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C a l c u l a t i o n s  have been made of t h e  s p a c i a l  and neu t ron  energy 

dependence of t h e  neu t ron  c a p t u r e s  and  i n e l a s t i c  s c a t t e r i n g s  t h a t  con- 

t r i b u t e  Lo t h e  secondary g a m - r a y  dose  t r a n s m i t t e d  through a laminated 

tungs t en  (Hevimet) and l i t h t u m  h y d r i d e  s h i e l d  a d j a c e n t  t o  a SNAP reactor. 

Four s h i e l d  c o n f i g u r a t i o n s  were cons idered:  a 5-cm-thick s l a b  of Hevirnet 

a l c n e ;  the FIcvimet fol lowed by a 30.5-cn th i ckness  of LiH; t h e  Hevimet 

preceded by t h e  L i H ;  and t h e  Heviniet: preceded and fol lowed by the  L i H .  

For each c o n f i g u r a t i o n  bo th  a forward c a l c u l a t i o n  and an  a d j o i n t  c a l c u l a -  

t i o n  were performed w i t h  t h e  one-d imensional  d i s c r e t e  o r d i n a t e s  code 

ANISN, t h e  forward c a l c u l a t i o n  y i e l d i n g  neut ron  f luences  w i t h i n  the  s h i e l d  

and t h e  a d j o i n t  c a l c u l a t i o n  y i e l d i n g  p r o b a b i l i t i e s  t h a t  a gamma ray of a 

g iven  energy o r i g i n a t i n g  a t  a g iven  p o s i t i o n  i n  the s h i e l d  w o u l d  con- 

t r i b u t e  t o  t h e  t r a n s m i t t e d  dose.  'The r e s u l t s  from t h e  two calculations 

w e ~ e  convoluted wi th  gamma-ray product ion  d a t a  to determine. the s p a c i a l  

d i s t r i b u t i o n  of the neut ron  i n t e r a c t i o n s  c o n t r i b u t  i rig t o  t h e  e x i t  secondary 

a-ray dose .  The. c a l c u l a t i o n s  show, as was expec ted ,  t h a t  i n  each con- 

f i g u r a t i o n  e s s e n t i a l l y  all of t h e  e x i t  secondary gamma-ray dose  i s  due t o  

neut ron  i n t e r a c t i o n s  i n  t h e  Hevimet, w i th  t h e  c o n t r i b u t i o n  frviia the l a s t  

ha l f  of t h e  Bevimet be ing  a f a c t o r  of 3 t o  5 h i g h e r  than t h a t  f r o m  t h e  

f i r s t  h a l f .  When LiIl fol- lows t h e  Hevimet, 80% of t h e  e x i t  gama- ray  dose 

is produced by neut ron  c a p t u r e s ,  w i t h  n e a r l y  h a l f  of them occur r ing  a t  

neut ron  e n e r g i e s  between 3.06 eV and 0 . L l l  M e V .  k l en  L i H  does n o t  fo l low 

t h e  Hevirnet, t h e  importance of neut ron  i n e l a s t i c  s c a t t e r i n g s  approaches 

t h a t  of t h e  cap tu res .  
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I. INTRQDUCTION 

I n  des ign ing  SNAP r e a c t o r  s h i e l d s ,  which have s t r i n g e n t  weight: l i m i t a -  

t i o n s ,  i t  i s  impor tan t  t o  know how t h e  product ion  o f  secondary gamma r a y s  

w i t h i n  t h e  s h i e l d  v a r i e s  w i th  t h e  energy of t h e  neu t ron  source  and wi ih  

t h e  s h i e l d  c o n f i g u r a t i o n .  S ince  tungs t en  and l i t h i u m  hydr ide  are 

f r e q u e n t l y  proposed as gamma-ray arid neut ron  s h i e l d s  r e s p e c t i v e l y  f o r  

SNAP sys tems, ’  a c a l c u l a t i o n a l  s tudy  w a s  made of t h e  secondary gama-ray  

dose  t r a n s m i t t e d  through t h e s e  materials when they  are exposed t o  n e u t ~ o n s  

from a SNAP r e a c t o r .  The purpose of t h e  s tudy  w a s  t o  determine t h e  i m p ~ r -  
t ance  of t h e  g a m - r a y  product ion  c r o s s  s e c t l o n s  a8 a f u n c t l o n  of neut ron  

energy i n  o r d e r  t o  guide  c ros s - sec t ion  measurements and e v a l u a t i o n s .  

The s tudy  c o n s i s t e d  of t h r e e  p a r t s .  I n  t h e  first, the re ’ la t ive  

c o n t r i b u t i o n s  t o  t h e  gamma-ray dose by neut ron  i n t e r a c t i o n s  p e r  u n i t  

volume w i t h i n  v a r i o u s  i n t e r v a l s  of a s h i e l d  cons i s c i n g  e n t i r e l y  of 

tungs t en  (Hevimet) were s t u d i e d  as a f u n c t i o n  of t h e  type of i n t e r a c t i o n  

and t h e  energy of t h e  i n t e r a c t i n g  neu t ron .  Tn t h e  second,  the  corntrfbu- 

t i o n s  t o  t h e  t o t a l  ex i t  secondary gamma-ray dose by v a r i o u s  r eg inns  o f  

a laminated tungs t en  and l i t h i u m  hydr ide  s h i e l d  were determined,  a l s a  as 
a f u n c t i o n  of rhe  type  of i n t e r a c t i o n  and t h e  energy of t h e  interac~ing 

neut ron .  F i n a l l y ,  t h e  p robab i l i - t y  t h a t  a neut ron  Leaving t h e  r e a c t o r  

w i th  a g iven  energy would produce a g a m a  ray  i n  a laminated s h i e l d  t h a t  

would c o n t r i b u t e  t o  t h e  e x i t  dose w a s  c a l c u l a t e d  f o r  t he  neut ron  e n e r g i e s  

inc luded  i n  t h e  r e a c t o r  leakage spectrum. 

%I. CALCULATIONAL PROCEDURE 

Fur  each c o n f i g u r a t i o n  s t u d i e d  bo th  an a d j o i n t  c a l c u l a t i o n  and a 

forward c a l c u l a t i o n  were performed wi th  t h e  one-dimensional d i  screte 

o r d i n a t e s  code A!AISNn2 

r ay  dose response  w a s  assumed and t h e  p r o b a b i l i t y  t h a t  a gamma r a y  of a 

g iven  energy o r i g i n a t i n g  a t  a g iven  position i n  t h e  s h i e l d  would c o n t r i -  

b u t e  t o  t h a t  dose was determined.  In t h e  farward c a l c u l a t i o n  t h e  

p e n e t r a t i o n  of neu t rons  from t h e  r e a c t o r  t o  positions throughout  the  

s h i e l d  w a s  determined.  The r e s u l t s  from these two calculations, ron- 

vo lu t ed  wi th  s e l e c t e d  gama-ray  product ion  d a t a ,  r evea led  t.he o r i g i n  of: 

In t h e  a d j o i n t  c a l c u l a t i o n  a given  e x i t  gcinrma- 
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t h e  ex i t  secondary gamma-ray dose as i t  was d i s t r i b u t e d  i n  space  and 

neu t ron  energy.  

Mathemat ica l ly ,  t h e  procedure  i s  desc r ibed  as fo l lows .  L e t  V ( x , R  

be  t h e  c o n t r i b u t i o n  t h a t  a g a m  ray of energy E born  a t  space  p o i n t  x i n  

the s h i e l d  makes t o  t h e  e x i t  dose ,  and l e t  Y(E ,hn)  be  t h e  macroscopic 

c r o s s  s e c t i o n  f o r  t h e  product ion  of g a m a  r a y s  of energy E by a neut ron  

of energy En.  

a neu t ron  of energy E i n t e r a c t i n g  a t  space  p o i n t  x, as determined f r o m  

t h e  a d j o i n t  c a l c u l a t i o n ,  is g iven  by 

Y 
Y 

Y 
Y 

Then t h e  c o n t r i b u t i o n  of gan-ma r a y s  of a l l  e n e r g i e s  due t o  

n 

This  q u a n t i t y  is m u l t i p l i e d  by a s p e c i f i c  neu t ron  f l u x  @(x,E ) ob ta ined  

from t h e  forward C a l c u l a t i o n  t o  determine  t h e  t o t a l  c o n t r i b u t i o n  made t o  

t h e  gamma-ray dose by neut rons  of  energy E i n t e r a c t i n g  a t  space  p o i n t  x: 

I1 

n 

The c a l c u l a t i o n s  u t i l i z e d  an  S 1 6  quadra tu re  and a P 3  set  o f  coupled 

cross s e c t i o n s  c o n s i s t i n g  of 27 neu t ron  groups and 60 gama-ray groups 

as shown i n  Tables  1 and 2 .  The neu t ron  i n t e r a c t i o n  c r o s s  s e c t i o n s  were 

obta ined  from t h e  ENDF/B f i l e 3  and %he GAM-TI d a t a  b a s e D 4  and t h e  ganwia- 

r a y  i n t e r a c t i o n  c r o s s  s e c t i o n s  were taken  from t h e  METG daLa base .  

