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SULFUR ACTIVATION AT THE LITTLE BOY-COMET CRITICAL ASSEMBLY: 
A REPLICA OF THE HIROSHIMA BOMB 

George D. Ke r r ,  Jue l  F. Emery,* and Joseph V. Pace, III** 
H e a l t h  and Safety  Research D i v i s i o n  

Oak Ridge Na t iona l  Labora to ry  
Oak Ridge, Tennessee 37831 

ABSTRACT 

Stud ies  have been completed on t h e  a c t i v a t i o n  o f  s u l f u r  b y  f a s t  
neut rons  f rom t h e  L i t t l e  Boy-Comet C r i t i c a l  Assembly which rep1 i c a t e s  
t h e  genera l  f e a t u r e s  o f  t h e  H i rosh ima bomb. The complex e f f e c t s  o f  t he  
bomb's des ign and c o n s t r u c t i o n  on leakage o f  s u l f u r - a c t i v a t i o n  neutrons 
were i n v e s t i g a t e d  bo th  e x p e r i m e n t a l l y  and t h e o r e t i c a l  ly .  Our su If u r -  
a c t i v a t i o n  s t u d i e s  were performed as p a r t  o f  a l a r g e r  program t o  p rov ide  
benchmark d a t a  f o r  t e s t i n g  of methods used i n  r e c e n t  source- term ca lcu -  
l a t i o n s  f o r  t h e  H i rosh ima bomb. Source neutrons capable o f  a c t i v a t i n g  
s u l f u r  p l a y  an impor tan t  r o l e  i n  de te rm in ing  neut ron  doses i n  Hi roshima 
a t  a k i l o m e t e r  o r  more from t h e  p o i n t  of exp los ion .  

INTRODUCTION 

The energy y i e l d  o f  and r a d i a t i o n  leakage f rom t h e  Nagasaki bomb 

are  cons idered t o  be known t o  an adequate accuracy f rom measurements 

made d u r i n g  seve ra l  e a r l y  t e s t  f i r i n g s .  1-5 I n  c o n t r a s t ,  t h e  Hi roshima 

bomb was never tes ted ,  and the  energy y i e l d  ( i .e.,  t o t a l  f i s s i o n s )  and 

r a d i a t i o n  leakage (i.e., source terms f o r  neutrons and gamma r a y s )  have 

been i n f e r r e d  f rom i n d i r e c t  evidence and t h e o r e t i c a l  c a l c u l a t i o n s .  The 

f i r s t  modern c a l c u l a t i o n s  of source terms f o r  t h e  H i rosh ima and Nagasaki 

bombs were made i n  1975 b y  Preeg.' H i s  c a l c u l a t i o n s  were done us ing  

a v a i l a b l e  computer codes at Los Alamos N a t i o n a l  Labora to ry  (LANL) and 

one-dimensional ( s p h e r i c a l  1 models o f  t h e  two bombs. A one-dimensional 

* A n a l y t i c a l  Chemi s t r y  D i v i s i o n  
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model i s  a good approx imat ion f a r  t h e  Nagasaki bomb (code named F a t  

Man) which was a s p h e r i c a l  p lu ton ium- imp los ion  d e ~ i c e . ~  However, t h e  

Hi roshima bomb (code named L i t t l e  Boy) was a r a d i c a l l y  d i f f e r e n t  uranium 

gun-assembly device.  I t s  des ign was two-dimensional  ( c y l i n d r i c a l )  and 

t h e  e f f e c t s  of i t s  c y l i n d r i c a l  c o n s t r u c t i o n  were noted i n  1945 Japanese 

measurements o f  t h e  a c t i v a t i o n  o f  s u l f u r  i n  S tud ies  a t  

t h e  Oak Ridge N a t i o n a l  Labora to ry  (ORNL) have i n d i c a t e d  t h a t  t h e r e  was a 

b l i n d  spot  i n  t h e  r a d i a t i o n  leakage through t h e  nase o f  t h e  Hi roshima 

bomb and t h a t  the bomb was t i l t e d  about 15' t o  t h e  v e r t i c a l  a t  t h e  

t i m e  o f  explos ion.  398 

Source terms f o r  a two-dimensional model o f  t h e  Hi roshima bomb were 

c a l c u l a t e d  i n  1982 b y  Whalen and co-workers a t  LANL 9910 and t h e  L i t t l e  

Boy-Comet C r i t i c a l  Assembly was cons t ruc ted  t o  p r o v i d e  benchmark d a t a  

f o r  t h e  t e s t i n g  o f  va r ious  c a l c u l a t i o n a l  methods. '1312 T h i s  r e p l i c a  

of t h e  Hi roshima bomb has been used t o  pe r fo rm t h r e e  d i f f e r e n t  k inds  o f  

exper iments:  ( a )  c r i t i c a l  separa t i on  exper iments t o  e s t a b l i s h  an upper 

l i m i t  f o r  t h e  energy y i e l d ,  l1,l2 ( b )  r a d i a t i o n  s p e c t r a  and dose mea- 

surements f o r  comparison w i t h  c a l c u l a t i o n s ,  13-" and ( c )  phenomeno- 

