a  l a r g e r  moder -  
L 

a t o r  t o  f u e l  volume r a t i o  and  t h e  d i f f e r -  

e n c e  i n  f  i s  s m a l l e r .  L i k e w i s e ,  two 

s y s t e m s  which  h a v e  a p p r o x i m a t e l y  t h e  

* A  p r i o r i  we d e s i g n a t e  s i z e a b t e  
e r r o r s  a s  t h o s e  1 %  o r  L a r g e r .  



TABLE I .  The E f f e c t  o f  N e g l e c t i n g  A n i s o t r o p y  i n  Comput ing Thermal  
L a t t i c e  P a r a m e t e r s  

Fue 1 'Mod/'~ue 1 

1 . 5  w t %  Pu02-U02 1 . 1 0  
2 . 7 1  
5 . 5 8  

2 . 0  w t %  Pu02-U02 0 .614  
1 . 4 9  
2 . 4 5  
4 .35  
6 . 9 7  
9 . 8 5  

6 . 6  w t %  Pu02-U02 1 . 6 8  
4 .  70 

1 0 . 8  

H/Pu 
(Atom) 

2  30 
56 7  

1169 

9 8  
237 
390 
6  9  2  

1110 
1567 

7  6  
211  
486 

P e r c e n t  Change i n  L a t t i c e  P a r a m e t e r *  
( I s o t r o p i c  S c a t t e r i n g / A n i s o t r o p i c  

S c a t t e r i n g )  

f  
* e ' g '  , isotropic/ A n i s o t r o p i c  C o r r e c t i o n  

x  1 0 0 .  

same H/Pu a tom r a t i o  do n o t  h a v e  d i f f e r -  

e n c e s  i n  f  which  a r e  e q u i v a l e n t  ( e  . g .  

t h e  1 . 5  w t %  l a t t i c e  o f  H/Pu = 1169 and  

t h e  2 . 0  w t %  l a t t i c e  o f  H/Pu = 1 1 1 0 ) .  

To what  e x t e n t  t h e  d i f f e r e n c e s  i n  t h e  

d i s a d v a n t a g e  f a c t o r ,  e f f e c t  

f  i s  a l s o  shown t o  be l a t t i c e  s p a c i n g  

d e p e n d e n t .  For  t h e  same s i z e  d i s c r e p -  

ancy i n  ~ J ~ ~ ~ / & ~ ~ ~ ~ J  t h e  p e r t u r b a t i o n  
o f  t h i s  d i f f e r e n c e  i n  f i s  l a r g e r  f o r  

l o o s e  l a t t i c e s  t h a n  f o r  t i g h t  l a t t i c e s .  

I f  t h e  " t r a n s p o r t  c o r r e c t i o n "  does  

a c c u r a t e l y  a c c o u n t  f o r  t h e  l i n e a r  a n i s o -  

t r o p i c  s c a t t e r i n g  i n  t h e  l a t t i c e  c e l l ,  

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

upon n e g l e c t i n g  a n i s o t r o p y  i n  t h e  

s c a t t e r i n g  

s i z e a b l e  e r r o r s  i n  c o m p u t i n g  s p a t i a l  

f l u x  v a r i a t i o n s  w i l l  r e s u l t  

s i z e a b l e  e r r o r s  i n  comput ing  t h e  

t h e r m a l  u t i l i z a t i o n  f  a n d  t h e  r e a c -  
- 

t i v i t y ,  q f  f o r  l o o s e  l a t t i c e s  w i l l  

r e s u l t .  

The r e s u l t s  o f  a  r e c e n t  s t u d y  by 

T a k a h a s h i  (11) c o n c e r n i n g  t h i s  p r o b l e m  

o f  a n i s o t r o p i c  s c a t t e r i n g  i n d i c a t e s  

t h i s  " t r a n s p o r t  c o r r e c t i o n "  t o  b e  q u i t e  

a c c u r a t e .  

C y l i n d r i c a l  C e l l  Boundary C o n d i t i o n s  

The r o d s  i n  t h e  l a t t i c e s  a r e  i n  

e i t h e r  r e g u l a r  t r i a n g u l a r  a r r a y s  o r  

s q u a r e  a r r a y s .  The u s u a l  p r o c e d u r e  

u t i l i z e d  i n  d e f i n i n g  t h e  u n i t  l a t t i c e  

c e l l  i s  t o  assume t h e  c e l l  i s  c y l i n d r i -  

c a l  (commonly r e f e r r e d  t o  a s  a  Wigner -  

S e i t z  c e l l )  and p r e s e r v e  t h e  m a t e r i a l  

c o n c e n t r a t i o n s .  Moreover ,  t h e  n e u t r o n s  

r e a c h i n g  t h e  e d g e  o f  t h i s  c y l . i n d r i c a 1  

c e l l  a r e  u s u a l l y  assumed t o  r e f l e c t  

f rom t h i s  b o u n d a r y .  Numerous a u t h o r s  

h a v e  shown t h e s e  a p p r o x i m a t i o n s  f r e -  

q u e n t l y  l e a d  t o  e r r o r s ,  e s p e c i a l l y  f o r  

c l o s e  p a c k e d  l a t t i c e s .  ~ o n e c k " )  h a s  

g i v e n  a  method o f  s i m u l a t i n g  a  boundary  

c o n d i t i o n  i n  one  d i m e n s i o n a l  THERMOS 

p r o b l e m s  which  r e s u l t s  i n  m a t c h i n g  t h e  

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

u s i n g  a  two d i m e n s i o n a l  THERMOS code f o r  

U/H20 l a t t i c e s .  The b o u n d a r y  c o n d i t i o n  



i m u l a t e d  i s  one  which  r e t u r n s  a l l  

. e u t r o n s  i n c i d e n t  on t h e  c e l l  boundary  

i n  a n  i s o t r o p i c  d i s t r i b u t i o n .  To s i m u -  

l a t e  t h i s  i s o t r o p i c  boundary  c o n d i t i o n  

r e q u i r e s  s u r r o u n d i n g  t h e  one  d i m e n s i o n a l  

c e l l  w i t h  a  t h i c k  (2 mean f r e e  p a t h s  o r  

g r e a t e r ) ,  heavy  m a s s ,  p u r e  s c a t t e r i n g  

r e g i o n .  The n e t  e f f e c t  i s  o n l y  t h e  

a n g u l a r  d i s t r i b u t i o n  o f  n e u t r o n s  

r e t u r n i n g  f r o m  t h i s  b o u n d a r y  a r e  a l t e r e d  

i n  t h e  p r o b l e m .  

U n i t  c e l l  c a l c u l a t i o n s  u s i n g  t h e  

THERMOS c o d e  w e r e  made a p p l y i n g  t h i s  

i s o t r o p i c  boundary  c o n d i t i o n .  Two c a l -  

c u l a t i o n s  f o r  e a c h  l a t t i c e  c e l l  c o n s i -  

d e r e d  w e r e  made u s i n g  t h i s  boundary  

c o n d i t i o n .  One c a l c u l a t i o n  i n c l u d e d  

t h e  " t r a n s p o r t  c o r r e c t i o n "  t o  t h e  H20 

s c a t t e r i n g  k e r n e l  ( N e l k i n )  and t h e  

o t h e r  n e g l e c t e d  t h i s  c o r r e c t i o n  f o r  

a n i s o t r o p y .  The r e s u l t s  a r e  compared 

i n  T a b l e  I 1  t o  t h o s e  i n  which r e f l e c t i n g  

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

The d i f f e r e n c e  i n  d i s a d v a n t a g e  

f a c t o r  i s  l a r g e s t  f o r  t h e  6 . 6  w t %  P u 0 2 -  

U02 s y s t e m .  The d i f f e r e n c e s  i n  

1 '5iod F u e l  
a r e  a l s o  l a t t i c e  s p a c i n g  

d e p e n d e n t .  A s  e x p e c t e d ,  t h e  e f f e c t  i s  

l a r g e s t  f o r  t h e  t i g h t e r  l a t t i c e  shown 

i n  t h e  r e s u l t s  f o r  t h e  2  w t %  Pu02-U02 

s y s t e m s .  The e f f e c t  o f  t h e  b o u n d a r y  

c o n d i t i o n s  i n  t h e  r e a c t i v i t y  Tf a r e  

s m a l l  b e c a u s e  t h e  e f f e c t s  i n  and  f  

c o m p e n s a t e .  However,  a n  i n t e r p l a y  

b e t w e e n  t h e  c o r r e c t i o n  f o r  a n i s o t r o p y  

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

shown. The d i f f e r e n c e s  i n  a l l  t h e r m a l  

l a t t i c e  p a r a m e t e r s  d u e  t o  t h e  b o u n d a r y  

c o n d i t i o n  c o r r e c t i o n  i s  l a r g e r  when t h e  

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

Thus ,  i f  s u r r o u n d i n g  t h e  l a t t i c e  

c e l l  by a  s o u r c e  f r e e ,  t h i c k ,  p u r e  

s c a t t e r  r e g i o n  r e p r e s e n t s  a n  a c c u r a t e  

c o r r e c t i o n  t o  t h e  b o u n d a r y  c o n d i t i o n ,  

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

upon n e g l e c t i n g  t h i s  c o r r e c t i o n ,  

s i z e a b l e  e r r o r s  i n  c o m p u t i n g  t h e  

s p a c i a l  f l u x  v a r i a t i o n s  w i l l  r e s u l t  

n e g l i g i b l e  e r r o r s  i n  t h e  computed 

r e a c t i v i t y  o c c u r s  o n l y  b e c a u s e  t h e  
- 

e r r o r s  i n  n and  f c o m p e n s a t e .  

TABLE I I .  Compar i son  o f  Computed Thermal  N e u t r o n  L a t t i c e  P a r a m e t e r s  
U s i n g  D i f f e r e n t  C e l l  Boundary  C o n d i t i o n s  

P e r c e n t  Change i n  L a t t i c e  P a r a m e t e r *  
( I s o t r o p i c  B o u n d a r y / R e f l e c t i n g  

Boundary)  
A n i s o t r o p i c  - - - 

Fue 1 V ~ o d / V ~ u e l  C o r r e c t i o n  @ ~ o d / ~ F u e l  f  n f  - - -  
1 . 5  w t %  Pu02-U02 1 . 1 0  Yes - 4 . 9  + 0 . 4 6  - 0 . 1 9  + 0 . 2 6  

1 . 1 0  N o - 2 . 9  + 0 . 2 1  - 0 . 0 5  + 0 . 1 6  

2 . 0  w t %  Pu02-U02 0 . 6 1 4  Yes - 1 4 . 1  + 0 . 4 4  - 0 . 4 2  + 0 . 0 2  
( 8 %  puZ4O) 0 .614  No - 8 . 5  + 0 . 2 7  - 0 . 2 3  + 0 . 0 4  

1 . 4 9  Yes - 6 . 5  + 0 . 4 9  - 0 . 2 3  + 0 . 2 6  
1 . 4 9  N O  - 3 . 7  + 0 . 2 8  - 0 . 1 1  + 0 . 1 7  

6 . 6  w t %  Pu02-U02 1 . 6 8  Yes - 1 5 . 7  + 0 . 5 9  - 0 . 7 6  - 0 . 1 7  
N O  - 9 . 8  + 0 . 3 5  - 0 . 3 6  - 0 . 0 1  

* 
f  e ' g "  f ~ s o t r o p i c  C o r r e c t i o n /  R e f l e c t i n g  x 1 0 0 .  



E f f e c t  o f  1 . 0 5 6  eV puZ4O Resonance  

i n  T h e r m a l i z a t i o n  

The v e r s i o n  o f  t h e  THERMOS c o d e  ( 4 )  

which  was u s e d  f o r  e a r l i e r  s t u d i e s  

( 3 9 6 y 7 )  o f  t h e s e  s y s t e m s  was l i m i t e d  t o  

t h e  u s e  o f  30 e n e r g y  g r o u p s .  Because  

o f  t h e  low e n e r g y  r e s o n a n c e  o f  ~ u ~ ~ ' ( a t  

~ 0 . 6 8 3  eV) t o  a d e q u a t e l y  d e s c r i b e  t h e  

e v e n t s  o c c u r r i n g  i n  t h i s  e n e r g y  r e g i o n .  

Wi th  t h e  a d v e n t ,  a t  PNL, o f  t h e  Univac  

1107 comput ing  s y s t e m ,  which  h a s  a  

l a r g e r  memory c a p a c i t y  t h a n  t h e  IBM- 

7090,  an  e x t e n d e d  v e r s i o n  o f  t h e  THERMOS 

code  was d e v e l o p e d .  T h i s  e x t e n d e d  

v e r s i o n  accomoda tes  up t o  40 e n e r g y  

g r o u p s  a n d  25 s p a c e  p o i n t s .  By u s i n g  

t h e  v e r s i o n  w i t h  30 e n e r g y  g r o u p s  be low 

0 . 6 8 3  eV a n d  10 e n e r g y  g r o u p s  f rom 0 . 6 8 3  

t o  1 . 3  eV, t h e  e f f e c t s  o f  t h e  Pu 240 

r e s o n a n c e  a t  1 . 0 5  eV on t h e  t h e r m a l  f l u x  

s h a p e s  c a n  be  e v a l u a t e d .  

An a t t e m p t  t o  g e n e r a t e  t h e  s c a t t e r i n g  

k e r n e l  f o r  H20 u s i n g  t h e  GAKER c o d e ( 4 )  

f o r  t h i s  40 g r o u p  e n e r g y  mesh was made. 

A  p l o t  o f  t h e  t o t a l  s c a t t e r i n g  c r o s s  

s e c t i o n  v e r s u s  e n e r g y  showed s l i g h t  

o s c i l l a t i o n s  i n  t h e  e n e r g y  r e g i o n  n e a r  

t h e  puZ4O r e s o n a n c e .  S i n c e  t h e  o r i g i n  

o f  t h e s e  o s c i l l a t i o n s  may b e  i n  t h e  

n u m e r i c a l  methods  employed i n  d e t e r m i n -  

i n g  t h e  s c a t t e r i n g  k e r n e l  r a t h e r  t h a n  

t h e  p h y s i c a l  model i t s e l f  t h e  Brown- 

S t .  J o h n  ( B . S . J . )  model ( I 2 )  f o r  ~ ~ 0  

was u s e d .  

S i n c e  t h e  r e s u l t s  g i v e n  above a r e  

a l l  b a s e d  upon t h e  N e l k i n  k e r n e l  f o r  

H20 we f i r s t  g i v e  a  c o m p a r i s o n  o f  

r e s u l t s  o b t a i n e d  u s i n g  t h e  B . S . J .  model  

t o  t h o s e  o b t a i n e d  u s i n g  t h e  N e l k i n  model 

i n  THERMOS. No c o r r e c t i o n s  were  made 

t o  e i t h e r  model ( N e l k i n  o r  B . S . J . )  t o  

a c c o u n t  f o r  a n i s o t r o p y  f o r  t h i s  com- 

p a r i s o n  a n d  r e f l e c t i n g  c e l l  b o u n d a r y  

c o n d i t i o n s  were  u t i l i z e d .  The s o u r c e  

o f  t h e r m a l  n e u t r o n s  was assumed a s  f l a t  

i n  t h e  m o d e r a t o r  a n d  t h e  e n e r g y  v a r i a -  

t i o n  o f  s o u r c e  n e u t r o n s  above  0 . 6 8 3  eV 

was assumed c o n s t a n t  i n  l e t h a r g y  ( i . e . ,  

1 ) .  The c o m p a r i s o n  o f  computed t h e r -  

mal l a t t i c e  p a r a m e t e r s  i s  shown i n  

T a b l e  1 1 1 .  

The v a l u e  o f  f  computed u s i n g  t h e  

N e l k i n  k e r n e l  i s  c o n s i s t e n t l y  l a r g e r  

t h a n  t h e  v a l u e  computed u s i n g  t h e  

TABLE III. Comparison o f  Computed Thermal  Neu t ron  L a t t i c e  Parameters  
Using t h e  N e l k i n *  and Brown-S t .  John Models  f o r  H 2 0  

P e r c e n t  Change i n  L a t t i c e  P a r a m e t e r k *  
( N e l k i n  Modelk/B.  S .  J .  Model) 

- - 
Fue 1 ' ~ o d /  ' ~ u e  1 ? ~ o d / $  Fue 1 f  n f  

*No c o r r e c t i o n s  f o r  a n i s o t r o p y  
* * e ' g '  f ~ e l k i n  r n ~ d e l / ~ ~ . ~ .  J .  model x  1 0 0 .  



B . S . J .  k e r n e l .  The d i f f e r e n c e  i n  f  

becomes l a r g e r  a s  t h e  modera tor  t o  f u e l  

volume r a t i o  i n c r e a s e s .  The same t r e n d  

w i t h  l a t t i c e  s p a c i n g  i s  n o t e d  i n  t h e  

'Mpd/'~Ue 1 
excep t  t h e  v a l u e s  computed 

u s i n g  t h e  Nelk in  k e r n e l  a r e  a l l  s m a l l e r  

r e l a t i v e  t o  t h e  B . S . J .  k e r n e l .  The 

d i f f e r e n c e s  i n  n a r e  t h e  same s i g n  a s  

t h a t  no t ed  f o r  t h e  qMod/FFuel e x c e p t  

t h e  t r e n d  w i t h  l a t t i c e  s p a c i n g  i s  

r e v e r s e d .  The d i f f e r e n c e s  i n  q and f  

a r e  such  t h a t  t h e y  t e n d  t o  compensate  

i n  t h e  p r o d u c t  i f .  The d i f f e r e n c e s  i n  

t h e  l a t t i c e  pa rame te r s  a r e  n o t  s o  l a r g e  

a s  t o  cause  l a r g e  u n c e r t a i n t i e s  i n  t h e  

comparison o f  t h e  puZ40 r e sonance  

e f f e c t  on t h e r m a l  r e a c t i o n  r a t e s .  

C e l l  c a l c u l a t i o n s  were made f o r  some 

of  t h e  above ment ioned  Pu02-U02-H20 

sys t ems  u s i n g  t h e  40 ene rgy  groups  

d e s c r i b e d  above .  The fo l l owing  con-  

d i t i o n s  were assumed. R e f l e c t i n g  c e l l  

boundary c o n d i t i o n s ,  a  f l a t  s p a t i a l  and 

c o n s t a n t  l e t h a r g y  s o u r c e  above 1 . 3  eV, 

and t h e  B.S. J .  model f o r  H Z O .  The 

n e c e s s a r y  i n t e g r a l s  ( i .  e .  , t h e  t he rma l  

l a t t i c e  p a r a m e t e r s )  from 0 . 0  t o  0 . 6 8 3  eV 

were o b t a i n e d  and t h e  r e s u l t s  compared 

t o  t h o s e  where t h e  puZ4O 1 eV r e sonance  

was n e g l e c t e d  i n  t h e  t h e r m a l i z a t i o n  c a l -  

c u l a t i o n s .  Table  IV shows t h e  compar i -  

s o n .  

The two l a t t i c e s  c o n s i d e r e d  were t h e  

t i g h t e s t  l a t t i c e s  f o r  t h e  2 w t %  Pu02- 

U02-H20 sys tem c o n t a i n g  b 2 4  a t . %  ~ ~ 2 4 0 .  

The l a t t e r  sys tem has  more puZ4O how- 

e v e r  t h e  2 .0  w t %  Pu02-U02 rods  a r e  

l a r g e r  i n  d i a m e t e r .  Thus, one o r  t h e  

o t h e r  o f  t h e s e  two sys tems  s h o u l d  be 

t h e  c a s e  i n  which t h e  l a r g e s t  e f f e c t  

o c c u r s .  

From Table  IV we s e e  t h a t  t h e  e f f e c t  I 

on a l l  t h e  t he rma l  l a t t i c e  p a r a m e t e r s  i s  
# 

s m a l l .  The c a l c u l a t i o n s  u s i n g  40 groups  

were performed n e g l e c t i n g  Doppler  b road -  

n i n g  of  t h e  puZ4O c r o s s  s e c t i o n s .  A 
subsequen t  c a l c u l a t i o n  f o r  t h e  6 . 6  w t %  

Pu02-U02-H20 l a t t i c e  which i n c l u d e d  

Doppler  b roadn ing  ( 0 . 0  t o  293.Z0 K )  gave 

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

from Table  IV. 

Thus, f o r  Pu-H20 sys tems  such  a s  

t h e s e ,  t h e  e f f e c t  o f  n e g l e c t i n g  t h e  

1 .056  eV r e sonance  of puZ4O i n  compu- 

t i n g  t he rma l  l a t t i c e  p a r a m e t e r s  does  

n o t  p roduce  l a r g e  e r r o r s  i n  t h e s e  p a r a -  

m e t e r s .  

TABLE I V .  The E f f e c t  o f  N e g l e c t i n g  t h e  ~ z . 4 ~ ~ '  1 .056 eV Resonance i n  
Comput ing Thermal  N e u t r o n  L a t t i c e  P a r a m e t e r s  

P e r c e n t  Change 
i n  L a t t i c e  Pa rame te r s  

( I n c l u d i n g  t h e  Resonance 
Neg lec t i ng  t h e  Resonance) - - - 

Fue 1 V ~ o d / V F u e  1 ' ~ o d / ~ F u e  1 f  rl f  --- 
2.0  w t %  Pu02-U02 1 .49  + O .  55 - 0 . 1 7  +0 .04  -0 .13  

(24% ~ ~ 2 4 0 )  

6 . 6  w t %  Pu02-UO 1 . 6 8  
N e g l e c t i n g  ~ o ~ ~ f e r  + O .  62 -0 .07  +0 .40  + 0 . 3 3  
Broadening 

I n c l u d i n g  Doppler  
Broadening  
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S U M M A R Y  A N D  C O N C L U S I O N S  

We h a v e  i n v e s t i g a t e d  some p o s s i b l e  

s o u r c e s  o f  e r r o r  a r i s i n g  f r o m  assump-  

t i o n s  made i n  s o l v i n g  f o r  t h e  d i s t r i -  

b u t i o n s  of t h e r m a l  n e u t r o n s  i n  

Pu02-U02-H20  l a t t i c e  c e l l s .  The s t u d y  

was made u s i n g  t h e  THERMOS code  e x c l u -  

s i v e l y .  The c o m p a r i s o n  h a s  b e e n  made 

u s i n g  " a p p r o x i m a t e  c o r r e c t i o n s "  t o  t h e  

g i v e n  p r o b l e m  w h i c h  s u p p o s e d l y  r e p r e -  

s e n t s  t h e  e x a c t  s o l u t i o n  t o  t h e  p r o b l e m .  

I f  we assume t h a t  t h e s e  c o r r e c t i o n s  a r e  

a c c u r a t e  t h e n  t h e  f o l l o w i n g  c o n c l u s i o n s  

a r e  r e a c h e d .  

I n  o r d e r  t o  a c c u r a t e l y  compute  t h e  

s p a t i a l  v a r i a t i o n  o f  t h e r m a l  n e u t r o n s  

i n  a  Pu02-U02-H20 l a t t i c e  c e l l  u s i n g  

t h e  THERMOS c o d e ,  one  m u s t  a c c o u n t  f o r  

a n i s o t r o p y  i n  t h e  s c a t t e r i n g  a n d  u s e  

a n  i s o t r o p i c  boundary  c o n d i t i o n .  

L i k e w i s e ,  t o  a c c u r a t e l y  compute  t h e  

p a r a m e t e r s  and f  t h e s e  e f f e c t s  s h o u l d  

be i n c l u d e d .  I f  t h e y  w e r e  n e g l e c t e d ,  
- 

t r e n d s  i n  t h e  r e a c t i v i t y ,  of a s  a  

f u n c t i o n  o f  H/Pu a tom r a t i o  may r e s u l t  

w h i c h  may l e a d  t o  e r r o n e o u s  c o n c l u s i o n s  

c o n c e r n i n g  t h e  o r i g i n  o f  t h e s e  t r e n d s  

( i .  e . ,  p o s s i b l y  t h e  r e s o n a n c e  a b s o r p -  

t i o n )  . 
The e f f e c t  o f  t h e  1 . 0 5 6  e V  r e s o n a n c e  

o f  puZ4O on t h e r m a l  f l u x  s h a p e s  i s  

r e l a t i v e l y  s m a l l  a n d  p r o b a b l y  c a n  b e  

n e g l e c t e d  i n  r e a c t o r  d e s i g n  c o m p u t a t i o n s  

f o r  r e a c t o r  s y s t e m s  s u c h  a s  c o v e r e d  i n  

t h i s  s t u d y .  

From t h e  s t a n d p o i n t  o f  r e a c t o r  

d e s i g n ,  where  t h e  q u a n t i t y  o f  i n t e r e s t  

i s  g e n e r a l l y  t h e  r e a c t i v i t y  e f f e c t ,  
- 
of a l l  o f  t h e s e  e f f e c t s  c a n  p r o b a b l y  b e  

n e g l e c t e d .  The p o s s i b l e  e x c e p t i o n  i s  

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

t r o p y  i n  l o o s e  l a t t i c e  c a l c u l a t i o n s .  