Secondary gamma-ray product ion  c r o s s  s e c t i o n s  w e r e  gene ra t ed  w i t h  t h e  

PQPOP4 code6 u s i n g  data sets from ths POPOP4 l i b r a r y .  The 87-group 

s t r u c t u r e  was developed by coupl ing  t h e  n e u t r o n  and gamma-ray c r o s s  

s e c t i o n s  and p l a c i n g  them on t a p e  f o r  u se  i n  t h e  c a l c u l a t i o n .  

5 

7 

The gama-ray  dose responses, shown i n  Table 3 ,  were t aken  from Kock- 

w e l l , '  and t h e  neu t ron  source ,  s h o r n  i n  Table  I t o  was obta ined  f r o m  a 

d i s c r e t e  o r d i n a t e s  c a l c u l a t i o n  f o r  ano the r  problem. 9 

The c a l c u l a t i o n s  were performed f o r  f o u r  combinat ions o f  Hevirnet. 

w i th  lithium hydr ide .  The Hevinet w a s  a 5.08-ern-thick s l a b  c l ad  on each 

s i d e  wi th  0.3175 cm of aluminum. The number d e n s i t i e s  f o r  t h e  elements  

i n  t h e  s l a b  were a s  fo1.lows: 
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Table  1. Neutron Group Structure 

Groups Energy Band (MeV) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

1 3  

14  

15  

16 

17 

18 

19  

20 

2 1  

22 

23 
24 

25 

26 

27 

1.22 (4-1) -1.49 (+I) * 
I. 00 (+11-1.%2 (+1) 

8 LI 19 (0)-3.. 00(4-1) 

5 e 49 (0)-6.78 ( 0 )  

4 6 49.(0)-5.49 ( 0 )  

6.70 (0)-8.19 (0) 

3 .68(0 ) -4 .49 (0 )  

3 .01(0)-3.68(0) 

2 .47 (0 ) -3 .01 (0 )  

2 .02(0) -2 .47(0)  

1 e 65 (0 ) -2 .02  ( 0 )  

1 .35  (01-1.65 ( 0 )  

1.11(0)-1.35 (lo) 

9.07(-1)-1.11(0) 
6.08(-1)-9.07(-1) 

4.08(-1)-6,08(-1) 

1. 11( -1 ) -4 .  Q8(-1) 

1.04(-2)-1.11(-1) 

3.35 (-31-1.04 ( - 2 )  

5.83 ( -41 -3  I) 35 (-3) 
1 ,01 ( -4 ) -5 .83 ( -4 )  

2 e 90 ( - 5 )  -1.01 ( - 4 )  

1.07(-5)-2.90(-5) 

3.06 (-6)-1.07 (-5) 
Ia13(-6)-3.Q6(-6) 

4 , 1 4 ( - 7 ) 4 . 1 3 ( - 6 )  

0.0 - 4 . 1 4  (-7) 

*Read: 1.49 x 10’. 
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Table 2. Gama-Ray Group S t r u c t u r e  -- -.. 
Group Energy Band; (MeV) Group Energy Band. (MeV) 

-_-. 

1 

2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

1.08 (+l) -I ., 10 (+I> * 
1.06 (+l>-l. 08 (+l) 

1.04(+1)-1.06(+1) 

1.02(+1)-1.04(+1.) 

1.00 (+I) -1 * 02 (+1) 
9.80 (0) -1.00 (+1) 

9.60(0) -8.88(0) 

9 . 4 0 ( 0 )  -9.60(0) 

9 . 2 0 ( 0 )  -9 .40(0)  

9.00 (0) -9.2070) 

8.80 (0) -9.00 (0) 

8.60 (0) -8.80 (0) 

8 - 4 0 ( 0 )  -8 e 60 ( 0 )  

8.20 (0) -8.40 (8) 

8.00 (0) -8.20 (0) 

7.80(0) -8.00(0) 

I .  60 (0) -7.8010) 

7 . 4 0  (0) -7.60 (0) 

7.20(0) -7.4010) 

7 .  oo(0) - a .  20(0) 
6.88 (0) -7.00 (0) 

6.60(0) -6.88 (0) 

6 . 4 0 ( 0 )  -6.60(0) 

6.20 (0) -6.40 (0) 

6.00(0) -6.20(0) 

5.80 (0) -6.00 (0) 
5.60 (0) -5.80 (0) 

5.40 (0) -5.60 (0) 

5.20 (0) -5.40 ( 0 )  

5.00 ( 0 )  -5.20 ( 0 )  

3 1  

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

4 3 

44 

45 

46 

47 

48 

49 

50 

5 J. 

52 

53 

54 

55 

56 

57 

58 

5 9 
60 

4 . 8 0 ( 0 )  -5.00(0) 

4 .60 (0 )  -4 .80 (0 )  

4 . 4 0 ( 0 )  -4.60(0) 

4.20 (0) -4 .40 (0 )  

4 .00(0)  -4 .20 (0 )  

3.80(0)  -4 a 00 (0) 

3.6O(O) -3.88 (0) 

3 . 4 0 ( 0 )  -3.60 (0) 

3.20 (0) -3.40 ( 0 )  

3.00(0) -3.20(0) 

2.80(0) -3.00 (0) 

2.60(0) - 2 , S S ( O )  

2.40(0) -2.60(0) 

2.20(0) -2.40(0) 

2.00 (0) -*2.20(0) 

l .80(0) -2,00(0) 

I. 60 ( 0 )  -1 e 80 (0) 

1.40(0)  -1.60(0) 

1.00 (0) -1*20(G)  

9.00 (-1)--1.00(0) 

8.00(--1) -9.00(-1) 

1.20(0) -I 49 (0) 

7.00 (-1) -8.00 (-1) 

6.00(-1)-7 .OO (-1) 

5.00(--1)-6.00(-1) 

4.00 (-1) -5.00 (-1) 

2.00 (-1) - 3  I O 0  (-1) 

1.00 (-1)-2.00(-1) 

1 - 0 0  (-2 ) -1.00 (-1) 

3.00(-1)-4,00(-1) 
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a Table 3 .  Gama-Ray Dose Kesporises 

Energy Dose Rate Energy Dose Rate 
Group [ ( r / h r )  /(photon/cm2) /sec] G ~ O U P  1 ( r /hr>/(photon/cm2>/sec]  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 4  

15 

16  

1 7  

18  

1 9  

20 

21 

22  

23 

24 

25 

26 

27 

28 
29 

30 

b 1.16 (-5) 

1 I 1 2  (-5) 

1.14 (-5) 

I. 10 (-576 

1.08 ( -5) 
1 06 (-5) 

1 e 05 (-5) 
1.03(-5) 

1.01 ( - 5 )  

1.00(-5) 
9.80(-6) 

9.60 ( - 6 )  

9 . 4 0  (-6) 

9,30(-6) 

9.10(-6) 

8 a 90 (-6) 

8 I) 70 (-6) 

8 50 (-6) 

8 40 ( - 6 )  

8,20 (-6) 
8.00 (-6) 

7.80 (-6) 

7. 70( -6 )  

7.50(-6) 

7.30 (-6) 

7.10 (-6) 
6.90 (-6) 

6 I 70 (-6) 
6.50(-6) 

G e 30 ( - 6 )  

31 
32 

33 
34 

35 

36 

37 
38 

39 
40 

41 

42 

4 3  

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 
56 
57 

58 

59 

60 

~ 

6.20(-6) 

5 00 ( -6 )  

5 e 80 ( - 6 )  

5.6Og-6) 

5.20(-&) 

.5.00(-6) 

4.80 ( - 6 )  

4.60 ( - 6 )  

4.20( -6)  

4 L 130 ( -6 )  

3 . 7 7  (-6) 
3.56 (-6) 

3 35 ( - 6 )  

3 n 14 ( - 6 )  

2.90(-6) 

2 , 6 4 ( - 6 )  

2.38 (-6) 

5.40 (-6) 

4 . 4 0 ( - 6 )  

2.89(-6) 

1 .84  ( - 6 )  

1.68 ( - 6 )  

L.50(-6) 

1.33 ( - 6 )  

1.. P3(-6) 

9.30(-7) 

7 .20 (- 7) 

4 * 90 ( - a )  

1.32 (-7) 

2.65(-7) 

a 

'Read: 1.16 x IO-'. 
From Rockcwell ,  ref. 3 
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T a b l e  4 .  Neutron Source Spectrum 

Group Flux [ (neutrans/@rn2) / s e c ]  
~.-  

1 

2 

3 
4 

5 

6 

7 

8 

9 
10 

11 

1 2  

13 

1 4  

15 

1 6  

17  

18  

1 9  

20 

2 1  

22 

2 3  

24 

25 

26 

27 

1.1?60(-5)* 

6.1127(-5) 

2 e 2189 (-4) 

5 .I 8882 ( - 4 )  

1.21.82 ( - 3 )  

2 e 9755 ( - 3 )  

3 . 4 7 4 3 ( - 3 )  

2.0616(-3) 

4.0037 ( - 3 )  

6.4568 ( - 3 )  

7.3135 ( - 3 )  

7.7091(-3) 

6.3817 ( - 3 )  

5.7970(-3) 

8 I7878 (-3) 

8 . 6 2 3 2 ( - 3 )  

1,8391(-2) 

1.3667 (-2) 

6.5133 (-3) 

7.2663(-3) 

6.0584 ( - 3 )  

4 0554 ( - 3 )  

2 e 9014 (-3) 

3.09396-3) 
2.3549 ( -3)  

2 1.033 ( - 3 )  

5.4441 (-3) 

*Read: 1.1360 x 10-j .  
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Aluminurn ( c l add ing)  0.0603 atoms/barnocm 
Copper 
Nicke l  
Tungs t e n  

0,0040984 atoms/barn*cm 
Hevimet 0.0130803 atoms/barn*cm 

0,0498928 atoms/barn*cm 1 
The l i t h i u m  hydr ide  slabs were 3 0 . 4 8  c m  t h i c k .  

b e  7.4% 6 z i  and 92.6% 7 L i .  

taken as 0.64167 and 0.09084 g/cm3 r e s p e c t i v e l y .  

