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INTRODUCTION AND SUMMARY 

T h i s  r e p o r t  c o v e r s  c l a s s i f i e d  work i n  the  P h y s i c s  D i v i s i o n  f o r  t h e  p e r i o d  
December 20 ,  1950 t o  March 20 ,  1951.  The u n c l a s s i f i e d  s e c t i o n  o f  t h e  P h y s i c s  
D i v i s i o n  Q u a r t e r l y  P r o g r e s s  R e p o r t  a p p e a r s  s e p a r a t e l y  (OWL-1005).  

Critical Experiments 

The purpose  o f  t h e  C r i t i c a l  Exper iments  program i s  t o  i n v e s t i g a t e  p r o p e r -  
t i e s  o f  c r i t i c a l  a s s e m b l i e s  composed o f  u ran ium and v a r i o u s  r e f l e c t o r s  and 
m o d e r a t o r s ,  D u r i n g  t h i s  q u a r t e r  t h e  i n s t a l l a t i o n  o f  t h e  e q u i p m e n t  i n  t h e  
l a b o r a t o r y  was comple ted .  The c r i t i c a l  exper iment  a p p a r a t u s  i s  d e s c r i b e d  w i t h  
accompanying p h o t o g r a p h s .  R e s u l t s  w i t h  t h e  f i r s t  c r i t i c a l  a s sembly  composed 
o f  u r a n i u m  w i t h  b e r y l l i u m  m o d e r a t o r  a r e  d i s c u s s e d .  The  o b s e r v e d  c r i t i c a l  

masses  d i f f e r  a p p r e c i a b l y  from t h e  c a l c u l a t e d  v a l u e s .  The p o s s i b l e  c a u s e s  f o r  
t h i s  d i s c r e p a n c y  a r e  b e i n g  s t u d i e d ,  P r e l i m i n a r y  measurements o f  t h e  e f f e c t i v e  
ene rgy  f o r  f i s s i o n  i n  t h e  assembly have been made. 

Shielding Measurements 

Measurements  o f  t h e  n e u t r o n  and gamma a t t e n u a t i o n  i n  s o l i d  B4C f o l l o w e d  
by w a t e r  have  been made i n  t h e  l i d  t a n k .  R e s u l t s  a r e  g i v e n  f o r  measurements  
o f  t h e  f o l l o w i n g  q u a n t i t i e s :  

1. 

2 .  

3. 

4,  

5. 

6 .  

7, 

8, 

A c t i v a t i o n  of  Au f o i l s  and NaN03 samples  i n  s o l i d  B,C. 

Neut ron  measurements i n  s o l i d  B,C, 

A t t e n h a t i o n  of  t he rma l  n e u t r o n s  i n  H,O behind  B,C. 

Comparison o f  B,C a t t e n u a t i o n  a t  v a r i o u s  d i s t a n c e s  f r o m t h e s o u r c e  
i n  H,O. 

Thermal n e u t r o n  v e r t i c a l  and h o r i z o n t a l  t raverses  behind  v a r i o u s  
B,C samples ,  

Gamma measurements i n  H,O behind  v a r i o u s  t h i c k n e s s e s  o f  B4C. 

Neut ron  a t t e n u a t i o n  of  B4C-Fe -H,O. 

Gamma a t t e n u a t i o n  of B,C-Fe-H20. 
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Liquid-Metal Duct Test 
c 

. 
A l i q u i d - m e t a l  d u c t  t e s t  i s  b e i n g  c o n d u c t e d  i n  t h e  w a t e r  t a n k  on t h e  

v e r t i c a l  t h e r m a l  column on t o p  o f  t h e  r e a c t o r .  N e u t r o n  measurements  i n  t h e  
w a t e r  beyond t h e  end of  s e v e r a l  l e n g t h s  o f  d u c t  a r e  b e i n g  t a k e n  w i t h  v a r i o u s  
d e t e c t o r s .  The d u c t  c o n f i g u r a t i o n s  a r e  d e s c r i b e d .  

Bulk Shielding Test Facility 

The Bulk S h i e l d i n g  T e s t  F a c i l i t y  program of  c a l i b r a t i n g  i n s t r u m e n t s  h a s  
been comple t ed .  The power c a l i b r a t i o n  o f  t h e  s h i e l d i n g  r e a c t o r  i s  a b o u t  75% 
c o m p l e t e .  C e n t e r l i n e  m e a s u r e m e n t s  i n  p u r e  w a t e r  a r e  90% c o m p l e t e .  F a s t -  
n e u t r o n  measurements  on an i r o n - w a t e r  s h i e l d  a r e  p l anned  b e f o r e  t e s t s  on t h e  
u n i t  s h i e l d ,  S p e c t r o s c o p i c  i n s t r u m e n t s  for t h e  d i v i d e d  s h i e l d  measurements  
a r e  b e i n g  d e v e l o p e d ,  

ANP Physics Group 

The c u r r e n t  a c t i v i t i e s  of  t h e  ANP P h y s i c s  Group are r e p o r t e d  i n  d e t a i l  i n  
t h e  ANP q u a r t e r l y  p r o g r e s s  r e p o r t ,  ANP-60. A s h o r t  summary is  g i v e n  i n  t h i s  
r e p o r t .  R e s u l t s  of c a l c u l a t i o n s  r e l a t e d  t o  t h e  ANP and ARE r e a c t o r s  a r e  d i s -  

c u s s e d  e 
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l o  CRITICAL EXPERIMENTS 

A. D. C a l l i h a n  

Dur ing  t h e  l a s t  q u a r t e r  t h e  i n s t a l l a t i o n  of  t h e  equipment  i n  t h e  l a b o r a -  
t o r y  was c o m p l e t e d ;  s u f f i c i e n t  u r a n i u m  and b e r y l l i u m  h a v e  b e e n  p r o c u r e d  t o  
b e g i n  e x p e r i m e n t a t i o n  l a t e  i n  th i s  q u a r t e r .  

The p u r p o s e  of  t h e  program i s  t o  i n v e s t i g a t e  t h e  p r o p e r t i e s  of  c r i t i c a l  
a s s e m b l i e s  composed o f  uran ium and v a r i o u s  n e u t r o n  r e f l e c t o r s  and m o d e r a t o r s .  
O t h e r  m a t e r i a l s ,  s i m u l a t i n g  s b r u c t u r a l  members, c o o l a n t s ,  e t c .  o f  t h e  a i r c r a f t  
r e a c t o r ,  c a n  be i n c l u d e d  i n  t h e  a s s e m b l i e s .  The mass o f  uran ium r e q u i r e d  f o r  
c r i t i c a l i t y ,  t h e  s p e c t r a l  and  s p a t i a l  d i s t r i b u t i o n  o f  n e u t r o n s  w i t h i n  t h e  
a r r a y ,  and t h e  e f f e c t i v e n e s s  o f  c o n t r o l s  a r e  some o f  t h e  v a r i a b l e s  t o  be 
examined  a s  a s s e m b l y  componen t s  a r e  c h a n g e d ,  

The  a p p a r a t u s  c o n s i s t s  e s s e n t i a l l y  o f  two m a t r i c e s  o f  3 - i n . - s q u a r e  
aluminum t u b i n g  3 f t  l o n g ,  mounted on twe t a b l e s ,  one b e i n g  s t a t i o n a r y  and t h e  
o t h e r  s o  a r r a n g e d  t h a t  i t  c a n  be moto r  d r i v e n  toward  t h e  f i r s t .  E n r i c h e d  
u r a n i u m  m e t a l  and t h e  o t h e r  m a t e r i a l s  u n d e r  s t u d y  a s  m o d e r a t o r s ,  e t c . ,  a r e  
a s sembled  i n  u n i t s  a p p r o x i m a t e l y  3 i n .  s q u a r e  and of  s u i t a b l e  l e n g t h  and a r e  
p l a c e d  i n  t h e  aluminum t u b i n g .  The  two p a r t s  o f  t h e  f i n a l  a r r a y  a r e  t h e n  
b r o u g h t  t o g e t h e r  by remote c o n t r o l .  The u s u a l  s a f e t y  and c o n t r o l  r o d s ,  t h e  
l a t t e r  f o r  f i n e  a d j u s t m e n t ,  a r e  b u i l t  i n t o  t h e  a s sembly ,  and t h e  a p p r o a c h  t o  
c r i t i c a l i t y  i s  mon i to red  w i t h  n e u t r o n  and gamma d e t e c t o r s .  

An o v e r a l l  p i c t u r e  o f  t h e  a p p a r a t u s  is  shown i n  F i g .  1; t h e  movable t a b l e  
is on t h e  l e f t .  The end of  o n e - h a l f  of an assembly i s  shown i n  t h e  t o p  o f  t h e  
movable bund le  o f  aluminum t u b e s  and ,  o f  c o u r s e ,  t h e  o t h e r  h a l f  i s  s i m i l a r l y  
p l a c e d  i n  t h e  f i x e d  m a t r i x .  Four  s a f e t y  r o d s ,  t h e  l o n g e r  c y l i n d e r s ,  and t w o  

c o n t r o l  r o d s  may be s e e n  a t  t h e  r e a r  o f  e a c h  o f  t h e  a r r a y s .  A t t a c h e d  t o  t h e  
f i x e d  h a l f ,  a t  t h e  i n t e r f a c e ,  i s  t h e  motor  d r i v e  f o r  p o s i t i o n i n g  t h e  n e u t r o n  
s o u r c e .  V a r i o u s  n e u t r o n  and gamma d e t e c t o r s  a r e  shown a round  t h e  a p p a r a t u s .  
F i g u r e  2 i s  a c l o s e - u p  of one of  t h e  s e t s  of aluminum t u b e s  showing t h e  i n t e r -  
f a c e  o f  h a l f  an assembly .  One o f  t h e  e l e m e n t s ,  which is  p a r t l y  removed, con-  
s i s t s  of  b l o c k s  o f  b e r y l l i u m  1 i n ,  t h i c k  w i t h  uranium d i s k s  between them, a l l  
s t r u n g  on a h o r i z o n t a l  rod ,  The s o u r c e  d r i v e  motor  i s  a t  t h e  t o p .  

