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NEUTRONIC CALCULATION AND CROSS SECTION 

SENSITIVITY AIJALYSIS OF THE 

LIVERllORE MIRROR FUSIOIJ/FISSION 

IIYBRID REACTOR BLANKET 

a n d  

W i l l i a m  G. P r i c e ,  Jr. 

ABSTRACT 

The n e u t r o n i c  c a l c u l a t i o n  f o r  t h e  L i v e r m o r e  m i r r o r  

f u s i o n / f i s s i o n  h y b r i d  r e a c t o r  b l a n k e t  w a s  p e r f o r m e d  u s i n g  t h e  

PPPL c r o s s  s e c t i o n  l i b r a r y .  S i g n i f i c a n t  d i f f e r e n c e s  w e r e  f o u n d  

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

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

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

r e s p o n s e  is s e n s i t i v e  t o  t h e  cross s e c t i o n  o f  2 3 8 ~  i n  t h e  

neighborllood o f  14 MeV and 1 MeV. T h e  r e s p o n s e  is  a l so  

s e n s i t i v e  t o  t h e  c r o s s  s e c t i o n s  of l r o n  i n  t h e  v i c i n i t y  of 

14 MeV n e a r  t h e  f i r s t  w a l l .  N e u t r o n  t r a n s p o r t  i n  t h e  r e s o n a n c e  

r e g i o n  is  n o t  i m p o r t a n t  i n  t h i s  reactor mode l .  



I .  INTRODIJCTION 

. The f i r s t  p a r t  o f  t h i s  r e p o r t  d e s c r i b e s  a  compara t ive  

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

d e s i g n  o f  t h e  Livermore.  f u s i o n / f i s s i o n  h y b r i d  r e a c t o r  

b l a n k e t .  ( 1 , 2 )  
Neutron t r a n s p o r t  c a l c u l a t i o n s  were performed 

u s i n g  a. PPPL c r o s s  s e c t i o n  l i b r a r y  which was g e n e r a t e d  f r o n  

ENDFIR-,111. The r e s u l t s  w e r e  compared w i t h  t h o s e  r e p o r t e d  by 

LLL b a s e d  on t h e  Livermore  E v a l u a t e d  Nuc lea r  Data  L i b r a r y .  By 

making a .  compar ison w e  hope t o  d i s c o v e r  any t r e n d  o f  

d i s c r e p a n c y  between t h e  PPPL and LLL r e s u l t s .  Our 'st.udy shows 

t h a t  s i g n i f i c a n t  d i f f e r e n c e s  may a p p e a r .  For  * i n s t a n c e  t h e  

t r i t i u m  b r e e d i n g  r a t i o ,  a c c o r d i n g  t o  o u r  c a l c u l a t i o n ,  would b e  

l o w e r  by a s  much a s  35%. Ha igh t  and Lee ( 3 )  have shown t h a t  

c a l c u l e . t i o n s  u s i n g  ENDFIB-I11 wou1.d i n  g e n e r a l  g i v e  lower  

v a l u e s  f o r  a lmost  a l l  the d e s i g n  p a r a m e t e r s ,  i n c l u d i n g  t h e  

t r i t i u m  b r e e d i n g ,  p1utoni.ur-n p r o d u c t i o n  and energy  

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

1 l a r g e s t .  Our r e s u l t s  a r e  d i f f e r e n t  i n  t h a t ;  (1) t h e  

l a r g e s t  d i f f e r e n c e  found is ' f o r  t h e  t r i t i u m  b r e e d i n g  and ( 2 )  

t h e  c a . l c u l a t i o n  u s i n g  ENDFIR-,111 does  n o t  a lways  ~ ~ n d e r e s t i m a . . t e  

t h e  d e s i g n  p a r a m e t e r s .  For  example,  t h e  p lu ton ium p r o d u c t i o n  

i n  o u r  c a l c u l a t i o n  was h i g h e r  by -15% compared t o  t h e  Livermore 

c a l c u l a t i o n .  

Because o f  t h e  l a r g e  d i f f e r e n c e s  o b s e r v e d ,  w e  have 

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

s e c t i o n s  on t h e  r e s p o n s e  c a l c u l a t e d .  T h i s  c o n s t i t u t e s  t h e  

s e c o n d  p a r t  o f  t h i s  r e p o r t .  We t r y  t o  i d e n t i f y  t h o s e  post.i .ons 



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

s e c t i o n  h a s  t h e  g r e a t e s t  impact .  Using t h e  same b l a n k e t  model,  

w e  found t h e  t r i t i u m  b r e e d i n g  c a p a b i l i t y  o f  t h i s  r e a c t o r  t o  be 

most s e n s i t i v e  t o  t h e  
238 

U cross s e c t i o n .  I n  g e n e r a l ,  t h e  

t r i t i u m  b r e e d i n g  is v e r y .  s e n s i t i v e  t o  t h e  h i g h  energy  p o r t i o n  . 