The l i t h i u m  w a s  t&en to 

The d e n s i t i e s  of l i t h i u m  and hydrogen were 

The f i r s t  s h i e l d  c o n f i g u r a t i o n ,  shown i n  s k e t c h  (a) - of Pig.  1, con- 

s i s t e d  of Hevimet a l o n e .  The second c o n f i g u r a t i o n  c o n s i s t e d  of t h e  

Hevimet followed by l i t h i u m  h y d r i d e .  I n  t h e  t h i r d  c o n f i g u r a t i o n  t h e  

l i t h i u m  hydr ide  w a s  p o s i t i o n e d  between t h e  sou rce  and t h e  Hevimet, and 
i n  t h e  f o u r t h  c o n f i g u r a t i o n  t h e  l i t h i u m  hydr ide  was p laced  on bo th  s i d e s  

of t h e  Hevimet. The dimensions of c o n f i g u r a t i o n s  2 ,  3 ,  and 4 can b e  

deduced from s k e t c h  (b) - of F i g .  1. 

Two series of c a l c u l a t i o n s  w e r e  performed f o r  each  c o n f i g u r a t i o n .  In 

t h e  f i r s t  on ly  t h e  c o n t r i b u t i o n  f r o m  t h e  neu t ron  c a p t u r e  r e a c t i o n  was c a l -  

c u l a t e d ,  and i n  t h e  o t h e r  t h e  c o n t r i b u t i o n  from tfie combined neu t ron  

c a p t u r e  and i n e l a s t i c  s c a t t e r i n g  r e a c t i o n s  w a s  determined. The con t r ibu -  

t i o n s  from t h e  t w o  r e a c t i o n s  could thus be  i s o l a t e d .  I n e l a s t i c  s c a t t e r -  

ings were c a l c u l a t e d  only f o r  neu t ron  e n e r g i e s  g r e a t e r  than 0.111 NeV, 

s i n c e  c o n t r i b u t i o n s  by t h i s  i n t e r a c t i o n  f o r  lower energy neu t rons  would 

be  n e g l i g i b l e .  

I n  t h e  c a l c u l a t i o n s  t h e  aluminum-clad RevLmet was d i v i d e d  i n t o  18 

s p a c i a l  i n t e r v a l s ,  each  of which w a s  0.3175 c m  t h i c k .  En t h e  f i rs t  two 

c o n f i g u r a t i o n s  t h e  i n t e r v a l s  w e r e  i d e n t i f i e d  as i n t e r v a l s  P through 18 

wi th  i n t e r v a l s  1 and 18 cor responding  t o  t h e  aluminum c ladd ing .  I n  t h e  

l a s t  two c o n f i g u r a t i o n s  t h e  18 i n t e r v a l s  w e r e  i d e n t i f i e d  as i n t e r v a l s  13 

through 30,  w i t h  i n t e r v a l s  1 3  and 30 corresponding  t o  t h e  aluminum 

c ladd ing .  In each Conf igu ra t ion ,  f o u r  i n t e r v a l s  w i t h i n  t h e  Nevimet w e r e  

s e l e c t e d  f o r  a n a l y s i s :  t h e  o u t e r  i n t e r v a l  on each s i d e  of t h e  s l a b  and 

t h e  two c e n t e r  i n t e r v a l s .  1.n t h e  f i r s t  two c o n f i g u r a t i o n s  t h e s e  w e r e  

i n t e r v a l s  2 ,  9 ,  10, and 17;  i n  t h e  l a s t  two c o n f i g u r a t i o n s  they were 

i n t e r v a l s  14, 21,  22, and 29 (see Fig.  1). 

The l i t h i u m  hydr ide  w a s  d iv ided  i n t o  1 2  s p a c i a l  i n t e r v a l s ,  each  

i n t e r v a l  be ing  2 . 5 4  c m  t h i c k .  Depending on t h e  l o c a t i o n  o f  t h e  l i t h i u m  
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__s_ 

SOURCE ----a- 

__c_ 

0.3175 c m - d l  

I i I  
I 1 1 1  
I I l l  
I I I  

I l l  I 
I I l l  

l + I k !  
l L , Z !  

I I 

I 

- DOSE 
u /  ;%;E; 

ZI - 1  

I ! I [  __a 

I I ; I ;  
I I I I I  

I 

\ 4 k - - - 0 . 3 1 7 5  cm 

INTERVALS ARE 0.3175 cm 

Fig. 1. Configurations f o r  Which Calculations Were Performed. 
(a) Hevimet AIon<e (Configuration 1); (b) Hevimet Combined with L i H  
(Configurations 2, 3, and 4 ) .  Note: Wl-ien E i H  does not precede the 
Hevimet, as in Configuration 2, space interval 14 becomes space 
interval 2 as it i s  in Configuration 1. 
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hydr ide ,  t h e  i n t e r v a l s  w e r e  i d e n t i f i e d  a s  h t c r v a l s  1-12, 

31-42. 

The d e t a i l e d  r e s u l t s  f o r  a l l  t h e  energy and s p a c i a l  

t a b u l a t e d  i n  Appendix A. 

19-30, 

n t e r v a  

12 r 

s are 

111. CONTRIBUTIONS TO SECONDARY GzMMA-KnY DOSE BY SELECTED 
SPACIAL INTERVALS I N  THE IIEVIMET 

The c o n t r i b u t i o n s  t o  t h e  e x i t  secondary gamma-ray dose due t o  t h e  

va r ious  neut ron  i n t e r a c t i o n s  p e r  u n i t  volume w i t h i n  t h r e e  seleclced 

s p a c i a l  i n t e r v a l s  i n  t h e  Hevimet are summarized i n  Table  5,  and t h e  cor-  

responding f r a c t i o n a l  v a l u e s  are given i n  Table  6. Note t h a t  t h e  column 

headings i n  Table 5 have le t ter  d e s i g n a t i o n s  which must be  r e f e r r e d  t o  

i n  o r d e r  t o  i n t e r p r e t  t h e  e n t r i e s  i n  Table  6 .  The t h r e e  i n t e r v a l s  shown 

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

n e a r e s t  t h e  sou rce  (2 o r  141, t h e  s p a c i a l  i n t e r v a l  a t  t h e  center of t h e  

Hevimet r eg ion  (9 o r  211, and t h e  s p a c i a l  i n t e r v a l  f a r t h e s t  f r o m  t h e  

sou rce  (17 o r  29) .  The i r  l o c a t i o n s  w i t h i n  t h e  v a r i o u s  c o n f i g u r a t i o n s  

are shown i n  Fig.  1. (Corresponding r e s u l t s  ob ta ined  f o r  i n t e r v a l s  10 

and 2 2  are n o t  inc luded  because of t h e i r  s i m i l a r i t y  t o  t h e  r e s u l t s  f o r  

i n t e r v a l s  9 and 2 1  r e s p e c t i v e l y . )  

The r e s u l t s  i n  Table  5 w e r e  ob ta ined  by i n t e g r a t i n g  over  t h e  neut ron  

energy t o  c o l l a p s e  t h e  27-group s t r u c t u r e  i n t o  fou r  energy groups cor -  

responding roughly t o  a thermal-neutron group, a East-neutron group, and 

two i n t e r m e d i a t e  groups.  Histograms which compare t h e  r e s u l t s  f o r  a g iven  

i n t e r a c t i o n  i n  one s p a c i a l  i n t e r v a l  i n  terms of a l l  27  energy groups are 

p resen ted  i n  Appendix B.  