However,  t h e  d e s i g n  o f  t h e r m a l  r e a c t o r  

s y s t e m s  g e n e r a l l y  d o e s  n o t  c o n s i d e r  

l a t t i c e s  which  a r e  l a r g e l y  o v e r m o d e r a -  

t e d  and  a s  s u c h  c a n  n e g l e c t  t h i s  e f f e c t  

i n  r e a c t o r  d e s i g n  c o m p u t a t i o n s .  
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T H R E E - D I M E N S I O N A L  A N A L Y S I S  O F  P L U T O N I U M  F U E L  M T R  C O R E S :  

P R E L I M I N A R Y  R E S U L T S  

W .  W .  P o r a t h  

P H O E N I X  F U E L  P R O G R A M  

S e r i o u s  c o n s i d e r a t i o n  i s  b e i n g  g i v e n  

t c  a  h i g h  p u Z 4 0  c o n t e n t  p l u t o n i u m  

(Hx-Pu) b u r n u p  e x p e r i m e n t  i n  t h e  MTR. ( 1  

T h i s  e x p e r i m e n t  would form a  p a r t  o f  

t h e  s o - c a l l e d  "Phoenix"  p rogram which  

g e n e r a l l y  d e a l s  w i t h  t h e  u t i l i z a t i o n  

o f  Hx-Pu i n  n e a r - t h e r m a l ,  compact power 

r e a c t o r s .  

r e a c t o r  model b e c a u s e  t h e  a v a i l a b l e  

c o d e s  h a v e  f a i r l y  s t r i n g e n t  mesh p o i n t  

l i m i t a t i o n s .  I n  t h e  C y c l e  108 c a l c u -  

l a t i o n s ,  t h e  c o r e  was assumed t o  h a v e  

symmetry a b o u t  a  c e n t r a l  p l a n e  and t h e  

p r e s e n c e  o f  t h e  t e s t  p i e c e s  was r e p r e -  

s e n t e d  i n  a  r a t h e r  a p p r o x i m a t e  m a n n e r .  

The h o l l o w ,  w a t e r - f i l l e d ,  cadmium 

s l e e v e  c o n t r o l  r o d s  w e r e  r e p r e s e n t e d  

by homogenized r e g i o n s  c o n t a i n i n g  j u s t  

1 - H R E E - D I M E N S I O N A L  A N A L Y S I S  O F  C Y C L E  1 0 8  cadmium t o  y i e l d  t h e  c o r r e c t  

To a s s i s t  in t h e  p l a n n i n g  and d e s i g n  r o d  w o r t h .  The WHIRLAWAY c o d e ,  ( 4 )  a 

o f  t h e  MTR-Phoenix e x p e r i m e n t ,  and t o  two g r o u p ,  t h r e e  d i m e n s i o n a l  d i f f u s i o n  

t e s t  and improve t h e  p r e s e n t l y  a v a i l -  t h e o r y  program was u s e d  t o  c a r r y  o u t  

a b l e  c a l c u l a t i o n a l  m e t h o d s ,  t h e  r e s u l t s  t he  

o f  a  low p u Z 4 0  c o n t e n t  p l u t o n i u m  (Lx-Pu)  

MTR burnup  e x p e r i m e n t ,  c a r r i e d  o u t  R E S U L T S  O F  C Y C L E  108 C A L C U L A T I O N S  

d u r i n g  1958 ( C y c l e - 1 0 8 )  were  r e a n a l y z e d .  

P r e v i o u s  a n a l y s i s  o f  C y c l e  108 had been  

c a r r i e d  o u t  u s i n g  o n e  and two d imen-  

s i o n a l  d i f f u s i o n  c a l c u l a t i o n s .  ( 3 )  How- 

e v e r ,  t h e  c o m p l e x i t y  o f  t h e  e x p e r i m e n t  

seems t o  r e q u i r e  t h r e e - d i m e n s i o n a l  a n a -  

l y t i c a l  t e c h n i q u e s  t o  p r o p e r l y  d e s c r i b e  

t h e  v e r y  h e t e r o g e n e o u s  MTR g e o m e t r y .  

To c a r r y  o u t  3-D c a l c u l a t i o n s  

r e q u i r e s  g r o s s  s i m p l i f i c a t i o n s  i n  t h e  

One t e s t  o f  t h e  u s e f u l n e s s  o f  t h e  

3-D c o m p u t a t i o n a l  model i s  a  c o m p a r i -  

s o n  o f  measured  and c a l c u l a t e d  s p a t i a l  

a c t i v a t i o n s ,  F i g u r e  1 shows a  c o m p a r i -  

s o n  be tween  a  t y p i c a l  e x p e r i m e n t a l  

C y c l e  108 c o b a l t  a c t i v a t i o n  t a k e n  f rom 

I D O - 1 6 5 ~ 6 ' ~ )  and  t h e  c a l c u l a t e d  a c t i v a -  

t i o n  r a t e  f rom a  WHIRLAWAY r u n .  I r  

t h i s  f i g u r e ,  t h e  a r e a  u n d e r  t h e  c a l c u -  

l a t e d  d i s t r i b u t i o n  h a s  been  n o r m a l i z e d  
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FIGURE I .  A x i a l  C o b a l t  A c t i v a t i o n  

t o  e q u a l  t h a t  o f  t h e  c o r r e s p o n d i n g  e x -  

p e r i m e n t a l  c o b a l t  a c t i v a t i o n .  A s  c a n  

be  s e e n ,  t h e  a g r e e m e n t  i s  q u i t e  good .  

E x c e p t i o n s  t o  t h i s  f a v o r a b l e  c o m p a r i -  

s o n  a r e  i n  t h e  f u e l  p o s i t i o n s  i n  which  

t h e  c o n t r o l  r o d s  a r e  l o c a t e d .  I n  t h e s e  

p o s i t i o n s ,  t h e  c a l c u l a t e d  d i s t r i b u t i o n s  

a r e  q u i t e  d i f f e r e n t  f rom t h e  measured  

c o b a l t  a c t i v a t i o n .  T h e s e  d i s c r e p a n c i e s  

have  been  a t t r i b u t e d  t o  t h e  homogenized 

c o n t r o l  r o d  mode l ;  t h e r e f o r e ,  s u b s e -  

q u e n t  c a l c u l a t i o n s  i n c l u d e  a  more 

d e t a i l e d  r o d  model .  

A n o t h e r  p rob lem i n  t h e  c o m p a r i s o n  

between c a l c u l a t i o n  and e x p e r i m e n t  i s  

t h e  o v e r a l l  h o r i z o n t a l  f l u x  d i s t r i b u -  

t i o n .  The c a l c u l a t e d  f l u x e s  l a c k  t h e  

d e c i d e d  t i l t  o f  t h e  e x p e r i m e n t a l  r e -  

s u l t s .  T h i s  may w e l l  be d u e  t o  a n  i n -  

a d e q u a t e  r e p r e s e n t a t i o n  o f  t h e  t e s t  

p i e c e s  i n  t h e  r e f l e c t o r .  

T H R E E - D I M E N S I O N A L  A N A L Y S I S  O F  A  
P H O E N I X  C O R E  

The WHIRLAWAY c o d e  was u s e d  t o  a n a -  

l y z e  t h e  MTR-Phoenix c o r e .  T h i s  c o r e  

c o n s i s t e d  o f  MTR t y p e  f u e l  p l a t e s  c o n -  

t a i n i n g  20 w t %  p l u t o n i u m  i n  aluminum, 

t h e  p l u t o n i u m  c o m p o s i t i o n  7 6  a t . %  
24 1 ~ u ~ ~ ~ ,  2 0  a t .  % ~ u ~ ~ ~ ,  3  a t . %  PU , 

and 1 a t . %  ~ u ~ ~ ~ .  The r o d  model c o n -  

t a i n e d  a  c e n t r a l  w a t e r  c h a n n e l .  I t  

i s  assumed t h a t  t h e  r e f l e c t o r  w i l l  b e  

f r e e  o f  t e s t  p i e c e s  d u r i n g  t h e  Phoen ix  

c o r e  t e s t .  The f u e l  boxes  were  l o c a t e d  

i n  t h e  c e n t r a l  3 x  9 zone u t i l i z i n g  a l l  

e i g h t  c o n t r o l  r o d s .  

R E S U L T S  O F  P H O E N I X  C A L C U L A T I O N  

The t h r e e - d i m e n s i o n a l  a n a l y s i s  i n d i -  

c a t e s  t h a t  t h e  h i g h e s t  power p e a k s  

o c c u r  i n  t h e  c o n t r o l  r o d  f o l l o w e r  f u e l  



j u s t  below t h e  a c t i v e  c o r e  zone .  P r e -  

v i o u s  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  

maximum power p e a k s  were  a t  t h e  c o r e - -  

b e r y l l i u m  r e f l e c t o r  i n t e r f a c e .  The 

t o t a l  w o r t h  o f  t h e  c o n t r o l  s y s t e m  i s  

some what  l e s s  i n  t h e  3 - D  c a l c u l a t i o n  

t h a n  i n  a  2 - D  a n a l y s i s .  

C O N C L U S I O N S  

C y c l e  108  

Whi le  t h e  r e s u l t s  o f  t h e  i n i t i a l  

3 - D  a n a l y s i s  of  C y c l e  108 a r e  n o t  p a r -  

t i c u l a r l y  f a v o r a b l e ,  t h e  p o s s i b i l i t y  

o f  making w o r t h w h i l e  improvements  i n  

t h i s  a n a l y s i s  a p p e a r s  t o  e x i s t .  I t  

w i l l  b e  n e c e s s a r y  t o  o b t a i n  a  more 

d e t a i l e d  r e f l e c t o r  r e p r e s e n t a t i o n  and 

a n  improved g e o m e t r i c  r e p r e s e n t a t i o n  

o f  t h e  c o n t r o l  r o d s  t o  improve t h e  

r e a c t o r  mode l .  

P H O E N I X  C O R E  

The P h o e n i x  c o r e  p r e s e n t s  a  c o n s i d -  

e r a b l e  d e s i g n  p rob lem w i t h  r e g a r d  t o  

power p e a k i n g  a l o n g  t h e  bo t tom o f  t h e  

c o r e  and i n  t h e  f o l l o w e r  f u e l .  The 

u n f a v o r a b l e  power p e a k  i n  t h e  f o l l o w e r  

f u e l  i s  p a r t i c u l a r l y  bad b e c a u s e ,  a s  

t h e  c o r e  b u r n s  and t h e  c o n t r o l  r o d s  

a r e  w i t h d r a w n ,  r e l a t i v e l y  f r e s h  f u e l  

w i l l  b e  moving i n t o  a  r e g i o n  o f  h i g h  

t h e r m a l  f l u x .  Hence,  t h e  l a r g e  power 

peak  be low t h e  c o r e  may p e r s i s t  d u r i n g  

I f  t h e  o p e r a t i n g  power l e v e l  i s  r e -  

duced  t o  a  v a l u e  which w i l l  p e r m i t  s a f e  

o p e r a t i o n ,  t h e  c o r e  r e s i d e n c e  t i m e  w i l l  

be  c o n s i d e r a b l y  l e n g t h e n e d .  I f  t h e  b o t -  

tom o f  t h e  c o r e  i s  p o i s o n e d  i n  some man- 

n e r  t o  l o w e r  t h e  t h e r m a l  f l u x  peak  i n  

t h e  b o t t o m  r e f l e c t o r ,  t h e  l i f e  o f  t h e  

c o r e  may be  s h o r t e n e d  and t h e  d e s i r e d  

d e g r e e  o f  b u r n u p  o f  i n i t i a l  f u e l  m i g h t  

n o t  be  a t t a i n e d .  Hence,  some compro-  

m i s e  may b e  i n  o r d e r  s o  t h a t  t h e  o b j e c t  

of  t h e  e x p e r i m e n t  c a n  b e  d e m o n s t r a t e d .  
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M E A S U R E M E N T S  O F  k m  F O R  A  P u - A 1  

T H O R I A  S U P E R C E L L  

N .  A .  H i l l  

The PCTR t e c h n i q u e ( ' )  h a s  been  e x -  

t e n d e d  t o  i n c l u d e  i n f i n i t e  n e u t r o n  

m u l t i p l i c a t i o n  f a c t o r  (k,) m e a s u r e -  

ments  o f  s u p e r c e l l  l a t t i c e s .  V a l u e s  

o f  km h a v e  been  measured  f o r  a  mixed 

l a t t i c e  o f  Pu-A1 f u e l  and t h o r i a  t a r -  

g e t  i n  a l t e r n a t i n g  c e l l s .  The combi-  

n a t i o n  o f  one  Pu-A1 c e l l  and  o n e  t h o r i a  

c e l l  i s  c a l l e d  a  s u p e r c e l l .  

The p r e s e n c e  o f  p l u t o n i u m  i n  t h e  

s y s t e m  r e q u i r e d  a  c a r e f u l  r e v i e w  o f  

t h e  d e f i n i t i o n  o f  km.  The v a l u e s  o f  

k  rn i n  t h i s  e x p e r i m e n t  a r e  d e f i n e d  a s  

t h e  n o r m a l i z e d  subcadmium a b s o r p t i o n  

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

t h e  c o r r e c t e d  c o p p e r  epicadmium a b s o r p -  

t i o n  r a t e  d i v i d e d  by t h e  n o r m a l i z e d  

subcadmium a b s o r p t i o n  r a t e s  i n  t h e  u n -  

p o i s o n e d  s u p e r c e l l .  T h e s e  v a l u e s  o f  

k m ,  when m u l t i p l i e d  by t h e  a p p r o p r i a t e  

l e a k a g e  t e r m s  f rom a  two g r o u p  a n a l y s i s ,  

y i e l d  v a l u e s  o f  k e f f  d e f i n e d  a s  t h e  

t o t a l  n e u t r o n  p r o d u c t i o n  d i v i d e d  by t h e  

sum o f  t h e  t o t a l  n e u t r o n  l o s s  d u e  t o  

a b s o r p t i o n  and l e a k a g e .  

Two u n i q u e  c e l l s  i n  a  s u p e r c e l l  r e -  

q u i r e d  a  m o d i f i c a t i o n  t o  e x i s t i n g  t e c h -  

n i q u e s  i n  d e t e r m i n i n g  t h e  p r o p e r  n e u -  

t r o n  e n e r g y  d i s t r i b u t i o n .  A method was 

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

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

which p r o v i d e d  a  matched  e n e r g y  d i s t r i -  

b u t i o n  i n  t h e  s u p e r c e l l .  The measured  

v a l u e s  o f  km were  more s e n s i t i v e  t o  a  

mismatch  i n  t h e  n e u t r o n  e n e r g y  d i s t r i -  

b u t i o n  n e a r  t h e  t h o r i a  t h a n  t o  a  m i s -  

The n u l l  r e a c t i v i t y  t e c h n i q u e  was 

u s e d  t o  d e t e r m i n e  t h e  m a s s e s  o f  c o p p e r  

r e q u i r e d  f o r  u n i t y  n e u t r o n  m u l t i p l i c a -  

t i o n  i n  t h e  matched c o n d i t i o n s .  The 

c o m p o s i t i o n s  and  g e o m e t r i e s  o f  t h e  

p r o p e r l y  p o i s o n e d  s u p e r c e l l s  a r e  shown 

i n  F i g u r e  1. 

The r e l a t i v e  r e a c t i o n  r a t e s  of  t h e  

s u p e r c e l l  components  were  a l s o  d e t e r -  

mined i n  t h e  matched  c o n d i t i o n s .  The 

f i s s i o n  r a t e s  i n  t h e  p l u t o n i u m  were  

measured  by i n s e r t i n g  Pu-A1 f o i l s  i n t o  

t h e  f u e l  which were  made f rom t h e  f u e l  

m a t e r i a l .  The e f f e c t i v e  subcadmium 

(0.64 eV) a b s o r p t i o n  r a t e s  i n  t h e  l / v  

a b s o r b e r s  were  m o n i t o r e d  w i t h  c o p p e r  

f o i l s  whose a c t i v i t i e s  were  c o r r e c t e d  

f o r  epicadmium a c t i v i t y  by measured  

cadmium r a t i o s .  The subcadmium ab-  

s o r p t i o n  r a t e s  i n  a l l  c e l l  components  

were  n o r m a l i z e d  t o  t h e  t o t a l  p r o d u c -  

t i o n  r a t e s  i n  t h e  c e l l s  f o r  b o t h  t h e  

p o i s o n e d  and u n p o i s o n e d  c a s e s .  A 

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

epicadmium a b s o r p t i o n  i n  t h e  c o p p e r  

which i s  m u l t i p l i e d  by a n  e s t i m a t e d  

r e s o n a n c e  e s c a p e  p r o b a b i l i t y  and  n o r -  

m a l i z e d  t o  t h e  t o t a l  p r o d u c t i o n s  f o r  

t h e  p o i s o n e d  c a s e s .  The e f f e c t i v e  

subcadmium c a p t u r e  t o  f i s s i o n  c r o s s  

s e c t i o n  r a t i o  f o r  ~ u ~ ~ ~  was c a l c u -  

l a t e d  by t h e   THERMOS(^) compute r  c o d e  

u s i n g  e x p e r i m e n t a l l y  d e t e r m i n e d  bound-  

a r y  c o n d i t i o n s .  

The v a l u e s  o f  k, were  deduced  from 

t h e  m a s s e s  o f  c o p p e r  and t h e  r e l a t i v e  

match n e a r  t h e  Pu-A1. 



S U P E R C E L L  C O M P O S I T I O N  

THOR IA  CELL PuAl  CELL 

rhZ3' 71.9 glcm ~u~~~ 1.366 gicm 

Oxygen 10.00 glcm 0.1387 gicm 

A l u m i n u m  4.51 glcm p u Z 4 l  0.0159 glcm 

Water 2.752 gicm A luminum 28.18 gicm 

Z i rcon ium 9.70 gicm Water 3.357 gicm 

Graphite 639.8 glcm Z i rcon ium 9.645 gicm 

Graphite 641.9 , glcm 

COPPER DISTRIBUTED ON BOTH CELLS 

Dry  Coolant Channels 6.929 glcm 

Wet Coolant Channels 1.12: glcm 
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FIGURE 1 .  S u p e r c e l l  Geome t ry  and 
Cornposit  i o n  

r e a c t i o n  r a t e s  i n  t h e  matched c o n d i -  R E F E R E N C E S  

t i o n s .  The numer i ca l  r e s u l t s  were 1 .  D .  J .  Donahue.  e t  a l .  " D e t e r -  

1.014 * 0.002 and 1 .092  * 0 .01 ,  r e -  

s p e c t i v e l y ,  f o r  t h e  wet and d r y  c a s e s .  

m i n a t i o n  o f  k _  f rom C r i t i c a l  E x p e r i -  
m e n t s  w i t h  t h e  PCTR," w. S G .  
Eng., v o l .  4 ,  pp .  297 -321 .  1 9 5 8 .  

2 .  H .  Honeck .  THERMOS, A T h e r m a l i z a -  
t i o n  T r a n s p o r t  T h e o r y  Code f o r  
R e a c t o r  L a t t i c e  C a l c u l a t i o n s ,  
BNL 5826 ,  B r o o k h a v e n  N a t i o n a l  
L a b o r a t o r y .  1 9 6 1 .  



A  T H E R M A L  C O L U M N  S T U D Y  I N  T H E  P C T R  

6 .  E .  H a n s o n  a n d  N .  A .  H i l l  

I N T R O D U C T I O N  A N D  S U M M A R Y  t h e r m a l  f l u x .  The v o i d  c r e a t e s  o n l y  

The PCTR t h e r m a l  column i s  a n  i r r a -  a  s l i g h t  change  i n  t h e  s e n s i t i v i t y  o f  

d i a t i o n  f a c i l i t y  o u t s i d e  o f  t h e  r e a c t o r  f o i l  a c t i v a t i o n  t o  v e r t i c a l  p o s i t i o n .  

I f  a  l a r g e  d e c r e a s e  i n  s e n s i v i t i y  i s  c o r e  w h i c h  p r o v i d e s  a  t h e r m a l  s p e c t r u m  

o f  n e u t r o n s .  i n d e ~ e n d e n t  o f  t h e  r e a c -  d e s i r e d ,  a  l a r g e r  v o i d  t h a n  t h e  one  

t o r  l o a d i n g ,  and i s  u s e d  t o  a c t i v a t e  i n v e s t i g a t e d  s h o u l d  b e  u s e d .  

f o i l s  f o r  n o r m a l i z a t i o n  be tween  i r r a -  

d i a t i o n s .  A s e r i e s  o f  e x p e r i m e n t s  i n -  

v e s t i g a t i n g  t h e  c h a r a c t e r i s t i c s  o f  t h e  D E S C R I P T I O N  O F  E X P E R I M E N T  

t h e r m a l  column have  b e e n  c o m p l e t e d .  The t h e r m a l  column shown i n  F i g u r e  1 

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

t i v a t i o n  measurements  were  o b t a i n e d  b l o c k s  3 6 . 5  x  37 .5  x  3 8 . 5  i n .  h i g h ,  

a l o n g  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c -  and l o c a t e d  on t o p  of  t h e  s t a t i o n a r y  

t i o n s  of t h e  t h e r m a l  column f o r  e a c h  of  s e c t i o n  o f  t h e  PCTR. The t h e r m a l  c o l -  

t h e  t h r e e  column c o n f i g u r a t i o n s :  umn s e r v e s  a s  a  n o r m a l i z a t i o n  f a c i l i t y  

(1 )  s o l i d  g r a p h i t e  s t a c k ;  ( 2 )  s o l i d  f o r  f o i l s  i r r a d i a t e d  i n  t h e  r e a c t o r  

g r a p h i t e  s t a c k  r e f l e c t e d  by 1 . 5  i n .  o f  c o r e .  I d e a l l y ,  t h e  column would 

p o l y e t h y l e n e  and L u c i t e  f rom t h e  o u t -  

s i d e ;  and ( 3 )  t h e  r e f l e c t e d  s t a c k  w i t h  

a  3 . 5  x  3 . 5  x  8  i n .  v o i d  i n  t h e  c e n t e r .  

The r e f l e c t o r  i n c r e a s e d  t h e  t h e r m a l  

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

i n  b o t h  h o r i z o n t a l  and v e r t i c a l  d i r e c -  

t i o n s .  A l s o ,  t h e  cadmium r a t i o  was 

i n c r e a s e d .  The a d d i t i o n  o f  t h e  v o i d  

i n  t h e  c e n t e r  o f  t h e  column g a v e  a n  

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

t i o n  a c r o s s  t h a t  r e g i o n ,  b u t  t h e  d e -  

c r e a s e  was l i m i t e d  by t h e  s m a l l  h o r i -  

z o n t a l  d i m e n s i o n s  o f  t h e  v o i d .  

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

t h a t  t h e  s t a n d a r d  f o i l  i r r a d i a t i o n  

p o s i t i o n  s h o u l d  b e  moved a b o u t  1 2  i n .  

f u r t h e r  from t h e  PCTR c o r e .  The r e -  

f l e c t e d  t h e r m a l  column g i v e s  an im- 

p rovement  i n  b o t h  t h e  i n c r e a s e d  

t h e r m a l  f l u x  and t h e  d e c r e a s e d  e p i -  

have  a  c o m p l e t e l y  t h e r m a l  s p e c t r u m ,  

and t h e  f l u x  a c r o s s  t h e  r e g i o n  where  

t h e  f o i l s  a r e  i r r a d i a t e d  would n o t  

v a r y ,  making t h e  r e p o s i t i o n i n g  o f  f o i l s  

n o t  e x t r e m e l y  c r i t i c a l .  A t  t h e  s t a r t  

o f  t h e  e x p e r i m e n t s  t h e  f o i l  r o t a t o r ,  a n  

8  i n .  l o n g  g r a p h i t e  c y l i n d e r  w i t h  t h r e e  

l e v e l s  f o r  f o i l s  2 i n .  a p a r t ,  was o p e r -  

a t i n g  w i t h  i t s  bo t tom 35  i n .  below t h e  

t o p  of  t h e  t h e r m a l  column.  I t  was l o -  

c a t e d  i n  a  s h a f t  i n  t h e  e x a c t  c e n t e r  o f  

t h e  column.  

P R O C E D U R E  

T h e r e  were  s i x  i r r a d i a t i o n s  i n  a l l ,  

t h r e e  w i t h  b a r e  f o i l s  and t h r e e  w i t h  

f o i l s  c o v e r e d  w i t h  0 .040  i n .  t h i c k  c a d -  

mium. T h e s e  o c c u r r e d  i n  p a i r s ,  t h e  

f i r s t  p a i r  w i t h  t h e  column u n c h a n g e d ,  

t h e  s e c o n d  p a i r  w i t h  t h e  r e f l e c t o r  i n  
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FIGURE I .  Cutaway o f  C e n t e r  o f  ThermaZ 
Column L o o k i n g  i n  f rom t h e  N o r t h  
( A p p e a r a n c e  i s  t h a t  o f  f i n a l  two 
i r r a d i a t i o n s .  i 

p l a c e ,  and t h e  t h i r d  p a i r  w i t h  b o t h  r e -  The measured f o i l  coun t  r a t e s  were used  

f l e c t o r  and v o i d  p r e s e n t .  A l l  b a r e  t o g e t h e r  w i t h  computer code APDAC-I11 

i r r a d i a t i o n s  were f o r  1000 W-min, w h i l e  t o  o b t a i n  t h e  s p e c i f i c  a c t i v i t y  of  each  

t h e  cadmium-covered i r r a d i a t i o n s  were f o i l  r e l a t i v e  t o  t h e  mon i to r  f o i l .  

f o r  18 ,000  W-min. Cadmium r a t i o s  were computed by d i v i d -  

One-ha l f  i n c h  d i a m e t e r ,  5 -mi l  t h i c k  ing  b a r e  s p e c i f i c  a c t i v i t i e s  by cad -  

g o l d  f o i l s  were used  f o r  a l l  of t h e  t r a -  mium-covered s p e c i f i c  a c t i v i t i e s .  

v e r s e s .  The moni tor  f o i l  used  i n  each 

i r r a d i a t i o n  t o  no rma l i ze  between b a r e  R E S U L T S  

and cadmium-covered i r r a d i a t i o n s  was The g raphs  i n  F i g u r e s  2 and 3 com- 

o n e - h a l f  m i l  t h i c k .  The moni tor  f o i l s  p a r e  t h e  t o t a l  and epicadmium f l u x  i n  

were p l a c e d  on t h e  o u t s i d e  of t h e  r e a c -  b o t h  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s  

t o r ,  j u s t  above t h e  n o r t h  h o l e  p l u g .  b e f o r e  and a f t e r  t h e  r e f l e c t o r  was 
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FIGURE 2. Effects of Poly Reflector 
o n  Thermal Column 
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FIGURE 3. Effects of Poly Reflector 
on Thermal Column 

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

s l i g h t l y  and f l a t t e n e d ,  w h i l e  t h e  e p i -  

cadmium f l u x  d e c r e a s e d  g r e a t l y  n e a r  

t h e  e d g e s  o f  t h e  t h e r m a l  column.  The 

c u r v a t u r e  i n  t h e  h o r i z o n t a l  d i r e c t i o n  

i s  c o m p l e t e l y  r e v e r s e d  ( s e e  F i g u r e  3 ) .  