27 l o g i c a l  exper iments i n v o l v i n g  exposures o f  sul fur ,* '  b lood  samples, 

and Japanese r o o f  t i  1 es e 2R Source neutrons capable o f  a c t i v a t i n g  
32 s u l f u r  by  t h e  32S(n,p) P r e a c t i o n  p l a y  an impor tan t  r o l e  i n  d e t e r -  

m in ing  t h e  neu t ron  doses i n  Hi roshima a t  a k i l o m e t e r  o r  more from t h e  

p o i n t  o f  t h e  explos ion.  29 

The source terms f o r  one- and two-dimensional models of t h e  

Hi roshima bomb have a l so  been c a l c u l a t e d  a t  Lawrence L ivermore N a t i o n a l  

Labora to ry  (LLNL). C u r r e n t l y ,  t h e  LLNL and LANL c a l c u l a t i o n s  f o r  t h e  

leakage of s u l f u r - a c t i v a t i o n  neutrons d i f f e r  by a f a c t o r  o f  two. 11,12 
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The major  p a r t  o f  t h i s  d isc repancy  i s  due t o  d i f f e r e n c e s  i n  t h e  energy 

y i e l d s  o f  t h e  source- term c a l c u l a t i o n s ,  b u t  20% o f  %he d isc repancy  

r e s u l t s  f rom cho ices  i n v o l v i n g  c r o s s - s e c t i o n  se ts  and rep resen ta t i ons .  

The dynamic d isassembly o f  t h e  exp lod ing  bomb i s  n o t  d u p l i c a t e d  i n  t h e  

exper iments w i t h  t h e  L i t t l e  Boy-Cornet C r i t i c a l  Assembly. However, t h e  

c r i t i c a l  separa t i on  experiments w i l l  a l l o w  the  energy y i e l d s  o f  t h e  LANL 

and LLNL c a l c u l a t i o n s  t o  be brought  together ,  and the  va r ious  r a d i a t i o n  

measurements and phenomenological experiments w i l l  a i d  i n  t h e  cho ice  o f  

t he  bes t  c ross -sec t i ons  and c r o s s - s e c t i o n  r e p r e s e n t a t i o n s  f o r  use i n  

f i n a l  source- term c a l c u l a t i o n s  f o r  t h e  Hi roshima bomb. 12 

L I T T L E  BUY-COMET CRITICAL ASSEMBLY 

The L i t t l e  6oy-Comet C r i t i c a l  Assembly f e a t u r e s  a h i g h l y  enr iched 

uranium co re  surrounded b y  n o n - f i s s i l e  components f rom a Hi roshi rna- type 

bomb found i n  s to rage a t  Los Alamos. l1,l2 These n o n - f i s s i l e  compo- 

nents  c o n s i s t i n g  p r i m a r i l y  o f  s t e e l  were mounted i n  a nose-up p o s i t i o n  

on t h e  Comet Assembly Machine a t  t h e  Los Alamos C r i t i c a l  Assembly 

F a c i l i t y .  The 235U co re  used i n  t h e  c r i t i c a l  separa t i on  experiments 

was f a b r i c a t e d  f rom o r i g i n a l  H i rosh ima bomb drawings and s p e c i f i c a t i o n  

sheets. 30931 A sma l le r  235U core, s u f f i c i e n t  o n l y  f o r  sus ta ined 

o p e r a t i o n  as a low-power d e l a y e d - c r i t i c a l  r e a c t o r ,  was used i n  t h e  

r a d i a t i o n  spec t ra  and dose measurements and t h e  phenomenological e x p e r i -  

ments. C r i t i c a l i t y  and c o n t r o l  o f  t h e  r e a c t o r  were achieved b y  means 

of a h y d r a u l i c  l i f t  and p r e c i s i o n  screw mechanism on t h e  Comet Assembly 

Machine. The o n l y  changes made i n  t h e  genera l  f e a t u r e s  o f  t h e  

H i rosh ima- type bomb were t h e  sho r ten ing  o f  t h e  gun b a r r e l  and t h e  use o f  

dumny i n i t i a t o r s .  Shor ten ing  t h e  gun b a r r e l  a l lowed a s h o r t e r  s t r o k e  on 
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t h e  h y d r a u l i c  ram and screw mechanism and c o n t r i b u t e d  t o  the  o p e r a t i o n a l  

s a f e t y  of t h e  r e a c t o r .  Use of t h e  dummy i n i t i a t o r s  a l s o  c o n t r i b u t e d  t o  

o p e r a t i o n a l  s a f e t y  and d i d  n o t  compromise t h e  v a r i o u s  exper iments i n  any 
12 way. 