Table  5 shows t h a t  i n  a l l  f o u r  c o n f i g u r a t i o n s  t h e  most impor tan t  

s p a c i a l  i n t e r v a l  i n  t h e  H e v i m e t  is t h e  back i n t e r v a l  (17 or 29), t h e  

u n i t  volume dose c o n t r i b u t i o n  from t h i s  i n t e r v a l  be ing  h i g h e r  than  t h o s e  

f r o m  t h e  o t h e r  two s p a c i a l  i n t e r v a l s  by f a c t o r s  of from about  4 t o  

18. The t a b l e  also shows t h a t  i n  a l l  f o u r  c o n f i g u r a t i o n s  rhe f i r s t  

i n t e r v a l  is more impor tan t  than  t h e  c e n t e r  i n t e r v a l .  

A comparison of c o n f i g u r a t i o n s  1 and 2 i n d i c a t e s  t h a t  t h e  a d d i t i o n  

of  the l i t h i u m  hydr ide  behind t h e  Hevimet reduces t h e  c o n t r i b u t i o n  t o  



Table 5. Contr ibut ion  to Transmit ted Gama-Ray Dose pe r  Unit Volume of Spacial I n t e r v a l  
as a Function of Neutron Energy I n t e r v a l  and React ion Type  

~~ ~ ~~ 

C o n t w i r  V- of -1 

BY (n,n 'y) By ( n , v >  -t Cnsn'y) 
By (n,y> React ions Reac t ions ,  React i o n s  

Spacial 0 - 3.06 3.06 eV-  5.533 keV- 0.111 MeV- 0 - 14.9 D.ilT MeV- 0.111 aeY- 0 - 14.9 
Interval eV 0.583 keV 0.111 MeV 14.9 MeV MeV 14.9 MeV L4.9 MeV MeV 

i n  HeviPaet* (a)** (b) (c) (d) (@I (5)  (g j  (h) 

2 ( f r o n t )  
9 (center )  
17 (back) 

2 ( f r o n t )  
9 (center)  
lH (back) 

14 ( f r o n t )  
21 ( c e n t e r j  
29 (back) 

14 (front) 
21 ( c e n t e r )  
29 (back) 

3.18(-7) 
6 . 3 3 ( - 3 )  
1. €51 (-7) 

1.58 (-7) 

2.46(-7) 
4.12 (-a> 

9.19(-11) 
5.20{-11) 
1.62(-10) 

4.6l(-Il) 

3.40 (-10) 
3.28(-Ti) 

8.77 (-7) 
2.53 (-83 
1.96(-8 j 

4 . 3 4  (-7) 
I. 36 (-8) 
4.3oc-6) 

1.46(-9) 
5.14(-11:. 
3 . 5 7  (-11; 

7.30(-103 
2.70(-11) 
6.45 ( -9  j 

Conf igura t ion  I (Hevimet Only) 

1 . 4 1 ( - 7 )  4.99 (-81 1.39 (-6) 
2.32(-7) 1.57 (-7) 4.98(-75 
9.57 (-7) 1.25 ( - 6 )  2.41 ( -6 )  

CanfiRuration 2 (tlevirnet-Lis) 

7 . O J  (-8) 2 49  (-8 6 . 8 8  (-71 
1.26(-7)  7.59{-8) 2.57 (-7) 
1.04 (-6) 3 . 9 7  (-7) 5.96(-6) 

Conf igura t ion  3 ( L i H - P I e v i m e t )  

2.28 (-10) 4 ., 49 (-11) 1.82 (-9) 

1.52 (-9) 1.79 ( - 9 )  3.49 (-9) 
3.96 (-16) 2.0: (-10) 7.17 (-10) 

Configuratioc 4 (LfH-Hevimet-LiHj 

1.16(-40) 2.27(-L1) 9.15 (-10) 
2.14 (-10) 1.02(-10) 3.75 (-10s 
1.58 {-9) 5 .50  (-10) 8.94 (-9) 

1.26(-7) 
2.61(-7) 
3.22 (-6) 

5 . 3 4  (-8) 
1.01(-7) 
6.33 (-7) 

1.20 (-10) 

7.50(-4:, 
5.26{-IO) 

5.29(-11) 
2.09 (-10) 
i .54 ( -9 )  

1.75 (-71 
4.18(-7) 
4.47 (-63 

7.83(-8) 
1.77 (-7) 
I. 01 (-6) 

1.65 (-101 
? .33(-PO) 
9.27(-9> 

7.48 (-11) 

2.09 (-9) 
3.11(-10> 

1.51 (-4) 
?.58(-7) 
5.63 (-6) 

I--L 
b 

7.41(-7 j 
3.58(-73 
6.60 (-6) 

I. 94 (-93 
1.24 ( -9 )  
1.10 (-8) 

9.68 (-10) 
5.84(-10) 
1.05 ( -8 )  

*Refer ta F i g .  X f o r  l o c a t i o n  of space i n t e r v a l  with r e s p e c t  t o  source and d e t e c t o r .  
**letter des igna t ion  f o r  reference to e n t r i e s  in Table 6. 
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Table 6. Fractional Contribution to Transmitted Caw-Ray Dose per Unit Vol 
of Spacial Interval as a Function of Neutron Energy 

Interval and Reaction Type 
(Refer to Table 5) 

Fractional Contribution per Unit Volume of Spacial Interval 
Total Dose 

(n,n’,y) High-Energy per Unit -I (n,y) Reactions Spacial 
Xnte rval a/hb b/h c /h d Ih Reactiona, Reactions, Volume, 

h 
i 

in Hevimeta (a/e) (ale) (c/e) (d/e) e/h f /h gib 
.I_ I 

2 (front) 

9 (center) 

17 (back.) 

2 (front) 

9 (center) 

17 (back) 

lb (front) 

21 (center) 

29 (back) 

14 (front) 

21 (center) 

29 (back) 

0.22 
( 0 . 2 3 )  

0.10 
(0.15) 

0.032 
(0.08) 

0.21 
(0 .23 )  

0.10 
( 0 . 1 4 )  

0.03 
(0 .04 )  

0.Q5 
(0.05) 

0.04 
(0 .08)  

(0.05) 
0.015 

0.05 
(0.05) 

IO. 08) 
0.06 

0.58 
(0.63) 

0.02 
(0 .04 )  

0.004 
(0.01) 

0.59 
(0.63) 

0.03 
(0.05) 

0.65 
(0.72) 

0.75 
(0.80) 

0.03 
(0.05) 

0.003 
(0.01) 

0.75 
(0.80) 

0.03 
(0.06) 

Configuration 1 (Hevimet Only) 

0.09 0.03 0.92 0.08 

0.30 0.22 0.64 0.36 

0.174 0.22 0.43 0.57 

Configuration 2 (Hevimet-LiH) 

0.09 0.04 0.93 0.07 

(0.10) (0.04) 

(0.47) (0.34) 

(0.39) (0.52) 

(0.10) (0 .04 )  

(0.50) (0.31) 
0.36 0.22 0.71 0.29 

0.16 0.06 0.90 0.10 

I Configuration 3 (LiH-Hevimetl 

0.12 0.02 0.94 0.06 

0.31 0.17 0.55 0.45 

0.14 0.16 0 . 3 2  0.68 
( 0 , 4 3 )  (0.51) 

Configuration 4 (LiH-Hevimet-LbH) 

(o . ia)  (0 .06)  

(0.13) (0.02) 

(0.55) (0.32) 

0.12 0.02 0.95 0.05 
(0.13) (0.02) 

(0.57) (0.29) 
0.36 0.18 0.63 0.37 

0.12 

0 .58  

0.79 

a. 11 

0.51 

0.1.5 

0.09 

0.62 

0.86 

0.08 

0.55 

0.03 0.62 0.15 0.05 0.85 0.15 0.20 1.05(-8) 
(0.04) (0. 72) (0.18) (0. 06) 

‘he front spacial interval is nearest the source (refer to Fig. 1). 
bSee Table 5 for numerical values of letters. 

‘Read: 1.51 x lo-‘, 
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the secondary gama-ray  dose from t h e  f r o n t  and c e n t e r  i n t e r v a l s  by a 

f a c t o r  of 2 b u t  does n o t  change the r e l a t i v e  importance of t h e  c o n t r i b u t -  

i n g  i n t e r a c t i o n s  w i t h i n  t h e s e  s p a c i a l  i n t e r v a l s .  I n  both  c o n f i g u r a t i o n s  

more than  90% of t h e  dose  f r o m  t h e  f r u u t  i n t e r v a l  and about  78% of t h e  

dose from t h e  c e n t e r  i n t e r v a l  a r e  due t o  neu t ron  cap tu res  (see  Tablc- 6 ) .  

Also i n  bo th  c o n f i g u r a t i o n s  63% of t h e  c a p t u r e s  i n  t h e  f ro i l t  i n t e r v a l  

t h a t  c o n t r i b u t e  t o  t h e  dose  occur  i n  the neu t ron  energy i n t e r v a l  between 

3.06 eV and 0.583 keV, and 80% o €  t h o s e  i n  t h e  c e n t e r  i n t e r v a l  occur  a t  

neut ron  e n e r g i e s  g r e a t e r  than  0.583 keV. 