The uranium m e t a l  is  b e i n g  f a b r i c a t e d  i n t o  d i s k s  a p p r o x i m a t e l y  3 i n .  i n  

d i a m e t e r  and 0 , 0 1 0  i n .  t h i c k  by f i r s t  r o l l i n g  b i l l e t s  t o  t h e  r e q u i r e d  t h i c k -  
n e s s  and then  punch ing  t h e  d i s k s .  S i n c e  i t  h a s  n o t  been p o s s i b l e  t o  r o l l  t o  

8 
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un i fo rm t h i c k n e s s ,  t h e  f i n i s h e d  d i s k s  were b r o u g h t  t o  t a r g e t  w e i g h t  by punch- 
i n g  s m a l l  h o l e s  i n  them, The 1200 d i s k s  i n  t h e  f i r s t  b a t c h  d e l i v e r e d  were 

f o u n d  t o  be h e a v i l y  c o a t e d  w i t h  b l a c k  o x i d e ,  p r o b a b l y  f o r m e d  d u r i n g  h o t  
r o l l i n g ,  which ,  because  o f  i t s  nonadherence ,  p r e s e n t e d  a s e v e r e  c o n t a m i n a t i o n  

and  a c c o u n t a b i l i t y  p r o b l e m .  The  o x i d e  was r e a d i l y  removed by l e a c h i n g  i n  
c o n c e n t r a t e d  n i t r i c  a c i d ,  a f t e r  which t h e  m e t a l  was k e p t  a t  room t e m p e r a t u r e  

i n  an  a tmosphe re  o f  a b o u t  15% r e l a t i v e  h u m i d i t y ,  The o x i d e  c o a t i n g  which is 
now b e i n g  l a i d  down i s  q u i t e  a d h e r e n t .  I t  h a s  been  n e c e s s a r y ,  however ,  t o  
lower t h e  t a r g e t  we igh t  of a l l  d i s k s  by abou t  5% because  of  t h e  we igh t  l o s s  i n  
t h e  f i r s t  b a t c h  d u r i n g  l e a c h i n g .  

The f i r s t  c r i t i c a l  assembly  t o  be b u i l t  w a s  s i m p l e  i n  s t r u c t u r e  i n  o r d e r  
t h a t  i t  would l e n d  i t s e l f  r e a d i l y  t o  c a l c u l a t i o n .  I t  w a s  t o  have b e r y l l i u m  
m e t a l  a s  a m o d e r a t o r ,  t o  be c u b i c a l ,  and t o  have  no  r e f l e c t o r ,  I n  t h e  p r o -  
cedure  fo l lowed ,  an assembly o f  b e r y l l i u m  w a s  f i r s t  made w i t h  s t e p w i s e  a d d i t i o n  
o f  uranium i n  t h e  c e n t e r ,  The Be/Ua3’ a tomic  r a t i o  of  t h e  loaded  e l e m e n t s  w a s  

386 .  C r i t i c a l i t y  was f i r s t  a c h i e v e d  w i t h  a b o u t  6 kg o f  u ran ium i n  t h e  c o r e  
and a 6 - i n 0  l a y e r  of  b e r y l l i u m  a s  a r e f l e c t o r .  As more uranium was added t h e  
r e f l e c t o r  was removed, r e s u l t i n g ,  f i n a l l y ,  i n  an assembly  2 1  by 2 1  by 23  i n . ,  
w i t h  no r e f l e c t o r ,  and c o n t a i n i n g  abou t  18 kg o f  U a a S l  which w a s  c r i t i c a l  w i t h  
one c o n t r o l  somewhat removed l e a v i n g  a s m a l l  vo id  n e a r  t h e  c e n t e r .  E x t r a p o l a -  
t i o n  t o  t h e  c o n d i t i o n  o f  a l l  r o d s  i n ,  i . e . :  no  v o i d s ,  g i v e s  1 7 . 5  k g  a s  t h e  

m a s s ,  The  c a l c u l a t e d  v a l u e s  a r e  40 t o  60% g r e a t e r  t h a n  t h o s e  o b s e r v e d ,  

C o n s e q u e n t l y ,  a t t e m p t s  have been made t o  a s c e r t a i n  i f  t h e  d i s c r e p a n c y  can  be 
a t t r i b u t e d  t o  m i s i n t e r p r e t a t i o n  of t h e  expe r imen t ,  t h e  m o s t  l i k e l y  c a u s e  b e i n g  
s p u r i o u s  r e f l e c t i o n  of  l eakage  n e u t r o n s  back i n t o  t h e  c o r e  by t h e  s u p p o r t i n g  
s t r u c t u r e  o r  by t h e  c o n c r e t e  f l o o r ,  No e f f e c t  h a s  t h u s  f a r  been found which  
w i l l  a c c o u n t  f o r  t h e  d i f f e r e n c e .  

Some v e r y  p r e l i m i n a r y  measu remen t s  on t h e  a c t i v i t y  i n d u c e d  i n  b a r e  and 
cadmium-covered uranium f o i l s a t  t h e  c e n t e r  of  t h e  c o r e  shows t h e  median ene rgy  
f o r  f i s s i o n  o f  t h e  n e u t r o n s  t o  be of  t h e  o r d e r  of 0 . 5  e v ,  E s t i m a t e s  have a l s o  
been  made o f  t h e  power l e v e l ,  which a l l o w  rough  c a l i b r a t i o n  o f  some o f  t h e  
i n s t r u m e n t s  and a s u r v e y  o f  p e r s o n n e l  s h i e l d i n g .  

11 



2 .  SHIELDING MEASUREAIIENTS 

C. E.  C l i f f o r d  J. D. Flynn 
E.  P, B l i z a r d  M. C. Marney 
T. V. B l o s s e r  F .  K .  McGowan 

L i d  Tank. D u r i n g  t h e  p a s t  two q u a r t e r s  measurements  of t h e  n e u t r o n  and 
gamma a t t e n u a t i o n  i n  s o l i d  B,C f o l l o w e d  by w a t e r  have  been  made i n  t h e  l i d  
t a n k .  Q u a n t i t i e s  of  p a r t i c u l a r  i n t e r e s t  a r e  t h e  v a r i a t i o n  o f  t h e  b i o l o g i c a l  
dose  w i t h  t h e  t h i c k n e s s  o f  B,C a t  t h e  o u t e r  s i d e  o f  t h e  B,C-H,O s h i e l d  and t h e  
a c t i v a t i o n  t o  be expec ted  i n  a c o o l a n t  ( p a r t i c u l a r l y  sodium) l o c a t e d  a t  v a r i o u s  
d e p t h s  o f  t h e  B4C, 

F o l l o w i n g  i s  a t a b u l a t i o n  of  t h e  q u a n t i t i e s  which  h a v e  been  m e a s u r e d ,  
w i t h  i n d i c a t i o n  o f  t h e  l o c a t i o n  o f  t h e  d a t a  i n  t h i s  r e p o r t :  

QUANTITY MEASURED 

Activation of Au f o i l s  and NaN0, 
samples i n  s o l i d  B4C 

Neutron measurements i n  s o l i d  B4C 

Attenuation of thermal neutrons i n  
HzO behind B4C 

Comparison of B4C at tenuat ion a t  
var ious d is tances  from source i n  

H20 

Thermal neutron v e r t i c a l  and hori--  
zontal  t raverses  behind various. 
B4C samples 

Gama measurements i n  H20  behind 
various thicknesses of B4C 

Neutron a t tenuat ion  of B4C- Fe-H,O 

Gamma at tenuat ion of B,C-Fe-H,O 

DETECTOR 
~~ 

Au f o i l s ,  "0.005 i n . ,  6.45 cm'; 
NaNO, samples, 140 g 

25-in. BF, proportional counter  
jacketed with 1 t o  3 i n .  of B4( 

25-in.  W, proportional counter,  
bare  

25-in.  BF, proportional counter 
i n  H,O behind sample 

8.-in. BF, proport ional  counter 

Ionizat ion chamber 

25-.in. BF, counter i n  H20 behind 
sample 

Ioniza t ion  chamber measurements 
i n  H,O behind sample 

FIGURE NO. 
~~ ~ 

3 and 4 

3 

5 

6 

7 and 8 

9 

10 

11 

TABLE NO. 
~ ~ 

1 and 2 

1 

3 and 4 

5 

6 and 7 

8 

9 

10 
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The g e n e r a l  method o f  s h i e l d  measurement  i s  t h e  same a s  t h a t  which  h a s  
been u s e d  f o r  some t i m e ,  A p l a t e  o f  u r a n i u m  i s  i r r a d i a t e d  by s l o w  n e u t r o n s  
f rom t h e  Oak R i d g e  r e a c t o r ,  and  t h e  r e s u l t i n g  f i s s i o n  n e u t r o n s  a n d  gammas 
e n t e r  a n  a d j a c e n t  l a r g e  w a t e r  t a n k .  S a m p l e s  t o  be measured  a r e  i n s e r t e d  i n  
t h i s  l i d  t a n k  and r a d i a t i o n  i s  o b s e r v e d  w i t h i n  or behind t h e  sample.  I f  i t  i s  

n e c e s s a r y  t o  k e e p  s a m p l e s  d r y ,  a s  i s  t h e  c a s e  w i t h  t h e  1 - i n .  B,C s l a b s ,  a 
" d r y  t a n k "  i s  a p p r o p r i a t e l y  p l a c e d  i n  t h e  l i d  t a n k  a n d  t h e  s a m p l e s  a r e  i n -  
s e r t e d  i n  i t ,  