The L i t t l e  Boy-Cornet C r i t i c a l  Assembly i s  u s u a l l y  operated i n s i d e  

K i v a  2, one o f  t h r e e  heavy conc re te  b u i l d i n g s  l o c a t e d  seve ra l  hundred 

meters f rom t h e  c e n t r a l i z e d  c o n t r o l  room and o f f i c e  b u i l d i n g  a t  t h e  

1-0s Alamcjs C r i t i c a l  Assembly F a c i l i t y .  l3 Dur ing  opera t i ons  as a 

d e l a y e d - c r i t i c a l  r e a c t o r ,  t h e  c e n t e r  o f  t h e  co re  i s  about 231 cm above 

f l o o r  l e v e l  i n  K i v a  2 and 31 cm above t h e  stand on t h e  Cornet Assembly 

Machine." The c y l i n d r i c a l  s t e e l  s h e l l  surrounding t h e  c o r e  i s  7 1  cm 

i n  diameter and i t s  t op  s u r f a c e  extends approxirnately 60 cm above the 

cen te r  o f  t h e  core.  Because of c o m p l i c a t i o n s  f rom room-scat ter ing,  t h e  

L i t t l e  Boy-Comet C r i t i c a l  Assembly has a l so  been operated i n  an open 

area o u t s i d e  K i v a  2. 12'13 An a d d i t i o n a l  s tand was used d u r i n g  o u t s i d e  

o p e r a t i o n s  so t h a t  t he  c e n t e r  of t h e  co re  was e leva ted  Saur meters above 

ground l e v e l  t o  min imize g round-sca t te r i ng  a t  d e t e c t o r  d i s t a n c e s  of two 

meters or  less.  

We have made s u l f u r - a c t i v a t i o n  measureinents u s i n g  the  L i t t l e  Bay- 

Comet C r i t i c a l  Assembly bo th  i n s i d e  and o u t s i d e  K i v a  2. The r e a c t o r  

power l e v e l s  were moni tored p r i m a r i l y  b y  a moderated and uncompensated 

BF3 i o n  chamber hav ing both analog (Brown r e c o r d e r )  and d i g i t a l  ( c u r -  

r e n t  i n t e g r a t o r )  readouts.  O u r  s u l f u r - a c t i v a t i o n  d a t a  were normal ized 

t o  t o t a l  f i s s i o n s  i n  t h e  co re  as determined by  counts  on t h e  d i g i t a l  

c u r r e n t  i n t e g r a t o r  and power c a l i b r a t i o n  d a t a  s u p p l i e d  b y  LANL. 32 The 

L i t t l e  Boy-Comet C r i t i c a l  Assembly and t h e  d e t e c t o r  l o c a t i o n s  used i n  

our  measurements are shown s c h e m a t i c a l l y  i n  F i g .  1. 
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ORNL-DWG 84-40853R 

200 cm 

) 75 c m  

Figure 1. Detector locations (e)  used i n  ORNL measurements o f  the 
a c t i v a t i o n  o f  sulfur by f a s t  neutrons from the L i t t l e  Boy-Comet Cri t ical  
A ssemb 1 y . 
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SULFUR-ACTIVATION MEASUREMENTS 

Our s u l f u r - a c t i v a t i o n  measurements were made w i t h  h i g h  p u r i t y  

s u l f u r  p e l l e t s  hav ing u n i f o r m  diameters,  th icknesses,  and d e n s i t i e s  o f  

3.8 cm, 0.95 cia, and 2.0 g cmm3, r e s p e c t i v e l y .  The 32P formed by  
32 t h e  32S(n,p) P r e a c t i o n  has a h a l f - l i f e  of 14,3 days and decays b y  

t h e  emission of be ta  p a r t i c l e s  hav ing a maximum energy o f  1.71 MeV. The 

a c t i v a t e d  s u l f u r  p e l l e t s  were counted b y  p l a c i n g  t h e  f l a t  s i d e  exposed 

toward t h e  r e a c t o r  on t h e  t h i n  p l a s t i c  s c i n t i l l a t o r  o f  a b e t a  spec- 

t romete r .  To c a l i b r a t e  t h e  b e t a  spectrometer,  we then measured t h e  d i s -  

i n t e g r a t i o n  r a t e  o f  t h e  32P r a d i o a c t i v i t y  i n  crushed and d i s s o l v e d  

p o r t i o n s  f rom severa l  p e l l e t s  u s i n g  a c a l i b r a t e d  l i q u i d - s c i n t i l l a t i o n  

counter .  Due t o  t h e  combined e f f e c t s  of background i n  t h e  l i q u i d  s c i n -  

t i l l a t o r  and low 32P r a d i o a c t i v i t y  i n  t h e  a c t i v a t e d  s u l f u r  p e l l e t s ,  

t h e  c a l i b r a t i o n  o f  t h e  b e t a  spectrometer was n o t  v e r y  p rec i se ,  and o n l y  

a few u s e f u l  r e s u l t s  were ob ta ined  f rom our f i r s t  s e t  o f  measurements 

made an September 27, 1983 (Tab le  11. 