For t h e  back i n t e r v a l  ( i n t e r v a l  1 7 )  t h e  a d d i t i o n  of l i t h i u m  hydr ide  

behind t h e  Hevirnet changes t h e  c h a r a c t r r  of t h e  c o n t r i b u t i n g  i n t e r a c t i o n s  

both  as t o  type and as ti:, neut ron  energy .  Whereas i n  c o n f i g u r a t i o n  1 

high-energy neut ron  i n t e r a c t i o n s  ( > 0.111 MeV) account  f o r  c l o s e  to 80% 

of t h e  dose f r o m  i n t e r v a l  1 7 ,  w i t h  t h e  l a r g e s t  f r a c t i o n  due t o  i n e l a s t i c  

s c a t t e r i n g s ,  i n  c o n f i g u r a t i o n  2 t h e  high-energy i n t e r a c t i o n s  account  f o r  

only 15% of the. dose  from t h i s  s p a c i a l  i t i terval and neut ron  c a p t u r e s  i n  

t h e  energy i n t e r v a l  from 3.06 eV t o  0.583 keV dominate.  A comparison of 

s p a c i a l  i n t e r v a l s  2 and 1 3  i n  c o n f i g u r a t i o n  2 revcals t h a t  t h e  r e l a t i v e  

importance of c a p t u r e  and i n e l a s t i c - s c a t t e r i n g  i n t e r a c t i o n s  i s  approximately 

t h e  same f o r  t h e  two i n t e r v a l s .  

P l a c i n g  the l i t h i u m  hydr ide  betwceri t h e  S O U ~ C P  and t h e  Xevimet 

i n s t e a d  of behind t h e  Hevimet a t t e n u a t e s  t h e  i n c i d e n t  neut rons  and 

d r a s t i c a l l y  r educes  t h e  secondary dose c o n t r i b u t i o n s  p e r  u n i t  volume f o r  

a l l  s p a c i a l  i n t e r v a l s  w i t h i n  t h e  Hevimet .-- as much as a f a c t o r  of 800 

fo r  t h e  f r o n t  s p a c i a l  i n t e r v a l  (compare i n t e r v a l  2 i n  c o n f i g u r a t i a n  I 

w i t h  i n t e r v a l  14 i n  c o n f i g u r a t i o n  3 )  and as much as a f a c t o r  of 500 f o r  

t h e  back i n t e r v a l  (compare i n t e r v a l  11 wi th  i n t e r v a l  2 9 ) .  A s  would h e  

expec ted ,  the energy spectrum of t h e  captured  neut rons  throughout  t h e  

XIeviuiet i s  aJ Lered by i h e  preceding  l i t h i u m  hydr ide :  Low-energy raptures 

c o n t r i b u t e  only  5% of t h e  dose from t h e  f r o n t  s p a c i a l  i n t e r v a l  when t h e  

l i t h i u m  hydr ide  is p r e s e n t ,  whereas they  c o n t r i b u t e  23% of t h e  dose f r o m  

this spac ia l  i n t e r v a l  when the l i t h i u m  hydr ide  i s  n o t  p r e s e n t .  Compensating 

i n c r e a s e s  occur  i n  o t h e r  i n t e r v a l s ,  p r i m a r i l y  i n  t h e  i n t e r v a l  between 

3.06 e V  t o  0.583 keV. 121 i s  no ted ,  however, t h a t  the t o t a l  r e l a t i v e  
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contributions to the exit dose by captures and inelastic scatterings in the 

front spacial intervals of configurations 1 and 3 are approximately the 

same: 92% by captures and 8% by inelastic scatterings in configuration 1; 

94% by captures and 6% by inelastic scatterings in configuration 3 .  For the 

other two spacial. intervals, the importance of the capture reactions is 

somewhat decreased in configuration 3 .  For the back spacial interval, 

inelastic-scattering reactions account f o r  68% oE the dose  contribution in 

configuration 3 ,  whereas in configuration 1 (no lithium hydride) they 

account for 57% and in conEiguration 2 (lithium hydride behind the 
Hevimet but not in front ot it) they account f o r  only 10%. 

The effects oE the additional lithium hydride in Configuration 4 

are the same as those observed for configuration 2 .  That is, the unit- 

volume dose contributions from the front and center intervals are reduced 

by a factor of 2 over those in configuration 3 ,  but the relative importance 

of the contributing interactions in these intervals is not altered. The 

total contribution from the back interval (interval 29) remains essentialLy 

unchanged, but the important interactions shift from high-energy cap- 

tures and inelastic scatterings to captures in the neutron energy interval 

from 3.06 eV t o  0.583 keV. 

IV. CONTRIBUTIONS TO SECONDARY GAMMA-RAY DOSE 
BY ALL REGIONS OF THE SHIELD 

Table 7 gives the total contribution to the exit secondary gamma-ray 

dase by specified regions within the configurations. These contributions 

were obtained by integrating the dose per unit volume over the volume of 

each of the intervals within the designated region and combining the 

results, Table 8 gives the corresponding fractional contributions to the 

dose  by the same spacial regions; that is, the contribution shown i n  

Table 7 for each region divided by the total contribution for the configura- 

tion . Tn each case, the total contribution i s  shown in brackets as the 

last entry for the configuration. (Note: Tne fractional values in Table 8 

3re based on the total gamma-ray dose exiting from each configuration and 

thus the corresponding entries for different configurations cannot be com- 

pared directly. All the entries in Table 7 are directly comparable, 

however. ) 
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T a b l e s  7 and 8 show tha i  the t r e n d s  observed i n  Sec t ion  I11 f o r  t h e  

c o n t r i b u t i o n  p e r  u n i t  volume from t h r e e  s p a c i a l  i n t e r v a l s  i n  t h e  Hevimet 

are r e f l e c t e d  i n  t h e  t o t a l  c o n t r i b u t i o n s  t o  t h e  dose made by t h e  Hevimet. 

In  a l l  f o u r  c o n f i g u r a t i o n s  t h e  c o n t r i b u t i o n  by t h e  second h a l f  of t h e  

Hevimet dominates t h e  e x i t  dose;  i t  c o n t r i b u t e s  about: 75% of t h e  dose  

i n  c o n f i g u r a t i o n s  1 and 2 and about  65% i n  c o n f i g u r a t i o n s  3 and 4 .  

The f i r s t  h a l f  of t h e  Hevimet never  c o n t r i b u t e s  1mre than  about  25% o f  t h e  

dose ( i n  c o n f i g u r a t i o n  1 )  and u s u a l l y  no more than about  15%. 

Neutron c a p t u r e  r e a c t i o n s  i n  a l i t h i u m  hydt-ftle r eg ion  preceding  

t h e  Hevimet, as i n  c o n f i g u r a t i o n s  3 and 4 ,  c o n t r i b u t e  15-20% oE the 

ex i t  secondary gamma-ray dose.  Cap tu res  i n  a l i t h i u m  hydr ide  r e g i o n  

fo l lowing  t h e  Hevimet, as i n  c o n f i g u r a t i o n s  2 and 4 ,  c o n t r i b u t e  Less 

than 5 %  of t h e  e x i t  dose.  

When l i t h i u m  hydr ide  fol lows t h e  Mevimet about  80% of t h e  t o t a l  

e x i t  secondary gama-ray dose  i s  due t o  neu t ron  c a p t u r e s  throughout  

t h e  c o n f i g u r a t i o n ,  as compared t o  about  55% when no l i t h i u m  hydr ide  

fo l lows  t h e  Ilevimet. Also when l i t h i u m  hydr ide  fo l lows  t h e  Hevimet, 

high-energy neu t ron  i n t e r a c t i o n s  ( cap tu res  and i n e l a s t i c  s c a t t e r i n g s )  

account  for  about 3QX of the ex i t  dose,  as compared t o  602 when no 

l i t h i u m  hydrl’de f o l l o w s  tile I Isv imet  . 
I n  c o n f i g u r a t i o n  1, neut ron  c a p t u r e s  and i n e l a s t i c  s c a t t e r i n g s  i n  

t h e  second h a l f  of t h e  H e v i m e t  c o n t r i b u t e  about  e q u a l l y  t o  t h e  e x i t  dose,  

bu t  i n  c o n f i g u r a t i o n  2 ,  with l i t h i u m  hydr ide  behind the  H e v i m c . t ,  the 

c o n t r i b u t i o n  from i n e l a s t i c  s c a t t e r i n g s  i n  the Ilevimet i s  cons ide rab ly  

reduced,  as is a l s o  t h e  c o n t r i b u t i o n  from high-energy neut ron  c a p t u r e s .  