The B,C s a m p l e s  a r e  i n  t h e  form o f  one  2 0 - i n . - t h i c k  b l o c k ,  5 by 4 f t ,  
s u p p l i e d  by KAPL, a n d  s e v e n t e e n  1 - i n . - t h i c k  s l a b s ,  5 by 4 f t ,  s u p p l i e d  by 
NEPA. The 2 0 - i n .  b l o c k  c o n t a i n s  B,C o f  d e n s i t y  1 . 9 5  g / c c  p l u s  0 . 1 3 5  g / c c  o f  
o c c l u d e d  H,O, a r e  
c l a d  i n  0 . 3 1 5  cm o f  a luminum, and  a r e  l e s s  t h a n  0 . 5 %  w a t e r  by w e i g h t .  See 
ORNL-858 f o r  a more c o m p l e t e  d e s c r i p t i o n  o f  t h e  s a m p l e s .  

The NEPA s l a b s  have  an a v e r a g e  d e n s i t y  o f  B,C o f  1 . 8  g / c c ,  

Activation of Sodium Shielded by B,C. The e x p o s u r e  o f  sodium t o  a f a s t -  
n e u t r o n  f l u x  i s  known t o  l e a d  t o  t h e  f o l l o w i n g  p o s s i b l e  a c t i v i t i e s :  

N a Z 3 ( n , y ) N a z 4  ( 1 5  h r )  

N a Z 3 ( n , p ) N e z 3  (40  s e c )  

N a Z 3 ( n , a ) F z 0  (12  s e c )  

N a Z 3 ( n , 2 n ) N a Z 2  ( 2 . 6  y e a r s )  

N e z 3  and FZo decay by e m i t t i n g  a h a r d  b e t a  r a y  w i t h  a 1.63-Mev gamma r a y  
f o l l o w i n g  t h e  b e t a  r a y  from F 2 0 .  The Na2'  a c t i v i t y  would n o t  be t r o u b l e s o m e  
b e c a u s e  t h e  h a l f - l i f e  i s  l o n g  and t h e  a c t i v a t i o n  c r o s s - s e c t i o n  i s  r e l a t i v e l y  
s m a l l  compared t o  t h a t  f o r  t h e  p r o d u c t i o n  o f  N a z 4 ,  I n  t h e  c a s e  o f  Na2, t h e r e  
a r e  t w o  gamma r a y s  w i t h  e n e r g i e s  2 - 1 6  and 1 . 3 8  Mev i n  c a s c a d e  f o l l o w i n g  t h e  
b e t a  r a y .  I t  i s ,  t h e r e f o r e ,  of  p a r t i c u l a r  i n t e r e s t  for  s h i e l d  d e s i g n  t o  know 
t h e  amount o f  Na2, produced  i n  a c o o l a n t  o f  sodium a t  v a r i o u s  d e p t h s  o f  B,C. 

S i n c e  t h e  spec t rum of  n e u t r o n s  a t  v a r i o u s  t h i c k n e s s e s  o f  B,C i s  o n l y  very  

p o o r l y  known, and s i n c e  t h e  a b s o r p t i o n  c r o s s - s e c t i o n  o f  sodium i s  l i k e w i s e  i n  
d o u b t  i n  t h e  i n t e r m e d i a t e  e n e r g y  r e g i o n ,  i t  i s  e s s e n t i a l  t h a t  t h e  a c t i v a t i o n  
be measured u s i n g  sodium i t s e l f  i n  t h e  B,C sample .  However, s i n c e  t h e  c r o s s -  
s e c t i o n  f o r  a b s o r p t i o n  i n  sodium i s  low,  t h e  d i r e c t  measurement  i s  p o s s i b l e  
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o n l y  f o r  smal l  a t t e n u a t i o n s  w i t h  t h e  a v a i l a b l e  n e u t r o n  s o u r c e  s t r e n g t h .  T h i s  
d i f f i c u l t y  h a s  been m i t i g a t e d  by making t h e  d i r e c t  measurements  u t i l i z i n g  t h e  
most s e n s i t i v e  t e c h n i q u e ,  and by t a k i n g  measurements w i t h  a BF, c o u n t e r ,  which 
i s , o f  course,much more s e n s i t i v e ,  s o  t h a t  t h e  d i r e c t  d a t a  can  be e x t r a p o l a t e d  
on t h e  b a s i s  o f  t h e  c o u n t e r  r e s p o n s e .  The d i r e c t  measurements  a r e  d i s c u s s e d  

f i r s t .  

The a c t i v a t i o n  of a sample of N a N 0 3  w a s  de t e rmined  by measur ing  t h e  gamma 
r a d i a t i o n  w i t h  a s c i n t i l l a t i o n  d e t e c t o r "  T h i s  d e t e c t o r  p e r m i t s  c o u n t i n g  t h e  
a c t i v i t y  from l a r g e  t h i c k  s o u r c e s .  The t o t a l  i n t r i n s i c  e f f i c i e n c y  o f  a good 
NaI  phosphor  1 i n ,  i n  d i a m e t e r  f o r  t h e  gamma r a y s  from Na2, is  
about  0 . 3  t o  0 .5 .  I n  p r a c t i c e  one m u s t  d i s c r i m i n a t e  a g a i n s t  t h e  sma l l  p u l s e s ,  
which lowers  t h e  e f f i c i e n c y  f o r  d e t e c t i n g  gamma r a y s  by an  a p p r e c i a b l e  f a c t o r ,  
I n  t h e s e  e x p e r i m e n t s  t h e  o v e r a l l  e f f i c i e n c y  was d e t e r m i n e d  w i t h  a s o u r c e  o f  
Na24 whose a b s o l u t e  d i s i n t e g r a t i o n  r a t e  w a s  known. The s t a n d a r d  s o u r c e s  o f  
Na2,  were s u p p l i e d  by W, S .  Lyon o f  t h e  Chemis t ry  D i v i s i o n .  The s o u r c e s  a r e  
s t a n d a r d i z e d  w i t h  a 47~ i o n i z a t i o n  chamber c a l i b r a t e d  a s  a f u n c t i o n  o f  gamma- 
r a y  e n e r g y .  The a b s o l u t e  d i s i n t e g r a t i o n  r a t e  o f  t h e  Na2, s a m p l e s  u s e d  i n  
t h e s e  e x p e r i m e n t s  s h o u l d  n o t  have  a n  e r r o r  more t h a n  3%. 

long  and 1% i n .  

The sodium s a m p l e s  i n  t h e  form o f  NaNO, c r y s t a l s  were e x p o s e d  f o r  from 

8 t o  50 h r  t o  t h e  n e u t r o n  s p e c t r u m  e x i s t i n g  b e h i n d  v a r i o u s  d e p t h s  o f  s o l i d  
B,C i n  t h e  l i d  t a n k ,  The B,C samples  i n  t h e  form of  3 - i n ,  s l a b s  were p l a c e d  i n  
t h e  two d r y  t a n k s  which were fo l lowed  by H,Oo For t h e  p r e l i m i n a r y  e x p e r i m e n t s  
t h e  NaN03 was p l a c e d  i n  an aluminum tube  of  1 - i n .  d i a m e t e r  and 1 / 3 2 - i n .  w a l l .  
T h i s  t u b e  o f  N a N 0 3  was t h e n  p l a c e d  i n s i d e  t h e  B,C c o u n t e r  j a c k e t ,  a n d  t h e  
j a c k e t  was p l a c e d  i n  t h e  w a t e r  and  a g a i n s t  t h e  d r y  t a n k .  

A f t e r  e x p o s u r e  t h e  s a m p l e s  were  d i s s o l v e d  i n  H,O and  c o u n t e d  w i t h  t h e  
s c i n t i l l a t i o n  d e t e c t o r ,  Each sample ,  c o n t a i n i n g  3 2 - 9  g of sodium i n  200 m l  o f  

s o l u t i o n ,  w a s  c o u n t e d  i n  a l u c i t e  t a n k  s u r r o u n d i n g  t h e  s i d e s  and  t o p  o f  t h e  
NaI  phosphor ,  The s t a n d a r d  s o u r c e s  o f  sodium u s e d  t o  c a l i b r a t e  t h e  d e t e c t o r  
w e r e  coun ted  unde r  t h e  same c o n d i t i o n s  - 

I n  o r d e r  t o  e l i m i n a t e  a d i f f i c u l t y  i n  p o s i t i o n i n g  t h e  N a N 0 ,  d u r i n g  
exposure  t h e  samples  were packaged i n  an  aluminum c o n t a i n e r  15 by 15 by i n .  

w i t h  a 1 /32 - , in ,  w a l l  and p l a c e d  between t h e  1 - i n .  s l a b s  a t  s e l e c t e d  i n t e r v a l s .  