A more p r e c i s e  c a l i b r a t i o n  of t h e  b e t a  spectrometer was ob ta ined  

i n  our second se t  o f  measurements b y  means o f  Cerenkov r a d i a t i o n  count-  

ing.  The 32P r a d i o a c t i v i t y  was measured b y  c r u s h i n g  severa l  s u l f u r  

p e l l e t s  and b y  d i s s o l v i n g  and d i l u t i n g  a 5-g sample o f  each s u l f u r  

p e l l e t  t o  50 m l  . The counted samples were then sp iked w i t h  a known 

q u a n t i t y  o f  32P u s i n g  standard a d d i t i o n  techniques and recounted t o  

e s t a b l i s h  t h e  Cerenkov r a d i a t i o n  c o u n t i n g  e f f i c i e n c y .  The e f f i c i e n c y  i s  

zero below 260 keW and increases t h e r e a f t e r  w i t h  b e t a  p a r t i c l e  energy so 

t h a t  low backgrounds are achieved i n  t h e  c o u n t i n g  o f  t h e  h i g h  energy- 

b e t a  p a r t i c l e s  f r o m  32P. The va lues which we o b t a i n e d  f o r  r e l a t i n g  
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Table 1. Sulfur a c t i v a t i o n  da ta  from ORNL measurements 
a t  the L i t t l e  Boy-Comet C r i t i c a l  Assembly. 

I n i t i a l  3 2 ~  r a d i o a c t i v i t y  
Detector  - 
l o c a t  i on 

RSD ( % l a  

S u l f u r  
p e l  1 e t  
number dpm/g o f  s / ~ o ' ~  fission 

Sept. 27, 1983b 

1-6 
1-7  
1-8 
1-15 

March 13, 1984' 

2-1 
2 -2  
2-3 
2-4 
2 - 5  
2 -6 
2-7 
2-8 
2-9 
2-10 
2-11 
2-12 
2-13 
2-14 

May 8, 1984d 

3- 1 
3-2 
3-3 
3-4 
3-5 
3-6 
3-7 
3-8 
3-9 

Surf ace-90" 
90 O 

90 " 
200 cm-90" 

75 cm-90" 
75" 
67.5' 
60 " 
45 O 

30 O 

22.5" 
15" 
0" 

Surf  ace - 90 " 
67.5" 
45 O 

22.5" 
0" 

200 crn-90" 
90 " 
90 

75 cm-90" 
90 O 

90 " 
Surf ace-90" 

90 " 
90 O 

594 
58 1 
572 

14.8 

93.7 
78.0 
67.3 
44.3 
14.8 
2.51 
2.34 
2.67 
2.85 

540 
112 

7.17 
4.17 
5.83 

12.41 
13.14 
12.88 

103.8 
102.5 
101.6 
591.7 
588.3 
592.7 

11.2 
11.3 
11.2 
19.4 

4.8 
7.3 
3.5 
3 . 7  
4.8 
8.5 

10.3 
10.5 

9.7 
3.3 
3.4 
3.6 
4.5 
8.2 

3.41 
3.48 
3.49 
3.37 
3.38 
3.37 
3.39 
3.39 
3.39 

aRel a t  i ve s t and ard dev i a t  i on of measured su 1 f u r  - a c t  i v a t  i on v a1 ues . 
bTwo maximum-power opera t ions  (2.0 x lo1' f i s s i o n s )  i n s i d e  K i v a  2. 

'Three maximum-power opera t ions  (3 .0 x 1016 f i s s i o n s )  i n s i d e  K i v a  2. 

dThree maximum-power opera t ions  (3.0 x 10l6 f i s s i o n s )  o u t s i d e  K i v a  2. 
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d i s i n t e g r a t i o n s  per  minute per gram of s u l f u r  (dprn/g o f  S )  t o  counts per 

minute (cpm) of a s u l f u r  p e l l e t  are g i ven  i n  Table 2. In our  second 

and t h i r d  s e t s  of s u l f u r - a c t i v a t i o n  measurements, t h e  energy g a i n  o f  

t h e  b e t a  spectrometer was e s t a b l i s h e d  v e r y  c a r e f u l l y  u s i n g  convers ion 

e l e c t r o n s  f rom a 137Cs source, t h e  spec t ra?  r e g i o n  between 160 keV and 

2.0 MeV was i n t e g r a t e d ,  and t h e  background sub t rac ted  t o  o b t a i n  t h e  n e t  

count  r a t e  f o r  each s u l f u r  p e l l e t .  These c o u n t - r a t e  da ta  and t h e  

weighted mean C a l i  b r a t i o n  f a c t o r  f o r  the b e t a  spectrometer (Table 2 )  

were used t o  es t ima te  t h e  d i s i n t e g r a t i o n  r a t e s  o f  t he  32P r a d i o -  

a c t i v i t y  i n  the s u l f u r  p e l l e t s  exposed on March 13 and May 8, 1984 

(Table 1). 