Ln c o n f i g u r a t i o n  2 t h e  l a r g e s t  c o n t r i b u t i o n  from t h e  back h a l f  of t h e  

Nevimet is due t o  t h e  c a p t u r e  of neut rons  i n  t h e  3.06 eV t o  0.583 keV 

range.  P l a c i n g  t h e  l i t h i u m  hydr ide  i n  f r o n t  of the I l e v i m e t  does not  

g r e a t l y  a f f e c t  t h e  f r a c t i o n a l  c o n t r i b u t i o n  by high-energy neut ron  

i n e l a s t i c  s c a t t e r i n g s  from the second h a l f  o f  the H e v i m e t  (compare 

c o n f i g u r a t i o n s  1 and 3 )  bu t  i t  s u b s t a n t i a l l y  K ~ ~ . U C ~ S  tiit? f r a c t i o n a l  

Con t r ibu t ion  from neut ron  c a p t u r e s  i n  t h i s  r eg ion .  The reduc t ions  i n  

the  dose  c o n t r i b u t i o n  due t o  captupes  occur  i n  a l l  energy i n t e r v a l s  except  
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t h e  i n t e r v a l  from 3.05 eV t o  0.583 keV, i n  w h i c h  the f r n c t i u n a 4  contmribtrt Lori 

i s  approximate ly  t h e  same. 

P l a c i n g  the l i t h i u m  h y d r i d e  in  f r o n t  of the Cisvimet also r e d u c e s  the  

c a p t u r e  i n  t he  f r o n t  h a l f  of t h e  Wevimet:. For n e u t r s o s  w i t h  energ ica  

less t h a n  3.06 e V  nos t  of the c a p t u r e s  OPCUIT i n  the l i t h i m  bydridlle 

i t s e l f  I These i s  essentially no c r s i i t r i bu t ion  due t o  row-energy neut z-on 

capt~lres  in  a l i t h i u m  hydr ide  r e g i o n  fo8l.owing the  Hevjmet, bait a small 

c o n t r i b u t i o n  from high-energy neutron c a p t u r e s  j_n the  B i t l ~ i u m  hydr ide  

OCCUKS s 

In  summary, Tab les  7 and 8 show t h a t  when Heuimet is atljrzcl:nt i o  

ilie source i t  c o n t r i b u t e s  more than  95% of t h e  ex i t  secondary gama-ray 

dose r e g a r d l e s s  of whether  o r  not  i t  is €olPowed by a lithium liyd-ridt? 

r eg ion .  When l i t h i u m  hydr ide  is in t e rposed  between t h e  s o u r c e  a n d  tile 

Hevimet, the Iievimet c o n t r i b u t e s  approximately 8OZ of the exit secondary 

d o s e ,  The c o n t r i b u t  ion fxorn t h e  Past ha l f  of  he H e v i m e t  is alwayc. a 

fac tor  of 3 t o  5 h i g h e r  than  tha t  from t h e  f i r s t  half When l i t i n ium 

h y d r i d e  fo l lows  the Hcvirnet, 807i of the exit dose is produced by neutron 

cap tu res ,  w i t h  n e a r l y  ha l t  of them occurr ing  at neu t ron  e i i e r g i ~ s  between 

3-06 eV and 0.111 MeV. When l i t h i u m  h y d r i d e  doe:; n o t  f o l l o w  t11e I lev imet ,  

t h e  importance of neu t ron  ine l a s  tic s c a t t e r i n g s  approaches tha t  of the 

cap  tures. 

V .  PROBABILITIES mtAr SOURCE NEUTRONS CONTKZBUTE 
TO SECONDARY Crnrn-2AY DCISE 

The p r o b a b i l i t y  that d neu t ron  of a g iven  energy Incident i.tpon 

the s h i e l d  e sn f igu r t i t i on  would c o n t r i b u t e  t o  the  secondary gama-ray  dose 

exi t ing,  f rom the c o n f i g u r a t i o n  was determined by r x t r a c t i n g  f rm  t h e  

a d j o i n t  cases t h e  a d j o i n t  o u t w a r d  boundary c u r r e n t .  This was done hy 

i n p u t t i n g  the dose due to one photon pe r  second per square centimeter 

as t h e  dosp response .  
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Table 9. Probability Incident Neutron Produces Gama Rays 
That Contribute to Exit Dose - 

P r o b a b i l i t y  of Contribution Neutron _____ 
Energy Conf. 1 Conf. 2 Conf. 3 GonE. 4 
Group* (Hevimet ) (Hevime t-LiH) ~ (l;iH-Hevime t ) (LiH--Hevimee-LiH) ._ 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
2L 
25 
26 
27 

a 

5. Y'(--16) 
5.48 ( - 4 )  
5.45 ( - 4 )  
5.65 (-4) 
5.46 (-4) 
4 a 46 ( - 4 )  
3.55(-4) 
2*77(-4) 
2.14 (-4) 
1.65 ( - 4 )  
1.28 ( - 4 )  
9 e 47 (-5) 
6.75 (-5) 
5.74 (-5) 
5.08 (-5) 
5.21(-5) 
5 84 (-5) 
8.32(-5) 
1.09 (-4) 
7.49 (-5) 
3.85 (-5) 
5.94 (-5) 
4 . 7 1 ( - 5 )  
5.37 (-5) 
1.88 (-4) 
1.77 (-4) 
7.26 ( -5)  

2 " 34 ( - 4 )  
2 I 3 5  ( - 4 )  
2.25 ( - 4 )  
2.25(-4) 
2.18 ( - 4 )  
1.84 (-4) 
1.54 (-4) 
1.29 (-4) 
1 * 11 ( - 4 )  
9.82(-5 j 
8.88 (-5) 
8 . 0 3 ( - 5 )  
7.19 (-5) 
7.07(-5) 
6.821-5) 
6.93 ( - 5 )  
6.95(-5) 
6.59 (-5) 
5 e 95 (-5) 
3.40 (-5) 
1.90(-5) 
2 a 89 (-5) 
1.75(-5) 
2.716-5) 
7.64(-5) 
7.29 (-5) 
3 . 4 8  (-5) 

4 2 3  (-5) 
2 57 (-5) 
1 - 65 (-5) 
9 . 4 4 ( - 6 )  
4 e 68 ( -6)  
2 I 47 (-6) 
1-53 (-6) 
1.06(-6) 
7.01(--7) 
4 , 4 5 ( - 7 )  
2.92(-7) 
1.94 (-7) 
1.33 (-7) 
9.80 ( - 8 )  

5.28(-8) 
7.22 ( - 8 )  

4 . 3 0 ( - 8 )  
4 . 4 5 ( - 8 )  
4 P 54 ( - 8 )  
4 - 85 (-8) 
5 1. 15 ( -8 )  
5.118 (-8) 
5.63 (-8) 
6.04 ( - 8 )  
6.441-8) 
6.62 (-8) 
7.73(-8) 

1. .9 2 (-5 ) 
1.23(-5) 
7.66 (-6) 
4.55 ( - 5 )  
2 .44 (-6) 
1 . 4 2 ( - - 6 )  
9.50(-3) 
6 .97( -7  j 
4.85(-7) 
3.16(-?) 
2. OS (-7) 
1.30 (-7) 
8 . 3 1  (-8) 
5.66 (-8) 

2.56(-8) 
2.07 (-8) 
2.14 (-8) 
Z.14(-8) 
2.33 (-8) 
2.48 (-8) 
2.59(-8) 
2.72 (-8) 
2.31  (-8) 

3.7&(--8) 

3.10(-8) 
3.20(-8) 
3./4(-8) 

*Group 1 = 12-15 MeV; Group 27 = 0 - 0 - 4  eV ( r e f e r  t o  Table 1 f o r  complete  
energy group structure ) .  
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Pig. 2 I P r o b a b i l i t i e s  That Source N ~ U ~ K ~ I I S  W i . l l  Produce G a m a  
Rays That Contr ibute  to the Exit  Dose. 



p r o b a b i l i t y  when i t  c o n s i s t s  of Hevimet followed by l i t h i u m  kydr ide .  In 

bo th  t h e s e  con€ i g u r a t i o n s ,  t h e  p r o b a b i l i t y  t h a t  t h e  neut ron  w i l l  cont rh-  

b u t e  t o  the e x i t  dose i n c r e a s e s  w i t h  i n c r e a s l n g  neut ron  energy f o r  

e n e r g i e s  greater than  1 MeV. Other  e n e r g i e s  i n  wbfck the p r o b a b i l i t i e s  

a r e  h i g h e s t  are  0 . 4  t o  3 eV and 0 . 3  t o  1 .5  keV. 