T h i s  a r r a n g e m e n t  p r o v e d  s u c c e s s f u l -  The r e s u l t s  a r e  g i v e n  i n  T a b l e  1. I t  
a p p e a r s ,  however,  t h a t  t h e  b o u n d a r y o f t h e  i n n e r  and o u t e r  d r y  t a n k s  i n t r o d u c e s  
a d i s c o n t i n u i t y  due t o  t h e  a p p r o x i m a t e l y  1 . 3  c m  of  H,O between t h e  d r y  t a n k s .  
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A s  was e x p e c t e d ,  t h e  p r e s e n c e  o f  w a t e r  g r e a t l y  i n c r e a s e d  t h e  sod ium 
a c t i v a t i o n  i n  i t s  immediate  v i c i n i t y ,  When s e v e r a l  more c e n t i m e t e r s  o f  boron 
c a r b i d e  was a d d e d ,  however t h e  e f f e c t  was t o  reduce  a c t i v a t i o n  of t h e  sodium, 
s i n c e  t h e  w a t e r  i s  a more e f f e c t i v e  s h i e l d  t h a n  t h e  B,C f o r  t h e  n e u t r o n  
s p e c t r u m  p e n e t r a t i n g  t h e  B,C T h e r e  i s  an  u n c e r t a i n t y  of  t h e  o r d e r  o f  10 t o  
2 0 % i n t h e  measurements ,  s i n c e  t h e  amount o f  H,O p r e s e n t  cou ld  n o t  be a c c u r a t e l y  
de t e rmined  owing t o  i t s  p e c u l i a r  shape ,  

Sodium a c t i v a t i o n  was measured d i r e c t l y  i n  t h e  B,C a t  l o c a t i o n s  from 2 t o  
15  i n ,  from t h e  f i s s i o n  s o u r c e ,  A few measurements o f  t h e  a c t i v a t i o n  o f  sodium 

were a l s o  o b t a i n e d  a t  v a r i o u s  d e p t h s  of  B,C + Fe + B,C, s i n c e  t h e  e f f e c t  o f  
s t r u c t u r a l  m a t e r i a l  s h o u l d  a l s o  be known, 

The BF, c o u n t e r  was approx ima te ly  25  i n .  l ong  and 2 i n ,  i n  d i a m e t e r ,  The 
c o u n t e r  was p l a c e d  i n  a B,C j a c k e t  which  s h i e l d e d  t h e  c o u n t e r  on f i v e  s i d e s  

w i t h  3 i n ,  o f  B,C ( d e n s i t y  1 . 9 0  g / c c ,  w a t e r  c o n t e n t  l . . 4 %  by w e i g h t )  and on one 
s i d e  w i t h  1 i n ,  o f  B,C. The B,C was c o n t a i n e d  by an  aluminum can  % i n .  t h i c k  
ove r  t h e  e x t e r i o r  o f  t h e  B,C and 1/8 i n ,  t h i c k  over  t h e  i n t e r i o r ,  The c o u n t e r  
c o u l d  be u s e d  w i t h  e i t h e r  t h e  1 - i n -  o r  t h e  3 - i n .  s i d e  f a c i n g  t h e  s o u r c e .  

Measurements w i t h  t h e  2 5 . i n  BF, c o u n t e r  w e r e  t a k e n  th roughou t  40 i n .  o f  

B,C, b u t  e l e c t r o n i c  d i f f i c u l t i e s  were e n c o u n t e r e d  which made the  low c o u n t i n g -  
r a t e  r e s u l t s  u n c e r t a i n ,  The measurements  a r e  b e i n g  remade, and t h e  d a t a  w i l l  
be r e p o r t e d  l a t e r ,  

The m a c r o s c o p i c  c r o s s , s e c t i o n  o f  t h e  BF, i n  t h e  c o u n t e r  i s  0 .0329 cm” 
f o r  t he rma l  n e u t r o n s  and t h e  volume i s  1 , 1 1 4  l i t e r s .  On t h e  b a s i s  of  r e l a t i v e  
t h e r m a l - n e u t r o n  c a p t u r e  c r o s s - s e c t i o n s  o f  BF, and sodium,  t h e  r a t i o  o f  sodium 
a c t i v a t i o n  p e r  gram p e r  s econd  t o  c o u n t s  p e r  minute  on t h e  BF, c o u n t e r  would 
be 5 3 x 1 0  However,  t h e  d a t a  i n d i c a t e  t h a t  t h i s  number i s  too low by a 

f a c t o r  of a b o u t  5 - 0 ,  p r o b a b l y  b e c a u s e  o f  r e s o n a n c e  a b s o r p t i o n  i n  sodium,  

T h e r e  migh t  be some q u e s t i o n  a s  to w h e t h e r  a boron c o u n t e r  i n  a bo ron  
s h i e l d  would a c c e n t u a t e  t h e  v a l l e y s  i n  t h e  c r o s s - s e c t i o n .  For t h i s  r e a s o n  
a n o t h e r  s e t  o f  measurements was made u s i n g  g o l d  f o i l s ,  f o r  which the  a c t i v a t i o n  
c r o s s - s e c t i o n  i s  q u i t e  w e l l  known i n  t h e  i n t e r m e d i a t e  ene rgy  r e g i o n .  

The g o l d  f o i l s  were mounted and exposed  on t h e  aluminum f a c i n g s  of  t h e  
B,C s l a b s ,  They were then  coun ted  on a s t a n d a r d  G e i g e r - M u e l l e r  c o u n t e r ,  The 
r e s u l t s  a r e  r e p o r t e d  i n  t e r m s  o f  t h e r m a l  f l u x  a s  d e t e r m i n e d  i n  a g r a p h i t e  
s t a n d a r d  p i l e ,  b u t ,  s i n c e  t h e  s p e c t r u m  i n  t h e  B,C d i f f e r s  c o n s i d e r a b l y  from 
t h a t  encoun te red  i n  a g r a p h i t e  p i l e  t h e  a c t u a l  f l u x  i n  the  B,C is  ve ry  d i f f i  
c u l t  t o  e s t i m a t e  
( 1 )  Henkel R L. and Earschall  H .  H Capture Cross Sect lons  for Fast  Neutrons,’  P h y s ,  Rev  80 

145 (1950) 
1 5  



Biological Dose Behind B,C-A,O Shield. The d i s t r i b u t i o n  o f  t h e r m a l -  
n e u t r o n  f l u x  i n  H,O beh ind  v a r i o u s  t h i c k n e s s e s  o f  B,C is  r e p o r t e d  i n  T a b l e  3. 
A n a l y s i s  o f  t h e s e  d a t a  y i e l d s  an e f f e c t i v e  f a s t - n e u t r o n  removal c r o s s - s e c t i o n  
f o r  bo ron ,  from which t h e  a t t e n u a t i o n  o f  any amount o f  B,C i n  a hydrogenous  
s h i e l d  can  be computed.  

The t h e o r y  on which t h i s  computa t ion  i s  based  p r e d i c t s  t h a t  t h e  l o c a t i o n  

o f  t h e  B,C w i t h i n  t h e  s h i e l d  d o e s  n o t  a f f e c t  t h e  a t t e n u a t i o n ,  To t e s t  t h i s  
p o i n t  a s e r i e s  o f  measu remen t s  were  made i n  wh ich  12 i n ,  o f  B,C was moved 
s u c c e s s i v e l y  t o  s e v e r a l  d i s t a n c e s  from t h e  s o u r c e .  I n  t h e  r e g i o n  from 80 t o  
160 c m  from t h e  s o u r c e  i n  t h e  w a t e r  t h e  f l u x  w a s  obse rved  t o  be i n v a r i a n t  w i th  
r e s p e c t  t o  t h e  B,C p o s i t i o n . ,  T h i s  would ,  o f  c o u r s e ,  n o t  be t h e  c a s e  i f  t h e  
B,C were moved t o o  n e a r  t o  t h e  o b s e r v a t i o n  p o i n t ,  s i n c e  s p e c t r u m  t r a n s i t i o n  
e f f e c t s  would be p r e d o m i n a n t .  

T r a v e r s e  measurements were made behind both  t h e  d ry  t ank  (12 i n .  B,C) and 
t h e  2 0 . , i n .  b l o c k  t o  d e t e r m i n e  t h e  e x t e n t  o f  t h e  s t r e a m i n g  i n  from a i r  v o i d s  
wh ich  were i n a d v e r t e n t l y  l e f t  b e n e a t h  t h e  s a m p l e s .  The r e s u l t s ,  g i v e n  i n  
T a b l e s  6 and 7 and F i g s .  7 and 8 ,  i n d i c a t e  no s e r i o u s  p e r t u r b a t i o n  a s  f a r  a s  
t h e  t h e r m a l - n e u t r o n  c e n t e r l i n e  d i s t r i b u t i o n  
t h e  v o i d s  d i d  s e r i o u s l y  a f f e c t  t h e  j a c k e t e d  

a r e  b e i n g  r e r u n .  