The p r i m a r y  purpose of our second set  of measurements was t o  o b t a i n  

d a t a  on t h e  angular d i s t r i b u t i o n  af t he  leakage of s u l f u r - a c t i v a t i o n  

neutrons from t h e  t i t t l e  Boy-Comet C r i t i c a l  Assemlaly (Table 1). Hence, 

we exposed a number o f  s u l f u r  p e l l e t s  a t  t he  su r face  and 75 cm f rom 

t h e  cen te r  o f  t h e  co re  and a t  va r ious  angles between the  nose (0') and 

w a i s t  (90 ' )  as shown i n  Fig. 1. The r e s u l t s  o f  our measurements a t  

angular i n t e r v a l s  o f  15' and 22.5' a re  i l l u s t r a t e d  i n  f i g s .  2 and 3, 

r e s p e c t i v e l y .  I n  t h e  measurements made on an arc a t  75 cm f r o m  t h e  

c e n t w  o f  t he  core, we c o u l d  e a s i l y  determine the  angle o f  t h e  exposed 

s u l f u r  p e l l e t s  t o  w i t h i n  a couple o f  degrees. However, WE encountered 

exper imenta l  d i f f i c u l t i e s  i n  de te rm in ing  the  angles o f  s u l f u r  p e l l e t s  

exposed a t  t he  sur face of t h e  assembly. Note, f a r  example, that. 

t h e  s u l f u r  p e l l e t  exposed a t  t h e  75 cm-45' d e t e c t o r  l o c a t i o n  shows a 

g r e a t e r  a c t i v a t i o n  than t h e  s u l f u r  p e l l e t  exposed a t  t h e  

d e t e c t o r  l o c a t i o n .  T h i s  anomaly i s  probab ly  due t o  a combinat ion o f  t he  

r a p i d l y  changing leakage o f  s u l f u r - a c t i v a t i o n  neutrons a t  angles of 



Table 2. Sumnary o f  c a l i b r a t i o n  d a t a  f o r  b e t a  spect rometer .  

-- 

Su l fu r  I n i t i a l  I n i t i a l  3 2 ~  C a l i b r a t i o n  
p e l  1 e t  count  r a t e  r a d i o a c t i v i t y  f a c t o r  
number (cpm) (dpm/g of SI (dpm/g of S/cpm) 
- -  

2- 1 166.2 5 3.5%a 284.04 I + 5.2%b 1.7090 - f 6.3% 

1.6986 f 4.7% 2-10 957.0 I + 0.5% 1625.6 - + 4.6% - 

2- 15 64.22 2.2% 107.03 - + 5.8% 1.6666 - + 6.2% 

Weighted mean 1.6927 I + 3.2% 

a I n i t i a l  count r a t e  of s u l f u r  p e l l e t  and r e l a t i v e  s tandard 
d e v i a t i o n  as determined b y  be ta  spect rometer  and by e x t r a p o l a t i o n  back 
t o  t ime  of exposure. 

b I n i t i a l  32P r a d i o a c t i v i t y  and r e l a t i v e  s tandard d e v i a t i o n  as 
determined b y  Cerenkov r a d i a t i o n  coun t ing  o f  a crushed and d i s s o l v e d  
sample o f  s u l f u r  f rom each p e l l e t  and b y  e x t r a p o l a t i o n  back t o  t ime  o f  
exposure. 
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F i g u r e  2. Exper imenta l  ORNL d a t a  on s u l f u r  a c t i v a t i o n  a t  75 cm 
from t h e  co re  and a t  angular i n t e r v a l s  o f  15" between t h e  nose (Oo) 
and wa is t  (90") of t he  r e a c t o r  ( F i g .  1). The da ta  a re  normal ized t o  
s u l f u r  a c t i v a t i o n  a t  the 90" d e t e c t o r  l o c a t i o n .  
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Figure 3 .  Experimental ORNL data on sulfur activation a t  the surface 
and 75 cm from the core and a t  angular intervals o f  22.5" between the nose 
( O O )  and waist (90")  o f  the reactor ( F i g .  1) .  
sulfur activation a t  the 90" detector locations. 

The d a t a  are normalized to  
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about 45' and t h e  exper imenta l  d i f f i c u l t i e s  encountered in de te rm in ing  

t h e  angles f o r  s u l f u r  p e l l e t s  exposed a t  t h e  surface of t h e  assembly. 

Only  t h e  angle f o r  s u l f u r  p e l l e t s  exposed a t  t he  surface-90' d e t e c t o r  

l o c a t i o n  c o u l d  be determined t o  w i t h i n  a reasonable accuracy o f  a couple 

o f  degrees. 