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

I n  ' t he  . f o l l o w i n g  d i s c u s s i o n ,  w e  d e s c r i b e  t h e  model o f  

our c a l c i i F a t i o n  f i r s t  ( S e c t i o n  1 1 ) .  S e c t i o n  I11 p r e s e n t s  t h e  

c a l c u l a t  i o n a l  r e s u ' l t s  o f  some d e s i g n  p a r a m e t e r s .  S e c t i o n  I V  

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

is found i n  S e c t i o n  V. 

4 

11. MODEL FOR THE CALCULATIONS 

Fur  c a l c u l a t i o n a l  conven ience ,  most o f  t h e  g e o m e t r i c a l  

c o m p l e x i t i e s  w e r e  i g n o r e d .  The r e a c t o r  was mode l l ed  a s  

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

vacuum v e s s e l ,  t h e  f a s t  f i s s i o n  zone ,  t h e  t r i t i u m  b r e e d i n g  

b l a n k e t  and  t h e  c o i l  s h i e l d .  F u r t h e r ,  e a c h  s p h e r i c a l  s h e l l  was 

assumed t ~ ~ c o n t a i n  a homogeneous m i x t u r e  o f  materials. A s  a 

consequence o f  t h i s  s i m p l i f i c a t i o n ,  t h e  problem is s u i t a b l e  f o r  

one-dimensional  c a l c u l a t i o n .  , A s c h e m a t i c  d e s c r i p t i o n  o f  t h e  

problem is , i l l u s t r a t e d  i n  F i g u r e  1. The n u c l i d e  d e n s i t i e s  u s e d  

i n  t h e  c a l c u l a t i o n  a r e  g i v e n  i n  T a b l e  1. 

The D-T f u s i o n  n e u t r o n s  w e r e  assumed t o  be b o r n  

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

r e a c t o r  w i t h  an  energy  o f  14 MeV. Two d i f f e r e n t  p lasma r a d i i ,  



8 .75  mj a n d  2.40 m ,  w e r e  used  i n  p r e l i m i n a r y  c a l . c u l a t i o n s .  The 

d i f f e r e n c e s  i n  r e s u l t s  due  t o  t h e  ' d i f f e r e n c e  i n  plasma r e g i o n  

s i z e  were found t o  b e  r e l a t i v e l y  s m a l l  ( e . g . ,  2% i n  t h e  t r i t i u m  

b r e e d i n g ) .  F o r  i l l u s t r a t i v e  p u r p o s e ,  t h e  plasma r a d i u s ,  o f  

8 . 7 5  m is  used  i n  t h e  f o l l o w i n g  d i s c u s s i o n .  

I n  o r d e r  t o  r e d u c e  the '  f a c t o r s  which c o u l d  c o n t r i b u t e  t o  

d i s c r e p a n c i e s  i n  t h e  r e s u l t ,  w e  hoped t o  set  up t h e  model t h a t  

resemb,les a s  c l o s e l y  a s  p o s s i b l e  t h e  one used  i n  t h e  L i v e r n o r e  

ca3.c.ula.t ion. U n f o r t u n a t e l y ,  : no s i n g l e  JJi~rerlliore r e p o r t  c o l ~ l d  

be found  which gave a comple te  d e s c r i p t i o n  o f  t h e  d a t a  used  t o  

a r r i v e  a t  t h e i r  r e s u l t s .  Thaugh most o f  t h e  d a t a  g iven  i n  

T a b l e  1 were  t a k e n  d i r e c t l y  from s e v e r a l  Livermore 

r e p o r t s ,  ( 2 9 3 )  t h e  u n c e r t a i n t y  abou t  some d a t a  makes t h e  

compar i son  less t h a n  d e f i n i t e .  ( I n  p a r t i c u l a r ,  t h e  m a t e r i a l  

c o m p o s i t i o n  o f  t h e  c o i l  s h i e l d  was n o t  a v a i l a b l e ;  we'assumed i t  

w a s  s t a i n l e s s  s teel  w i t h  t h e  same compos i t ion  a s  t h e  vacuum 

111. TRANSPORT CALCULATION ANT) COI4PARISON OF RESULTS 

Roth d i s c r e t e  o r d i n a t e s  and t h e  Monte C a r l o  methods were 

u s e d  i n '  t h e  t r a n s p o r t  c a l c u l a t i o n s ;  t h e  computer  code employed 

b e i n g  A N I S N  ( 4 )  and  MORSE ( 5 )  r e s p e c t i v e l y .  Roth codes s o l v e  t h e  

Roltzmann e q u a t i o n  i n  a m u l t i g r o u p  f a s h i o n .  A t o t a l  o f  30 

g r o u p s  w e r e  used .  The group s t r u c t u r e  is  g i v e n  i n  Tab le  2. 