The gamma d o s e  was measured  b e h i n d  v a r  

i n  H,O was c o n c e r n e d .  However,  
c o u n t e r  measu remen t s ,  and t h e s e  

ous  t h i c k n e s s e s  o f  B,C i n  w a t e r  
u s i n g  an a i r - f i l l e d  g r a p h i t e - w a l l  i o n i z a t i o n  chamber ;  t h e  r e s u l t s  a r e  p r e -  
s e n t e d  i n  T a b l e , 8 .  The a p p a r e n t  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  B,C f o r  t h e  
gamma r a y s  which  a r e  h a r d  enough t o  p e n e t r a t e  100 g/cm2 o f  H,O i n a d d i t i o n  t o  
t h e  B,C i s  0,0354 cm2/g, 
w a t e r  at t h i s  a t t e n u a t i o n ,  

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

Measurements  o f  p r e l i m i n a r y  mock-ups o f  t h e  submar ine  s h i e l d  c o n t a i n i n g  

F e ,  B,C, and H,O i n  v a r y i n g  t h i c k n e s s e s  a r e  p r e s e n t e d  i n  T a b l e s  9 and 10  and 
F i g s .  10  and  11, A s  would  be  e x p e c t e d ,  r e p l a c i n g  bo ron  c a r b i d e  w i t h  i r o n  
d e c r e a s e d  t h e  f a s t  n e u t r o n s  t r a n s m i t t e d  because  of t h e  h i g h  i n e l a s t i c  s c a t t e r -  
i n g  c r o s s - s e c t i o n  of  t h e  l a t t e r ,  H o w e v e r ,  w i t h  r e s p e c t  t o  gamma a t t e n u a t i o n ,  
t h e  i r o n  i s  r e l a t i v e l y  i n e f f i c i e n t  a t  t h i s  p o s i t i o n  i n  t h e  s h i e l d .  T h i s  i s  

e x p e c t e d  because  of  t h e  c a p t u r e  gamma r a y s  from c a p t u r e  i n  i r o n  of t h e  i n t e r -  
med ia t e -ene rgy  n e u t r o n s  which b u i l d  up i n  and p e n e t r a t e  bo th  B,C and Fe ,  

16 



TABLE 1 

Comparison of Na and Au Activation with BF, Counter Measurements in Solid B,C 

Conta iners  Fe, AB, H,O; NaNO, samples ,  140 g ;  Au f o i l s ,  rv 0.005 i n . ,  6 .45  e m 2 ;  

2 5 - i n -  BF, p r o p o r t i o n a l  c o u n t e r ,  B,C j a z k e t  

B,@ THICKNESS, 
p = 2 . 3  OcmP 

3 ; 9  
5 . 9  
7 . 8  

1 2 . 0  
1 8 . 1  
1 8 . 1  
2 0 . 0  
22 .0  
23 .9  

F 23.9 
25 .7  
27 .8  
29 .9  

4 

Na A C T n  
Run 1 

455 
37 5 
18 7 
9 5 ~  4 
34 .8  
33.2 

1 6 . 6  
8 . 5  

1 1 . 2  
5 .2  
3 . 4  

TION, R * 
Run 2 

0- 

37 5 

34.0 

1 0 . 6  

2 . 0  

B,C SHICKNESS, 
p = 2 . 3  (em) 

2 . 0  
4 . 1  
6 . 1  
8 c  1 

10"  1 
12.2 
1 4 . 1  
1 6 . 1  
1 8 . 1  
20 .2  
22.2 
24 .2  
26 .3  
2 8 . 1  
30 .1  

Au A C l ' I V A T I r n  
(nv x IO4)** 

15 .31  
7 . 5 5  
5 .05  
3.52 
2.37 
1 .72  
1 . 1 5  
0 .824  
0.608 
0 * 414 
0.319 
4 .30  
0.110 
0 .061  
1.098 

*R, = Na2, d i s i n t e g r a t i o n s  p e r  second p e r  gram of sodium a t  s a t u r a t i o n .  

8.. 3 
1 0 . 3  
12 .4  
1 4 . 3  
16 .4  
30.2 
30 .2  
30 .2  

25- i n  BF3 CCUNTER 
(eounts /min)  

7 .48  x l o 6  

3 '51  x l o 6  
2 .385  x l o 6  

1 .335  x l o 5  

5.34 x l o 6  

1 .595  x 106 

7.42  i o 4  
5 .85  l o 4  

**The nv u n i t  does  n o t  apply r i g o r o u s l y  s i n c e  t h e  flux d e t e c t e d  by t h e  g o l d  f o i l s  i s  n o t  t h e r m a l .  

* * * I n c l u d i n g  B,C i n  j a c k e t .  
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THICKNESS OF B,C 
( p  = 2 . 3 )  BETWEEN 

FOIL AND SOURCE (em) 
, 

2 . 0  
4 . 1  
6 . 1  
8 . 1  

1 0 . 1  
1 2 . 3  
1 4 . 1  
1 6 . 1  
1 8 . 1  
20 .2  
22.2 
24.2 
2 6 . 3  
2 8 . 1  
30 .1  

TABLE 2 

Neutron Attenuation of B,C 

C e n t e r l i n e  measurements;  Au f o i l s  p l a c e d  i n  s o l i d  B,C 

Au FOIL ACTIVATION 
B~~ i o 4 ) *  

15 .31  
7 . 5 5  
5.05 
3.  515 
2.37 
1 .72  
1 . 1 5  
0 .824  
0 608 
0 .414  
0.319 
4 .30  
0.110 
0 .061  
1.098 

~ 

THICKNESS, t ,  OF 
AP BETWEEN FOIL AND 

SOURCE ( e m )  

0 .315 
0.630 
0.945 
1 a 260 
1 . 5 7 5  
1 890 
2.205 
2.520 
2.835 
3.150 
3.465 
3.780 
4.095 
4.410 
4.725 

A 1  CORRECTIW FACTOR, 
e 0 . 0 8 5 t  

1 e 026 
1.054 
1.082 
1.111 
1 .140  
1.171 
1.202 
1 234 
1.266 
1.300 
1 .335  
1.368 
1.407 
1 . 4 4 5  
1 .484  

An ACT1 VAT1 W CORRECTED 
FOR Al"I'ENUAT1W OF A 1  Fe, 

AND H,o** ( n ~  x l o 4 ) *  

27 47 
14 .00  
9 . 5 5  
6.82 
4.74 
3 . 5 3  
2.42 
1 . 7 8  
1 . 3 5  
0.942 
0 .745  

0 449 
0 .255  
4.79 

17.08 

*The nv u n i t s  would app ly  only i f  f l u x  were thermal. 

**Fe, H,O correction fac tor  for  0 through 20.19 cm of B4C = 1.75; for 20.19 through 30.10 cm o f  B4C = 2.90. 
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TABLE 3 

Neutron Attenuation in 8,O Behind B,C 

Thermal-neutron c e n t e r l i n e  measurements;  2 5 - i n .  BF, c o u n t e r  i n  H,O behind s o l i d  B,C 

z cm 

FRCM SOURCE 

90 
100 
110 
120 
130 
140 
150 
160 

( c o u n t s / m i n )  

159.7 x l o 3  
48.30 x l o 3  
13.6 l o 3  

4.21 i o 3  
1.31 l o 3  

0.151 l o 3  
0.449 x l o 3  

0478 x l o 2  

*Voids under sample. 

z cm 
FROM SOURCE 

70 
80 
90 

100 
110 
120 
130 
140 
150 
160 

12 B4C SLABS** 

(coun t s /min )  
RUN 1 RUN 2 

17.17 x l o 3  
5.06 x i o 3  
1.52 lo3 

0.160 lo3  
0.490 x l o 3  

2.72 x l o 6  
8.90 x i o 5  
2.34 l o 5  

61.7 i o 3  
16.9 l o 3  

5.09 x lo3  
1.54 i o 3  
0.500 x l o 3  
0.167 x lo3  
0.578 x 10, 

17 B,C SLABS** 

z cm 
FROM SOURCE 

82.4 
90 

100 
110 
120 
130 
140 
150 
160 

( coun t s /min )  

1.34 x lo6  
5.06 x lo5 
1.20 l o 5  

28.9 l o 3  
7.97 l o 3  
2.16 l o 3  
0.665 x l o 3  
0.231 x l o 3  
0.84 x l o 2  

**B,C s l a b s  2.54 c m  thick; density 1.81 g/cc + 0.315 cm of aluminum per s lab .  



z cm 
mw s m a  

TABLE 4 

Neutron A t t e n u a t i o n  of  B, C-E, Q * 

12 B,C slabs;**. thermal-neutron centerline measurements 

37.8 
40 
42 
44 
46 
48 
50 
55 
60 
65 
70 
75 
80 
100 
110 
120 
130 
140 
150 

3-in. FISSIC - 1 .\ 
(counts/min) 

83.5 lo3 
164.6 x lo3 
185.0 x lo3 
165.9 x lo3 
129.4 x lo3 
90.7 i o 3  
64.3 lo3 
23.3 x i o 3  
8.78 lo3 
3.50 x io3 
1.57 lo3 
0.717 x lo3 
0.320 x lo3 

(xwU3rn 
connts/min normalieec 

.o 25-in. BF3 counter) 

2.28 x lo8 
4.50 x lo8 
5.06 x lo8 
4.53 x 108 
3.535 x lo8 

6.37 io7 
2.40 lo7 

2.48 x lo8 
1.76 x l o8  

9.56 x lo6 
4.28 x lo6 
1.96 x lo6 
0.874 x lo6 

25-in. BF, COUNTW, 

(counts/min) 
RUN 3 

58.6 lo3 
16.4 lo3 
4.87 io3 
1.50 l o 3  
0.479 io3 
0.158 x lo3 

*No voids. 