A t roublesome aspect of our  f i r s t  and second s e t  o f  measurements 

made i n s i d e  K i v a  2 was t h e  observed d i f f e r e n c e  in t he  a c t i v a t i o n  o f  

s u l f u r  a t  t h e  wr face-90 '  d e t e c t o r  l o c a t i o n  (Table 1). Hence, t h e  

purpose of our t h i r d  s e t  of measurements made o u t s i d e  K i v a  2 was t o  

r e f i n e  the  s u l f u r - a c t i v a t i o n  d a t a  taken a t  t h e  w a i s t  (!loo> where we 

c o u l d  a c c u r a t e l y  determine the  angle o f  t h e  exposed s u l f u r  p e l l e t s .  

Note t h a t  t he  r e s u l t s  of our t h i r d  s e t  o f  measurements a t  t h e  su r face -  

90' l o c a t i o n  are more c o n s i s t e n t  w i t h  the r e s u l t s  o f  our f i r s t  se t  o f  

measurements than those of our second se t  (Tab le  1). The r e s u l t s  o f  our 

second s e t  of measurements may be a r t i f i c i a l l y  low due t o  b a c k s c a t t e r -  

i n g  o f  lnw-energy neutrons i n t o  the r e a c t o r  power- leve l  i n s t r u m e n t a t i o n  

( i .e. ,  t h e  moderated and uncompensated BF3 i o n  chamher) f rom c lose -by  

extraneous equipment as noted i n  r e a c t o r  logbook e n t r i e s  f o r  March 13, 

1984. 

The s u l f u r  p e l l e t  exposures were n o r m a l l y  made a t  t h e  maximum 

reactor-power l e v e l  of 170 wa t t s  p e r m i t t e d  by  va r ious  o p e r a t i o n a l  s a f e t y  

cons ide ra t i ons .  l8 However, we a l s o  exposed s u l f u r  p e l l e t s  a t  severa l  

o t h e r  power l e v e l s  d u r i n g  our second s e t  o f  measurements (Tab le  3 ) .  A 

n o n l i n e a r  response o f  t h e  r e a c t o r  power- leve l  i n s t r u m e n t a t i o n  a t  h ighe r  

power l e v e l s  was suggested b y  s u l f u r  a c t i v a t i o n  and o t h e r  r a d i a t i o n  

measurements made b y  Straume and Dobson," and t h e y  recommended tha t  

c a u t i o n  should be used when n o r m a l i z i n g  d a t a  ob ta ined  a t  d i f f e r e n t  power 
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Table 3.  Data on sulfur activation at  varying reactor power levels.  

S u l f u r  

number 
pel 1 e t  

In i t i a l  
count r a t e  

(cpm) 

Irradiation React or 

(watts 1 
time power 

( m i  n u  t es  1 

2-10 

2- 15 

957.0 - + 0.5%’ 

64.22 - + 2.2% 

2-16 

2-17 

54.04 - + 2.4% 

27.59 - + 3.6% 

90b 170‘ 

20 50 

50 

90 

17 

5 

a In i t i a l  count r a t e  of sulfur pel le t  and re la t ive  standard devi- 
ation as determined by beta spectrometer and by extrapolation back t o  
time o f  exposure. 

bIrradiation time of sulfur pe l le t  exposed at  surface-90’ de- 
tector  location as shown i n  F i g .  l. 

‘Reactor power levels based on a value of 3 . 3  x 10’’ f i s s ions  
per second per watt and power calibration data provided by LANL. 
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l e v e l s ,  Our s u l f u r  a c t i v a t i o n  d a t a  f o r  v a r y i n g  power l e v e l s  f a i l e d  t o  

show any s i g n i f i c a n t  n o n l i n e a r  response o f  t h e  r e a c t o r  i n s t r u m e n t a t i o n  

between 5 and 170 wa t t s  ( F i g .  42. The b a c k s c a t t e r i n g  of low-energy 

neutrons i n t o  t h e  r e a c t o r  power- leve l  i n s t r u m e n t a t i o n  f rom c l o s e -  

b y  extraneous equipment may cause n o r m a l i z a t i o n  problems as noted 

p r e v i o u s l y .  

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

neutrons from t h e  L i t t l e  Boy-Comet C r i t i c a l  Assembly can be used w i t h  

conf idence (F igs .  2 and 3 )  because backsca t te red  low-energy neutrons do 

n o t  c o n t r i b u t e  t o  a c t i v a t i o n  o f  s u l f u r  b y  t h e  32S(n,p) P t h r e s -  

h o l d  r e a c t i o n .  However, comparisons between measurements and c a l c u -  

on 

de 

32 

l a t i o n s  on an abso lu te  b a s i s  should be 1 

d a t a  from our t h i r d  s e t  o f  measurements 

K i v a  2 (Tab le  1). 

rnited t o  the  s u l f u r - a c t i v a t  

made i n  t h e  open area ou ts  

SULF UR-ACT I VAT TON CALCU LA'I" ION S 

The leakage o f  f a s t  neutrons f rom t h e  L i t t l e  Boy-Cornet C r i t i c a l  