The f a s t  n e u t r o n s  r e f l e c t e d  f rom t h e  

c o n c r e t e  w a l l s  and c e i l i n g  o f  t h e  r e a c -  

t o r  room i n t o  t h e  t h e r m a l  column 

a c c o u n t  f o r  t h e  r i s i n g  o f  t h e  e p i c a d -  

mium f l u x  n e a r  t h e  e d g e s  o f  t h e  column,  

and t h e  r e f l e c t o r  p r a c t i c a l l y  e l i m i -  

n a t e s  t h i s  e f f e c t .  

A s  c a n  b e  s e e n  i n  F i g u r e s  4 and  5 ,  

t h e  cadmium r a t i o  i s  i n c r e a s e d  s i g n i f i -  

c a n t l y  w i t h  t h e  a d d i t i o n  o f  t h e  r e f l e c -  

t o r .  A l s o ,  t h e  cadmium r a t i o  i s  now 

a l m o s t  a  c o n s t a n t  a c r o s s  t h e  h o r i z o n -  

t a l  d i m e n s i o n s .  T h a t  t h e  cadmium r a t i o  

i s  now n o t  symmet r ic  b u t  r i s e s  s l i g h t l y  

f rom e a s t  t o  w e s t  c a n  p r o b a b l y  be  e x -  

p l a i n e d  by t h e  f a c t  t h a t  t h e  r e f l e c t o r  

e x t e n d s  some 5 i n .  l o w e r  on t h e  w e s t  

t h a n  o n  t h e  e a s t .  T h i s  i s  d u e  t o  t h e  

p r e s e n c e  o f  a  c a t w a l k  a r o u n d  t h e  t h e r -  

mal column which r u n s  d i r e c t l y  a l o n g  

t h e  e a s t  s i d e  and p r e v e n t s  t h e  u s e  o f  

r e f l e c t o r  below i t s  l e v e l .  

The c h a n g e s  which  o c c u r  i n  t h e  t o t a l  

f l u x  w i t h  t h e  a d d i t i o n  o f  t h e  v o i d  ( s e e  

F i g u r e  1 )  a r e  shown I n  F i g u r e s  6  and 7 .  

T h e r e  i s  s i g n i f i c a n t  f l a t t e n i n g  o f  t h e  

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

l i n e a r  s l o p e  i s  assumed i n  t h e  v o i d  

r e g i o n  f o r  b o t h  c a s e s  o f  F i g u r e  6 ,  a  

g r a p h  l i k e  t h a t  o f  F i g u r e  8 i s  o b t a i n e d  

where  t h e  two l i n e s  r e p r e s e n t  t h e  r e -  

s p e c t i v e  f l u x  v a r i a t i o n s  f rom b o t t o m  t o  

t o p  o f  t h e  v o i d .  F i g u r e  8 shows a  26% 

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

t h e  v o i d  where  a  1 0 0 %  d e c r e a s e  would 

i n d i c a t e  no f l u x  v a r i a t i o n .  

I n  F i g u r e s  9  and 1 0  a  c o m p a r i s o n  i s  

shown be tween  t h e  epicadmium f l u x  w i t h  

and w i t h o u t  t h e  v o i d .  The f l a t t e n i n g  

o f  t h e  v e r t i c a l  epicadmium f l u x  a g a i n  

o c c u r s ,  b u t  t h e r e  i s  a  s h a r p  p e a k  i n  

t h e  h o r i z o n t a l  epicadmium f l u x  i n  t h e  

v o i d .  T h i s  phenomenon c a n  b e s t  be  

e x p l a i n e d  by examin ing  F i g u r e  9  c l o s e l y .  

A t  t h e  h o r i z o n t a l  t r a v e r s e  p o s i t i o n  

1 9  1 3 / 1 6  i n .  above  t h e  bo t tom o f  t h e  

column,  b o t h  v e r t i c a l  and h o r i z o n t a l  

p l o t s  a g r e e  t h a t  t h e  epicadmium f l u x  i n  

t h e  v o i d e d  c a s e  i s  50% h i g h e r  t h a n  t h e  
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FIGURE 4 .  C a d m i u m  R a t i o s  

unvoided  c a s e .  T h u s ,  t h e r e  i s  a  s t r e a m -  t o t a l  and epicadmium, t o  b e  much f l a t -  

i n g  o f  f a s t  n e u t r o n s  up  t h e  v o i d ,  b u t  t e r ,  b u t  would a l s o  c a u s e  a  g r e a t e r  

t h e  epicadmium f l u x  f a l l s  o f f  s h a r p l y  peak  i n  t h e  h o r i z o n t a l  f l u x  and a  

a s  t h e  s i d e s  o f  t h e  v o i d  a r e  a p p r o a c h e d .  g r e a t e r  d i p  i n  t h e  cadmium r a t i o  a c r o s s  

A l a r g e r  v o i d ,  e s p e c i a l l y  i n  h o r i z o n t a l  t h i s  r e g i o n  (See  F i g u r e  5 ) .  

d i m e n s i o n s ,  would c a u s e  t h e  f l u x ,  b o t h  
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FIGURE 5 .  Cadmium R a t i o s  

C O N C L U S I O N S  

One c h a n g e  which  h a s  a l r e a d y  b e e n  

made, i n  a d d i t i o n  t o  p e r m a n e n t l y  a d o p t -  

i n g  t h e  r e f l e c t o r ,  h a s  b e e n  t o  r a i s e  

t h e  r o t a t o r  f rom i t s  o l d  p o s i t i o n  t o  

t h e  p o s i t i o n  where  t h e  v o i d  was i n v e s -  

t i g a t e d ,  11 3/4 i n .  h i g h e r .  The t o t a l  

f l u x  t h e r e  i s  o n l y  1 / 3  o f  i t s  v a l u e  a t  

t h e  o l d  p o s i t i o n ,  b u t  i s  s t i l l  s u f f i -  

c i e n t  t o  a c t i v a t e  any f o i l s  n o r m a l l y  

u s e d  i n  t h e  t h e r m a l  column. A  s l i g h t l y  

l o n g e r  i r r a d i a t i o n  t i m e  may b e  n e c e s -  

s a r y  i n  some c a s e s ,  s u c h  a s  c o p p e r  

f o i l s .  The a d v a n t a g e s  o f  s u c h  a  move 

a r e  r e a d i l y  s e e n  by e x a m i n i n g  F i g u r e  4 .  

The cadmium r a t i o  i s  i n c r e a s e d  t o  

a p p r o x i m a t e l y  7  t i m e s  i t s  v a l u e  i n  t h e  

o l d  u n r e f l e c t e d  p o s i t i o n .  A l s o ,  t h e  

p r e s e n c e  o f  t h e  r e f l e c t o r  i n c r e a s e s  t h e  

cadmium r a t i o  t o  5 0  t o  70% o v e r  t h e  u n r e -  

f l e c t e d  v a l u e  a c r o s s  t h e  new r o t a t o r  

p o s i t i o n .  Thus ,  t h e  f o i l s  a r e  now 

i r r a d i a t e d  i n  a  much more t h e r m a l  s p e c -  

t rum (cadmium r a t i o  200 t o  300 f o r  5 -  

m i l  t h i c k  g o l d  f o i l s ) .  

The u s e  o f  a  v o i d  o f  t h e  d i m e n s i o n s  

i n v e s t i g a t e d  ( 3 . 5  x  3 . 5  x  8  i n . )  i s  n o t  

recommended. The a d v a n t a g e  o f  t h e  2 6 %  

d e c r e a s e  i n  a c t i v a t i o n  s e n s i t i v i t y  t o  

v e r t i c a l  p o s i t i o n  (See  F i g u r e  8 )  i s  

o f f s e t  by t h e  l a r g e  f l u c t u a t i o n  i n  t h e  

epicadmium f l u x  h o r i z o n t a l l y  a c r o s s  t h e  

v o i d ,  and t h e  c o r r e s p o n d i n g  d i p  i n  t h e  

cadmium r a t i o .  However,  w i t h  a  l a r g e r  

v o i d  ( e s p e c i a l l y  i n  h o r i z o n t a l  d imen-  

s i o n s )  b o t h  t o t a l  and epicadmium f l u x  

would be  e s s e n t i a l l y  f l a t  o v e r  a  l a r g e  

r e g i o n  o f  t h e  v o i d .  I n  t h i s  c a s e ,  t h e  

u s e  o f  t h e  v o i d  and a n  aluminum f o i l  

r o t a t o r  would be  a n  improvement .  

R E F E R E N C E S  

I .  R .  I .  S m i t h .  "An E x t e r n a l  T h e r m a l  
Column f o r  t h e  PCTR," P h y s i c s  
R e s e a r c h  Q u a r t e r l y  R e p o r t ,  O c t o b e r ,  
November ,  December ,  1 9 6 1 ,  HW-72586, 
G e n e r a l  E l e c t r i c  Company,  pp. 2 8 - 3 4 .  
J a n u a r y  3 1 ,  1 9 6 2 .  
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F A S T  R E A C T O R S  

P H Y S I C S  C H A R A C T E R I - S T I C S  

O F  A N  800  L I T E R  O X I D E  F T R  R E F E R E N C E  C O R E  

R .  W .  H a r d i e  

Neu t ron i c s  c a l c u l a t i o n s  were p e r -  
2380 

formed f o r  an 800 l i t e r ,  Pu02-U 

c o r e  (L/D = 0 . 8 )  . The f o l l o w i n g  

pa rame te r s  were de t e rmined :  c r i t i c a l  

mass,  r e a c t i v i t y  c o e f f i c i e n t s ,  f l u x ,  

f l u x  s p e c t r a ,  b r e e d i n g  r a t i o ,  sodium 

w o r t h ,  and Doppler c o e f f i c i e n t .  A l l  

computa t ions  were per formed u s i n g  a  

mod i f i ed  v e r s i o n  of  t h e  Russ ian  

26-group c r o s s - s e c t i o n  c o m p i l a t i o n ;  

s h i e l d i n g  f a c t o r s  were g e n e r a t e d  u s i n g  

t h e  FCC fundamenta l  mode code .  The 

one -d imens iona l  r uns  were done u s i n g  

LASL1s 1-D code ,  DTF-IV (S4 o p t i o n ) .  

The p r i n c i p a l  s t a t i c s  c h a r a c t e r i s -  

t i c s  o f  t h e  ce r amic  r e f e r e n c e  r e a c t o r  

a r e  d e s c r i b e d  i n  Tab l e  I .  C r i t i c a l  

mass c a l c u l a t i o n s  were done i n  c y l i n -  

d r i c a l  geomet ry ;  a x i a l  l e akage  was 

s i m u l a t e d  u s i n g  a  r e f l e c t o r  s a v i n g s  

of 1 2  cm on each  end.  The r e a c t o r  

was assumed t o  c o n s i s t  of  a  homoge- 

neous c o r e  su r rounded  by a  30 cm 

Incone l  r a d i a l  r e f l e c t o r .  

Tab l e  I1 summarizes some of  t h e  im- 

p o r t a n t  k i n e t i c s  p a r a m e t e r s .  S p h e r i c a l  

TABLE I .  N e u t r o n i c s  C h a r a c t e r i s t i c s  o f  an  8 0 0  L i t e r  O x i d e  R e a c t o r  

Parameter  Values 

v o l %  S t a i n l e s s  

v o l l  Sodium 

v o l l  vo id  
2 39 Mass Pu , kg 
240 Mass Pu , kg 

238 
Mass U , kg - 

- L m T ,  n-cm - s e c  

S t e e l  

1 

R e a c t i v i t y  L i f e  (days ,  
6k = -0 .03 )  86 (P = 0 . 5  MW/li ter)  

Breeding  Radio 0 .49  



TABLE I I .  K i n e t i c s  P a r a m e t e r s  

P a r a m e t e r  Va lue  

D o p p l e r  C o e f f i c i e n t  (Tdk/dT)  

R e f e r e n c e  Core  - 3 . 8 9  x  

R e f e r e n c e  Core  (no sodium) - 1 . 8 4  x  

" D i r t y "  R e f e r e n c e  Core  [ON F . P .  
= 0 . 0 0 3 )  - 3 . 2 6  x  

' e f f  

A O ,  s e c  

Sodium Worth 

R e f e r e n c e  C o r e ,  T o t a l  

R e f e r e n c e  Core ,  r < 10  cm 

" D i r t y "  R e f e r e n c e  Core ,  T o t a l  

( 6 N ~ . ~ .  = 0 .003)  +O. 0093 

" D i r t y "  R e f e r e n c e  Core ,  r < 10 cm - 0 . 0 0 0 3  

geomet ry  was u s e d  f o r  sodium w o r t h  due t o  sodium l o s s  c a u s e s  a  change  i n  

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

geomet ry  b e c a u s e  t h e  s h i f t  i n  s p e c t r u m  

P R E L I M I N A R Y  E V A L U A T I O N  O F  C R O S S - S E C T I O N  D A T A  

W .  W .  L i t t l e ,  L .  L .  M a a s ,  a n d  R .  W .  H a r d i e  

A l l  FTR n e u t r o n i c s  c a l c u l a t i o n s  a r e  TABLE II. Ca l c u l a t e d  C r i t i c a l  -- 
b a s e d  on a  m o d i f i e d  v e r s i o n  o f  t h e  Rus- A s s e m b l y  C h a r a c t e r i s t i c s  

s i a n  2 6 - g r o u p  d a t a  c o m p i l a t i o n .  To 

a s s e s s  t h e  a c c u r a c y  o f  t h i s  c r o s s -  

s e c t i o n  s e t ,  numerous c r i t i c a l  a s sem-  

b l i e s  h a v e  b e e n  a n a l y z e d .  A p a r t i a l  

l i s t  o f  t h e  a s s e m b l i e s  s t u d i e d ,  which 

c o v e r  a  wide  r a n g e  o f  f l u x  s p e c t r a ,  i s  

g i v e n  i n  T a b l e  I .  The p r o m i n e n t  s p e c -  

t r u m  c h a r a c t e r i s t i c s  o f  t h e s e  assem-  

b l i e s  a r e  t a b u l a t e d  i n  T a b l e  11. 

One method o f  c h e c k i n g  c r o s s -  

s e c t i o n  d a t a  i s  t o  compare c a l c u l a t e d  

and e x p e r i m e n t a l  f i s s i o n  r a t i o s .  

T a b l e s  I 1 1  and IV g i v e  t h e  P ~ ~ ~ ~ / u ~ ~ ~  

:. a f  F l u x  Critical 
Buckling 
B2 . 10" 

5.58 

2.42 

2.01 

1 . 8 0  

3 . 2 :  

2.14 

8.55 

1.07 

5.88 

2.40 

2.54 

2.08 

5.h? 

2.59 

8. 251 

3.27 

and u ~ ~ ~ / u ~ ~ ~  f i s s i o n  r a t i o s  f o r  t h e  



TABLE I .  C e n t r a l  Core  C o m p o s i t i o n s  

Corc 

ZPK- 1 1 1  

1 4  

2 9  

3  4  

35  (FEKMI R )  

3 8  

3  9  

4 4  (RAPSUIE)  

45A 

46H (T:ARhT) 

4' (SI.FO11) 

4 8  

I P I - V I  : 
LI.BR-1 1 

,kJK,I 2  

ILBK-1 i 

L  b l  

[I. 7 9 0  - 

1 . 1 1 0  - 

2 . 1 1 0  - 

3 . 1 8 0  0 . 2 9 7 5  

0 . 5 ' 2  0 . 0 7 1 h  

1 . 5 0 '  0 . 1 8 8 7  

1 . 4 3 9  0 , 0 ? 0 8  

0 . 7 5 7  ~ I . l i lO i1  

1 . 0 6 4  iI .1J1l7 

1 . 0 4 5  0 . 1 0 8 ~ 1  

0.9'10 O.l . , l>R 

1 . 0 3 8  0.17'111 

0 . 4 1 0  0 . 0 J : ~ l  

0 . 3 8 0  O . l l i 9 l l  

0 . 4 ? 0  L1.0130 

0 . 1 5 2 5  0 . 0 1 1 3  

TABLE I I I .  C e n t r a l  R e a c t i o n  R a t e R a t i o s  

C n l c u 1 n t i . d  
A s + e n ~ h l y  L x p e r i n i c n t n l  P \ L  - C!E 

-,,:3S/ d U f l i 5  

' f  

I F R - 1 1 1  1 4  1 . 0 5 0  1 . 0 8 ~ 1  1 . 0 i 7  

2 9  1 .0611  1 .0811  1 . 0 1 9  

3  1 l . o h ?  1 . 0 8 8  1 . 0 2 0  a s s e m b l i e s  l i s t e d  i n  Table  I .  I n  gen-  
3 5  (FERYI  H )  1 . 0 9 0  1 . 0 8 4  0 . 9 9 1  

3 8  1 . 1 7 0  1 . 1 8 5  1 . 0 1 3  
e r a l ,  t h e  computed f i s s i l e  f u e l  f i s s i o n  

3  !l 1 . 1 8 0  1 . 1 8 1  1 . 0 0 1  r a t i o s  a r e  i n  r e a s o n a b l e  agreement  w i t h  
4 4  (R.4FbOL'Ir)  1 . 1 8 6  1 . 2 3 5  1 . 0 1 1  238  
15.4 I . ! I ] ;  0 . 9 6 9  0 . 9 2 6  e xpe r imen t ,  - - whereas t h e  computed U / 
a n  ( r a ~ t ~  I P J  1 2 1 2  u L S b  f l s s i o n  r a t i o s  a r e  c o n s i s t e n t l y  
1- I 5 L k O R )  I1 1 1 (1 0 4 1 1 0  O u 8 ,  

4 9 I I  I~~ 0 1 ~ 1  0 9 8 3  h i g h e r  t h a n  expe r imen ta l  v a l u e s .  
ZPK-I ' I  .? 1 , 0 9 0  I  0 .5185 

I t B K A  I  1 . 1 9 8  1 . : 08  I.!ll~!l 
Cross  s e c t i o n s  can a l s o  be e v a l u a t e d  

7 0 . 9 8 7  I .OIJi  1 . 0 1 0  by comparing c a l c u l a t e d  and e x p e r i m e n t a l  
> 1 . 1 9 0  1 . 2 1 :  1 . 0 1 s  

h  -1 0  O . ! I ~ I  11 . !> .l 'I (I . $1 s s r e a c t i v i t y  c o e f f i c i e n t s .  Table  V g i v e s  

TABLE I V .  C e n t r a l  R e a c t i o n  R a t e  R a t i o s  

l . a l c u l a t e d  
Asscmbly  L x p e r i n l e n t a l  PNI. C/I: - -- 

L.y138/ c U f 2 3 5  
Z P R - 1 1 1  1 4  0.0611 0 . 0 7 1  1 . 1 8 2  

2 Y I l . 0 5 h  0 . 0 4 0  1 . 0 5 1  

3 4  0 . 0 5 '  0 . 0 3 9  1 . 0 5 4  

3 5  (FERN1 D l  0 . 0 5 1  0 . 0 3 4  1 . 1 0 0  

3 8  0. 0 3 3  0 . 0 3 5  1 . 0 6 1  

3  9  0 . 0 4 8  

1 4  (RAFSODII.) 0 . 0 8 2  

4  5A 0 . 0 2 8  

4 6  (FAKET B) . - 

4 -  (SEFOR)  0 . 0 2 b  

48 0 . 0 5 1  

Z P R - I ' l  2 0 . 0 3 6  

ZIHRA 1 0 . 0 4 1  

0 . 0 3 2  

0 . 0 4 6  

6 A  0 . 0 3 6  

t h e  r e a c t i v i t y  wor th  of  v a r i o u s  m a t e r -  

i a l s  i n  t h e  SEFOR c r i t i c a l  assembly 

i n  t e rms  of  6 k ;  Table  V I  g i v e s  r e a c t i v -  

i t y  wor ths  i n  t h e  ZEBRA as sembl i e s  i n  

te rms  of  o . Note t h a t  f u e l  wor ths  a r e  
P  

p r e d i c t e d  w e l l ,  whereas t h e  c a l c u l a t e d  
1 0  l i g h t - e l e m e n t  w o r t h s - - e s p e c i a l l y  B - -  

e x h i b i t  r a t h e r  l a r g e  d i s c r e p a n c i e s  w i t h  
1 . 0 4 2  e x p e r i m e n t a l  v a l u e s .  
1 . 0 4 9  



TABLE V .  ZPR-111 4 7  (SEFOR) Reac- 
t i v i t y  C o e f f i c i e n t s  

S a m p l e  
M a t e r i a l  M a s s ,  g 

P u - S S - A i  6 9 . 1  

E n r i c h e d  UAL 7 2 . 1  

D e p l e t e d  [ J  2 4 6 0 . 1  

B4C, t . n r i c h e d  3 2 . 4  

Na 9 1 . 2  

S  S 1 0 2 6 . 1  

Fe  1 0 2 8 . 0  

Be 2 4 0 . 7  

R e a c t i v i t y  W o r t h ,  mk 
E x p e r i m e n t a l  C a l c u l a t e d  

TABLE V I .  C e n t r a l  P e r t u r b a t i o n  C r o s s  
S e c t i o n s  i n  Zebra Assembly  

ALOGRITHMS F O R  COLLAPSING F A S T  R E A C T O R  CROSS SECTIONS 

W .  W .  L i t t l e ,  J r . ,  a n d  R .  W .  Hardie 

F a s t  r e a c t o r  c r o s s  s e c t i o n s  a r e  o f -  

t e n  compiled i n  mu l t i g roup  a r r a y s - - t h e  

number o f  groups u s u a l l y  l y i n g  between 

15  and 40. S ince  many d e s i g n  c a l c u l a -  

t i o n s - - e s p e c i a l l y  mu l t i d imens iona l  c a l -  

c u l a t i o n s - - d o  n o t  r e q u i r e  such f i n e  

d e t a i l ,  a  s t u d y  was made o f  t h e  methods,  

a p p l i c a b i l i t y ,  and e r r o r s  i nvo lved  i n  

c o l l a p s i n g  f i n e  group c r o s s  s e c t i o n s .  

The c o l l a p s i n g  problem i s  of  s p e c i a l  

i n t e r e s t  i n  t h e  a n a l y s i s  o f  l a r g e  sodium 

cooled  b r e e d e r  r e a c t o r s .  I n  t h e s e  r e -  

a c t o r s ,  t h e  sodium r e a c t i v i t y  c o e f f i -  

c i e n t  depends on a  p r e c a r i o u s  b a l a n c e  

between s p e c t r a l  and l eakage  t e rms .  

Thus, i f  few group c r o s s  s e c t i o n s  a r e  

used  t o  c a l c u l a t e  sodium wor th ,  t h e  

c o l l a p s e d  c r o s s  s e c t i o n s  must p r e s e r v e  

bo th  s p e c t r a l  and l eakage  e f f e c t s .  

For t h e  c a l c u l a t i o n  o f  k e f f ,  r e a c -  

t i o n  r a t e s ,  e t c . ,  t h e  u s u a l  f l u x  we igh t -  

i n g  r e c i p e - - w i t h  r e c i p r o c a l  we igh t ing  

of  t h e  t r a n s p o r t  c r o s s  s e c t i o n - - w a s  

found t o  be most s u i t a b l e .  The accu -  

r a c y  of  t h i s  c o l l a p s i n g  method f o r  a  

l a r g e  ox ide  f u e l e d  b r e e d e r  r e a c t o r  i s  

i l l u s t r a t e d  i n  t h e  f i r s t  f o u r  columns 

o f  Table  I .  The pa rame te r s  i n  Tab le  I  

were computed u s i n g  t h e  one-d imens ional  

DTF-IV t r a n s p o r t  code(') and t h e  FCC 

fundamental  mode code .  Co l l apsed  

c r o s s  s e c t i o n s  were g e n e r a t e d  by t h e  

FCC code.  Observe t h a t  r e a c t i o n  r a t e s ,  

f u e l  c o e f f i c i e n t s ,  and p o i s o n  c o e f f i -  

c i e n t s  a r e  we l l  d e s c r i b e d  by t h e  few 

group c r o s s  s e c t i o n s  

I t  can be s een  from Tab le  I ,  however, 

t h a t  t h e  c o l l a p s e d  c r o s s  s e c t i o n s  com- 

pu ted  by f l u x  we igh t ing  a r e  t o t a l l y  i n -  

adequa te  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  

c o e f f i c i e n t  of  a  modera tor  ( e . g . ,  b e r y l -  

l i um o r  sodium) .  For such  c a l c u l a t i o n s ,  

a  new c o l l a p s i n g  a l g o r i t h m  was d e v i s e d .  