The same 30-group, P g  n e u t r o n  c r o s s  s e c t i o n  d a t a  set was used 

f o r  a l l  PPPL a n a l y s e s .  



A comparison o f  t h e  i n t e g r a t e d  n e u t r o n  f l u x e s  is shown 

i n  F i g u r e  2. The f l u x e s  a r e  p l o t t e d  a s  a  f u n c t i o n  o f  d i s t a n c e  

from t h e  f i r s t  w a l l .  The magni tudes  o f  t h e  f l u x e s  a t  t h e  f i r s t  
2  

w a l l  have  ,been normal ized  u s i n g  a w a l l  l o a d i n g  o f  1.15 lW/m . 
C l e a r l y ,  t h e  c h o i c e  o f  s t a i n l e s s  s teel  as t h e  c o i l  

s h i e l d  is 'not  j u s t i f i e d ;  s i n c e  t h e  f l u x  o f  o u r  c a l c u l a t i o n  i n  

t h i s  zone d e c r e a s e s  much more s l o w l y  t h a n  t h a t  o f  t h e  Livermore  

c a l c u l a t i o n .  The f l u x e s  i n  t h e  f i s s i o n  zone  and  i n  t h e  t r i t i u m  

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

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

A comparison o f  some d e s i g n  p a r a m e t e r s  ' i s  shown i n  

Tab le  3.  These i n c l u d e  t h e  tritium b r e e d i n g ,  p l u t o n i u m  
238 235u 

p r o d u c t i o n ,  ene rgy  m u l . t i p l i c a t i o n ,  U f i s s i o n  and 

f i s s i o n .  I n  g e n e r a l ,  t h e  r e s u 1 . t ~  o f  Monte C a r l o  c a l c u l a t i o n  

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

s m a l l  number o f  h i s t o r i e s  used .  Y e t  , s u r p r i s i n g l y  l a r g e  

d i f f e r e n c e s  a r e  obse rved  between t h e  Livermore ' r e s u l t s  and 

o u r s .  Compared t o  t h e  Livermore r e s u l t s ,  o u r  c a l c u l a t i o n  

u n d e r e s t i m a t e s  t h e  t r i t i u m  b r e e d i n g  by a s  much a s  30-40%, and 

o v e r e s t i m a t e s  t h e  p lu ton ium p r o d u c t i o n  by -15%. However, t h e  

d e v i a t i o n  i n  e n e r g y  m u l t i p l i c a t i o n  is o n l y  o f  t h e  o r d e r  o f  274. 

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

n o t  a l l  e x a c t l y  t h e  s a m e  as t h o s e  u s e d  i n  t h e  Livermore  

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

expec ted .  On t h e  o t h e r  hand,  it is u n l i k e l y  t h a t  d i f f e r e n c e s  

o f  t h e  size o b s e r v e d  are s i m p l y  due t o  t h e  d i f f e r e n c e s  i n  t h e  

i n p u t  s p e c i f i c a t i o n s .  Another  s o u r c e  of d i s c r e p a n c i e s  c o u l d  be 



t h e  d i f f e r e n c e  i n  t r a n s p o r t  codes  used .  The LLL r e s u l t s  were 

o b t a i n e d  w i t h  TART, a lhonte C a r l o  code ,  w h . i l e  most PPPL 

c a l c u l a t i o n s  are made w i t h  ANISN,  b a s e d  on d i s c r e t e  o r d i n a t e  

methods .  However, t h e  b a s i c  s i m p l i c i t y  o f  t h e  model and t h e  

agreement  o f  t h e  ANISN and MORSE r e s u l t s  s u g g e s t s  t h a t  t h i s  is 

n o t  why t h e  r e s u l t s  d i f f e r .  

IVe b e l i e v e  t h e  d i f f e r e n c e s  more l i k e l y  a r i s e  a s  a  r e s u l t  

o f  t h e ,  d i f f e r e n c e s  i n  t h e  b a s i c  n e u t r o n  i n t e ~ a c t i o n  d a t a  used.  