Assembly has been c a l c u l a t e d  a t  LAGJL u s i n g  Monte Car lo  r a d i a t i o n  t r a n s -  

p o r t  and ORNL us ing  d i s c r e t e  o r d i n a t e s  t r a n s p o r t  

(DOT) techniques. 34-36 We have used the neutron- leakage s p e c t r a  

f rom these s t u d i e s  33334 and t h e  c ross  s e c t i o n s  f o r  t h e  32S(n,p)- P 

r e a c t i o n  f rom t h e  Vi tamin-E (ENDF/B-5) L i b r a r y 3 7  t o  c a l c u l a t e  the 

expected i n i t i a l  32P r a d i o a c t i v i t y  i n  t h e  exposed s u l f u r  p e l l e t s .  The 

r e s u l t s  o f  our c a l c u l a t i o n s  are g i ven  i n  ' fab le  4. Neutron t r a n s p o r t  

through t h e  c y l i n d r i c a l  s t e e l  s h e l l  surrounding t h e  co re  causes a severe 

" s o f t e n i n g "  of t he  f i s s i o n  neutron spectrum. The average energy o f  t h e  

f a s t  neutrons froin f i s s i o n s  i n  2 3 5 ~  i s  about 1 M ~ V ,  w h i l e  the  average 

12 
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Table 4. Sulfur-activation data obtained by u s i n g  LANL 
and ORNL calculations o f  the neutron-leakage spectra 

from the  Little Boy-Comet Critical Assembly. 

Initial 32P activity (dpm/g o f  S/fission) 

LANL calculation ORNL calculation 
Detectora ..... Ratio 
1 ocat i an 

57.5" 

45 

22.5" 

0" 

200 crn-90° 

67.5" 

45 " 
22.5" 

O 0  

7.37 10- l~ 

5.73 x 1 d 5  

1.10 1 0 - l ~  

1.50 x 

2.15 x 

1.05 x 

7.25 x 

2.54 x 

4.55 x 10-l7 

2.13 1 0 - l ~  

7.64 x 

5.03 x 

1.07 10 - l~  

1.97 x 10-l6 

1.51 x 

9.15 x 

6.62 x 

2.41 x 

4.27 x SO-17 

1.65 x 10-l' 

0.97 

1.14 

1.03 

0.99 

1.09 

1.15 

1.10 

1.05 

1.07 

1.29 

See F i g .  1. a 
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energy o f  t h e  f a s t  neut rons  l e a k i n g  f rom t h e  L i t t l e  Boy-Comet C r i t i c a l  

Assembly i s  o n l y  about 0.3 MeV. Very few o f  t h e  leakage neutrons have 

energ ies  g r e a t e r  than t h e  e f f e c t i v e  t h r e s h o l d  energy o f  about 2.5 MeV 

f a r  t h e  32S(n,p) P r e a c t i o n ,  and t h e  s t a t i s t i c a l  u n c e r t a i n t i e s  

assoc ia ted  w i t h  LANL Monte Car lo  c a l c u l a t i o n s  of t h e  neutron- leakage 

f l uences  a t  energ ies  g r e a t e r  than 2.5 MeV are q u i t e  la rge .  These 

s t a t i s t i c a l  u n c e r t a i n t i e s  p robab ly  account f o r  most o f  the  observed 

d i f f e r e n c e s  i n  t h e  r a t i o s  between t h e  two se ts  o f  t h e o r e t i c a l  s u l f u r -  

a c t i v a t i o n  da ta  i n  Table 4. 

32 

A coup le  o f  comparisons can be made us ing  t h e  exper imenta l  and 

t h e o r e t i c a l  d a t a  on s u l f u r  a c t i v a t i o n  i n  Tables 1 and 4, r e s p e c t i v e l y .  

Because of t h e  low a c t i v a t i o n  of s u l f u r  near the  nose (0  and 22.5') 

o f  t h e  L i t t l e  Boy-Comet C r i t i c a l  Assembly (Tab le  41, we c o u l d  n o t  mea- 

sure t h e  angular  d i s t r i b u t i o n  of s u l f u r - a c t i v a t i o n  neut rons  a t  200 cm 

f rom the  co re  ( F i g .  1). Hence, r e l i a b l e  exper imenta l  da ta  on t h e  an- 

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

d e t e c t o r  d i s tances  o f  75 cm. These exper imenta l  ORNL d a t a  and the  theo-  

r e t i c a l  ORNL and LANL da ta  are compared on a r e l a t i v e  bas i s  i n  Table 5 

and F i g .  5. Wi th  t h e  excep t ion  o f  t h e  d a t a  a t  22.5', t h e  agreement 

i s  q u i t e  good ( +  - 15%). The o v e r a l l  agreement i s  n o t  as good ( +  - 40%) 

when the  va r ious  ORNL and LANL da ta  a t  t he  w a i s t  (90") and the  75- and 

ZOO-cm d e t e c t o r  l o c a t i o n s  are  compared on an abso lu te  b a s i s  (Tab le  6). 