Th i s  a l g o r i t h m ,  which employs bo th  f l u x  
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( a )  TABLE I. P a r a m e t e r s  Compu ted  f rom E x a c t  and  CoZZapsed  C r o s s  S e c t i o n s  

Number o f  Energy  Groups  
2 0  4  ( P e r t u r b a t i o n  

P a r a m e t e r  ( "Exac t " )  12 8  4  - C r o s s  S e c t i o n s )  

W o r t h s ,  6k 

~ u ~ ~ ~  (+  1 0 % )  + 0 . 0 5 3 2 1  +0 .05392  +0 .05366  +0.05377 + O .  05311 

B" (6N = 2  x  - 0 . 0 7 6 6 3  - 0 . 0 7 4 8 9  - 0 . 0 7 5 5 0  - 0 . 0 7 5 7 9  - 0 . 0 7 7 9 8  

Na ( -  2 0 % )  - 0 . 0 0 1 2 6  -0 .00090  - 0 . 0 0 1 0 4  - 0 . 0 0 0 7 7  - 0 . 0 0 1 2 1  

Be ( N = +0.00060  - 0 . 0 0 0 7 2  -0 .00084  - 0 . 0 0 1 5 2  + 0 .  00062 

C a ) ~ a l c u l a t i o n s  f o r  l a r g e  o x i d e  f u e l e d  f a s t  r e a c t o r .  

and a d j o i n t  f l u x ,  i s  o b t a i n e d  by c o n -  two a l g o r i t h m s  m e n t i o n e d  w e r e  f o u n d  

s e r v i n g  t h e  f u n d a m e n t a l  mode r e a c t i v i t y  most a p p r o p r i a t e ,  a l t h o u g h  o t h e r  c o l -  

c o e f f i c i e n t s .  T h i s  i s  most c o n v e n i e n t l y  l a p s i n g  r e c i p e s  may y i e l d  b e t t e r  r e -  

a c c o m p l i s h e d  by i n t r o d u c i n g  a  p s e u d o  s u l t s  f o r  s p e c i f i c  r e a c t o r s .  

a b s o r p t i o n  c r o s s  s e c t i o n  i n  e a c h  c o a r s e  

g r o u p .  The l a s t  column i n  T a b l e  I dem- REFERErdCES 

o n s t r a t e s  t h a t  a  f o u r - g r o u p  model u s i n g  
I. K. D. L a t h r o p .  E I V ,  A  FORTRAN- 

s u c h  " p e r t u r b a t i o n "  c r o s s  s e c t i o n s  i s  I V  Program f o r  S o l v i n g  t h e  M u l t i -  

much more a c c u r a t e  f o r  c o m p u t i n g  mod- g r o u p  T r a n s p o r t  E q u a t i o n  w i t h  
A n i s o t r o p i c  S c a t t e r i n g ,  LA-3373.  

e r a t o r  r e a c t i v i t y  c o e f f i c i e n t s  t h a n  November ,  1965. 

c o r r e s p o n d i n g  mode l s  u s i n g  f l u x  w e i g h t e d  
2 .  W .  W .  L i t t l e ,  J r .  and  R. W .  H a r d i e .  

c r o s s  s e c t i o n s .  FCC, A  F u n d a m e n t a l  Mode Code f o r  

Many o t h e r  n u m e r i c a l  e x p e r i m e n t s  F a s t  R e a c t o r  A n a l y s i s ,  BNWL-234. 
March .  1966. 

u s i n g  t h e s e  and a 1  t e r n a t e  a l g o r i t h m s  

h a v e  b e e n  p e r f o r m e d .  I n  g e n e r a l ,  t h e  

PLANNING O F  F T R  CRITICAL EXPERIMENT P R O G R A M  

R .  A .  B e n n e t t  a n d  R .  A .  Ha r r i s  

C r i t i c a l  e x p e r i m e n t s  i n  s u p p o r t  o f  

FTR d e s i g n  w i l l  c o n s i s t  o f  two s e p a -  

r a t e  b u t  r e l a t e d  p r o g r a m s :  a n  e n g i -  

n e e r i n g  mockup p rogram;  and a  p r e -  

mockup o r  " c l e a n "  e x p e r i m e n t  p rogram.  

The mockup e x p e r i m e n t s  w i l l  c o n s i s t  

o f  a n  e x t e n s i v e  e x p e r i m e n t a l  s t u d y  o f  

t h e  r e f e r e n c e  FTR c o r e .  

The p u r p o s e  o f  t h e  premockup e x p e r i -  

m e n t s  i s  t o  o b t a i n  e a r l y  e x p e r i m e n t a l  

i n f o r m a t i o n  r e g a r d i n g  i n - c o r e  and  

r e f l e c t o r  c o n t r o l  c h a r a c t e r i s t i c s  

f o r  s y s t e m s  whose n e u t r o n i c s  r e s e m b l e  

t h o s e  o f  t h e  Pu02-U02 FTR c o r e .  These  

e x p e r i m e n t a l  d a t a  a r e  t o  b e  u s e d  a s  

t e s t s  o f  c a l c u l a t i o n a l  mode l s  p r e s e n t l y  

employed i n  t h e  d e s i g n  o f  FTR. 
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I t  i s  t e n t a t i v e l y  p l a n n e d  t h a t  t h e  

premockup e x p e r i m e n t s  w i l l  b e  c a r r i e d  

o u t  i n  t h e  ZPR-I11 f a c i l i t y  a t  ANL, 

I d a h o .  I n  t h e  p r e s e n t  p rogram,  u n d e r  

way i n  t h e  ZPR-I11 f a c i l i t y ,  s i x  p l u t o -  

nium a s s e m b l i e s  (P1 t o  P6)  a r e  t o  be 

i n v e s t i g a t e d .  To d e t e r m i n e  which o f  

t h e s e  a s s e m b l i e s  would b e  most u s e f u l  

f o r  FTR p u r p o s e s ,  a  s e r i e s  o f  c a l c u l a -  

t i o n s  was p e r f o r m e d .  

Fundamental  mode c a l c u l a t i o n s  

y i e l d e d  t h e  p a r a m e t e r s  shown i n  T a b l e  I  

f o r  t h e  p l u t o n i u m  a s s e m b l i e s  and  t h e  

800 l i t e r  Pu02-U02 c e r a m i c  FTR c o r e .  

The p l u t o n i u m  assembly  which a p p e a r s  

t o  most c o n s i s t e n t l y  d u p l i c a t e  t h e  f l u x  

s p e c t r a  o f  t h e  FTR c e r a m i c  c o r e  i s  P1 

(Assembly 4 8 ) .  O t h e r  a s s e m b l i e s ,  s u c h  

a s  P 2 ,  c o u l d  be u t i l i z e d  i f  t h e  need  

a r o s e .  

F a i r l y  d e t a i l e d  d e s i g n  c a l c u l a t i o n s  

a r e  now b e i n g  c a r r i e d  o u t  f o r  Assembly 

48.  S p a t i a l  d i s t r i b u t i o n s  o f  n e u t r o n  

r e a c t i o n  r a t e s  h a v e  been  c a l c u l a t e d  f o r  

s e v e r a l  p o s s i b l e  d e t e c t o r  m a t e r i a l s .  

F u r t h e r ,  s i n c e  i t  i s  p r e s e n t l y  p l a n n e d  

t o  u s e  a n  I n c o n e l  r e f l e c t o r  on t h e  FTR, 

c a l c u l a t e d  w o r t h s  o f  c o n t r o l  r o d s  on 

t h e  c o r e  p e r i p h e r y  o f  Assembly 48 were  

compared f o r  a  u~~~ r e f l e c t e d  and an 

I n c o n e l  r e f l e c t e d  s y s t e m .  

For  t h e  u~~~ and I n c o n e l  r e f l e c t e d  

s y s t e m s ,  t h e  w o r t h s  o f  an a n n u l a r  s h e l l  

o f  B 4 C  ( e q u i v a l e n t  i n  volume t o  f o u r ,  

2 i n .  by 2 i n .  r o d s )  on  t h e  c o r e  p e r i p h -  

e r y  were found t o  b e  3 .27$  and 9 . 4 7 $  

( p  = 0 . 0 0 3 4 5 ) ,  r e s p e c t i v e l y .  

S i n c e  a n  I n c o n e l  r e f l e c t o r  on Assem- 

b l y  48 would more c l o s e l y  s i m u l a t e  t h e  

s p e c t r a l  c o n d i t i o n s  o f  t h e  FTR and i n  

view o f  t h e  s i g n i f i c a n t  i n c r e a s e  i n  

r o d  w o r t h ,  e x p e r i m e n t s  w i t h  an  I n c o n e l  

r e f l e c t o r  a r e  more a p p r o p r i a t e  t h a n  

e x p e r i m e n t s  w i t h  a  u~~~ r e f l e c t o r .  

However, c o m p l e t e  r e p l a c e m e n t  o f  t h e  

u~~~ r e f l e c t o r  o f  Assembly 48 w i t h  

I n c o n e l  i s  c o s t l y ,  t i m e  consuming ,  and  

p e r h a p s  n o t  n e c e s s a r y .  I t  may b e  p o s -  

s i b l e  t o  do e x p e r i m e n t s  o f  p e r t i n e n c e  

t o  t h e  d e s i g n  o f  FTR c o n t r o l  r o d s  u s i n g  

a  p a r t i a l  I n c o n e l  r e f l e c t o r  i n  t h e  form 

o f  a  s e c t o r ,  a s  s m a l l  a s  90'. C a l c u l a -  

t i o n s  a r e  p r e s e n t l y  u n d e r  way t o  e s t a b -  

l i s h  t h e  r e q u i r e d  s i z e  o f  an a d e q u a t e  

I n c o n e l  s e c t o r .  

TABLE I. FundamentaZ Mode Parameter 

Core 

1 

2 

3  

4  

5 

6  

800 l i t e r  FTR 

F r a c t i o n  o f  T o t a l  F lux  
Above Given E n e r g i e s  

800 keV 100 keV 10 keV 1 keV 0 . 1  keV 

Spec t rum Averaged 
Cross  S e c t i o n s  

Pu 239  "2 38 

cl f  cl f  " f  --- 



F T R  S H I E L D  C A L C U L A T I O N S  

D .  R .  Marr, W .  L .  B u n c h  

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

code MAC h a s  b e e n  u s e d  t o  compare  w i t h i n  t h e  b a r r i e r  and i f  t h e y  would 

f o u r  d i f f e r e n t  a x i a l  s h i e l d  a r r a n g e -  be  a b l e  t o  w i t h s t a n d  t h e  t e m p e r a t u r e  

men t s  f o r  t h e  F a s t  T e s t  R e a c t o r  (FTR). and r a d i a t i o n  e n v i r o n m e n t .  S t u d y  p r o -  

T h i s  c o d e  c a l c u l a t e s  t h e  e n e r g y  and grams h a v e  b e e n  p r o p o s e d  t o  d e t e r m i n e  

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

t r o n  and  gamma f l u x  t h r o u g h o u t  t h e  t h e s e  m a t e r i a l s  m i g h t  b e  u s e d .  

s h i e l d .  I n  t h e  v r e s e n t  v e r s i o n  o f  -- 

MAC, g e o m e t r y  i s  l i m i t e d  t o  s l a b  TABLE I .  Assumed A x i a l  S h i e l d  
Cornnos i t i on  

c o r e  and s h i e l d  r e g i o n s  t h a t  a r e  i n -  
i h l e l d  --- \ r r d n q e m e n t  1 

f i n i t e  i n  e x t e n t .  Up t o  1 8  s l a b  r k  i I on  
Cornpo5l t lnn  (Volume C) - L - - -_---'.a r L  

s h i e l d  r e g i o n s  c a n  b e  u s e d  i n  a  c a l -  I C O T -  I ,  [ O I L  ? 3 1 "  $ 7 ,  5" P u O , ,  10" ha 

c u l a t i o n ,  w i t h  t h e  m a t e r i a l  i n  e a c h  

s l a b  b e i n g  homogeneous.  S t r e a m i n g  

o r  c h a n n e l i n g  e f f e c t s  due t o  p e n e -  

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

be  t a k e n  i n t o  a c c o u n t  by t h e  c o d e .  

The b a s i c  a d v a n t a g e  o f  t h e  code  f o r  

s u r v e y  c a l c u l a t i o n s  i s  s p e e d .  The 

t i m e  r e q u i r e d  f o r  a  Monte C a r l o  o r  

t r a n s p o r t  c a l c u l a t i o n  would be o r d e r s  

o f  m a g n i t u d e  g r e a t e r .  T h u s ,  t h e s e  

l a t t e r  c o d e s  w i l l  o n l y  b e  u s e d  f o r  

i Sodi i ln  I'ool I ,  P a r t  1 2 . 2 :  101 SS, 9 ? . S :  Na 

4 ! i o d i u a  I'ooi 1 ,  P a r t  2 1 . 7 %  10-1 SS ,  9 0 . 5 %  lia 

5 I l p p ~ r  Cullc S h e e r  9 7 . 6 %  304 S S ,  2 . 4 %  S a  

r, ~ o d ~ n r n  P o o l  : 7.7% 30.1 S S ,  ' l ? . j w a  

7 i h c r m a l  R e r r l e r ,  P a r t  1  3.5: 304 SS 

S : l i c r~~ l a :  H a r r i e r .  P a r t  ? .:.5'; 1 0 4  $5 

'1 C o ~ c r  P l a t e ,  P a r t  1 3.S",ilJ SS ,  9 3 . ? %  C a s t  Iran 

i O  C o r e r  P l n t e ,  i u r t  1' 3.1% 1114 S S ,  ')I.'% Cas t  I r o n  

I 1  N o z z l e  ..\rea 3 . i X 0 4  SS 

12 Canima S h ~ ~ l d  ll l l i% C a s t  I r o n  

S l l i e l d  . \ r r a n g P m e n t  i 
- -- 

Sn'i:e a s  f l i  e x c e p t  Thermal  R : I ~ I - i e r ,  R e ~ i o n s  a n d  8 ,  a l s o  c o n t a i r l  

j l ) : ,  i r o n  s c r p e n t l n e  ( I .  .it? pis !nJ)  c o n c r e t c  ( T S - Z h 5 ) .  

T l ' i c l d  r r n n g e m e n t  i 

Same a s  ( 1 )  e x c e l l t  'Tllernlal P i l r r i e r ,  : c g i a r l s  ' ariii 8 ,  a l s o  c o n t a i r i  

711% g r a p h i t e  1 1 .  11 g/uni). 

S t l l e l d  Arl-.3nqement J  
more d e t a i l e d  s h i e l d  d e s i g n .  --p-L-- 

Snmc a i  ( 1 )  c \ c ? p t  T t ~ e r m n l  Rnrrier, R q i o l i  i a n d  8 ,  3 1 5 0  c o n t a i n  

T a b l e  I  summar izes  t h e  c o m p o s i t i o n s  R I ~ :  I ~ U ~ L  s e r p e n t i n e  ( 1 . 3 8  g / ~ m 3 ) .  

and  d i m e n s i o n s  o f  t h e  v a r i o u s  r e g i o n s  

assumed i n  t h e  f o u r  c a s e s .  The t h e r -  

mal b a r r i e r  be tween  t h e  sodium v o o l  

and t h e  c o v e r  p l a t e  c o u l d  p r o b a b l y  

c o n t a i n  s p e c i a l  n e u t r o n  s h i e l d i n g  

TABLE II. R e s u l t s  o f  MAC C a i c u Z a t i o n s  
f o r  F T R  Ax iaZ  S h i e l d  A r r a n g e m e n t s  

m a t e r i a l ,  s u b j e c t  t o  t h e  e n v i r o n m e n t a l  
C a l c u l a t e d  E x p o s u r e  R a t e  

c o n d i t i o n s  t h a t  w i l l  e x i s t .  The r e -  Through  S h i e l d ,  mrem/hr  

s u l t s  ( s e e  T a b l e  11) i n d i c a t e  t h a t  Case  -- N e u t r o n s  Gamma 

some n e u t r o n  s h i e l d i n g  m a t e r i a l  w i l l  
1 7 x  l o 1  2 x l o 1  

2 7 x 1 x  
be  r e q u i r e d  i n  t h i s  r e g i o n .  The f i l -  

3 3 x  7 
l e r  m a t e r i a l s  t h a t  were  assumed i n  4 5 9 

e a c h  c a s e  would b e  a d e q u a t e ;  however  

i t  w i l l  be  n e c e s s a r y  t o  d e t e r m i n e  how 



S H I E L D  A N A L Y S E S  F O R  I R R A D I A T E D  F T R  F U E L  H A N D L I N G  

W .  L .  Bunch 

The compute r  p rogram ISOSHLD h a s  

b e e n  u s e d  t o  d e t e r m i n e  b a s i c  s h i e l d -  

i n g  r e q u i r e m e n t s  f o r  a  number o f  com- 

p o n e n t s  o f  t h e  FFTF ( F a s t  F l u x  T e s t  

F a c i l i t y )  i n  which t h e  f u e l  i r r a d i -  

a t e d  i n  t h e  FTR w i l l  b e  h a n d l e d  o r  

p r o c e s s e d .  ISOSHLD p e r f o r m s  gamma 

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

w i d e  v a r i e t y  o f  s o u r c e  and s h i e l d  

c o n f i g u r a t i o n s .  T a y l o r  B u i l d u p  f a c -  

t o r s  a r e  i n c o r p o r a t e d  i n  t h e  c a l c u -  

l a t i o n s  b a s e d  on t h e  number o f  mean 

f r e e  p a t h s  t r a v e r s e d  and t h e  e f f e c -  

t i v e  a t o m i c  number o f  t h e  b a s i c  

s h i e l d  r e g i o n .  A l s o  i n c o r p o r a t e d  

a s  a  s u b r o u t i n e  i s  t h e  program RIBD, 

which  c a l c u l a t e s  f i s s i o n  p r o d u c t  i n -  

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

c o n d i t i o n s  and d e c a y  t i m e .  I t  was 

n e c e s s a r y  t o  d e v e l o p  a  f a s t  r e a c t o r  

l i b r a r y  f o r  u s e  w i t h  t h i s  code  t o  

i n c o r p o r a t e  f a s t  f i s s i o n  y i e l d  f a c -  

t o r s  and  f a s t  n e u t r o n  a b s o r p t i o n  

( b u r n u p )  c r o s s  s e c t i o n s .  

F a c i l i t i e s  f o r  which  p r e l i m i n a r y  

s h i e l d i n g  r e q u i r e m e n t s  h a v e  b e e n  c a l -  

c u l a t e d  i n c l u d e  t h e  " r a b b i t "  i r r a d i a -  

t i o n  f a c i l i t y ,  t h e  g a s - c o o l e d  i n t e r i m  

e x a m i n a t i o n  f a c i l i t y ,  t h e  g a s - . c o o l e d  

d i s a s s e m b l y  c e l l ,  t h e  g a s  - c o o l e d  " p i n "  

e x a m i n a t i o n  c e l l ,  and t h e  u n d e r w a t e r  

e x a m i n a t i o n  f a c i l i t y .  I n  a d d i t i o n ,  

t h e  p rogram RIBD h a s  b e e n  u s e d  t o  

c a l c u l a t e  d e c a y  h e a t  i n  FTR f u e l  f o l -  

l o w i n g  shu tdown.  T h e s e  s t u d i e s  h a v e  

a l l  been  r e p o r t e d  i n  i n t e r n a l  r e p o r t s  

t o  s e r v e  a s  b a s e s  f o r  c o n c e p t u a l  d e -  

s i g n  o f  t h e  s e v e r a l  f a c i l i t i e s .  More 

d e t a i l e d  s h i e l d i n g  c a l c u l a t i o n s  w i l l  

b e  r e q u i r e d  f o r  t h e s e  and  o t h e r  f a c i l -  

i t i e s  t o  a s s i s t  i n  e v o l v i n g  t h e  f i n a l  

d e s i g n .  

A  S T U D Y  O F  A  F A S T - T H E R M A L  R E A C T O R  E X P E R I M E N T  

R .  M .  Humes and D .  A .  B i t z  

Major  e m p h a s i s  i s  b e i n g  p l a c e d  on f a s t  

r e a c t o r  deve lopment  a s  a  method o f  c o n -  

s e r v i n g  t h e  n a t i o n ' s  s u p p l y  o f  f i s s i o n -  

a b l e  m a t e r i a l .  I n  view o f  t h e  p a s t  and  

p r e s e n t  u s e f u l n e s s  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  R e a c t o r  (PCTR) i n  t h e  

deve lopment  o f  t h e r m a l  r e a c t o r s ,  i t  

was a n t i c i p a t e d  t h a t  e x p e r i m e n t s  s i m i l a r  

t o  t h o s e  p e r f o r m e d  on t h e s e  t h e r m a l  

s y s t e m s  c o u l d  a l s o  b e  done f o r  f a s t  

s y s t e m s  u t i l i z i n g  b o t h  t h e  PCTR and  

t h e  new High T e m p e r a t u r e  L a t t i c e  T e s t  

R e a c t o r  (HTLTR) . To p r o v i d e  i n s i g h t  

i n t o  t h e  n e e d e d  e x p e r i m e n t a l  c o n d i t i o n s  

a n d  a l s o  t h e  p o s s i b l e  u n c e r t a i n t i e s  

t o  b e  e x p e c t e d  i n  s u c h  e x p e r i m e n t s ,  ( 1 )  

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

h e r e  were  begun .  

The c a l c u l a t i o n s  a r e  b e i n g  

p e r f o r m e d  on t h e  Univac  1107 

u t i l i z i n g  t h e  m u l t i g r o u p  t r a n s p o r t  

p r o g r a m ,  DTF-IV. A  26 n e u t r o n  

e n e r g y  g r o u p  s e t  o f  c r o s s  s e c t i o n s  

p r o p o s e d  by t h e  R u s s i a n s  and  

a v e r a g e d  o v e r  t h e  SEFOR c o r e  1 A  
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FIGURE I .  R e a c t o r  Model f o r  D T F - I V  

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

t h e  c a l c u l a t i o n a l  r u n s .  ( 2 )  

To p r o v i d e  a  r e f e r e n c e ,  a  c a l -  

c u l a t i o n  was made on t h e  SEFOR-1A 

c o r e  w i t h  a n  a r t i f i c i a l  b o u n d a r y  

a t  a  r a d i u s  o f  8 cm. 

The e x p e r i m e n t a l  f a s t - t h e r m a l  

s y s t e m  i s  r e p r e s e n t e d  by  a  s p h e r e  

c o n t a i n i n g  s i x  r e g i o n s  a s  shown i n  

F i g u r e  1. R e g i o n s  I  and  I 1  a r e  

composed o f  t h e  S E F O R - I A  m a t e r i a l .  

The b o u n d a r y  b e t w e e n  t h e s e  r e g i o n s  

i s  a t  a  r a d i u s  o f  8 cm i n  a l l  c a s e s ,  

and  t h u s  r e p r e s e n t s  t h e  t e s t  c e l l  i n  

t h e  e x p e r i m e n t .  Reg ion  I 1 1  i s  a  

n a t u r a l  u r a n i u m  b u f f e r - d e c o u p l e r  

r e g i o n .  Reg ion  IV i s  a  n a r r o w ,  

5 cm, zone o f  g r a p h i t e .  The h i g h l y  

e n r i c h e d  u r a n i u m  d r i v e r s  o f  t h e  t e s t  

r e a c t o r  a r e  r e p r e s e n t e d  by  Reg ion  V; 

and  a  g r a p h i t e  r e f l e c t o r ,  Reg ion  V I ,  

s u r r o u n d s  t h e  e n t i r e t y .  

S i x  c o n f i g u r a t i o n s ,  i n  a d d i t i o n  

t o  SEFOR, h a v e  b e e n  examined  t h u s  

f a r .  R e p r e s e n t i n g  t h e s e  by  X + Y 

where  X = o u t e r  r a d i u s  o f  Reg ion  11, 

Y = t h i c k n e s s  o f  n a t u r a l  u r a n i u m  

b u f f e r - d e c o u p l e r  r e g i o n ,  t h e s e  c o n -  

f i g u r a t i o n s  a r e :  

a )  1 5 + 1 0 c m  

b )  20 + 5  cm 

c )  30 + 0  cm 

d )  3 0 + 5  cm 

e )  30 + 10  cm 

f )  30  + 15  cm 

The p u r p o s e  b e h i n d  t h i s  s e r i e s  of 

c a l c u l a t i o n s  was t o  d e t e r m i n e  i f  t h e  

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

o p e r a t i n g  f a s t  b r e e d e r  r e a c t o r  c o u l d  

b e  a t t a i n e d ,  w h i l e  s t i l l  k e e p i n g  a s  

s m a l l  a  t e s t  c o r e  a s  p o s s i b l e  a n d  

s t a y i n g  w i t h i n  t h e  s t a n d a r d  PCTR 

s a f e t y  l i m i t a t i o n s .  I t  i s  b e l i e v e d  

t h a t  t h e  PCTR t y p e  o f  e x p e r i m e n t s  

c a n  b e  made on v e r y  low l e a k a g e  t e s t  

m a t e r i a l  ( i . e . ,  km 1 . 0 0 0 ) .  