\Then l i t h i u m  hydr ide  precedes  tlte Wtvirnet, LIie p r o b a b i l i t y  thai- a 

sou rce  neut ron  w i l l  e o n t r i b u t e  t o  t h e  e x i t  secondary gama-ray  d o s e  is 

much lower,  a l l  neu t rons  having approximateJy equa l  p r o b a b i l i t y  except  

t hose  i n  t h e  energy r e g i o n  f r o m  1 M e V  t o  14 .9  MeV,  f o r  which thc prob- 

a b i l i t y  i s  g r e a t e r .  Add i t iona l  l i t h i u m  h y d r t d e  Eollowing t h e  H c v i m c t  

dec reases  t h e  p r o b a b i l i t y  i n  a l l  energy groups only  531 i g h t l y .  
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APPENDIX A. T U L E S  OF DOSE CONTRIBUTIONS 

This appendix p r e s e n t s  t h e  d e t a i l e d  r e s u l t s  of t h e  c a l c u l a t i o n s  i n  

t a b u l a r  form f o r  all fou r  c o n f i g u r a t i o n s .  Two tables are given for each 

coxnfiguratisn; the f i r s t  one pKeSendlS the c o n t r i b u t i o n s  to the gama-ray 

dose by neutron c a p t u r e  reacthons ( n , y )  and the second m e  the c o n t r i t u -  

Lions to che gamma-ray dose  by a91 neu t ron  r e a c t i o n s  (n,y + n,n',y), The 

reader is r e f e r r e d  to Table h for t h e  n e u t r o n  energy group s t r u c t u r e  and 

to Fig. 1 f o r  t h e  l o c a t i o n  of t h e  spacial i n t e r v a l s ,  

Note: I n  r ead ing  t h e  e n t r i e s  i n t e r p r e t  as follows: 4.822403-1.4 = 

4.82240 x 
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NEUTRCN CONTRIBUTION ro G A B B E  DOSE 
C O N F I G U R A T I O N  4 {ZIH-HEVIMET-LIHI ’ 

%IT. 
1 
I 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22. 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

GRP. 25 G R P .  26 
2.38790E- 11 2,46030P- 11 
1. 53670E- 11 1 4889 0E.r 1 1 
1.02270E- 11 9.55950E- 12  
5,95350E-32 5.646103- 12 
3.6917OE- 12 3.46000E- 12 

1.331 IOE- 12 1.278403- 12 
7.656503-13 9.193403-13 
4,89410E-13 4.7237012-13 
2.924303- 13 2.687503-13 
1.964903-13 1.891506- 13 
1.13140E-13 1.04910E-13 
1.930703-13 1.8139UE-13 
1.564603-11 1.02970E-11 
1.46390E-11 9.56990E-12 

1.49780E-11 9.517603-12 

1,6245013- 11 1.00440E- 11 
1.7304OB- 11 1.0563 OE- 1 1  
1,816703-11 1.13210E-11 
2.08090E-11 1.24220E-11 
2.372.303-11 1.40420E-11 
2.79980E- 11 1 . 6 4 8 0 0 ~  1 1  
3.44640E- I 1  2.024503- 11 
4.45690E-11 2.62410E-11 
6,10000E- 11 3.61630E-  11 
8.86620E-11 5.31130E-11 

2,526902-12 2.20530E-12 
1.158302- 12 1.069203- 12 

1,0479OE- 12 9,85220E- 13 
6.5067QB-13 6.185503-13 
4,50830B-13 3.757302-13 
2eQ9150E-13 2,37860E-13 
1.679702- 13 9.56850B-13 
1.126 1 CIE- 13 1 * 075002- 1 4  
8.239303-34 7.755703-  I 4  
6.20330E-14 5,85850X- 14 
4 , 8 8 ~ 0 0 E - ~ ~  4.58800E-14 
3,203 1 8 E -  1 Y  3 * 0 t 68 OE- 14 

2,16250&?2 2.O67QOE-72 

1 . 4 7 1 2 0 ~ - 1 1  9 . ~ 3 0 3 - 1 2  

i . w 8 8 o ~ - i i  ~ . ~ o s ~ o E - I ~  

I . ~ O ~ ~ O E - I C I  ~ 1 . 6 0 5 3 0 ~ - 1 1  

1,3a 1203- 12 I 299203- 12 

GBP. 27 
1.0434OE-10 

3.8429022-3 1 

1 . I 0 3 7 0 E - l l  
6.487502-12 
4.017902-12 

1 a 50990L-12 

6.16490E-13 
3.173002-13 
5.26430%-13 

1.27350E-1 7 
8 .9  12403-12 
6.59120E-12 
4.94250E-12 

3. f5040E-12 
2 6 86 90E-12 
2.45Y50E-12 
2.543202-32 
3. 330506-12 
4.764302-12 
3,547903-12 
1.80620E-I 1 
4.17170E-11 
l e I 2 6 3 0 E - l 0  
4.51400E7l2 
3.24960B-12 

2,99090E-12 

1 16~00E-l2 
7.54820E-I3 
4,9039OB-13 
3.457 10E-13 
2.34880E-13 
1.85470E-13 
3 4890OE-t3 
8.38360E-444 

4.88240E-I 1 

1 804302-1 1 

2,30400E-12 

8,3198OB-l3 

2.01750E-11 

3,90930E-12 

4 r  20660E-Y 2 

1e94900E-12 

(N,Y) R E A C T I O N S  



52 

F
 . za w 

3
 

m
 

w
 

ix 
H

 

c
l
*
*
 ........... 

m
 +B 

ilp
 
F

 
G-- 

0
3
 \D

 
3

 m
 N

 N
 i-- - 



N E U T R O N  C O N T R I B U T I O N  TO CAIIBA DOSE 
CQNFSGURRTION 4 lLI€I-HEVIMET-LIK) 

XNT. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2s 
27 
28 
29 
30 
31 
32 
33 
34 
3% 
36 
37 
38 
39 
40 
41 
42 

GRP, 9 
1*33600&*12 
5.799003- 13 
3.9lt70E- 13 
2.408QOE- 13 
1,588203- 13 
9.86470E-I4 
6.637702- 34 
4.458403- 14 
3-10 13012- 14 
2.14100E- 14 
1 e 51 360E- 14 

6.49680E- 13 

6.84650E- 12 
8.296 108- 12 

1.229803- 1 1  

1.8U580E- 11 
2.27440E- 11 

3.50370E- 11 
4.388002-11 
5.53820~- 1 1  
7.055 1 OE- 1 1  
9 10 12 OE- 1 1 
3.191902-18 

1.063303-14 

5 683 9 0 E 5  12 

1 O086OE- 1 I 

I SO4 10E-11 

2s 81 530B- 11 

1 60950E- 10 
3e59110E-14 
2.954103-12 
2.148602- 12 
1.60060E- 12 
l a  985fOE- 12 
Be91390E-93 
6 * 1 3  5408- 1 3  
5.138OOE- 33 
3 *  96320E- 1.3 
3.131603- 13 
2 o 54 990E- 13 
2,298803- 13 
2.2337OE- 13 

GRP. 10 
1.6 1450 E- 1 2  
7.68420E- 13 
4.22130E- 13 
2.513502- 13 
1 53 33 OE- 13 
1.03 140E- 13 
6.48530E- 14 
Y. 29390E- 14 
2.947003-14 

1 4031 OE- 14 
9.99990E- 15 
1.97220E-13 
11.40#20E- 12 
5 .337  10E- 12 
6.51650E- 12 
7.9830OE- 12 

1.208902- 11 
1.494801- 1 1  

2.314703-11 
2.90260E- 1 1  
3.663 108- 1 I 
4.658702-12 
5,980603- 1 1  
7. Y767OE- 1 1  
1.0 268 OE- 1 0 

9.525203- 1 2  
2.7568QE- 12 
1,93150E-12 
1,42170E- 12 
4.03350E- 12 
7,41550E-33 
5,13"428B- 43 
rq. 362BQE- 33 
3 s  3346 n E- 13 
2,613YQE- 13 
2,3124OE-33 
4*89%rSOE- '13 
1 e 8 129 OE- 4 3 

2,00550g- 14 

9,808501- 12 

1, a5580~- I I 

1 a 39950~- I a 

GRP. I t  
1.88120E-42 
8 83 96 OE- 13 
4*79?360E-t3 
2,82400E-13 
1,74530E-13 
1 l3260E-I3 
7 s  004603-14 
4,66210E-14 
3.09 t6OE-14 
2.123906-34 
1.4 47 6 OE- 1 4 
1 e 05 11 OE-14 

3.12060E-12 
3,844403-12 

4 865203- 13 

4.73 98 OE- 1 2 

7.24450E-12 
5.85290E-3 2 

B *  99 l4OE-12 
1,1195OE-1 1 
1.39950E-93 
1.75730E-11 
2.2184OE-1% 
2,8179OE-It 
1.60729E-13 
4.66000E-21 
6,09690E-11 
Be09530E-11 
1.1 O870E- 10 
1 * O4690E-11 
2 I) 93770E- 12 
2 * 5 2 % 0 0 & - 3 2  
1 a 424OQE-I 2 
1.GQ280E-72 
3.5533UE-13 
5.6908DE-13 
4, t 9960E-13 
3.2 54BUE-13 
2,4834QE-I3 
2.803%0E-13 
3 a 77026E- 13 ~~~~~~~~-~~ 