**B4C s l a b s  2.54 cm thick; density 2 1,81 g/cc + 0,315 cm of aluminum per s l a b .  

2 3  
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TABLE 5 

Effect of Position of 12-in, B4C Slab on Attenuation of B,C-€I,O Shield 

Thermal-neutron centerline measurements; 25-in. BF, counter in H,O behind solid B4C 

12 B4C SLABS: 

5.6 cm OF H,O BETWEEN 
SOURCE AND TANK** HOLDING SLABS 

~ 

z cm 
FROM SOURCE 

80 
90 
100 
110 
120 
130 
140 

h3 
rn 

(counts/min) 

9.05 x lo5 
2.36 lo5 

17.2 lo3 
4.95 io3 

61.25 x lo3 

1.465 x lo3 
0.486 x lo3 

12 B4C SLABS: 

10.0 cm OF H,O BETWEEN 
SOURCE AND TANK* * HOLDING SLABS 

z c m  
FROM SOURCE 

80 
90 
100 
110 
120 
130 
140 
150 
160 

(counts/min) 

9.17 io5 

59.8 lo3 
16.6 lo3 
4.80 x lo3 
1.47 lo3 

2.335 x lo5 

0.458 x lo3 
0.153 x lo3 
0.514 x lo2 

12 B,C SLABS: 

20,O cm of H,O BETslEEN 
SOURCE AND TANK** HOLDING SLABS 

1: cm 
FROM SOURCE 

80 
90 
100 
110 
120 
130 
140 
150 
160 

(coun ts/min) 

10.58 x lo5 
2.42 lo5 
59.4 x io3 
16.6 lo3 
4.70 x io3 
L44 lo3 

0.1~0 x lo3 
0.448 x lo3 

0.468 x l o 2  

*B4C slabs 2.54 cm thick; density 1.81 g/cc i 0.315 cm of aluminum per slab. 

**Total outside thickness of tank = 35.6 cm; both tank walls = 0.63 cm of Fe. 
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TABLE 6 

V e r t i c a l  and H o r i z o n t a l  T r a v e r s e s  i n  H,O Behind B,C in Dry Tank+ 

Thermal-neutron measurements; 8 - i n .  BF, c o u n t e r  i n  H,O behind s o l i d  B4C; 

7 B,C Slabs**  from z = 2 c m  t o  z = 22 cm 

~~ 

CENTERLINE MEASUREMENTS 
% = O s  y = o  

z em FRcAl XXJKE**' 

50 
60 
70 
80 
90 

100 

N 
05 

( coun ts/min) 

15 .98  x l o 5  
3 , 9 5  i o 5  

89 .7  l o 3  
21.6 x i o 3  

5 .51  i o 3  
1 . 5 3  i o 3  

HORIZONTAL TRAVERSE 
z = 70 cm, y = 0 

x c m  FRDM z AXIS 

990 
+80 
+7 0 
+60 
+50 
940 
+30 
+20 
+ 10 

0 
- 10 
-20 - 30 
- 40 
- 50 
-60 
-70 
-80 
- 90 
-95  

( coun ts/min ) 

1 . 7 5  l o 3  
3 .68  x l o 3  
9 . 4 1  l o 3  

14 .0  l o 3  
23 .5  l o 3  
3 9 ~  l o 3  
54 .4  l o 3  
7 0 . 2  x i o 3  
81 .5  l o 3  
9 1 . 4  l o 3  
8 7 . 4  l o 3  
73 .2  l o 3  
56 .4  l o 3  
38 .4  x l o 3  
2 4 . 3  l o 3  
13 .6  l o 3  

6 .96  l o 3  
3 . 4 3  x l o 3  
1 .61  l o 3  
1 . 0 6  x l o 3  

*Air space under dry tank, y = -50 t o  -54; z = 4 t o  z = 34; L = -82 t o  82 am. 

**B4C s l a b s  2.54 cm thick; density 1 .81  + 0.315 cm of aluminum per s l ab .  

VERTICAL TRAVERSE 
z = 70 cm, x = 0 

y cm FR(3M z AXIS 

+80 
+7 0 
+ 60 
+ 50 
+ 40 
+30 
+20 
+10 

0 
- 10 
-20 
- 30 
- 40 
- 50 

( coun ts/min ) 

4.77 l o 3  
9.07 l o 3  

1 6 . 6  l o 3  
27 .9  x l o 3  
42 .8  l o 3  
58 .4  x l o 3  

81 .3  i o 3  
84.7 l o 3  
80 .7  x i o 3  
7 1 . 1  l o 3  
58.2 l o 3  
45.2 l o 3  
34 .3  i o 3  

71 .98  x l o 3  

***z  a x i s  is perpendicular t o  the plane of the  source; y = 0 and x = 0 a t  its center.  
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TABLE 7 

Vertical T r a v e r s e  Behind 2 0 - i n ,  B,C Block i n  H,O 

Voids filled with wood; thermal-neutron -&asslrements; 8-in. BF, counter 

20 in, B4C, COLNTER 10 cm FROM 20-in. B4C BLOCK I' 20 in. B,C, COUNTER 1 . 5  cm FROM 2 0 - i n 0  B,C BLOCK 

x * =  0, 2 I x * =  0 ,  a = 66.6 cm 54.6 cm 

N 
W 

y TRAVERSE (cm) 

+EO 
+ T O  
+ 60 
+ 50 
+ 40 
+ 30 
+ 20 
910 

0 
- 10 
- 20 
-30 
- 40 

(counts/min) 

3 - 3 6  x i o 3  
7 . 4 1  l o 3  

1 5 . 4  i o 3  
26.8 i o 3  
41.0 i o 3  
56.0 l o 3  
68 .1  i o 3  
7 5 . 6  l o 3  
76.0 i o 3  
70.2 l o 3  
63.0 x i o 3  
67.5 l o 3  

100 .5  x i o 3  

+EO 
+ 70 
+ 60 
+ 50 
+ 40 
+ 30 
+ 20 
+ l o  
0 

- 10 
- 20 
- 30 - 40 

8.12 x i o 3  
1 8 . 3  103 
4 0 . 3  x i o 3  
73.8 l o 3  

1 . 1 7  x i o 5  
1 . 6 4  l o 5  
2 .01  x i o 5  
2.27 i o 5  
2 .33  io5 
2 .20  l o 5  
1.99 x io5 
2 . 5 3  l o 5  
6.09 x i o 5  

* x axis is horizontal, z axis is perpendicular to source at x = 0, y = 0. 
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TABLE 8 

Attenuation of B,C-H,O 

~ 

2: c m  
FROM SOURCE 

39.6 
40.0 
40 5 
41.2 
50 
60 
70 
78.6 
80 
90 

10 0 
110 
115 
120 
130 
140 
150 
157 
157.7 

W 94.3 P 

Gamma c e n t e r l i n e  measurements; 10" and lox2 i o n i z a t i o n  chamberx 

( m i  P 1 i r  en t gen/h ou r 1 
B,C SLABS' 

' % i n .  Fe, 
RUN 1 

3335 

1890 
1120 
6 56 

450 
2 53 

163 
86.8 

72.1 
47.7 
32.7 
22.3 

17.7 

RUN 1 

2581 

147 5 
80 5 
48 4 

290 
194 

126 
82.3 

55.5 
37.1 
25.0 
17.2 

13.8 

RUN 2 

2913 
2'7 16 

1418 
771 
46 8 

299 
189 

12 1 
80.0 

52.4 
35.9 
24.5 
17.1 

. -  

RUN 3 

18.0 
4.0 

*B4C + Al = 5.45 g/cm2/slab, A1 = 0.85 g/cm2/slab. 

**20-in.  block = 97.03 g /cm2 B4C, 9.91 .g/cm2 Fe, 6.9 g/cm2 H,O. 

***Runs 1 and 2 were made i n  water containing 0.5% boron. 

RUN 4 

18.5 

14.4 

17 B4C SLABS* 
. - t  % i n .  Fe, 

RUN 1 

2 19 
201 
131 

84.4 
57 1 0 

38.8 
26.3 
18.5 
12.8 
10.0 

12 B,C SLABS + 20 i n .  B,C4* , 

+ Y i n .  Fe ._ 
RUN 1*** 

28.8 
23.4 
16.6 

11.0 
7.81 
5.41 
3.52 

RUN 2 * * *  

15.6 

11.1 
7.77 
5.03 
3.47 
2.92 
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Z (cm) FROM SOURCE 
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t em 
FROM SOURCE 

82.3 

90 

100 

110 

120 

W 130 

140 

150 

W 

60.8 x i o 3  
34.7 x IO3 

8.86 x IO3 
2.43  x l o 3  

0.720 x l o 3  
0.212 x io3  

counts/mint 

11.38 x l o5  
3 .95  i o 5  

22.2 i o 3  
5.76 i o 3  
1.72 lo3  

0.510 i o 3  

88 .4  x l o 3  

0.167 x IO3 

77.3 

78.3 

82.3 

87.3 

TABLE 9 

Neutron Attenuation of B , C - F e - H 2 0  

25- in .  BF, coun te r  i n  H,O behind  s o l i d  B,C s l a b s  + Fee 

5 Fe,  12 B4C SLABS 

L cm 

ROM SOURCE 

82.3 

90 

100 

110 

120 

130 

140 

150 

: countu/min 

0.23 x i o 5  

1 ~ 9  x i o 5  
33.7 x lo3  

9-36  x i o 3  
2.58 l o 3  

7.49 x l o 2  

2.38 x l o 2  

0.81 x l o 2  

5 Fe,  12  B,C SLABS; 25- in .  BF, 

B,C SIDE FACING SOURCE 
COUNTER I N  B,C JACKET; 1 - i n .  