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

a r e  f o r  a  r a t h e r  h i g h  l e a k a g e  t e s t  

m a t e r i a l  a n d  t h u s  r e p r e s e n t s  a  s e v e r e  

t e s t  o f  t h e  p o s s i b i l i t i e s  o f  accom- 

p l i s h i n g  s u c h  e x p e r i m e n t s .  One o f  t h e  

p r o p o s e d  e x p e r i m e n t s  f o r  t h i s  h i g h l y  

r e a c t i v e  f u e l  i s  t o  m e a s u r e  t h e  a d -  

j o i n t  w e i g h t e d  n e u t r o n  l e a k a g e ,  w i t h  

a  s u i t a b l e  n o r m a l i z a t i o n ,  f o r  t h e  

e q u i l i b r i u m  f a s t  r e a c t o r  medium u n d e r  

i n v e s t i g a t i o n .  The q u a n t i t y  mos t  

n e a r l y  c o r r e s p o n d i n g  t o  t h i s  wh ich  

c a n  be  o b t a i n e d  f rom t h e  c o m p u t e r  

p r i n t o u t s  i s  (Net  L e a k a g e ) /  ( T o t a l  

A b s o r p t i o n ) .  Hence ,  f o r  e a c h  c o n f i g -  

u r a t i o n  t h i s  r a t i o  f o r  Reg ion  I  i s  

t h e  q u a n t i t y  which  h a s  b e e n  compared 

w i t h  t h e  v a l u e  f o r  SEFOR. The v a l u e s  

o b t a i n e d  a r e  shown i n  T a b l e  I  a n d  

F i g u r e  2 .  

C a r e  mus t  b e  t a k e n  i n  d r a w i n g  

c o n c l u s i o n s  f rom t h e s e  r e s u l t s .  The 
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T h i s  i s  w e l l  i l l u s t r a t e d  by t h e  

v a l u e s  f o r  t h e  1 5  + 10 c a s e .  T a b l e  I 

shows a  v a l u e  o f  L / A  = 0.4656 which 

compares q u i t e  f a v o r a b l y  w i t h  t h e  

SEFOR v a l u e  o f  0 .4662 .  Examina t ion  

o f  t h e  l e a k a g e / a b s o r p t i o n  by group  

and compar i son  o f  t h e  s p e c t r u m  a s  

shown i n  T a b l e  I1  (p.  41) and F i g u r e  

3 r e s p e c t i v e l y ,  however ,  i n d i c a t e s  t h a t  

t h i s  i s  n o t  a  w e l l  d e s i g n e d  c o n f i g u r a -  

would b e  p o s s i b l e  t o  c o n d u c t  mean- 

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

f a s t  c o r e s  i n  PCTR and HTLTR i n  s u p -  

p o r t  o f  t h e  f a s t  r e a c t o r  p rogram.  
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C R I T I C A L  M A S S  P H Y S I C S  

R E S O L V I N G  T I M E  O F  A  P U L S E D  N E U T R O N  

S O U R C E  D A T A  A C Q U I S I T I O N  S Y S T E M  

S .  R .  B i e r m a n  a n d  K .  L .  G a r 1  i d *  

I n  making pu l sed  n e u t r o n  s o u r c e  

measurements ,  c o u n t i n g  r a t e s  of  such  

magnitude a r e  o f t e n  encoun te r ed  t h a t  

t h e  c h a r a c t e r i s t i c s  o f  t h e  d a t a  a c q u i -  

s i t i o n  sys tem must be p r o p e r l y  i d e n t i -  

f i e d  b e f o r e  c o r r e c t i o n s  f o r  c o i n c i -  

dence l o s s e s  can be a c c u r a t e l y  made. 

To accoun t  p r o p e r l y  f o r  c o i n c i d e n c e  

l o s s e s  a t  ve ry  h igh  c o u n t i n g  r a t e s ,  i t  

i s  n e c e s s a r y  t o  de t e rmine  how c l o s e l y  

a  p e r f e c t l y  p a r a l y z a b l e  o r  comple t e ly  

n o n p a r a l y z a b l e  sy s t em r e p r e s e n t s  t h e  

r e a l  d e t e c t i o n  sys tem used  i n  t h e  

measurements .  

A d e t e c t i o n  and c o u n t i n g  sys tem i s  

neve r  a  p e r f e c t l y  p a r a l y z a b l e  t y p e  o r  

a  comple t e ly  n o n p a r a l y z a b l e  t y p e ,  (1)  

b u t  l i e s  somewhere i n  between t h e s e  

two p o s s i b l e  ex t r emes .  E i t h e r  t y p e  

sys tem f a i l s  t o  coun t  e v e n t s  spaced  

more c l o s e l y  t h a n  t h e  s y s t e m ' s  r e s o l v -  

i n g  t ime .  I n  a  p e r f e c t l y  p a r a l y z a b l e  

sy s t em,  each  e v e n t  spaced  l e s s  t h a n  a  

r e s o l v i n g  t ime  a f t e r  a  coun ted  e v e n t  

w i l l  ex t end  t h e  i n a b i l i t y  of  t h e  s y s -  

tem t o  coun t  a n o t h e r  even t  f o r  a  r e -  

s o l v i n g  t i m e .  I n  a  comple t e ly  non-  

p a r a l y z a b l e  sy s t em,  t h e  e v e n t s  spaced  

l e s s  t h a n  a  r e s o l v i n g  t ime a f t e r  a  

counted  e v e n t  w i l l  have no e f f e c t ;  

* 
K .  L .  G a r l i d ,  D e p a r t m e n t  o f  N u c l e a r  
E n g i n e e r i n g ,  U n i v e r s i t y  o f  W a s h i n g t o n ,  
C o n s u l t a n t  t o  B a t t e l l e - N o r t k u e s t  
C r i t i c a l  Mass L a b o r a t o r y  

and t h e  sys tem w i l l  c o n t i n u e  t o  

f u n c t i o n  a s  i f -  t h e y  had neve r  occur red .  

For a  p a r a l y z a b l e  sy s t em c o u n t i n g  

random e v e n t s  t h e  obse rved  number of  

e v e n t s  p e r  u n i t  t i m e ,  N o ,  a r e  r e l a t e d  

t o  t h e  r e s o l v i n g  t i m e ,  t r y  of  t h e  s y s -  

tem and t h e  t r u e  number of  e v e n t s  p e r  

u n i t  t i m e ,  NT; 

For a  n o n p a r a l y z a b l e  sys tem c o u n t i n g  

random e v e n t s ,  t h e  t r u e  number of  

e v e n t s  a r e  r e l a t e d  t o  t h e  r e s o l v i n g  

t ime and obse rved  e v e n t s  by 

The maximum observed  c o u n t i n g  r a t e  

f o r  a  p a r a l y z a b l e  sys tem i s  l i m i t e d  t o  

However, f o r  a  n o n p a r a l y z a b l e  sys tem,  

t h e  maximum number of t r u e  e v e n t s  can  

approach  i n f i n i t y ;  and t h e  d e t e c t i o n  

sys tem w i l l  i g n o r e  a l l  e x c e p t  t h o s e  

spaced  one r e s o l v i n g  t ime a p a r t .  Thus,  

f o r  a  n o n p a r a l y z a b l e  sy s t em,  t h e  maximum 

observed  coun t ing  r a t e  i s  l i m i t e d  t o  



With t h e s e  r e l a t i o n s h i p s ,  i t  becomes a  

f a i r l y  s i m p l e  m a t t e r  t o  b r a c k e t  t h e  

r e s o l v i n g  t i m e  o f  a  s y s t e m  by m e r e l y  

s b s e r v i n g  t h e  maximum c o u n t  r a t e  t h a t  

a  s y s t e m  i s  c a p a b l e  o f .  

T h i s  a p p r o a c h  was employed t o  

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

d a t a  a c q u i s i t i o n  s y s t e m  u s e d  i n  mak- 

i n g  p u l s e d  n e u t r o n  s o u r c e  m e a s u r e -  

m e n t s  a t  t h e  C r i t i c a l  Mass L a b o r a t o r y  

o f  B a t t e l l e - N o r t h w e s t .  The s y s t e m  
3 n 

c o n s i s t e d  o f  a  B'" l o a d e d  o r g a n i c  

l i q u i d  s c i n t i l l a t o r  and  a n  RCA 6810 

p h o t o m u l t i p l i e r  t u b e  a s  t h e  d e t e c -  

t i o n  d e v i c e ,  a  l i n e a r  a m p l i f i e r  w i t h  

no  d i s c r i m i n a t i o n  c i r c u i t ,  and  a  

T e c h n i c a l  Measurements  C o r p o r a t i o n  

p u l s e d  n e u t r o n  l o g i c  u n i t  2 1 2  u s e d  

i n  a  TMC 256 c h a n n e l  a n a l y z e r .  The 

maximum c o u n t  r a t e  t h a t  c o u l d  b e  ob-  

o b s e r v e d  by t h i s  s y s t e m  was d e t e r -  

mined by p l a c i n g  t h e  d e t e c t o r  on 

t h e  t o p  f a c e  o f  a  p l u t o n i u m  f u e l e d  

a s s e m b l y  and s u b j e c t i n g  t h e  a s s e m b l y  

t o  r e p e t i t i v e  b u r s t s  o f  1 4  MeV n e u -  

t r o n s  f rom a  Xaman A-810 n e u t r o n  

g e n e r a t o r .  By s e l e c t i n g  a  p r o p e r  

t i m e  s c a l e  on t h e  t i m e  a n a l y z e r ,  i t  

was p o s s i b l e  t o  o b s e r v e  a t  wha t  v a l u e  

t h e  c o u n t s ,  s t o r e d  i n  t h e  a n a l y z e r ' s  

memory, wen t  t h r o u g h  a  maximum. 

The maximum a b s e r v e d  c o u n t  r a t e  

a v e r a g e d  2 , 2 0 0 , 0 0 0  c o u n t s / s e c  o v e r  

a  s e r i e s  o f  measurements  on  s i x  

d i f f e r e n t  a s s e m b l i e s ,  e a c h  a t  t h r e e  

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

Based  on t h e s e  d a t a  t h e  r e s o l v i n g  

t i m e  o f  t h e  e n t i r e  d a t a  a c q u i s i t i o n  

s y s t e m  l i e s  somewhere be tween  0 . 1 7  

0 . 0 3  u s e c  and 0 . 4 6  2 0 . 0 3  u s e c ,  

d e p e n d i n g  on how n e a r  t h e  s y s t e m  i s  

t o  b e i n g  a  p a r a l y z a b l e  o r  n o n p a r a -  

l y z a b l e  t y p e ,  r e s p e c t i v e l y .  

The a c t u a l  r e s o l v i n g  t i m e  o f  t h e  

d a t a  a c q u i s i t i o n  s y s t e m  c a n  b e  o b -  

t a i n e d  by i n s p e c t i n g  t h e  t i m e  

c h a r a c t e r i s t i c s " )  ( S t e v e r ' s  P a t t e r n ]  

o f  t h e  components  e x t e r n a l  t o  t h e  

a n a l y z e r  and by employ ing  a  n o n r a n -  

dom p u l s e  t e c h n i q u e  i n  t h e  a n a l y z e r .  

The s h a p e  of  t h e  o u t p u t  p u l s e  f rom 

t h e  s c i n t i l l a t o r - d e t e c t o r  d e v i c e  

i n d i c a t e d  t h a t  t h i s  component  o f  

t h e  d a t a  a c q u i s i t i o n  s y s t e m  h a d  a 

r e s o l v i n g  t i m e  no g r e a t e r  t h a n  0 .04  

u s e c .  S i m i l a r l y ,  t h e  d e t e c t o r  and 

a m p l i f i e r  combined were  f o u n d  t o  

h a v e  a  r e s o l v i n g  t i m e  o f  0 . 0 8  u s e c .  

To d e t e r m i n e  t h e  r e s o l v i n g  t i m e  

a s s o c i a t e d  w i t h  s o r t i n g  t h e  c o u n t s  

i n  t i m e  and  s t o r i n g  them i n  t h e  

memory o f  t h e  TMC c h a n n e l  a n a l y z e r ,  

a  t e c h n i q u e  employ ing  nonrandom 

p u l s e s  s e p a r a t e d  by a  f i n i t e  t i m e  

i n t e r v a l  was u s e d .  P u l s e s  h a v i n g  

a  t o t a l  w i d t h  o f  l e s s  t h a n  0 . 1  

u s e c ,  i n c l u d i n g  r i s e  and f a l l  t i m e s ,  

w e r e  f e d  d i r e c t l y  f rom a  h i g h  

s p e e d  p u l s e  g e n e r a t o r  i n t o  t h e  

p u l s e d  n e u t r o n  l o g i c  u n i t  o f  t h e  

a n a l y z e r .  The p u l s e  r e p e t i t i o n  r a t e  

was i n c r e a s e d  s t e p - w i s e  u n t i l  t h e  

a n a l y z e r  f a i l e d  t o  c o u n t  p r o p e r l y .  

S i n c e  e a c h  a r i t h m e t i c  b i n a r y  c i r -  

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

c o u n t  r a t e  i n  h a l f ,  t h e  f i r s t  b i n -  

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

t h e  a n a l y z e r .  T h e r e f o r e ,  t h e  t r u e  

number o f  c o u n t s  i n  t h e  f i r s t  

c h a n n e l  w i d t h  w e r e  o b s e r v e d ,  a l o n g  

w i t h  t h e  c h a n n e l  w i d t h ,  on  a n  o s -  

c i l l o s c o p e .  The t r u e  number o f  



c o u n t s  e n t e r i n g  t h e  b i n a r y  may t h u s  t y p e  s y s t e m s .  A c o m p a r i s o n  be tween  

be  compared w i t h  t h e  number s t o r e d  t h e  r e a l  s y s t e m  and t h e  n o n p a r a l y z -  

i n  t h e  memory o f  t h e  a n a l y z e r  by i n g  and p a r a l y z i n g  t y p e  c o u n t i n g  

d i g i t a l  r e a d o u t  o f  t h e  memory. s y s t e m s  a s  a  f u n c t i o n  o f  c o u n t  r a t e  

Based  on t h e s e  r e s u l t s ,  t h e  a n a l y z e r  i s  shown g r a p h i c a l l y  i n  F i g u r e  1 f o r  

was f o u n d  t o  be  l i m i t i n g  t h e  r e s o l v -  t h e  m e a s u r e d  r e s o l v i n g  t i m e  o f  0 . 2 3  

i n g  t i m e  o f  t h e  d a t a  a c q u i s i t i o n  p s e c .  The c u r v e  d e p i c t i n g  t h e  r e a l  

s y s t e m  t o  0 . 2 3  p s e c .  s y s t e m  was o b t a i n e d  by l i n e a r l y  i n t e r -  

T h u s ,  t h e  r e s o l v i n g  t i m e  f o r  p o l a t i n g  b e t w e e n  t h e  two p e r f e c t  

t h i s  p a r t i c u l a r  d a t a  a c q u i s i t i o n  s y s t e m s  on  t h e  b a s i s  o f  r e s o l v i n g  

s y s t e m  l i e s  be tween  t h e  a l l o w a b l e  t i m e s ;  t h a t  i s ,  t h e  c o u n t  r a t e  f o r  

l i m i t s  a s  e s t a b l i s h e d  by t h e  "max- t h e  r e a l  s y s t e m  l i e s  a p p r o x i m a t e l y  

imum c o u n t  r a t e "  t e c h n i q u e .  C o r -  o n e - f i f t h  of t h e  way be tween  t h e  two 

r e c t i o n s  f o r  c o i n c i d e n c e  l o s s e s  p e r f e c t  s y s t e m s .  I t  s h o u l d  be 

s h o u l d  t h e r e f o r e  n o t  be  made on  n o t e d  t h a t  o n l y  above  a b o u t  1 0  6 

t h e  b a s i s  t h a t  t h e  s y s t e m  i s  e i t h e r  c o u n t s / s e c  do  t h e  two s y s t e m s  b e -  

a  n o n p a r a l y z i n g  o r  a  p a r a l y z i n g  g i n  t o  d i f f e r .  Thus ,  a t  t h e  more 

t y p e .  I n s t e a d ,  t h e  c o r r e c t i o n s  n o r m a l l y  e n c o u n t e r e d  c o u n t i n g  r a t e s ,  

s h o u l d  be  made on a  w e i g h t e d  b a s i s  i t  makes no d i f f e r e n c e  w h e t h e r  t h e  

t h a t  r e f l e c t s  t h e  r e l a t i v e  p o s i t i o n  s y s t e m  i s  assumed t o  be  p e r f e c t l y  

o f  t h e  r e a l  s y s t e m  w i t h  r e s p e c t  t o  p a r a l y z a b l e  o r  c o m p l e t e l y  non-  

t h e  p a r a l y z a b l e  and  n o n p a r a l y z a b l e  p a r a l y z a b l e .  

Nonpara lp ing  System, tr = 0.23 psec 
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FIGURE 1 .  Compar i son  o f  N o n p a r a Z y z i n y  
and ParaZy z i n g  C o u n t i n g  S y s  t e m s  a s  
F u n c t i o n  o f  Coun t  R a t e  
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N E U T R O N  S P E C T R A  E X P E R I M E N T S  - 

S .  R .  Bierman ,  L .  E .  Hansen ,  G .  L .  Woodruff* ,  
R .  C .  L l o y d ,  and G .  M .  Hess I 1 1  

Measurements  w e r e  c o m p l e t e d  o n  t h r e e  f i s s i o n  r a t e ,  t h e  1n115 ( n ,  y) r e a c t i o n ,  

e x p e r i m e n t s  d e s i g n e d  t o  p e r m i t  s t u d y i n g  t h e  1n115 ( n , n l )  I n  'ism r e a c t i o n ,  and  

f u n d a m e n t a l  b e h a v i o r  o f  n e u t r o n s  i n  
6 3 t h e  Cu ( n , y )  r e a c t i o n .  The c r i t i c a l  

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

Each o f  t h e  a s s e m b l i e s  had  d i f f e r e n t  

H/Pu a t o m i c  r a t i o s ,  b u t  a l l  were  p a r -  

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

P u 0 2 - p o l y s t y r e n e  and  L u c i t e .  

I n  a d d i t i o n  t o  t h e  c r i t i c a l  a p -  

 roach and p u l s e d  n e u t r o n  s o u r c e  

m e a s u r e m e r ~ t s ,  f o i l  a c t i v a t i o n  m e a s u r e -  

a p p r o a c h  and p u l s e d  n e u t r o n  d a t a  a t  

c r i t i c a l  a r e  summarized i n  t h e  T a b l e  

I  be low:  

P r e l i m i n a r y  r e s u l t s  o f  t h e  Cu 6 3  

a c t i v a t i o n  h a v e  b e e n  o b t a i n e d .  The 

c o p p e r  f o i l s  w e r e  p l a c e d  t h r o u g h o u t  

t h e  l a t t i c e  c e l l ,  and a l o n g  t h e  a x i s  

o f  t h e  a s s e m b l i e s .  The a c t i v a t i o n  

m e n t s  w e r e  made t o  d e t e r m i n e  t h e  i n -  d i s t r i b u t i o n  a l o n g  t h e  a x i s  was 

t r a c e l l u l a r  d i s t r i b u t i o n  o f  t h e  Pu 
239 u s e d  t o  c o r r e c t  t h e  i n t r a c e l l u l a r  

a c t i v a t i o n  o f  b a r e  and  cadmium c o v -  

*G. L. W o o d r u f f ,  D e p a r t m e n t  o f  N u c l e a r  e r e d  f o i l s ,  whose r e l a t i v e  p o s i t i o n s  
E n g i n e e r i n g ,  U n i v e r s i t y  o f  W a s h i n g t o n ,  
Summer F a c u l t u  A ~ v o i n t m e n t  Proaram w e r e  o f f s e t  a x i a l l y .  T h i s  c o r r e c -  

P r o f e s s o r  a t  ; h e L ? r i t i c a l  ~ a s s " ~ h ~ s i c s  t i o n  i s  n e c e s s a r y  d u e  t o  t h e  f l u x  
L a b o r a t o r y .  

TABLE I .  Summary o f  C r i t i c a l i t y  and P u l s e d  N e u t r o n  S o u r c e  
M e a s u r e m e n t s  on  P u O z - P o l y s t y r e n e  Cubes  2 .2  w t %  Pu-240,  
150 .06  g  P u / 2 . 0 3 6  i n .  Cube 

1 1 ~ ~ 1 3 )  ed P I  orrlpt U e l a y e d  
L r l t 1 ~ ~ 1 1  C r r t l c a l  H / L ,  C ~ . i t ~ c a l  

Expcr i rnen t  I1,lPu 1 . 1 t 1 ,  I ,  I l e l p l l t ,  I l e l y h t ,  1  M a s s ,  
c I:I c ln c rn s  ec Xssenrbly a to i l l l c  - 5 ~ -  .- _ - ~  .-__ .l uilr b e  r  kg 

2 - 0 1 5 - 2 4 0  A l t c r n a t c  2 - i n .  35  5 1 .  l l l  4 1 . 5 -  3 5 . 5 6  - 0 . 0 -  5 5 . 9 8  1 0 . 0 5  1 5 5  * 5  2 4 . 9 5  + 0 . 0 5  
~ o i , ,  o f  F u e l  and  
L u i i t c .  

2 - 0 1 5 - 2 4 2  A l t e r n a t e  3 -  i n .  2 2  3 1  .[I4 j l . ; j  j 5 . 4 5  * 0 .0h  3 3 . 4 7  ' 0.D5 502  * 45 26 .44  + 0 . 0 5  
Rosh o f  F u e l  anii 
1 - i n .  Ross o f  
L u c 1 t e .  

2 - 0 1 5 - 2 4 3  A l t e r n a t e  1 - i n .  59 5t ' . l l?  5 0 . 6 1  !8.15 * 0 . 0 5  - . 1 4 0  i 7 24 .29  ' 0 . 0 4  
Rows o f  Fue l  and  
1  1 / 2  i n .  Ross  o f  
L u c i t e .  ("1 

' a ) ~ o ~ n c  f u c l  c o n t a i n i n g  R s,t% P u - ? J O  !>.as 11sed t o  a c i i i e v c  a  ~ x . i t i c a l  l o a d i n g .  I t  wab p o s i t i o l i c d  t o  m i n i m i z e  
i t s  e f f e c t  on t h e  f l u x  i n  t h e  u r l l t  ' e l l  i o n t , ~ i n i n g  t h e  f o i l s  a n d  t o  p e r r n i t  c o r r e c t i o n  b e i n g  nrntle f o r  i t s  
p r e s e n c e .  



p e a k i n g  o n  t h e  s i d e  o f  t h e  a s s e m b l y  

n e a r e s t  t h e  c o n t r o l  r o d  ( s e e  F i g u r e s  

1 a n d  2 ) ,  w h i c h  i s  l o c a t e d  n e a r  t h e  

b a c k  f a c e  o f  t h e  a s s e m b l i e s .  

The r a t i o  o f  t h e  t h e r m a l  ( E  Q, 

0 . 6  eV) t o  f a s t  n e u t r o n  d e n s i t i e s ,  

f o r  t h e  f i r s t  two a s s e m b l i e s ,  a r e  

shown i n  F i g u r e s  3 a n d  4 a s  a  f u n c -  

t i o n  of t h e  p o s i t i o n  i n  t h e  l a t t i c e  

c e l l .  

The i n t e g r a l  n e u t r o n  s p e c t r u m  

d a t a  f o r  a l l  o f  t h e  a s s e m b l i e s  a r e  

c u r r e n t l y  b e i n g  a n a l y z e d ,  and  a n  

e r r o r  a n a l y s i s  o f  t h e  d a t a  shown 

i n  F i g u r e s  3 a n d  4 i s  b e i n g  made. 
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FIGURE I .  E x p e r i m e n t  Number 2-01 5- 
240, C o n t r o l  Rod E f f e c t s  on In115  
S p e c i f i c  A c t i v a t i o n s  A c r o s s  t h e  
Assembly  
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FIGURE 2 .  E x p e r i m e n t  Number 
2 -015-141 ,  C o n t r o l  Rod E f -  
f e c t s  o n  N e u t r o n  D e n s i t i e s  
A c r o s s  t h e  A s s e m b l y  
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FIGURE 3 .  E x p e r i m e n t  Number 2-015-  
240 ,  L a t t i c e  C e l l  N e u t r o n  D e n s i t y  
D i s t r i b u t i o n s  
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F I G U R E  4. Experiment Number 2-01 5 -  
242. L a t t i c e  C e l l  N e u t r o n  Density 
Distributions 

P U L S E D  N E U T R O N  S O U R C E  
M E A S U R E M E N T S  - P I J ( N O ~ ) ~  S O L U T I O N S  

G .  M. H e s s  111,  S .  R .  B i e r m a n  

Pu l sed  n e u t r o n  s o u r c e  expe r imen t s  

were performed c o n c u r r e n t l y  w i t h  t h e  

c r i t i c a l i t y  expe r imen t s  on p lu tonium 

n i t r a t e  s o l u t i o n  i n  t h e  expandable  

s l a b  t a n k .  A n a l y s i s  of  t h e  d a t a  

t aken  on t h e  f u l l y  r e f l e c t e d  t a n k  

a t  a  w id th  of  4 . 6  i n .  have been 

completed and t h e  r e s u l t s  a r e  shown 

i n  Table  I .  The p lu tonium concen-  

t r a t i o n  was app rox ima te ly  58 g / l i t e r  

and t h e  l e n g t h  o f  t h e  t a n k  was 4 2  i n .  