G R P .  12 
1.897503- 12 
9,14260E-13 
5,024903-33 
2.96770% 13 
1 * 83260E- 13 
? . 1 6 64 0 E- 1 3 
7.30420E- 14 
4.83 79 OE- 1 4 
3.18210E- 14 
2.17600E- 14 
1.476003- 14 
1,08720E-14 
1 e 9371303-13 
1 e954743E- 12 
2.436603- 12 
3.023403-12 
3.762203-12 
4,683303- 12 
5 84 4 5 0 E- 1 2 
7,316403- 12 
9,193903-12 
l e  16370E- 1 1  
4,47290E- 1 1  
1.88140E-11 
2.42240E- 1 1  
3.14840E-11 
4, 'l4700B- I I 
5.5468QE- I 1  
7.654BOE-11 
1,1792OE- 1 1  
3.22360E- 12 
2.1265015-12 
1.46470%- 42 
3.Q56lOE-i% 
3.535902- 1 3  
5,583705- 13 
4 * 1 c 9 7 0 2-7 a 3 
3,33150E- 1% 
2.3883 OE- 13 
3 e 9277 BE- 1.3 
9,69010E- 13 
3 /. 59 86 OE- 13 

GRP. 13 
1.55730E- 1 2  
7.95Y80E-13 
4,508403-73 
2.704103-13 
1.682303-13 
1.093102-13 
6,73720E-14 
4.4595OE-14 
2,92020E-34 
9.995603- 14 
1.35290E-14 
1.020903-14 
1.4t500E-73 
3.271703-12 
1.58940E-12 
1.9703OE-12 
2.43890E- 12 
3.02190E-12 
3.75230E-12 
4,672803- 12 
5.64270E-12 

9. i766OE-12 
1. l809OE-11 
1,51730E-I 1 
1,  9724OE-11 
2.60630E-11 
3,5144OE-11 
4,819403-11 
9,82990E- 12 
3.20 34OE- 12 
2.0Y89OE-12 
? *  39080E- 12 
3.630309-13 
6 ,  96390E- 13 
5. OOSSOE- 1s 
3,73970E-13 
9.77870E-1.3 
2. 154rlOB-53 
'1 .69853E-33 
1,50280E- 13 
4.119000%--53 

7.340402-12 

GWP. 14 
1.235803-12 
6.4 198012- 13 

2.22010E-I3 
1.41570B-13 
8,599 1QE- 14 
5,60530.E-14 
3.64 960 E- 1 4 
2,386503- 14 
1,6306OE-14 
1.1068OE-14 
8.781802-15 
8 s 9 11 00E-15 
1 .3 17 50E- 1 2 
3,67080E-12 
2.00500E-12 
2.5882OE-12 
3.20800E-iZ 
3.97700E-12 
4.937603-12 
6.l4570E-12 
7.676 90E- 1 2 
9.638303- 12 
1.21820E-11 
4 55310E- 1 1  
2.00600E-If 
2.63620E-11 
3.544503- 1 1  
4.9.54703-1 1 
1.32640E-12 
3 * 09470E- 1 2  
1 89850E- 12 
3.3912OE-12 
8.717QOE-%3 
5.750582-13 
4.06720E-13 
3.0 Y 1 SOB- t 3 
2,2150BE-13 
t * 7 f 2 3 0 E - 1 3  
9 13 380OE-3 3 
4 I B%abD%- 1 3  
2 * 082 30 E- 13 

3. t i 7 8 2 0 ~ -  I 3 

/ti, U, (N,N',yl  R 4 A C T I O N S  

GiiP. 16 
2.22360E-13 
1.2 1050E-13 
7.2 ?615E-? 4 

2 8 694OE- 14 
1.742IOE-1 r) 
1.1372OE-I 4 
7.370662-15 
4.7908OE-15 
3.2537QE-15 
2.24880E-15 
1.90670E-15 
3.952709-14 
3.47430E-12 
4,9283OE-12 
5,54870.E-12 
6.907!jOE-12 
% e 56 l5OE- 12 
1.057 90E-11 
1.30520E-14 
1.60920~-1 t 
?.984508-11 
2.45140B-14 

3.4848OS-1 1 
ri.7570Of-I 1 
6.062805-11 
7.884 1 O E - l  1 
1 = 0 603 OB- 1 0 
i i 3 18808-12 
7 .69870 l2 - l3  
4.U6lBOE-1.3  
2,81730E-13 
1,7446 DE- 1 3  
1,20040E-93 
3 %  196432-74 
5.9455OE-3 tl 
a .  28 980E-4 4 
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û
) 

d
 

tv 
T

 
cs 

@
 



5
5

 

W
 

m
 

0
 

R
 

k
 

W
 

P
i 

Z
 
0
 

V
 

n
 

I
 

X
 

1-4 
d

 
1 

r
 

c
 

I 
p
1 

0
 

m
 

N
 

d
 

0
 

.- 
r
 

I p? 
0
 

r- 
m

 
z . b N

 I 
w 
0
 

u
)
 

P
- 
al a. 

c
 

CY 

4 w 
0
 

0
 

d
 
0
 

m
 

N
 

r
 N

 
C

 

8 
w
 

0
 

h
 

O
I 

0
 

m
 * 

c
 

m
 II w 
0
 

0
 

cnr 
I- 

rr) 

?- F
 
. m
 I w 0 

m
 

t
 

N
 

m
 

F
 

m
 . r
 

c
 

I 
w 0 
ul 
IC

 

0
 

N
 

c
 . 

1 
w
 

0
 

m
 

i-
 

03 
m

 
0
4
 
. 

I 
w
 
0
 

r- c
 

0
,
 

W
 . m 

t
I

 
W

W
 

0
0

 
lo

-
 

w
*

 
m

a
 

W
O
 

F
f
 

.. I
'

 
W

 
0
 

m
 
a
 

N
 

h
 

c.4 

ir 
O

D
 

m
 . - ey 

0
 

i
n
 

I c4 
0
 

I- 
0
 

m
 

m
 

c
 

1 
M
 

0
 

u
)
 

f
 

u
)
 

cn 
c
 

8 
p1 
0
 

m
 
0
 

4
)
 
0
 

(Y
I I N

 
0
 

m
 N
 

r- 
m

 
N

 I w 
0
 

03 
m
 

in 
t- 

rJi 

i 
m

 
0
 

d
 

w
 
a
 
a
 

m
 

I 
prl 

al 
\o

 
yr 
f
 

a
 

d
 

I W
 
0
 

0
 
0
 

0
 
c
 

* 
c
 

I 
i3.I 
0
 

m
 

D w 
0
 





57 

APPEJWIX B. GRAPHS QF DOSE CONTRIBUTIONS 

This appendix p r e s e n t s  i n  g r a p h i c a l  form the. r e s u l t s  of t h e  calcula- 

t i o n s  f o r  a l l  energy i n t e r v a l s  and s e l e c t e d  spacial  i n t e r v a l s  In the 

Hevimet f o r  a l l  fou r  c o n f i g u r a t i o n s .  Two f i g u r e s  are g iven  f o r  each 

c o n f i g u r a t i o n ;  the f i r s t  one p r e s e n t s  t h e  c o n t r i b u t i o n s  t o  the ga 

r a y  dose by neut ron  capture r e a c t i o n s  (n ,y)  and t h e  second one the con- 

t r i b u t i o n s  to t h e  gama-ray  dose by a l l  neu t ron  reactlons (n ,y  + n , n ' y ) .  
The reader is r e f e r r e d  t o  Table  1 f o r  the energy group s t r u c t u r e .  
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Fig. B 1 .  Spacial and Energy Dependence of Neutron Capture Reactions 
Contributing to Exit Gamma-Ray Dose in Configuration 1. 
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NEUTRON ENERGY (eVl 

Fig. 82. Spacial and Energy Dependence of All Neutron Reactions 
(Captures Plus Ine las t ic  Scatterings) Contributing to Exit Ga 
Dose in Configuration 1. 
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F i g .  B 3 .  S p a c i a l  and Energy Dependence o f  Neutron Capture Reactions 
C o n t r i b u t i n g  t o  Ex i t  Gamma-Ray Dose i n  Configuration 2. 
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NEUTRON ENERGY i s V )  

Fig .  B 4 .  S p a c i a l  and Energy Dependence of All Neutron Reactions 
(Captures  Plus I n e l a s t i c  S c a t t e r i n g s )  Con t r ibu t ing  t o  Exit Gamma-Ray 
Dose i n  Conf igura t ion  2 .  
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Fig .  B 5 .  Spacial and Energy Dependence of Neutron Capture  Reactions 
Cont r ibu t ing  t o  Exit Gamma-Ray Dose i n  Conf igu ra t ion  3 .  



6 3  

CQ-’ 103 0 4  (05 $06 407 
NEUTRON ENERGY (eV) 

Fig. B6. S p a c i a l  and Energy Dependence of A 1 1  Neutron lCeactions 
(Captures  Plus Inelastic Scatterings) Cont r ibu t ing  t o  Exi t  Gamma-Ray 
Dose in Configuration 3.  
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Fig. B 8 .  S p a c i a l  and Energy Dependence of All Neutron Reactions 
(Captures Plus Inelastic Scatterings) Contributing to Exit Gama-Ray 
Dose in Configuration 4 .  
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