~~ ~ ~~ 

1 5  cm H,O; 5 Fe, 
12 B,C SLABS 

z cm 
ROM SOURCE 

95.4 

100 

110 

120 

130 

140 

* eount.s/min OM SOURCE 
(coun 

RUN 1 

143.0 

127.7 

69.8 

37.0 

/min) 
RUN 2 

150.8 

137 0 

76.8 

15 cm H,O: 5 Fe, 12  B,C SLABS 
25-111. BF, COUNTER I N  B,C JACKET: 

3- in .  B,C SIDE FACING SOURCE 

z c m  
FROM SOURCE 

89 

94 

99 

(counts /min)  

10.0 

6 - 9 1  

2.10 

*B4C s l abs  are 2.54 cm thick:  with densi ty  1.81 + 0.315 cm of aluminum; Fe s l abs  a re  2.22 cm th ick ,  mild s t e e l  
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GAMMA RAY ATTENUATION 
OF B4C - Fe - H@ 

80 

I 

\ \ 

3 100 I IO I 
I (CM) FROM SOU1 

I I 
1 I30 140 150 
I 
;E - 34- 

I 
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3. LIQUID-METAL DUCT TEST 

. 

R .  L e w i s  M. K .  H u l l i n g s  
C .  C l i f f o r d  M a  C. Marney 

L. Frankwi tz*  

The l i q u i d - m e t a l  d u c t  t e s t  b e i n g  c o n d u c t e d  i n  t h e  w a t e r  t a n k  on t h e  
the rma l  column is  d e s i g n e d  p r i m a r i l y  t o  de t e rmine  t r a n s m i s s i o n  of n e u t r o n s  down 
a c o o l a n t  d u c t ,  Measurements  of t h e  n e u t r o n  i n t e n s i t i e s  i n  t h e  w a t e r  beyond 
t h e  end o f  s e v e r a l  l e n g t h s  o f  d u c t  a r e  b e i n g  t a k e n  w i t h  g o l d  and indium f o i l s  
and  w i t h  a BF, c o u n t e r .  The d u c t s  c o n s i s t s  o f  two c o n c e n t r i c  s t e e l  p i p e s  o f  
6 and 8 i n .  I, D. S t r a i g h t  s e c t i o n s  and s e c t i o n s  w i t h  one and two 90" bends  
a r e  b e i n g  u s e d  i n  t h e  measurements .  The f o l l o w i n g  d u c t  c o n f i g u r a t i o n s  have  
been measured:  

1. 

2 .  

3 ,  

4 .  

5 -  

A s t r a i g h t  s e c t i o n  2 4  i n .  l o n g  i n c l i n e d  a t  36" from t h e  s o u r c e  
p l a n e  and a i r  f i l l e d .  

Same a s  a b o v e  w i t h  a 4 - i n .  B,C j a c k e t  on t h e  o u t s i d e  p i p e .  

Same a s  i tem 1 w i t h  i n n e r  p i p e  f i l l e d  w i t h  aluminum powder t o  a 
d e n s i t y  of 0.9'7 g/cc; t h i s  d e n s i t y  was d e c i d e d  upon by t h e  KAPL 
P h y s i c s  D i v i s i o n  on t h e  b a s i s  o f  n e u t r o n  c r o s s - s e c t i o n s  f o r  
sod ium and a luminum.  

A s t r a i g h t  s e c t i o n  24 i n .  l o n g  fo l lowed  by a 90" bend on a ' 6 - i n .  
r a d i u s  ( a x i s  l e n g t h ' =  9 . 4  i n - )  f o l l o w e d  by a s t r a i g h t  s e c t i o n  
1 8  i n ,  l o n g ,  a l l  a i r  f i l l e d .  

Same as i t e m  4 w i t h  t h e  i n n e r  p i p e  f i l l e d  w i t h  aluminum. 

These measurements  w i l l  be  c o n t i n u e d  and f u r t h e r  measurements  on a d u c t  
w i t h  two 90' b e n d s  w i t h  t h e  v a r i o u s  c o n f i g u r a t i o n s  w i l l  a l s o  be  m e a s u r e d .  
D e t a i l s o f t h e  expe r imen t  and most r e c e n t  r e s u l t s  a r e  r e p o r t e d  i n  ANP q u a r t e r l y  
r e p o r t s  ( e .  g.  , OEWL- 919, ANP-60). 

*KAPL. 
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4. BULK SHIELDING TEST FACILITY 

J. L. M e e m  
' 

The p r o g r e s s  made i n  t h e  new f a c i l i t y  i s  r e p o r t e d  i n  d e t a i l  i n  t h e  c u r r e n t  
ANP q u a r t e r l y  r e p o r t  (ANP-60). C a l i b r a t i o n  o f  t h e  m e a s u r i n g  i n s t r u m e n t s  h a s  
been completed a l t h o u g h  t h e  a b s o l u t e  v a l u e  of  t h e  t h e r m a l - n e u t r o n  c a l i b r a t i o n s  
i s  s u b j e c t  t o  c h a n g e .  The f i n a l  v a l u e  depends  on t h e  new f i g u r e  which w i l l  
r e s u l t  from t h e  c a l i b r a t i o n  o f  t h e  g r a p h i t e  sigma p i l e  by  E. D. Klema. The 
power c a l i b r a t i o n  o f  t h e  s h i e l d i n g  r e a c t o r  is  abou t  75% comple te .  

C e n t e r l i n e  measurements  i n  p u r e  w a t e r  a r e  90% c o m p l e t e d .  I m m e d i a t e l y ,  
upon comple t ion  of  t h e s e  measurements ,  f a s t - n e u t r o n  dosage  measurements  on an  
i r o n - w a t e r  s h i e l d  o f  i n t e r e s t  t o  t h e  s u b m a r i n e  p r o j e c t  i s  p r o p o s e d .  T h e s e  
measurements  s h o u l d  d e l a y  t h e  tes ts  on t h e  u n i t  s h i e l d  by a maximum o f  two 
weeks .  The  u n i t  s h i e l d  t e s t s  a r e  now s c h e d u l e d  t o  s t a r t  i n  e a r l y  A p r i l .  

. 

A l i s t  o f t h e  s p e c t r o s c o p i c  i n s t r u m e n t s  under  development  f o r  t h e  d i v i d e d -  

s h i e l d  measurements i s  g iven  i n  t h e  ANP q u a r t e r l y  r e p o r t  (ANP-60). 

. 
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' 5 .  ANP PHYSICS GROUP 

Only a summary i s  g i v e n  h e r e  o f  t h e  work done by t h i s  g roup  d u r i n g  t h e  
p a s t  q u a r t e r ;  a d e t a i l e d  r e p o r t  may be f o u n d  i n  t h e  ANP q u a r t e r l y  r e p o r t  
(ANP-60) 

The IJ3M F e r m i - d i f f u s i o n  m u l t i g r o u p  c a l c u l a t i o n a l  p r o c e d u r e s h a v e  come i n t o  
f r u i t i o n  t h r o u g h  t h e  c o o p e r a t i v e  e f f o r t  o f  t h e  ANP P h y s i c s  Group and  t h e  
Uranium C o n t r o l  and Comput ing  S e c t i o n  o f  Y-12.  The p r o d u c t i v e  c a p a c i t y  o f  
t h i s  o p e r a t i o n ,  now some 1 3  r e a c t o r s  a week ,  h a s  m a t e r i a l l y  a d v a n c e d  t h e  
c a p a b i l i t i e s  o f  t h e  g r o u p  i n  t h e  s u r v e y  o f  r e a c t o r  c h a r a c t e r i s t i c s  a n d ,  i n  
k e e p i n g  u p  w i t h  t h e  e n g i n e e r i n g  v a r i a t i o n s  and  t h e  s h i f t s  o f  i n t e r e s t .  

The development  o f  t h e  IBM c a l c u l a t i o n s  h a s  n o t  fo l lowed  a smooth c o u r s e ,  
however,  s i n c e  some t h r e e  weeks of c a l c u l a t i o n a l  t ime was l o s t  i n  l o c a t i n g  and 
r e c t i f y i n g  a mathemat ica l  s o u r c e  of  d i v e r g e n c e  i n  the  f l u x  s o l u t i o n s .  