The e r r o r s  shown a r e  t h e  l e a s t -  

s q u a r e s  f i t t i n g  e r r o r s  o n l y .  That  

i s ,  t h e  e x p e r i m e n t a l  v a l u e s  of  t h e  

decay c o n s t a n t ,  a ,  used  t o  de t e rmine  

t h e  d e l a y e d  c r i t i c a l  a were l e a s t -  

s q u a r e s  f i t  w i t h o u t  r e g a r d  f o r  t h e  

e r r o r  i n  t h e s e  numbers. By r e c o g -  

n i z i n g  t h e s e  e r r o r s ,  an expe r imen ta l  

e r r o r  of  * 3 i s  found f o r  t h e  de -  

l ayed  c r i t i c a l  decay c o n s t a n t .  T h i s  

range  encompasses t h e  e x p e r i m e n t a l  

v a l u e s .  

The same r e a s o n i n g  a p p l i e s  t o  

t h e  de l ayed  c r i t i c a l  h e i g h t  a s  d e -  

t e rmined  by i n v e r s e  m u l t i p l i c a t i o n ;  



a n d ,  i n d e e d ,  r e c o g n i t i o n  o f  t h e  

e r r o r s  i n  t h e  f i t t e d  p o i n t s  may 

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

Chemica l  a n a l y s e s  o f  t h e  s o l -  

u t i o n s  u s e d  i n  t h e s e  e x p e r i m e n t s  

a r e  l i s t e d  i n  t h e  s e c t i o n  c o n t a i n -  

h e i g h t  shown by e x p e r i m e n t s  3 - 4 . 6 -  i n g  t h e  c r i t i c a l i t y  e x p e r i m e n t s .  

2 -356  and 3 - 4 . 6 - 2 - 3 5 9 .  

T A B L E  I .  S l a b  Tank  R e s u l t s  
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L E A S T - S Q U A R E S  D A T A  R E D U C T I O N  C O D E  

G .  M .  H e s s  I 1 1  

The q u a n t i t y  o f  p u l s e  n e u t r o n  

and r e a c t o r  n o i s e  d a t a  t a k e n  a t  t h e  

C r i t i c a l  Mass L a b o r a t o r y  h a s  p o i n t e d  

o u t  t h e  need  f o r  a  l e a s t - s q u a r e s  c o d e  

t h a t  may be u s e d  r o u t i n e l y  i n  t h e  

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

code  s h o u l d  ( 1 )  h a v e  a  s i m p l e  

i n p u t  f o r m a t ,  ( 2 )  be  t i m e  economic ,  

( 3 )  p r o v i d e  f o r  p r e -  and p o s t p r o -  

c e s s i n g ,  and ( 4 )  h a v e  a c c u r a c y  com- 

p a r a b l e  t o  t h a t  o f  t h e  e x p e r i m e n t a l  

d a t a .  

MISFIT-111  i s  a  g e n e r a l i z e d  

l e a s t - s q u a r e s  c o d e  i n c o r p o r a t i n g  

s e c o n d  o r d e r  i t e r a t i v e  l o g i c  and  

i s  t h u s  c a p a b l e  o f  c o n v e r g i n g  w i t h  

f e w e r  i t e r a t i o n s  t h a n  a  f i r s t  o r d e r  

c o d e .  A c o d e ,  LSDR, h a s  been  a s -  

sembled  which  i s  s p e c i f i c  t o  t h e  

p u l s e  and n o i s e  a p p l i c a t i o n s  u s i n g  

MISFIT-I11 a s  a  b a s e  t o  t a k e  a d -  

v a n t a g e  o f  t h i s  c o n v e r g e n c e  a b i l i t y .  

MISFIT-I11 i s  i n  f a c t  t o o  d e t a i l e d  

f o r  t h e s e  a p p l i c a t i o n s .  The c o n -  

v e r g e n c e  c r i t e r i a  i s  a  36 b i t  r e -  

q u i r e m e n t ,  which  i s  o v e r l y  s t r i n -  

g e n t  f o r  r e d u c t i o n  o f  t h e  e x p e r i -  

m e n t a l  d a t a .  LSDR c o n v e r g e s  when 

t h e  d i f f e r e n c e  o f  t h e  m i s f i t s  b e -  

tween  two i t e r a t i o n s  i s  1 / 2 %  o f  

t h e  m i s f i t .  The 36 b i t  c o n v e r -  

g e n c e  may b e  u s e d  on o p t i o n .  

The s e c o n d  o r d e r  s t a t i s t i c a l  

a n a l y s i s  p r o v i d e d  by MISFIT-111 i s  

more t h a n  t h a t  r e q u i r e d  r o u t i n e l y ;  

LSDR e l i m i n a t e s  p o r t i o n s  o f  t h i s  

a n a l y s i s  w i t h  a  c o r r e s p o n d i n g  s a v -  

i n g  i n  r u n  t i m e .  The c o m p l e t e  e r r o r  

a n a l y s i s  may b e  had  on  o p t i o n .  

Khen u s e d  w i t h  p u l s e  n e u t r o n  d a t a ,  

LSDR p e r f o r m s  a  d e a d t i m e  c o r r e c t i o n  

u s i n g  a n  i n p u t  d e a d t i m e .  The t i m e  

s c a l e  i s  s e t  u s i n g  t h e  c h a n n e l  

w i d t h  i n p u t  and t h e  i n a c t i v e  a n a -  

l y z e r  t i m e  a c c o u n t e d  f o r .  The 

d a t a  i s  t h e n  l e a s t - s q u a r e s  f i t .  



I f  d e s i r e d ,  f u r t h e r  f i t s  may b e  c a r d s .  One i n p u t  b l o c k  i s  e s s e n -  

made by e l i m i n a t i n g  p o r t i o n s  o f  t h e  t i a l l y  t h a t  o f  MISFIT-111,  t h e  

d a t a  t o  o b s e r v e  t h e  e f f e c t  on t h e  o t h e r  i s  p a r t i c u l a r  t o  t h e  p u l s e  

f i t t e d  p a r a m e t e r s .  

A k g / a  r e a c t i v i t y  e v a l u a t i o n  

may a l s o  b e  p e r f o r m e d  u s i n g  t h e  

~arelis-  us sell(') a p p r o a c h .  

R e a c t o r  n o i s e  d a t a  may b e  i n -  

p u t  i n  a  number o f  ways,  m u l t i p l e  

r e c o r d  a v e r a g e d ,  n o r m a l i z e d ,  t h e  

s p e c t r u m  c a l c u l a t e d ,  t h e  d a t a  

l e a s t - s q u a r e s  f i t ,  and  r e n o r m a l -  

i z e d .  The a m p l i t u d e  a n d / o r  

power s p e c t r u m  may be o b t a i n e d ,  

d e p e n d i n g  on t h e  i n p u t  d a t a .  

The i n p u t  t o  LSDR c o n s i s t s  of  

two b l o c k s  of  d a t a  i n  t h e  N a m e l i s t  

f o r m a t  and  t h r e e  i d e n t i f i c a t i o n  

o r  n o i s e  a p p l i c a t i o n s .  

The i n p u t  i s  d e t a i l e d  a n d  f u r -  

t h e r  e x p l a n a t i o n s  a r e  g i v e n  i n  

R e f e r e n c e  3 .  
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N E U T R O N  INTERACTION EXPERIMENTS WITH BOTTLES 

OF u~~~ SOLUTIONS 

R .  C .  Lloyd a n d  E .  D .  C l a y t o n  

S u b c r i t i c a l  n e u t r o n  i n t e r a c t i o n  

e x p e r i m e n t s  were  p e r f o r m e d  w i t h  

b a r e  a n d  L u c i t e  r e f l e c t e d  a r r a y s  

of b o t t l e s  o f  u~~~ s o l u t i o n .  The 

e f f e c t  on c r i t i c a l i t y  o f  a d d i n g  

L u c i t e  m o d e r a t o r  between t h e  

b o t t l e s  was a l s o  s t u d i e d .  T h e s e  
e x p e r i m e n t s  p r o v i d e  d a t a  f o r  n u -  

c l e a r  s a f e t y  g u i d a n c e  i n  h a n d l i n g ,  

s t o r a g e ,  and s h i p m e n t  o f  t h i s  

m a t e r i a l  a n d  f o r  c h e c k i n g  i n t e r -  

a c t  i o n  c a l c u l a t i o n s .  

The u~~~ was i n  t h e  form o f  

u r a n y l  n i t r a t e  h e x a h y d r a t e - -  

U02 (N03)2 + 6H 0 )  - - a t  a  c o n c e n -  2 
t r a t i o n  o f  a b o u t  330 g   liter; 
t h e  u ran ium was c o n t a i n e d  i n  t h r e e -  

l i t e r  p o l y e t h y l e n e  b o t t l e s .  The 

m o l a r i t y  o f  t h e  s o l u t i o n  was a b o u t  

0 . 5 3 .  The b o t t l e s  were  1 7 . 7 5  i n .  

h i g h ,  4 .7  i n .  O D ,  w i t h  a  w a l l  t h i c k -  

n e s s  o f  0 .100  i n .  The a v e r a g e  s o l -  

u t i o n  h e i g h t  was a b o u t  1 1 . 5  i n . - -  

960 g  u r a n i u m / b o t t l e .  S i n c e  t h e  

b o t t l e s  v a r i e d  i n  c o n t e n t ,  T a b l e  I 

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

The b o t t l e s  were  p l a c e d  i n  a r r a y s  

on t h e  Remote S p l i t - T a b l e  Machine and 

i n v e r s e  m u l t i p l i c a t i o n  t e c h n i q u e s  

w e r e  u s e d  t o  e s t i m a t e  t h e  number o f  

b o t t l e s  f o r  c r i t i c a l i t y .  E x t r a p o l a -  

t i o n s  w e r e  a l s o  made on s p a c i n g  t o  

d e t e r m i n e  c r i t i c a l  s p a c i n g  f o r  f i x e d  

number s q u a r e  a r r a y s  o f  t h e  b o t t l e s .  

A r r a y s  were  s i n g l e  t i e r ,  e x c e p t  i n  

o n e  e x p e r i m e n t  where  a  d o u b l e  t i e r  

a r r a y  was u s e d .  



TABLE I .  Averages  f o r  A c t u a l  B o t t l e s  t o  p r o v i d e  a s s u r a n c e  o f  b o t t l e s  r e -  

Used i n  E x p e r i m e n t s  m a i n i n g  u p r i g h t  f o r  s a f e t y .  I n  t h e  

t x p e r i s e n t  S o l u t i o n  H e i g h t ,  V o l u n l r ,  C o n c e n t r a t  l o n ,  
i n .  

b a r e  a s s e m b l i e s ,  s t a b i l i t y  o f  t h e  
h u n ~ b e r  -- Q l i t e l .  g / l i t e ~ .  - 

1  1 1 . 7 8  9 4 6  2 . 9 8  3 1 8 . 3  
o u t e r  b o t t l e s  was m a i n t a i n e d  by a l -  

iminum f r a m e s  which  w e r e  m a g n e t i c a l l y  

mounted on a  0 . 0 3  i n .  s t e e l  b a s e  

p l a t e .  Aluminum honeycomb was u s e d  

t o  s u p p o r t  t h e  b a s e p l a t e  a n d  r e d u c e  

n e u t r o n  r e f l e c t i o n .  

The r e s u l t s  o b t a i n e d  f rom e x t r a -  

p o l a t i o n  o f  t h e  d a t a  a r e  p r e s e n t e d  

i n  T a b l e  11. A s i n g l e  row of  n i n e  

b o t t l e s  u n r e f l e c t e d  was n o t  c r i t i c a l ,  

a n d  e x t r a p o l a t i o n  o f  t h e  i n v e r s e  n e u -  
1 6  1 1 . 5 9  9 4 7  2 . 9 4  3 2 3 . 0  t r o n  m u l t i p l i c a t i o n  c u r v e s  i n d i c a t e d  
1 7  1 1 . 5 9  9 4 7  2 . 9 3  3 2 3 . 0  

1 8  1 1 . 4 0  9 6 1  2 . 8 9  3 3 2 . 5  an  i n f i n i t e l y  s i n g l e  l i n e  would  
19 1 1 . 4 0  9 b 1  2 . 8 9  5 5 2 . 5  p r o b a b l y  b e  s u b c r i t i c a l .  The r e -  
2 0  1 1 . 4 0  9 6 1  2 . 8 9  5 3 2 . 5  

2 I 1 1 . 2 5  8 9 5  2 . 8  3 1 2 . 6  f l e c t e d  c u r v e  e x t r a p o l a t e d  t o  b e -  
tween  two and  t h r e e  b o t t l e s  f o r  c r i t -  

I n  t h e  r e f l e c t e d  a r r a y s ,  t h e  i c a l i t y .  T h r e e  b o t t l e s  i n  l i n e  w i t h  

L u c i t e  was p l a c e d  t o u c h i n g  t h e  o u t -  s u r f a c e - t o - s u r f a c e  ( S - S )  s p a c i n g  of  

s i d e  s u r f a c e  o f  t h e  b o t t l e s ;  i . e . ,  0 . 6  i n .  wou ld  be  c r i t i c a l  when r e -  

b o x i n g  i n  t h e  a r r a y .  The t h i c k n e s s  f l e c t e d .  S - S  s p a c i n g s  f o r  c r i t i -  

o f  t h e  t o p  a n d  b o t t o m  L u c i t e  r e f l e c -  c a l i t y  were  d e t e r m i n e d  f o r  t h e  b a r e  

t o r  was 4 . 5  i n .  and  t h e  s i d e  r e f l e c -  l a t t i c e s  o f  2 x  3 ,  3  x  3 ,  and  4 x  4 

t o r s  w e r e  6 i n .  Low d e n s i t y  a l u m i -  b o t t l e s  i n  s i n g l e  t i e r  a r r a y s  and 

num honeycomb was u s e d  t o  p r o v i d e  f o r  r e f l e c t e d  2 x 2 a n d  3 x 3 b o t t l e  

a c c u r a t e  s p a c i n g  be tween  b o t t l e s  a n d  a r r a y s .  

TABLE I I .  I n t e r a c t i o n  Data f o r  B o t t l e s  o f  u~~~ S o l u t i o n  

, , ? 3 3  I Hare  S i n g l e  Rob. 
\ ) ? j 7 - ,  Bart l l ~ ~ ~ d ~ l e  Ito!~ 
1 1 ' ~ ~  . 3  D ~ r e  L a t t i c r  
lILj.5 

> 7 - - 4  Iharc 1 ; l t t i r c  
!, - 3 .> 

~ 5 R e f l c c t c c  5 :11$1~ Rrilr 

,,"h 
7 - - R c f l c c t c ' l  S i n g l e  IJni, ,,-" I l c i l c i t e ~  L n t t  l c e  ~ 

,,233-* 
l c  F l c c t c d  I . ; ~ t t ~ r c / ;  i n .  ! lodcr ; i tor  

ll!.i.i.g 
i ( c f 1 u c t e d  ].;it r l c c / ' j  i n .  >Ic t lcr? to l -  

1 1 ~ ~ ~ ~ l l i  R c f l c c t c d  i . ~ t t ~ c r / l  i r r .  \ l o i I c r a t o r  

~l~~~~~ Ref l c c t c d  ~ ; i t t i c r / l !  in. \ in i l r - ra tor  
Ul?i~,Z 
, .. R c l l c i t z i l  I .n t :  i c i  

11 '" -13~ H n r e / I  i n .  L u c i t e  ! Icder : l tor  

l ~ ' ~ ~ - l j l ?  H s ~ c / l  i n .  L u c i r c  \ l o d r r a t o r  
U 2 . i i - l d  
,-- Da;e/f i l l .  L t l c i t c  ; l o d e , - . ~ t n ~  

1 1 - ~ ~ ' - 1 5  ~ n r e l l !  1 1 , .  L ~ l c i t c  \ l o d c r : l t a r  
,iZ3.7 

- I (1 R : l r c / l $  i n .  I . u c i t r  \ l a d e r n t o r  
l ,? . i i  

- I 7  Rare12 i n .  L u c i t s  ! l o d e r ; l t o r  
1 ~ ~ ~ ~ . 1 s  HnrclL i n .  I . u c l t r  ! l o d e r : ~ t o ~  
, , l j 3  

~ a r e / 7 $  i n .  l u c i t c  \ I n d c r a t o l  
1 1 ' ~ ' .  ~ n r - c / l $  l n .  ~ u i i t c  > ! u i l c r a t o r  

i 
- 2 1  B,lrc- - l l ~ ~ ~ ~ l ~ l c  'I i e r  

I 
- 

2 i n .  l i i i l t e  ? l o d c r a t n r  B c t h e c n  D c t t l r s  

$ I n .  I . i ~ c i t c  li loderntol- H c t ~ c c n  R o t t  l r ~  

1 I " .  L u c i t e  > l o ~ l r r n t o r  H c t b e e n  R o t t l e s  

1 L l n .  1 . u c i t e  ? l o c l r r a t o r  l i c t h e e n  B o t t l e s  

1 in. I . i ~ ~ i t e  \ l o d c r a t o r  Between H a t t l e r  

I  i n .  I . I I C I ~ C  ?.Iod~riltor Ret i ieen  R o t t l r s  

1 i n .  1 . 1 ~ c i r e  \ l o d e r a t o r  Rctween B o t t l c s  - 1  
1: i n .  L n c i t u  V o d c r a t o r  Ret i ieen  l 3 o t t l i . s  

1 2  i n .  l . u c l t c  M o d e r a t o r  Between B o t t l e s  

1 111. 1 .1 :c i te  ? l o d e r a t o r  Retweeq B o t t l e s  

1 i n .  L u c i t e  ?.!odrrntor Retween R o t t l e s  

? i n .  L u c i t e  Yotlrl . ; i tor Rziwecn R n t t l e s  

I *  i n .  I . u c i t c  l i lodera t i l r  R e t v e e n  B i l t L l e s  



E f f e c t  of  L u c i t e  m o d e r a t i o n  was 

d e t e r m i n e d  by p l a c i n g  L u c i t e  p l a t e s  

o f  d i f f e r e n t  t h i c k n e s s e s  b e t w e e n  

b o t t l e s  o f  t h e  a r r a y s .  T h i s  was d o n e  

f o r  t h e  2 x  2 b o t t l e  r e f l e c t e d  a r -  

r a y  a n d  f o r  t h e  3 x  3 a n d  4 x  4 b o t -  

t l e  b a r e  a r r a y .  

A S - S  s p a c i n g  f o r  c r i t i c a l i t y  o f  

a r r a y .  P o i n t s  d e t e r m i n e d  f o r  o p t i -  

mum m o d e r a t i o n  a r e  a l s o  shown f o r  

c o m p a r i s o n .  F i g u r e  2 shows a  p l o t  

o f  c r i t i c a l  S - S  s p a c i n g  v e r s u s  t h i c k -  

n e s s  o f  a d d e d  L u c i t e  m o d e r a t o r  f o r  a  

f o u r - b o t t l e  r e f l e c t e d  a r r a y .  F i g u r e s  

3 and  4 show p l o t s  o f  c r i t i c a l  S - S  

S p a c i n g  v e r s u s  added  L u c i t e  m o d e r a t o r  

0 . 7 5  i n .  was m e a s u r e d  f o r  t h e  d o u b l e  f o r  b a r e  a r r a y s  o f  9 a n d  1 6  b o t t l e s .  

t i e r  3 x  3 b o t t l e  b a r e  a r r a y ,  wh ich  T h i s  m o d e r a t o r  t h i c k n e s s  p e a k s  a t  a -  

c o m p a r e s  w i t h  a  0 . 6 0  i n .  s p a c i n g  f o r  a b o u t  2 i n .  a s  d e t e r m i n e d  f r o m  e x t r a -  

t h e  3 x  3 b o t t l e  s i n g l e  t i e r  a r r a y .  p o l a t i o n  o f  t h e  b a r e  a r r a y .  

The d o u b l e  t i e r  a r r a y  h a d  a  s p a c i n g  P i c t u r e d  i n  F i g u r e s  5  and 6  a r e  

o f  7 . 0  i n .  b e t w e e n  t h e  f u e l  o f  t h e  two o f  t h e  e x p e r i m e n t a l  l o a d i n g s  o f  

u p p e r  a n d  l o w e r  t i e r s .  b o t t l e s .  F i g u r e  5 shows t h e  b a r e  1 6  

F i g u r e  1 shows a  p l o t  o f  t h e  num- b o t t l e  a r r a y .  F i g u r e  6  shows t h e  r e -  

b e r  o f  b o t t l e s  f o r  c r i t i c a l i t y  v e r s u s  f l e c t e d  9 b o t t l e  a r r a y .  

S - S  s e p a r a t i o n .  I t  i s  s e e n  t h a t  t h e  A p a p e r  s u m m a r i z i n g  t h e  a n a l y s e s  

c r i t i c a l  number o f  b o t t l e s  i s  much o f  t h e s e  e x p e r i m e n t s ,  i n c l u d i n g  t h e  

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

b a r e  a r r a y  t h a n  f o r  t h e  r e f l e c t e d  f o r m e d  on t h e  a r r a y s ,  i s  b e i n g  p r e -  

p a r e d .  

x R t f l .  Arrii) 

0 Kc.11. - Opt~rnum I l o r l c , r n t i ~ , n  

A Harp + Optimum > l o d r r ~ i t ~ o n  

B a r c  Array - U c l ~ ~ b l i .  'Tlcr 

5 u r f ; i ~  t .  to Surface Sp~lcinq (in. 1 

2 3 3  
FIGURE 1 .  C r i t i c a z i t y  o f  U S o Z u t i o n  
i n  P o Z y e t h y  Zene  B o t t l e s  



Thickness of Lucite Between Bottles ( in .  ) 

3.0 

FIGURE 2 .  E f f e c t i v e n e s s  o f  M o d e r a t i o n  

B e t w e e n  B o t t l e s  o f  U 233 

4 Bottles - Reflected 

T l i l ~ k ~ ~ r s s  of Lucltc He ta rc ,n  Bottles h r i .  ) 

2.5 - 

FIGURE 3 .  E f f e c t i v e n e s s  o f  M o d e r a t i o n  

B e t w e e n  B o t t l e s  o f  u~~~ S o Z u t i o n ,  9 
B o t t l e  A r r a y  



Ti i ickness  of Luc.i tr  Hct!rfrrn nottlrs (in.) 

FIGURE 4. Effectiveness of Moderation -- 
B e t w e e n  Bottles of u~~~ S o Z u t i o n ,  2 6  
Bot  t Ze A r r a y  

FIGURE 5. Bare Sixteen Bottle Array 



F I G U R E  6. R e f l e c t e d  N i n e  B o k t Z e  A r r a y  

B A S I C  C R I T I C A L I T Y  E X P E R I M E N T S  W I T H  P L U T O N I U M  N I T R A T E  
S O L U T I O N S  I N  S L A B  G E O M E T R Y  

R .  C .  L l o y d  a n d  E. 0 .  C l a y t o n  

A  c r i t i c a l i t y  v e s s e l  o f  u n i q u e  d e -  

s i g n  was i n s t a l l e d  a t  t h e  C r i t i c a l  Mass 

L a b o r a t o r y .  I t  i s  a s l a b  v e s s e l  s u c h  

t h a t  i t s  t h i c k n e s s  c a n  b e  v a r i e d  t h r o u g h -  

o u t  a  r a n g e  of  3 t o  9 i n . ,  which i s  

made p o s s i b l e  by u s e  o f  a  we lded  s t a i n -  

l e s s  s t e e l  b e l l o w s .  The s i d e s  o f  t h e  

s l a b  a r e  made o f  0 . 0 6 2  i n .  s t a i n l e s s  

s t e e l  s h e e t  w e l d e d  t o  t h e  b e l l o w s .  

S t r u c t u r a l  r i g i d i t y  o v e r  t h e  s l a b ' s  
* 

l a r g e  t h i n  s i d e s  (42  x 42 i n . )  i s  a c -  

c o m p l i s h e d  by means o f  a  low d e n s i t y  

l a t t i c e  r e i n f o r c e m e n t .  A c c u r a t e  a d j u s t -  

ment of t h e  s l a b  t h i c k n e s s  i s  o b t a i n e d  

by u s e  o f  a  s i n g l e  c r a n k  g e a r e d  t o  

a d j u s t m e n t  s c r e w s  on t h e  e d g e s  of  t h e  



v e s s e l .  The v e s s e l  i s  mounted i n  t h e  

u p r i g h t  p o s i t i o n  t o  p r o v i d e  g r e a t e s t  

m e a s u r e  o f  s a f e t y  i n  f u e l  a d d i t i o n  and 

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

b l a d e s  i n t o  t h e  s o l u t i o n .  The s y s t e m  

i s  a l s o  e q u i p p e d  w i t h  s o l u t i o n  dump and 

l i q u i d  r e f l e c t o r  dump mechan i sms .  