Our exper imenta l  and t h e o r e t i c a l  da ta  on s u l f u r  a c t i v a t i o n  may 

c o n t a i n  seve ra l  sys temat ic  e r r o r s .  The p o t e n t i a l  sys temat ic  e r r o r s  i n  

t h e  exper imenta l  d a t a  (Tab le  6 )  due t o  e i t h e r  t h e  be ta  spect rometer  

c a l i b r a t i o n  o r  power c a l i b r a t i o n  d a t a  are p robab ly  small compared t o  

p o t e n t i a l  sys temat ic  e r r o r s  i n  t h e  t h e o r e t i c a l  data.  For  example, 
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Table 5. Comparison of t h e o r e t i c a l  and exper imenta l  d a t a  on 
t h e  angular d i s t r i b u t i o n  o f  s u l f u r - a c t i v a t i o n  neutrons 

f r o m  t h e  L i t t l e  Boy-Comet C r i t i c a l  Assembly. 

D e t e c t o r a  
1 oc a t  i on 

Re1 a t i  ve su If ur a c t  i v a t  i on 

ORNL LANL ORNL 
measurement c a l c u l a t i o n  c a l c u l a t i o n  

___l.........l _I.--....I 

75 crn-90" 

67.5" 

45 O 

22,5" 

0" 

1.00Ob I. 0 OOOC 1 oooc 
0.718 0.777 0.655 

0.158 0.149 0.140 

0.025 0.020 0.020 

0.030 0.029 0.026 

See F i g .  1. a 

bSee Table 1 (Measurements on March 13, 1984). 

'See Table 4. 
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ORNL-DWG 84-40850R 
I .o I I I I 

0.1 

ORNL MEASUREMENTS 
* ORNL CALCULATIONS 
m LANL CALCULATIONS 

0.01 I I I I 
0 22.5 45.0 67.5 90.0 

Figure 5. Comparison o f  measured and calculated data on sulfur 
activation a t  75 cm from the core and a t  angular intervals  o f  22.5" 
between the nose (0")  and waist (90") o f  the reactor (F ig .  1). The 
various data sets are normalized to  sulfur activation a t  the waist 
detector locations. 
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'Table 6. Comparison between exper imenta l  and t h e o r e t i c a l  d a t a  on 
s u l f u r  a c t i v a t i o n  a t  t h e  L i t t l e  Boy-Cornet C r i t i c a l  Assembly. 

De tec to r  a 
1 oc a t  i on 

I n i t i a l  3 2 ~  a c t i v i t y  
(dpm/g o f  S/fission) t o  c a l c u l a t i o n  

R a t i o  of measurement 

200 cm-90° 

1.28 1 0 - l ~  b QRNL measurement 

LANL c a l  cu I a t  i onc 1,Q5 x 

ORNL c a l c u l a t i o n '  9.15 x 

75 cm-90° - 

1.03 x b QRNL measurement 

LANL c a l c u l a t i o n C  7.37 10 - l~  

ORNL c a l c u l a t i o n '  7.64 1 0 - l ~  

1,22 

1,40 

1.40 

1.35 
- ~ _ _  ~ 

aSee F i g .  1. 

bSee Table 1 (Measurements on Flay 8, 1984). 

'See Table 4. 
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a systematic error as large as 15% may be embodied i n  both se t s  of 

theoretical  sulfur-activation d a t a  (Table 6 )  due t o  uncertainties i n  
32 t h e  cross sections for the 32S(n ,p )  P reaction. The theoretical  

neutron-leakage data a1 so come from "deep penetration" calculations and 

may contain large uncertainties due t o  re la t ive ly  small uncertainties 

i n  the cross-section data for  the s teel  shell surrounding the core o f  

the L i t t l e  Boy-Comet Cri t ical  Assembly. A detailed analysis o f  

potential systematic errors  i n  the theoretical  neutron-leakage d a t a  w i  11 

require the use of experimental d a t a  from a variety o f  radiation spectra 

and dose measurements. 11917y18 The activation of sulfur i s  relevant 

to questions concerning the leakage of f a s t  neutrons from the L i t t l e  
19,24,25 Boy-Comet Cri t ical  Assembly. 

SUMMAR Y 

Studies of the activation of sulfur have been completed using the 

L i t t l e  Boy-Comet Cr i t ica l  Assembly a t  the Los Alamos Cri t ical  Fac i l i ty  

(Table 1 and Figs.  2 and 3 ) .  We have found good agreement between ex- 

perimental and theoretical  data on the angular dis t r ibut ion o f  sulfur- 

activation neutrons at  75 cm from the core and at various angles between 

the nose (0') and waist (90') of the reactor when the comparisons 

were made on a re la t ive  basis (Table 5 and Fig .  5 ) .  However, the agree- 

ment was not  as good when comparisons were made at  the waist  (90') on 

an absolute basis (Table 6 ) .  Our sulfur-activation studies were per- 

formed as p a r t  of a larger program t o  provide benchmark data f o r  the 

tes t ing of methods used i n  recent source-term calculations for the 

H iros h i  ma bomb. 
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