S i n c e  t h e  o r i g i n a l  i n t e r e s t  o f  t h e  ANP P r o j e c t  was i n  l i q u i d - m e t a l c o o l e d  
s o l i d -  f u e l  r e a c t o r  d e s i g n s ,  t h e  f i r s t  c a l c u l a t i o n s  p r o d u c e d  c o n c e r n e d  t h i s  
c l a s s  of r e a c t o r s .  The " s t a t i c s , "  i . e . ,  t h e  c r i t i c a l  mass,  f l u x  d i s t r i b u t i o n ,  
e t c . ,  o f  t h e s e  models a p p l y  a l m o s t  e q u a l l y  w e l l  t o  l i q u i d - f u e l  d e s i g n s  p rov ided  
t h e y  have  t h e  same med ian  e n e r g y  o f  f i s s i o n .  The s o l i d - f u e l  s t u d i e s  a r e  
r e p o r t e d  i n  some d e t a i l ,  f o l lowed  by a d e s c r i p t i o n  of  t h e  ANP l i q u i d - f u e l  200- 
megawat t  d e s i g n  o f  J a n .  9 ,  1951.  I t  s o  h a p p e n s  t h a t  t h e  med ian  e n e r g y  o f  
f i s s i o n  of  t h e  l a t t e r  ( 1 8  e v )  i s  somewhat l e s s  t h a n  t h a t  o f  t h e  s o l i d - f u e l  
d e s i g n s  ( 7 0  e v )  b e c a u s e  o f  d i f f e r e n c e  i n  m o d e r a t o r  p e r c e n t a g e s  e 

The s o l i d - f u e l  r e f l e c t e d  r e a c t o r  c a l c u l a t i o n s  . a r e o f  i n t e r e s t  i n  t h a t  t hey  
show t h e  e f f e c t  on c r i t i c a l i t y ,  c r i t i c a l  m a s s ,  e t c .  b r o u g h t  a b o u t  by t h e  
c h a n g e  o f  s e v e r a l  i m p o r t a n t  p a r a m e t e r s ,  a s  f o l l o w s :  

1 .  The change o f  modera to r  from b e r y l l i u m  o x i d e  t o  b e r y l l i u m  which 
i s  shown t o  g i v e  a s u b s t a n t i a l  i n c r e a s e  i n  r e a c t i v i t y .  

2 .  The e f f e c t o n c r i t i c a l i t y  and c r i t i c a l  m a s s o f  changes  o f  d e n s i t y ,  
c o o l a n t ,  and modera tor .  

3 ,  The e f f e c t  o f  chang ing  t h e  r e f l e c t o r  t h i c k n e s s .  

4. The e f f e c t  o f  r e p l a c e m e n t  o f  b e r y l l i u m  o x i d e  r e f l e c t o r  w i t h  a 
nonmodera ted  s t a i n l e s s  s t e e l  r e f l e c t o r ,  which  i s  shown t o  d e -  
c r e a s e  c r i t i c a l i t y  
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5 .  

6. 

7. The e f f e c t  o f  i t e r a t i o n  of  t h e  s o u r c e  term. 

The e f f e c t  o f  xenon p o i s o n i n g ,  

The e f f e c t  o f  h e t e r o g e n e i t y  o f  uranium lumping. 

. 

Fol lowing  a r o u t i n e  i n v e s t i g a t i o n  of t h e  ANP l i q u i d - f u e l  d e s i g n  of  J a n u a r y  
9 by meansof  s t u d y  of  t h e  e q u i v a l e n t  b a r e  r e a c t o r ,  IBM c a l c u l a t i o n s o f  r e f l e c t e d  
r e a c t o r s  were u n d e r t a k e n .  A s e r i e s  o f  c a l c u l a t i o n s  was made which e n a b l e  t h e  

e s t i m a t i o n  of  t h e  k i n e t i c  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e a c t i v i t y .  

The k i n e t i c s  o f  t h e  l i q u i d - f u e l  r e a c t o r  h a s  been t h e  s u b j e c t  of  a l a r g e  
amount o f  i n v e s t i g a t i o n ,  which h a s  r e v e a l e d  t h e  d e s i r a b i l i t y  o f a  s h o r t  t he rma l  
r e l a x a t i o n  t ime o f  t h e  f u e l  t u b e s  and o f  a l o n g  n e u t r o n  l i f e t i m e .  The w o r s t  
t y p e s  o f  a c c i d e n t s  t o  which t h e  nuc lea r -powered  a i r c r a f t  may be s u b j e c t e d  are 

t h o u g h t  t o  be ( 1 )  t h e  f a i l u r e  o f  two t u r b o j e t  m o t o r s ,  o r  ( 2 )  t h e  f a i l u r e  o f  
o n e - t h i r d  o f  t h e  p r imary  c o o l a n t  lumping power. N e i t h e r  one of  t h e s e  f a i l u r e s  
i s  s u f f i c i e n t  t o  make t h e  r e a c t o r  go i n t o  p r o m p t - c r i t i c a l  c o n d i t i o n .  I n  con-  
s i d e r a t i o n  o f  t h e  t i m e  r e q u i r e d  f o r  f a i l u r e  a n d  t h e  p r e s e n c e  o f  d e l a y e d  
n e u t r o n s  i t  r e s u l t s  t h a t  t h e  s e l f - r e g u l a t i o n  o f  t h e  r e a c t o r  t o  t h e  emergency 
changes  is  well-damped and s a f e .  C a l c u l a t i o n s  o f  t h e  b e h a v i o r  o f  t h e  r e a c t o r  
i n  t h e  a b s e n c e  o f  damping e f f e c t  o f  t h e  d e l a y e d  n e u t r o n s  i n d i c a t e  t h a t  t h e  
r e a c t o r  would  s a f e l y  r e g u l a t e  c h a n g e s  w h i c h  m i g h t  e v e n  t h r o w  i t  s l i g h t l y  
p r o m p t  c r i t i c a l .  

Wi th  t h e  change  of emphas i s  o f  t h e  e n g i n e e r i n g  s t u d i e s  t o  t h e  A i r c r a f t  
R e a c t o r  E x p e r i m e n t ,  b a r e - r e a c t o r  s t u d i e s  o f  t h e  p r o p o s e d  ARE d e s i g n s  were 

begun.  I t  was d e s i r e d  t h a t  t h e  ARE would p o s s e s s  as  many a s  p o s s i b l e  of  t h e  
k i n e t i c  c h a r a c t e r i s t i c s  of t h e  h igh -powered  200-megawatt  ANP r e a c t o r .  T h i s  
r e s u l t e d  i n  a d i lemma from w h i c h  o n e  c o u l d  emerge  o n l y  t h r o u g h  a r b i t r a r y  
d e c i s i o n .  A d e s i g n  o f  t h e  ARE p o s s e s s i n g  e x a c t l y  t h e  same c h a r a c t e r i s t i c s  o f  
t h e  ANP would have  i n s u f f i c i e n t  f u e l  volume f o r  c r i t i c a l i t y .  T h i s  r e s u l t s  
even  though t h e  c r i t i c a l  mass  o f  t h e  ARE is  much r educed  b e c a u s e  o f  i t s  i n -  
c r e a s e d  m o d e r a t o r  volume p e r c e n t a g e .  I t  h a s  been n e c e s s a r y  t o  i n c r e a s e  t h e  
s i z e  o f  t h e  f u e l  t u b e s ,  t h e r e b y  i n c r e a s i n g  t h e  thermal  r e l a x a t i o n  t ime ,  and t o  
i n c r e a s e  t h e  number o f  f u e l  t u b e s  t o  t h e  d e s i r e d  q u a n t i t y ;  however,  s i n c e  t h e  

ARE i s  more n e a r l y  t h e r m a l ,  t h e  i n c r e a s e  o f  n e u t r o n  l i f e t i m e  t e n d s  t o  o f f s e t  
t h e  d e p a r t u r e  from i d e a l  e q u i v a l e n t s .  

R e f l e c t e d  ARE c a l c u l a t i o n s  have  begun ,  b u t  r e p o r t a b l e  r e s u l t s  a r e  n o t  
a v a i l a b l e .  
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The k i n e t i c  r e s p o n s e  o f  t h e  p r o p o s e d  ARE d e s i g n s  have  been s t u d i e d  and  
compared w i t h  t h a t  r e sponse  o f  t h e  ANP d e s i g n .  I t  h a s  been found t h a t  a broad  
r e g i o n  o f  a c c e p t a b l e  d e s i g n s  e x i s t s .  

C a l c u l a t i o n  o f  t h e  c r i t i c a l  mass  e x p e c t e d  from t h e  c u r r e n t  b e r y l l i u m -  
uranium-aluminum a s s e m b l i e s  o f  C a l l i h a n ’ s  g r o u p  h a s  been u n d e r t a k e n .  It  i s  

found t h a t  t h e  c a l c u l a t i o n s  have  o v e r e s t i m a t e d  t h e  c r i t i c a l  mass by some 50% 
o f  t h e  t r u e  v a l u e .  I n  view o f  t h e  e x p e r i e n c e  o f  o t h e r  g r o u p s  i n  t h e  f i r s t  
e s t i m a t i o n  o f  c r i t i c a l  masses  f rom f u n d a m e n t a l  d a t a  t h i s  r e s u l t  i s  n o t  t o o  
s u r p r i s i n g .  I n v e s t i g a t i o n  o f  t h e  s o u r c e s  o f  e r r o r  are p r o c e e d i n g ,  and a number 

o f  s m a l l  d i s c r e p a n c i e s  between t h e  e x p e r i m e n t a l  s e t - u p  and t h e  c a l c u l a t i o n s  
have  been d i s c o v e r e d  b u t  none s u f f i c i e n t  t o  a c c o u n t  for t h e  l a r g e  d i v e r g e n c e .  

O b v i o u s l y  some t i m e  and f u r t h e r  e x p e r i m e n t a t i o n  w i l l  be  n e c e s s a r y  b e f o r e  
t h e o r e t i c a l  and  e x p e r i m e n t a l  v a l u e s  w i l l  come i n t o  a g r e e m e n t .  I t  s h o u l d  be 
o u r  g o a l  t o  c a l c u l a t e  c r i t i c a l  masses  by t h e  m o d i f i e d  F e r m i - d i f f u s i o n  method 
t o  a b o u t  25%. I t  may n o t  be p r a c t i c a l  a t  t h i s  t i m e  t o  a t t e m p t  t o  i m p r o v e  
c a l c u l a t i o n s  beyond t h i s  p o i n t .  
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