C r i t i c a l i t y  e x p e r i m e n t s  a r e  b e i n g  

c a r r i e d  o u t  w i t h  t h e  a d j u s t a b l e  s l a b  

a s s e m b l y  t o  d e t e r m i n e  c r i t i c a l  t h i c k -  

n e s s e s  o f  b a r e  and w a t e r  r e f l e c t e d  " i n -  

f i n i t e "  s l a b s  o f  p l u t c n i u m  n i t r a t e  s o l -  

u t i o n s .  T h e s e  d a t a  a r e  needed 1 )  t o  

s p e c i f y  c r i t i c a l  t h i c k n e s s  o f  s l a b  

t a n k s  more a c c u r a t e l y ,  2) t o  c h e c k  

c o m p u t a t i o n a l  m e t h o d s ,  and 3)  t o  c h e c k  

s h a p e  o r  b u c k l i n g  c o n v e r s i o n s  be tween  

s p h e r i c a l ( ' )  a n d  s l a b  g e o m e t r y .  I n  

a d d i t i o n  t o  a p p l i c a t i o n  o f  t h e s e  d a t a  

t o  p r o c e s s  v e s s e l s ,  t h e  r e s u l t s  w i l l  

be  u s e f u l  i n  a s s e s s i n g  c r i t i c a l i t y  

of  p l u t o n i u m  s o l u t i o n s  i n  sumps. 

C r i t i c a l i t y  e x p e r i m e n t s ,  b a r e  and 

w a t e r  r e f l e c t e d ,  h a v e  been  c o m p l e t e d  

o v e r  a  t h i c k n e s s  r a n g e  o f  4 . 5  t o  6 . 5  

i n .  f o r  p l u t o n i u m  n i t r a t e  s o l u t i o n  c o n -  

t a i n i n g  %58 g p l u t o n i u m / l i t e r  w i t h  a n  

a c i d  m o l a r i t y  o f  2 . 4 .  The p l u t o n i u m  

had  4 . 6  w t %  puZ4O. The s l a b  v e s s e l  

was n o t  c r i t i c a l  when t h e  v e s s e l  was 

a d j u s t e d  t o  6  i n .  t h i c k n e s s  and f i l l e d  

w i t h  p l u t o n i u m  n i t r a t e  (162 l i t e r s  . )  

C r i t i c a l  t h i c k n e s s  s e t t i n g s  f o r  t h e  

b a r e  and w a t e r  r e f l e c t e d  s l a b  and chem- 

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

a r e  g i v e n  i n  T a b l e  I .  

E f f e c t i v e  e x t r a p o l a t i o n  l e n g t h s  

were  e s t i m a t e d  f o r  t h e  b a r e  and w a t e r  

r e f l e c t e d  s y s t e m s  by means o f  c o n s t a n t  

b u c k l i n g  c o n v e r s i o n s .  T h e s e  c a l c u l a -  

t i o n s  were  made u s i n g  t h r e e  c r i t i c a l  

b a r e  s y s t e m s  and s i x  c r i t i c a l  r e f l e c t e d  

s y s t e m s  o f  t h e  s l a b  v e s s e l  h a v i n g  d i f -  

f e r e n t  g e o m e t r i c a l  d i m e n s i o n s .  T h e s e  

TLBLE I .  C r C t i c a Z i t y  o f  P l u t o ~ i u v  / / i t r a t e  S o l u t i o n s  i n  S l a b  Geometry  

r x p m u r e  
Yumher 
-- 

3 4 7  

74  Y 

3 4 9  

3 iO  

5 5 1  

5 5 2  

3 5 3  

3 5 4  

3 5 5  

U a t e  
- 

5 - 2 5 - 6 6  

5 - 2 7 - 6 6  

6 - 2 - 6 6  

6 - 5 - 6 0  

6 - 8 - 6 0  

6 - 9 - 6 6  

6 - 9 - 6 0  

6 - 1 4 - 6 6  

6 - 1 4 - 6 6  

B a r e  

Bare 

Rare 

B a r e  

Tamper  
S ~ d e s  Cn 

W a t e r  
~ e i l e c t o r  ( c )  

I:.n t  e r  
R e f l e c t o r  

l r a t e r  
R e f l e c t o r  

h a t e r  
R e C l e c t o r  

P l u t o n l i l m  
C o n c e n t r a t  i o n ,  
> / l i t e r  

3 5 7  6 - 2 0 - 6 6  'Water 5 3 . 1  2 . 4 6  
k e C l e c t o ~  

358  6 - 2 1 - 6 b  Y a t e r  5 Y . i  2 . 5 ;  
R e i l e i t o r  

319 t ~ Z J - 6 6  r a t e r  5 8 . 3  2 . i 3  
R e f l e c t o r  

360  6 - 2 4 ~ o b  l a t e r  5 8 . 3  2 . 5 3  
R e f l c c t a r  

3 6 2  6 - 2 8 - 6 6  h a t e r  58.: 2 . 3 7  
I t e f i e c t o r  

1 1 , n ( ~ )  
7 1  i t a r  --- 

SY5 

900  

$101 

903 

i i l l i  

91: 

91: 

?,j 

913  

T o t a l  I l iPu 
NOj .Atomic 

o f l i t e r  Kaf  i o  -- 

2 1 5 . 5  4 0 5 . 0  

2 1 1 . 6  J 2 5 . 9  

2 0 9 . 1  424:l 

: o b , l ~  4 2 7 . 9  

: 0 $ . 6  t 2 3 , ! 1  

C r i t i c a l  
5 1 ,! t, 

I h i c h r h e s s ,  
i n .  

6.1' 

b .  5  

0 . 1  

0 . 5  

6 . 5  

0 . 5  

5 , s  

5 . 3  

d . 8  

C r i t i c a l  
\ u l u m e ,  
l i t e r  -- 

~ ~ 

1 2 2 . 8 5  

l i O . 0 1  

l b 4 .  0 9  

1 4 1 . - 0  

4 8 . 6 8  

5 2 . 0 7  

5 9 . 4 :  

- 8 . 6 6  

r a l A a t c r  c o n t e n t  i a l c u l a t e c i  assuminq 1 0 0 %  m a t e 1  l a 1  h a l a n c e .  
!:;;'amper t a n k  s i d e s  r e r e  0 . 2 5  i n .  s t a i n l r i s  s t e e l ,  t a n ! p e r  1 

K a t e r  r e f l e c t o r  i , a c  a t  t t l c  t o p  o f  s l a h  t :+nk.  
j d ) # a t e r  r e i l c c t o r  i n c r e a s e d  a s  i o l , ~ t > o n  i n c ~ c a i e r l .  
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p r e l i m i n a r y  v a l u e s ,  i n c l u d i n g  t h e  i n f i n -  

i t e  s l a b  t h i c k n e s s e s  a r e  g i v e n  i n  

T a b l e  1 1 .  

D u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i -  

m e n t s ,  s o l u t i o n  b e g a n  l e a k i n g  t h r o u g h  

a  f a u l t y  we ld  i n  t h e  s t o r a g e  t a n k  w h i c h  

s u p p l i e s  s o l u t i o n  f o r  t h e  e x p e r i m e n t s .  

The c o n t a m i n a t e d  w e l d  was r e w e l d e d  

w i t h o u t  s p r e a d  o f  c o n t a m i n a t i o n .  I n  

f a c t ,  t h e  w e l d e r ' s  g l o v e s  c r  r o d  h o l d e r  

w e r e  n o t  c o n t a m i n a t e d  d u r i n g  t h e  r e -  

w e l d i n g  o p e r a t i o n .  T h i s  was accom- 

p l i s h e d  by c o n t r o l l i n g  t h e  a i r  f l o w  i n  

t h e  a r e a  o f  t h e  w e l d i n g  a r c .  

TABLE I I .  P r e l i m i n a r y  V a l u e s  f o r  Bare  
and W a t e r  R e f l e c t e d  S y s t e m s  

I n f i n i t e  
R e f l e c t o r  iU B u c k l i n q  S l a b  T h i c k n e s s ,  
C o n d i t i o n  cm 1 0 - 6  cm- -- - -- cm 

B a r e  3 . 9  1 9 , 0 0 0  1 5 . 0  

W a t e r  
R e f l e c t e d  6 . 2  1 8 , 8 0 0  1 0 . 5  

( a l ~ o r  t h e  a s s e m b l v  a s  m o u n t e d  i n  h o o d .  

R E F E R E N C E S  

( ' ) ~ l o ~ d ,  R. C., e t  a l . ,  " C r i t i c a l i t y  
S t u d i e s  o f  F l u t o n i u m  S o l u t i o n s ,  " 
N u c l e a r  S c i e n c e  and E n g i n e e r i n g ,  
2 5 ,  1 6 5  ( J u n e  1 9 6 6 ) .  - 
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NEUTRON PHYSICS 

EXISTENCE OF THE 2 . 8 6  MeV LEVEL I N  B" - 
D .  W .  G l a s g o w  a n d  D .  G. F o s t e r ,  J r .  

~ u r a t h ( l )  h a s  a p p l i e d  t h e  i n d i v i d u a l -  

p a r t i c l e  model w i t h  i n t e r m e d i a t e  coup-  

l i n g  t o  t h e  n u c l e a r  l p - s h e l l .  The 

t h e o r y  p r e d i c t s  t h e  f i r s t  f i v e  c o n f i r m e d  

l e v e l s  i n  B" w i t h  s u r p r i s i n g  s u c c e s s ;  

however ,  i t  d o e s  n o t  p r e d i c t  a l e v e l  

a t  2 . 8 6  MeV. The s t a t u s  o f  t h i s  e n e r g y  

l e v e l  h a s  b e e n  r e v i e w e d  i n  t h e  c o m p i l a -  

t i o n  by L a u r i t s e n  and  Aj z e n b e r g -  

S e l o v e .  ( 2 )  Dyer and ~ i r d ( ~ )  and  

 eni in(^) p r e s e n t e d  some e v i d e n c e  f o r  

i t s  e x i s t e n c e  f rom a  s t u d y  o f  t h e  n e u -  
9 t r o n  s p e c t r u m  from t h e  Be ( d , n ) B  10 

r e a c t i o n .  Dyer and B i r d  u s e d  a  t h i c k  

t a r g e t ,  E d  = 0 . 6 0  MeV, and a  n u c l e a r  

e m u l s i o n  d e t e c t o r ,  w h i l e  ~ 6 n i n  u s e d  a  

t h i n  t a r g e t ,  Ed = 0 . 5 7  MeV, and a  n u -  

c l e a r  e m u l s i o n  d e t e c t o r .  Re id ( ' )  

s t u d i e d  t h e  n e u t r o n  s p e c t r u m  from t h i s  

r e a c t i o n ;  u s i n g  a  t a r g e t  o f  u n s p e c i -  

f i e d  t h i c k n e s s ,  Ed = 0 . 7 5  MeV, a n d  a  

t r i p l e - c o i n c i d e n c e  p r o p o r t i o n a l - c o u n t e r  

t e l e s c o p e ;  a n d  r e p o r t e d  t h e  l e v e l .  

Coombe a n d  r e p o r t e d  t h e  l e v e l  

a f t e r  s t u d y i n g  t h e  n e u t r o n  s p e c t r u m  

f r o m  t h i s  same r e a c t i o n .  They u s e d  a  

t h i c k  t a r g e t ,  Ed = 0 . 0 8  MeV, and  a  

d i f f u s i o n  c l o u d  chamber t o  m e a s u r e  t h e  

p r o t o n  r e c o i l s  p r o d u c e d  by t h e  n e u t r o n s .  

A l l  o f  t h e s e  a t t e m p t s  t o  d e t e c t  t h e  

l e v e l  h a v e  been  s e r i o u s l y  hampered by 

low s i g n a l - t o - b a c k g r o u n d  r a t i o s  and  

p o o r  e n e r g y  r e s o l u t i o n .  

Maydan and  ass'^) have  r e c e n t l y  

r e p o r t e d  a  s e a r c h  f o r  t h i s  l e v e l  by 

o b s e r v i n g  t h e  n e u t r o n  s p e c t r u m  r e s u l t -  
9  i n g  f r o m  t h e  Be ( d , n ) ~ ' O  r e a c t i o n .  

T h e i r  s t u d y  was p e r f o r m e d  u s i n g  a  t i m e -  

o f - f l i g h t  s p e c t r o m e t e r ,  d e u t e r o n  e n e r g y  

o f  600 keV, and  0 . 3  cm t h i c k  t a r g e t .  

The s i g n a l - t o - b a c k g r o u n d  r a t i o  o f  t h e  

n e u t r o n  g r o u p s  c o r r e s p o n d i n g  t o  t h e  3 .58  

a n d  2 .15  MeV s t a t e s  was 4 : l  and  9 : 1 ,  

r e s p e c t i v e l y ,  w h i l e  t h e  e n e r g y  r e s o l u -  

t i o n  i n  t h i s  r e g i o n  was 0 . 3 2  MeV. Im- 

p r o v e m e n t s  were  made i n  t h e  s i g n a l - t o -  

b a c k g r o u n d  r a t i o  ( 1 8 : l  and  3 0 : l )  and  

t h e  e n e r g y  r e s o l u t i o n  ( 0 . 1 6  MeV) by 

o p e r a t i n g  t h e  t i m e - o f - f l i g h t  s p e c t r o -  

m e t e r  i n  c o i n c i d e n c e  w i t h  t h e  gamma 

r a y s  r e s u l t i n g  f rom d e - e x c i t a t i o n  o f  

t h e  v a r i o u s  l e v e l s .  The c o n c l u s i o n  o f  

t h e  s t u d y  was t h a t  t h e r e  were  no  i n d i -  

c a t i o n s  o f  a  n e u t r o n  g r o u p  i n  c o i n c i -  

d e n c e  w i t h  t h e  a p p r o p r i a t e  gamma r a y  

a n d ,  h e n c e ,  no e v i d e n c e  f o r  t h e  2 . 8 6  

MeV l e v e l .  

The e x c i t a t i o n  o f  t h e  compound 

s y s t e m  i s  e q u a l  t o  o r  g r e a t e r  t h a n  

15 MeV f o r  a l l  d e u t e r o n  e n e r g i e s .  A t  

t h e s e  h i g h  e x c i t a t i o n s ,  t h e  number o f  

open  c h a n n e l s  s h o u l d  be q u i t e  l a r g e ;  

a n d ,  h e n c e ,  e x c i t e d  s t a t e s  o f  e i t h e r  

p a r i t y  and o f  a  b r o a d  r a n g e  o f  a n g u l a r  

momenta s h o u l d  b e  formed i n  B". T h e r e -  

f o r e ,  n e u t r o n  g r o u p s  c o r r e s p o n d i n g  t o  

a l l  o f  t h e  l e v e l s  i n  I3l1 s h o u l d  be  

o b s e r v e d .  However,  i f  t h e  c o m p e t i t i o n  

b e t w e e n  t h e  v a r i o u s  modes o f  n e u t r o n  

e m i s s i o n  i s  s u f f i c i e n t l y  u n f a v o r a b l e  



t o  t h e  2 . 8 6  MeV l e v e l ,  t h e n  t h e  c o r r e -  

s p o n d i n g  weak n e u t r o n  g r o u p  m i g h t  e s c a p e  

d e t e c t i o n .  I t  i s  o b v i o u s  t h a t  a  d e -  

t e c t i n g  s y s t e m  w i t h  l o w e r  b a c k g r o u n d  a n d  

b e t t e r  e n e r g y  r e s o l u t i o n  mus t  be u s e d  

i n  o r d e r  t o  p r o v i d e  a  more p o s i t i v e  

a n s w e r  t o  t h e  q u e s t i o n  o f  t h e  e x i s t e n c e  

o f  t h i s  l e v e l .  

D u r i n g  t h e  c o u r s e  o f  a  l a r g e - s c a l e  

measuremen t  o f  f a s t - n e u t r o n  t o t a l  c r o s s  

s e c t i o n s  by  t h e  t i m e - o f - f l i g h t  t e c h -  

n i q ~ e , ( ~ )  we h a v e  r e p e a t e d l y  u s e d  t h e  
9  s p e c t r u m  o f  n e u t r o n s  f rom t h e  Be ( d , n )  

g 1 °  r e a c t i o n  t o  d e t e r m i n e  t h e  fo rm o f  

t h e  r e s o l u t i o n  f u n c t i o n .  Our s p e c t r a  

w e r e  o b t a i n e d  w i t h  d e u t e r o n  e n e r g i e s  

r a n g i n g  f rom 1 . 5  t o  2 . 0  blelr. Our a p p a r a -  

t u s  p r o v i d e s  s i g n a l - t o - b a c k g r o u n d  r a t i o s  

of  4 0 : l  a n d  1 0 0 : l  f o r  t h e  n e u t r o n  g r o u p s  

a s s o c i a t e d  w i t h  t h e  3 . 5 8  a n d  2 . 1 5  MeV 

g r o u p s ,  r e s p e c t i v e l y ,  a n d  an e n e r g y  

r e s o l u t i o n  (FWHM) i n  t h e  c r i t i c a l  r e g i o n  

o f  0 . 0 7  MeV. T h e s e  improvement s  o v e r  

t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  blaydan 

a n d   ass(^) p r o m p t e d  u s  t o  r e v i e l i  o u r  

d a t a  f o r  more d e f i n i t i v e  e v i d e n c e  

r e g a r d i n g  t h e  e x i s t e n c e  o f  t h e  2 . 8 6  MeV 

s t a t e .  

The e x p e r i m e n t a l  method h a s  b e e n  

d e s c r i b e d  p r e v i o u s l y  i n  f u l l  d e t a i l " )  ; 

t h e r e f o r e ,  o n l y  a  b r i e f  summary w i l l  b e  

g i v e n  h e r e .  D e u t e r i u m  i o n s  were  a c c e l -  

e r a t e d  i n  a  2  MeV Van de  G r a a f f  a c c e l -  

e r a t o r  wh ich  was e q u i p p e d  w i t h  a 

p o s t a c c e l e r a t i o n  p u l s e d - b e a m  s y s t e m  t o  

p r o d u c e  1 . 5  n s e c  b u r s t s  o f  i o n s  on a  

t a r g e t .  A b e a m - a l i g n m e n t  and  - f o c u s i n g  

s y s t e m  was u s e d  t o  r e d u c e  t h e  b a c k g r o u n d  

r a d i a t i o n  a n d  p r o d u c e  a  s m a l l  beam s p o t  

on t h e  t a r g e t .  The t a r g e t .  c o n s i s t e d  

o f  a  b e r y l l i u m  f i l m  d e p o s i t e d  o n t o  a  

0 . 0 3  cm t h i c k  p l a t i n u m  s u p p o r t .  The 

f i l m  lvas 9 3  keV t h i c k  t o  1 . 7  MeV 

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

t y p e  YE-213 l i q u i d  o r g a n i c  s c i n t i l l a t o r  

c o n t a i n e d  i n  a  g l a s s  c e l l ,  w h i c h  was 

c o u p l e d  t o  a n  Amperex 58-AVP p h o t o -  

m u l t i p l i e r .  P u l s e  s h a p e  d i s c r i m i n a t i o n  

was u s e d  t o  r e d u c e  t h e  e f f e c t s  o f  i n t e r -  

f e r i n g  r a d i a t i o n s .  The d e t e c t o r  was 

e n c a s e d  i n  l e a d  a n d  foamed p o l y s t y r e n e  

and was moun ted  i n  a  s h i e l d e d  e n c l o s u r e  

whose  c o n c r e t e  w a l l s  a n d  c e i l i n g  w e r e  

1 . 2  m t h i c k n e s s .  The t a r g e t  a s s e m b l y  

was v iewed  t h r o u g h  a  c o l l i m a t o r  w h i c h  

p i e r c e d  a  w a t e r  s h i e l d  o f  1 . 2  m t h i c k -  

n e s s .  The d e t e c t o r  was l o c a t e d  6 . 1 7  

m f r o m  t h e  t a r g e t  a t  a  l a b o r a t o r y  a n g l e  

o f  25" .  The e l e c t r o n i c s  c o n s i s t e d  o f  

a  f a s t  s t a r t - s t o p  s y s t e m  c o u p l e d  t o  a  

c i r c u l a t i n g - l i n e  v e r n i e r  c h r o n o t r o n ,  

a  m e m o r y - c o n t r o l  s y s t e m ,  a  beam c u r r e n t  

m o n i t o r  s y s t e m ,  a n d  a  s y s t e m  t h a t  p r o -  

v i d e d  a  c h e c k  on t h e  s t a b i l i t y  o f  t h e  

e n t i r e  e x p e r i m e n t .  

N e u t r o n  s p e c t r a  s u i t a b l e  f o r  t h e  

p r e s e n t  a n a l y s i s  w e r e  o b t a i n e d  a t  d e u -  

t e r o n  e n e r g i e s  o f  1 . 7  a n d  2 . 0  MeV. 4 

t y p i c a l  s p e c t r u m  i s  shown i n  F i g u r e  1, 

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

s i g n a l - t o - b a c k g r o u n d  r a t i o .  The q u a l i t y  

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

a  r e l a t i v i s t i c  e n e r g y  s c a l e .  An a d d i -  

t i o n a l  s p e c t r u m  was o b t a i n e d  w i t h  t h e  

p u l s e - s h a p e  c i r c u i t  d i s a b l e d  t o  d e t e r -  

mine  t h e  c e n t r o i d s  o f  t h e  s y n c h r o n o u s  

gamma r a y s .  The gamma r a y s ,  w h i c h  were  

l o c a t e d  a t  c h a n n e l s  2 4 . 3 3  a n d  2 3 3 . 4 3 ,  

were  u s e d  t o  make t h e  r e l a t i v i s t i c  

c a l c u l a t i o n  o f  t h e  v e l o c i t y  a t  t h e  c e n -  

t r o i d s  o f  t h e  n e u t r o n  g r o u p s .  The 

r e l a t i v i s t i c  f o r m  o f  t h e  r e a c t i o n  e n e r -  

g i e s  was t h e n  u s e d  t o  d e t e r m i n e  t h e  

e x c i t a t i o n  e n e r g i e s  o f  t h e  v a r i o u s  
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l e v e l s .  The a r r o w s  mark t h e  l e v e l s  

c a l c u l a t e d  f rom t h e  d a t a .  The c a l c u -  

l a t e d  p o s i t i o n  a t  w h i c h  t h e  n e u t r o n  

g r o u p  c o r r e s p o n d i n g  t o  t h e  2 . 8 6  MeV 

l e v e l  s h o u l d  o c c u r  i s  c h a n n e l  1 1 5 . 1 ;  

h o w e v e r ,  i t  i s  c o n s p i c u o u s l y  a b s e n t  i n  

F i g u r e  1. 

A s t a t i s t i c a l  a n a l y s i s  was p e r f o r m e d  

t o  v e r i f y  i t s  a b s e n c e .  T h r e e  e n e r g y  

r e g i o n s  w e r e  o f  i n t e r e s t ,  t h e  1 1 - c h a n n e l  

r e g i o n  c e n t e r e d  on c h a n n e l  1 1 5  and  t h e  

two f l a n k i n g  r e g i o n s  o f  11 c h a n n e l s  e a c h .  

The d i f f e r e n c e  b e t w e e n  t h e  a v e r a g e  num- 

b e r  o f  c o u n t s  p e r  c h a n n e l  t a k e n  o v e r  

t h e  c e n t r a l  r e g i o n  and  t h e  a v e r a g e  

backgrour id  c o u n t  p e r  c h a n n e l  t a k e n  o v e r  

t h e  f l a n k i n g  r e g i o n s  was 0 . 6 3  c o u n t s /  

c h a n n e l  w i t h  a  s t a n d a r d  d e v i a t i o n  o f  2 . 1  

c o u n t s / c h a n n e l .  T h i s  p r o v i d e s  n o  i n d i -  

c a t i o n  o f  a  n e u t r o n  g r o u p .  From P o i s s o n  

s t a t i s t i c s ,  t h e  p r o b a b i l i t t y  t h a t ,  i n  a 

r e p e t i t i o n  o f  t h e  m e a s u r e m e n t s ,  t h e  

s a m p l e  v a r i a n c e  wou ld  e x c e e d  t h e  o b -  

s e r v e d  d i s p e r s i o n  i s  0 . 8 4  a n d  0 . 4 3  f o r  

t h e  c e n t r a l  and  f l a n k i n g  r e g i o n s ,  r e s p e c -  

t i v e l y .  I n  t h e  c e n t r a l  r e g i o n  t h e  p o p u -  

l a t i o n  s t a n d a r d  d e v i a t i o n  e s t i m a t e d  f r o m  

t h e  r e s i d u a l s  was 1 . 3 5  c o u n t s / c h a n n e l ,  

w h i c h  i s  t o  be  compared t o  1 . 8 1  c o u n t s /  

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

CHANNEL NUMBER 

FIGURE 1 .  T i m e - o f - F l i g h t  S p e c t r u m  o f  
t h e  B e Y l d ,  n ) ~ l O  R e a c t i o n  ( T h e  u p p e r  
and l o w e r  e n e r g y  s c a l e s  i n d i c a t e  t h e  
e x c i t a t i o n  e n e r g i e s  i n  ~ 1 0  and t h e  
c o r r e s p o n d i n g  n e u t r o n  e n e r g i e s .  

= 25' ,  Ed = 1 .  7  MeV, f l i g h t  p a t h  = 

6 . 1 7  m, c h a n n e l  w i d t h  = 0 .  72  n s e c ,  and 
t h e  r e p e t i t i o n  p e r i o d  = 1 5 0 . 1 5  n s e c . )  



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

d i s t r i b u t i o n .  I n  t h e  f l a n k i n g  r e g i o n s ,  

t h e  c o r r e s p o n d i n g  v a l u e s  a r e  1 . 6 5  and  

1 . 6 3 .  Thus ,  o u r  d a t a  a r e  e n t i r e l y  c o n -  

s i s t e n t  w i t h  t h e  c o m p l e t e  a b s e n c e  o f  a  

n e u t r o n  g r o u p  a t  t h i s  p o s i t i o n .  

F o r  t h e  p a r t i c u l a r  d e t e c t i n g  s y s t e m  

and b i a s  u s e d  i n  t h e  e x p e r i m e n t ,  we 

e s t i m a t e  t h a t  t h e  d e t e c t i o n  e f f i c i e n c y  

s h o u l d  be  a b o u t  t h e  same f o r  3 . 0 6  and  

2 . 3 5  MeV n e u t r o n s .  We assume t h a t  a  

3 . 0 6  MeV n e u t r o n  g r o u p  would  h a v e  a 

s h a p e  i n t e r m e d i a t e  b e t w e e n  t h a t  o f  t h e  

3 . 7 7  and  2 . 3 5  MeV n e u t r o n  g r o u p s .  A 

c o m p a r i s o n  o f  t h e  i n t e g r a t e d  c o u n t  i n  

t h e  3 . 0 6  a n d  2 . 3 5  MeV n e u t r o n  g r o u p s  

t h e n  a l l o w s  u s  t o  p l a c e  a n  u p p e r  l i m i t  

o f  1% on t h e  i n t e n s i t y  o f  t h e  n e u t r o n  

g r o u p  a s s o c i a t e d  w i t h  a  2 . 8 6  MeV l e v e l  

r e l a t i v e  t o  t h e  g r o u p  a s s o c i a t e d  w i t h  

t h e  3 .58  bleV l e v e l .  

A s i m i l a r  a n a l y s i s  was p e r f o r m e d  on 

t h e  s p e c t r u m  a s s o c i a t e d  w i t h  a  d e u t e r o n  

e n e r g y  o f  2 . 0  MeV w i t h  e s s e n t i a l l y  t h e  

same r e s u l t s .  

W i t h i n  t h e  l i m i t a t i o n s  o f  t h e  e x p e r i -  

m e n t ,  we f o u n d  n o  e v i d e n c e  f o r  a  2 . 8 6  
10  MeV s t a t e  i n  H . T h i s  r e s u l t  d o e s  n o t  

d i s a g r e e  w i t h  t h e  c o n c l u s i o n s  d e r i v e d  

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

i n  t h e  l p - s h e l l .  (11  
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T H E  n - d  T O T A L  C R O S S  S E C T I O N ,  T H E  D i - N E U T R O N ,  A N D  C H A R G E  I N D E P E N D E N C E *  

D.  W .  G l a s g o w  a n d  D .  G .  F o s t e r ,  J r .  

The n e u t r o n  t o t a l  c r o s s  s e c t i o n  o f  C a l c u l a t i o n s  p r e d i c t  t h a t  a  c u s p  

d e u t e r i u m  was measured  c o n t i n u o u s  l y  anomaly  w i l l  o c c u r  i n  t h e  t o t a l  c r o s s  

o v e r  t h e  e n e r g y  r a n g e  2 . 2 5  t o  1 5 . 0  s e c t i o n  n e a r  t h e  e n e r g y  t h r e s h o l d  f o r  

MeV u s i n g  a  t i m e - o f - f l i g h t  t e c h n i q u e  ( I )  d i - n e u t r o n  p r o d u c t i o n  i f  a  s t a b l e  s t a t e  

w i t h  a n  e n e r g y  r e s o l u t i o n  r a n g i n g  f rom o f  t h e  d i - n e u t r o n  e x i s t s  and  t h e  n - d  

2 . 5  t o  4 . 5 % .  The c r o s s - s e c t i o n  r e s u l t s  s c a t t e r i n g  l e n g t h  i n  t h e  d o u b l e t  s t a t e  
/ A ,  

w e r e  o b t a i n e d  w i t h  a  p r e c i s i o n  o f  0 . 5  i s  l a r g e . l L '  The o b s e r v e d  t o t a l  c r o s s  

t o  2 . 0 %  p e r  r e s o l u t i o n  i n t e r v a l  and s e c t i o n  i n  t h i s  e n e r g y  r e g i o n  was s u b -  

a n  a b s o l u t e  a c c u r a c y  o f  6 ? 2 % .  j e c t e d  t o  r i g o r o u s  a n a l y s i s  t o  p u t  a n  

u p p e r  l i m i t  on  t h e  m a g n i t u d e  of  a n y  

p o s s i b l e  s t r u c t u r e .  T h i s  a n a l y s i s  
"urnrnary o f  a  p a p e r  b e i n g  s u b m i t t e d  f o r  
n u b l i e a t i o n .  shows t h a t  any  f l u c t u a t i o n  i n  t h e  

c r o s s  s e c t i o n  must  b e  l e s s  t h a n  1%.  



R e c e n t  t h r e e - b o d y  c a l c u l a t i o n s  o f  c a l c u l a t i o n s  ( 4 )  wh ich  ~ r e d i c t  b o t h  t h e  

Aaron ,  e t  a 1 .  ( 3 )  a n d  ~ h i l l i ~ s ' ~ )  p r e -  

d i c t  t h a t  t h e  n - d  s c a t t e r i n g  l e n g t h  i s  

s m a l l  i n  t h e  d o u b l e t  s t a t e  a n d  l a r g e  

i n  t h e  q u a r t e t  s t a t e  i n  a g r e e m e n t  w i t h  

e x p e r i m e n t a l  v a l u e s  ( a d  = 0 . 7  f m ,  a  = 
9  

6 . 3 8  fm) .  The s m a l l - d o u b l e t  c a s e  

wou ld  p r o d u c e  a  s c a r c e l y  v i s i b l e  c u s p  

e v e n  i f  t h e  d i - n e u t r o n  i s  s t a b l e .  ( 2 )  

S i n c e  we f i n d  no e v i d e n c e  i n  t h e  

t o t a l  c r o s s  s e c t i o n  f o r  t h e  e x i s t e n c e  

o f  a  s t a b l e  d i - n e u t r o n ,  we c o n c l u d e  

e i t h e r  t h a t  t h i s  p a r t i c l e  d o e s  n o t  

e x i s t  o r  t h a t ,  i f  i t  d o e s ,  t h e n  t h e  

q u a r t e t  s c a t t e r i n g  l e n g t h  i s  l a r g e r  

t h a n  t h e  d o u b l e t  o r  b o t h .  Our r e s u l t s  

a r e  e n t i r e l y  c o n s i s t e n t  w i t h  t h e  r e c e n t  

s m a l l  d o u b l e t  s c a t t e r i n g  l e n g t h  a n d  t h e  

n o n e x i s t e n c e  o f  t h e  d i - n e u t r o n .  
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H I G H - R E S O L U T I O N  M O N O C H R O M A T I Z A T I O N  O F  N E U T R O N S  

A N D  X R A Y S  B Y  M U L T I P L E  B R A G G  R E F L ' E C T I O N S *  

D .  A .  K o t t w i t z  

A  s i m p l e  scheme f o r  o b t a i n i n g  h i g h l y  

m o n o c h r o m a t i c ,  r e p r o d u c i b l e  beams o f  

s l o w  n e u t r o n s  o r  X r a y s  a t  f i x e d  wave-  

l e n g t h s  by  means o f  c r y s t a l  d i f f r a c t i o n  

i s  d e s c r i b e d .  The method i s  b a s e d  on 

t h e  w e l l - k n o w n  phenomenon o f  "umwegan- 

r e g u n g , "  i n  which  a  " f o r b i d d e n "  Bragg  

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

t i o n s  o f  m u l t i p l e  r e f l e c t i o n ,  i . e . ,  

when t h r e e  o r  more r e c i p r o c a l  l a t t i c e  

p o i n t s  l i e  on an  Ewald  s p h e r e .  I t  i s  

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

w h i c h  t h e  Bragg  a n g l e  ( a n d  w a v e l e n g t h )  

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

maxima. Wi th  o n l y  c o a r s e  c o l l i m a t i o n  

i n  t h e  n e i g h b o r h o o d  o f  t h e s e  e x t r e m a ,  

p e r f e c t  c r y s t a l s  c a n  g i v e  w a v e l e n g t h  

* A b s t r a c t  o f  a  p a p e r  t o  b e  s u b -  
m i t t e d  t o  A c t a  C r y s t a Z Z o g r a p h i c a .  

r e s o l u t i o n s  o f  Ah/A a M o s a i c  - 
c r y s t a l s  wou ld  g i v e  w o r s e  r e s o l u t i o n  

b u t  g r e a t e r  i n t e n s i t y .  S i n c e  t h e  

s i m u l a t i o n s  o f  a  " f o r b i d d e n "  r e f l e c t i o n  

may i n t e r f e r e  w i t h  e a c h  o t h e r ,  i t  i s  

n e c e s s a r y  t o  c a r r y  o u t  s y s t e m a t i c  com- 

p u t e r  c a l c u l a t i o n s  t o  c h e c k  f o r  i n t e r -  

f e r e n c e  a f t e r  t h e  e x t r e m a  h a v e  b e e n  

l o c a t e d .  The scheme i s  a p p l i c a b l e  t o  

a  l a r g e  s e t  o f  c r y s t a l s ,  i n c l u d i n g  

s e v e r a l  d i a m o n d - s t r u c t u r e  a n d  h e x a g o n a l  

c l o s e - p a c k e d  e l e m e n t s  a n d  compounds 

s u c h  a s  q u a r t z  a n d  c a l c i t e .  

D e t a i l e d  n u m e r i c a l  r e s u l t s  show t h a t  

germanium h a s  a b o u t  80 p o t e n t i a l l y  

u s e f u l  w a v e l e n g t h s  i n  t h e  r a n g e  1 . 2  t o  5  

( n e u t r o n  e n e r g y  0 . 0 0 3  t o  0 . 0 5  eV) .  

The beams a r e  shown t o  h a v e  a number o f  

o t h e r  i n t e r e s t i n g  p r o p e r t i e s .  S e v e r a l  



p r o b l e m s ,  s u c h  a s  o r d e r  c o n t a m i n a t i o n  u s e s  i n  n e u t r o n  r e s e a r c h  a r e  d i s c u s s e d  

and  b a c k g r o u n d  r a d i a t i o n ,  a n d  p o t e n t i a l  b r i e f l y .  

S C A T T E R I N G  L A W  M E A S U R E M E N T S  F O R  L I G H T  W A T E R  A T  9 5  O C *  

R .  B .  S m i t h  

Measurements  h a v e  been  made o f  t h e  

d o u b l e - d i f f e r e n t i a l  s c a t t e r i n g  o f  s l o w  

n e u t r o n s  f rom H20 a t  95 '  u s i n g  t h e  

B a n f o r d  t r i p l e - a x i s  s p e c t r o m e t e r .  

S c a t t e r i n g  c r o s s  s e c t i o n  v a l u e s  w e r e  

o b t a i n e d  by n o r m a l i z a t i o n  t o  t h e  

m e a s u r e d  s c a t t e r i n g  f rom Vanadium and 

w e r e  o b t a i n e d  f o r  n e u t r o n  e n e r g y  c h a n g e s  

o f  0 . 0 4  t o  0 . 1 7 5  eV and s c a t t e r i n g  
0 

a n g l e s  o f  4  t o  70 . 

* A b s t r a c t  o f  a  formal  r e p o r t  t o  
be  p u b l i s h e d .  

Dur ing  t h e  c o u r s e  o f  t h e s e  m e a s u r e -  

m e n t s  s e v e r a l  s o u r c e s  o f  s y s t e m a t i c  

e r r o r s  i n  t r i p l e - a x i s  s p e c t r o m e t e r  

measurements  w e r e  i n v e s t i g a t e d .  T h e s e  

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

n e u t r o n  beam i n t e n s i t y  and i n  a n a l y z e r  

s e n s i t i v i t y  a s  w e l l  a s  m u l t i p l e  d i f f r a c -  

t i o n  i n  b e r y l l i u m  monochromator  c r y s t a l s .  

S i m u l a t e d  (0003)  r e f l e c t i o n s  were  n o t e d .  

The m a g n i t u d e s  o f  t h e s e  e f f e c t s  a n d  

methods  o f  m i n i m i z i n g  t h e i r  c o n t r i b u -  

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



C O M P U T E R  C O D E  A B S T R A C T S  

C O M P U T E R  C O D E  - C A L X  

1. NAME OR DESIGNATION OF CODE - CALX 

COMPUTER FOR WHICH CODE I S  DESIGNED AND OTHER UPON WHICH IT I S  OPERABLE- 

UNIVAC 1107 

NATURE OF PHYSICAL PROBLEM SOLVED - The i s o t o p e  c o n c e n t r a t i o n  equations 

a r e  i n t e g r a t e d  a s  a  f u n c t i o n  o f  t i m e  u s i n g  a  m o d i f i e d  z e r o - d i m e n s i o n a l  

model  o f  t h e  r e a c t o r .  Emphasis  i s  on c a l c u l a t i o n a l  s p e e d  f o r  s u r v e y  t y p e  

a p p l i c a t i o n s .  

METHOD OF SOLUTION - The o n e - g r o u p  p a r a m e t e r s  f o r  t h e  t i m e  s t e p  i n t e g r a -  

t i o n s  a r e  d e t e r m i n e d  a t  s p e c i f i e d  t i m e  i n t e r v a l s  f rom s p e c t r u m  c a l c u l a t i o n s  

b a s e d  on a  two r e g i o n  d i f f u s i o n  t h e o r y  model o f  up t o  n i n e  g r o u p s .  The t i m e  

s t e p  i n t e g r a t i o n s  u s e  a  f o u r t h  o r d e r  Runge-Kut ta  scheme.  

RESTRICTIONS ON THE COMPLEXITY OF THE PROBLEM - 

No. e n e r g y  g r o u p s  f o r  i n - b u r n u p  s p e c t r u m  c a l c u l a t i o n  5 9  

No. f u e l s  ( f i s s i l e  and  f e r t i l e )  5 30 

No. n o n f u e l s  5 100 

K O .  b u r n a b l e  r e g i o n s  5 2 

TYPICAL RUNNING TIME - A p p r o x i m a t e l y  20 s e c  p e r  t y p i c a l  c a s e .  

UNUSUAL FEATURES OF THE PROGRAM - CALX i s  l i n k e d  t o  G A M  and TEMPEST f o r  

c r o s s  s e c t i o n  g e n e r a t i o n .  End p o i n t  s e a r c h e s  c a n  b e  made i n  t i m e ,  r e a c -  

t i v i t y ,  o r  e x p o s u r e .  F u e l  c y c l i n g  i s  p e r m i t t e d .  I s o t o p e  t r a n s m u t a t i o n s  

c a n  b e  f o l l o w e d  t h r o u g h  r e a c t o r  o u t a g e s .  I n i t i a l  c o n d i t i o n s  c a n  b e  

matched  by a d d i t i o n  o f  p o i s o n  o r  e n r i c h m e n t  m i x t u r e s .  Graded e x p o s u r e  

c a s e s  can  be r u n .  

RELATED AND AUXILIARY PROGRAMS - None. 

STATUS - Coding Comple ted .  90% debugged .  

REFERENCES - None. 

MACHINE REQUIREMENTS - UNIVAC 1 1 0 7 ,  64k c p r e ,  60000008 word drum s t o r a g e  

( e x c l u s i v e  o f  s y s t e m  r e q u i r e m e n t s ) ,  2 t a p e  u n i t s ,  o n - l i n e  p r i n t e r  and  c a r d  

r e a d e r ,  c l o c k .  

PROGRAMMING LANGUAGE(S) USED - 1 0 0 %  FORTRAN IV. 

OPERATING SYSTEM - CSC EXEC 11, Packakc, B 

OTHER INFORMATION - None. 



1 5 .  NAME AND ESTABLISHMENT OF AUTHOR 

J .  R.  L i l l e y  ( f o r m e r l y  H a n f o r d  L a b o r a t o r i e s )  a n d  

D .  R .  Mar r  - Code A u t h o r s  

D .  R .  Mar r  - A b s t r a c t  
B a t t e l l e - N o r t h w e s t ;  P.O. Box 9 9 9 ;  R i c h l a n d ,  Wash ing ton  99352 

1 6 .  MATERIAL AVAILABLE - A u t h o r i t y  h a s  b e e n  g r a n t e d  t o  r e l e a s e  t h e  f o l l o w i n g  

m a t e r i a l  f o r  u s e  s u b j e c t  t o  f u r t h e r  t e s t i n g  [CALX S o u r c e  P rogram (4000  

c a r d s ) ] .  The m a t e r i a l  c a n  b e  o b t a i n e d  d i r e c t l y  f r o m  t h e  a u t h o r .  Mag- 

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

C O M P U T E R  C O D E  - H R G  

1. NAME OR DESIGNATION OF CODE - HRG ( H a n f o r d  - R e v i s e d  - GAM) 

2 .  COMPUTER FOR WHICH CODE I S  DESIGNED A N D  OTHERS UPON WHICH IT  I S  OPERABLE: 
IBM 7090 ;  UNIVAC 1 1 0 7 .  Code h a s  b e e n  a d a p t e d  a t  o t h e r  s i t e s  t o  CDC-1604, 

IBM 7040 ,  P h i l c o - 2 0 0 0 .  

3 .  NATURE OF PHYSICAL PROBLEM SOLVED - As i n  t h e  o r i g i n a l  G A M  c o d e ,  t h i s  c o d e  

computes  t h e  s lowing-down s p e c t r u m  i n  e i t h e r  t h e  B-1  o r  P - l  a p p r o x i m a t i o n ,  

u s i n g  68 g r o u p s  of n e u t r o n s  w i t h  a  c o n s t a n t  g r o u p  w i d t h  o f  d e l t a  u  = 0 . 2 5 .  

The c a l c u l a t e d  f l u x  a n d  c u r r e n t  s p e c t r a  a r e  u s e d  t o  r e d u c e  t h e  o r i g i n a l  
6 8 - g r o u p  c r o s s  s e c t i o n  d a t a  t o  a v e r a g e  v a l u e s  o v e r  a s  many a s  32 b r o a d  

g r o u p s .  

4 .  METHOD OF SOLUTION 

( a )  A  s u b r o u t i n e  w i l l  c a l c u l a t e  r e s o n a n c e  i n t e g r a l s  f o r  s p e c i a l  n u c l i d e s  

f r o m  t h e  r e s o n a n c e  p a r a m e t e r s  f o r  e a c h  g r o u p ,  u s i n g  t h e  q u a n t i t a t i v e  

m e t h o d s  d e v e l o p e d  b y  L. W. Nordheim.  

( b )  The e n e r g y - a n g l e  c o r r e l a t i o n  i s  r e t a i n e d  f o r  s l o w i n g  down i n  a l l  i s o -  

t o p e s .  T h a t  i s ,  t h e  PO a n d  P1 components  o f  t h e  s c a t t e r i n g  k e r n e l  a r e  

t r e a t e d  r i g o r o u s l y .  

( c )  The c o d e  c o n t a i n s  a n  e x t e n s i v e  l i b r a r y .  At p r e s e n t ,  t h e  l i b r a r y  t a p e  

c o n t a i n s  d a t a  f o r  197  n u c l i d e s ;  o b t a i n e d  w i t h  b u t  few e x c e p t i o n s  f r o m  

t h e  BNW M a s t e r  L i b r a r y .  The l i b r a r y  t a p e  c o n t a i n s  a l l  o f  t h e  d a t a  

n e e d e d  i n  t h e  c a l c u l a t i o n  f o r  e a c h  o f  t h e  68 s u b g r o u p s .  

( d )  I n e l a s t i c  s c a t t e r i n g  a n d  ( n , 2 n )  p r o c e s s e s  a r e  e x p l i c i t l y  i n c l u d e d .  

( e )  The c o d e  c o n t a i n s  a n  o p t i o n  t h a t  w i l l  c a l c u l a t e  t h e  n e u t r o n  a g e  i n  a n  

i n f i n i t e  medium by t h e  moments m e t h o d .  

( f )  Bo th  m i c r o s c o p i c  and  m a c r o s c o p i c  b r o a d  g r o u p  a v e r a g e  c r o s s  s e c t i o n s  

c a n  b e  o b t a i n e d  f o r  a s  many i s o t o p e s  a s  a r e  o n  t h e  d a t a  t a p e  f o r  a n y  

s p e c i f i e d  g r o u p  s t r u c t u r e .  

( g )  S e l f - s h i e l d i n g  f a c t o r s  c a n  b e  i n c l u d e d  f o r  a n y  n u c l i d e ,  i f  d e s i r e d .  

( h )  E i g h t  d i f f e r e n t  s o u r c e  s p e c t r a  a r e  i n c l u d e d  a s  o p t i o n s .  



5 .  RESTRICTIONS O N  THE COMPLEXITY OF THE PROBLEM - Number o f  b road  groups  

< 32. g roup  bounda r i e s  must c o i n c i d e  w i t h  one of  t h e  68  f i n e  group  

b o u n d a r i e s .  Ene rg i e s  must l i e  between 10 MeV and 0.414 eV. 

6 .  TYPICAL RUNNING TIME - One minu te .  

7 .  UNUSUAL FEATURES OF THE PROGRAM - HRG d i f f e r s  from GAM i n  t h e  f o l l o w i n g  

f e a t u r e s  : 

( a )  D e t a i l s  o f  t h e  r e sonance  i n t e g r a l  c a l c u l a t i o n  have been mod i f i ed  t o :  

(1 )  ex t end  t h e  method t o  n u c l i d e s  o t h e r  t h a n  Th-232 and U-238, 

(2)  i n c l u d e  f i s s i o n  r e sonance  i n t e g r a l s  f o r m a l l y ,  (3 )  p rov ide  c o n s i s -  

t e n t  space  and energy  s e l f - s h i e l d i n g  i n  c a l c u l a t i n g  e f f e c t i v e  f i n e  

group  c r o s s  s e c t i o n s  f o r  r e s o n a n c e s ,  ( 4 )  e x t e n d  and add t a b l e s ,  r e v i s e  

i n t e r p o l a t i o n  fo rmu lae ,  and change u n r e s o l v e d  resonance  t r e a t m e n t  

l o g i c  t o  speed  c a l c u l a t i o n s  and make t h e  code more compa t ib l e  w i t h  

d a t a  o b t a i n e d  from t h e  BNW Master  L i b r a r y .  

(b )  Mic roscop ic  broad  group  ave rage  t r a n s p o r t  c r o s s  s e c t i o n s  a r e  c a l c u -  

l a t e d  from c u r r e n t - w e i g h t e d  broad  group  ave rages  f o r  c o n s i s t e n c y  w i t h  

t h e  G A M  d e f i n i t i o n  of  t h e  macroscopic  d i f f u s i o n  c o e f f i c i e n t .  

( c )  P1 c r o s s  s e c t i o n  i s  d e f i n e d  a s  mu x  PO (1 /3  t h e  GAM v a l u e s ) .  

(d )  Output  p r i n t o u t  ha s  been r e v i s e d  f o r  convenience  of  t h e  u s e r  and 

o p t i o n s  f o r  punching o r  w r i t i n g  d a t a  f o r  subsequen t  u se  have been 

added.  

8 .  RELATED AND AUXILIARY PROGRAMS - 

( a )  GAM-I 

( b )  NUTAPE-11, u p d a t e s  and /o r  p r i n t s  t h e  HRG d a t a  t a p e .  Updat ing can  be 

done from e i t h e r  t a p e  o r  c a r d  i n p u t .  

( c )  BARNS-I1 and TRANS, c a l c u l a t e  c r o s s  s e c t i o n s  from BNW Mas te r  L i b r a r y  

d a t a  and p r e p a r e  t a p e  i n p u t  f o r  NUTAPE-I1 f o r  automated u p d a t i n g  of 

HRG d a t a  t a p e .  

9.  STATUS - I n  u s e .  

10 .  REFERENCES - 

(1)  K .  B .  S t e w a r t ,  BNW Mas te r  L i b r a r y .  BNWL-CC-325. 

Document on HRG i n  p r e p a r a t i o n .  

11. MACHINE REQUIREMENTS - IBM 7090: 32k memory; minimum of  6  t a p e s ,  i n c l u d i n g  

sys tem (1  o r  2 a d d i t i o n a l  t a p e s  needed ,  depending on o p t i o n ) .  UNIVAC 1107:  

64k memory; drum, 1 t a p e ,  exc lud ing  sys tem.  

1 2 .  PROGRAMMING LANGUAGE(S) USED - IBM 7090: F o r t r a n - I 1  ( 9 5 % ) ,  FAP ( 5 % ) .  

FAP s u b r o u t i n e s  a r e  a s s o c i a t e d  w i t h  punch o p t i o n  o n l y  and a r e  e a s i l y  

removed. UNIVAC 1107:  F o r t r a n - I V .  



13. OPERATING SYSTEM OR MONITOR UNDER WHICH PROGRAM IS EXECUTED - IBM 7090: 

IBM Fortran-I1 Monitor. UNIVAC 1107: CSC EXEC-11, Package B. 

14. ANY OTHER PROGRAMMING OR OPERATING INFORMATION OR RESTRICTIONS - HRG input 

is compatible with GAM-1 input in format. 

15. NAME AND ESTABLISHMENT OF AUTHOR - 

J. L. Carter 
Battelle-Northwest; P.O. Box 999; Richland, Washington 99352 

16. MATERIAL AVAILABLE - Authority has been granted to release the following 

material for use subject to further testing 

HRG Source Program (2500 cards) 

NUTAPE-I1 Source Program (1000 cards) 

Date Tape 

Test Case 

This material can be obtained directly from the author. Magnetic tape 

is required for transmission. 



P U B L I C A T I O N S  

I .  J .  Lewins  and R. U .  Benham. Time 5 .  0 .  K .  H u r l i n g .  " S l o w - N e u t r o n  
Opt imal  Xenon Shutdown on t h e  Xenon W i d t h  o f  t h e  200 meV V i b r a t i o n  
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