The Livermore  c a l c u l a t i o n  was b a s e d  on d a t a  i n  t h e  ENDL 

l i b r a r y .  We have  assumed t h a t  a p u b l i s h e d  175-group c r o s s  

s e c t i o n  s e t  d e r i v e d  from E N D L ' ~ )  a d e q u a t e l y  d e s c r i b e s  t h i s  

d a t a .  The PPPL d a t a  s e t ' w a s  o b t a i n e d  by c o l l a p s i n g  t h e  

100-group c r o s s  s e c t i o n  set  DLC-2F, u s i n g  a  h y b r i d  b l a n k e t  

s p e c t r u m  a s  t h e  w e i g h t i n g  , f u n c t i o n .  I n  t u r n ,  DLC-2F was 

d e r i v e d  from ENDF/III. S e l f - s h i e l d i n g  f a c t o r s  were a p p l i e d  f o r  

238u . " 

To i l l u s t r a t e  t h e  d i . f 7 f e r e n n e  I n  cross sections, F i g u r e  3 

shows p l o t s  of t h e  t o t a l  and a b s o r p t i o n  c r o s s  s e c t i o n  f o r  
238u 

I t  i s  s e e n  t h a t  i n  t h e  r e s o l v e d  resonance  r e g i o n  and i n  t h e  

14  MeTT v i c i n i t y  t h e  p r o b a b i l i t y  o f  a b s o r p t i o n  i n  t h e  PPPL set  

is  h i g h e r  t h a n  t h a t  i n  t h e  ENDL l i b r a r y .  T h i s  is p r o b a b l y  one 

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

f o r  Pu a n d  t h e  lower  b r e e d i n g  r a t i o  f o r  t r i t i u m  o b t a i n e d  i n  o u r  

c a l c u l a t i o n .  

,Ha igh t  and  Lee ( 3 )  have' made a  s t u d y  s i m i l a r  t o  t h i s  one.  

S i g n i f i c a n t  d i f f e r e n c e s  w e r e  o b s e r v e d  t h e r e  a l s o .  They 

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

i n  t h e ,  1 4  MeV neu t ron- induced  e m i s s i o n  s p e c t r a .  Our r e s u l t s  



d e v i a t e  from t h e i r s  i n  t h a t  c a l c u l a t i o n s  b a s e d  on ENDF/B-I11 do 

n o t  a lways  g i v e  a  lower  v a l u e ;  and t h a t  t h e  l a r g e s t  d i s c r e p a n c y  

is  i n  t r i t i u m  b r e e d i n g  r a t h e r  t h a n  e n e r g y  p r o d u c t i o n .  . . 

To .better u n d e r s t a n d  t h e  e f f e c t  of v a r i a t i o n s  of c r o s s  

s e c t i o n  on t h e  n e u t r o n  t r a n s p o r t ,  w e  p r e s e n t  some s e n s i t i v i t y  

a n a l y s i s  i n  t h e  n e x t  s e c t i o n .  

' I V .  CROSS SECTION SENSITIVITY STUDY 

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

s e c t i o n  s e n s i t i v i t y .  We f o l l o w  t h e  method deve loped  by Oblow 

e t  a l .  (7). The o n l y  q u a n t i t y  examined h e r e  is  t h e  s e n s i t i v i t y  

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

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

computed by t h e  ANISN code  u s i n g  P3-S8 d i s c r e t i z a t i o n .  These  

f l u x e s  w e r e  used  s u b s e q u e n t l y  as i n p u t  t o  t h e  code SWANLAKE (8) 

Lo I the s e l l s i L i v i  Ly p r o r i l e  ( A R / R ) /  ( A X  / Z  ) / A U .  Here R 
X 

is t h e  t o t a l  r e s p o n s e  of a g i v e n  k i n d ;  Cx is  t h e  c r o s s  s e c t i o n  

o f  t y p e  x,, which  may r e p r e s e n t  t h e  t o t a l ,  e l a s t i c ,  ( n , a )  o r  any 

o t h e r  p a r t i a l  c r o s s  s e c t i o n  d a t a  se t ;  AU is t h e  l e t h a r g y  w i d t h  

o f  t h e  energy  group.  The s e n s i t i v i t y  f u n c t i o n  computed by 

SWANLARE is  t h u s  t h e  p e r c e n t a g e  change i n  t o t a l  r e s p o n s e  due t o  

one  p e r c e n t  change i n  c r o s s  s e c t i o n  o f  t y p e  x f o r  a  g i v e n  

energy  group.  The t o t a l  r e s p o n s e ,  R ,  c o n s i d e r e d  h e r e  is j u s t  
b 

t h e  t r i t i u m  b r e e d i n g  r a t i o  which can  b e  computed by 



where C is ( n ,  a) c r o s s  s e c t i o n  f o r  ' ~ i  
&,i 

+g ii is forward group f l u x  

Vi is t h e  i n t e r v a l  volume 

g  is t h e  group index ,  g=1, ... G 

i is t h e  s p a t i a l  i n t e r v a l  index ,  i=l,. . . I  

A l t e r n a t i v e l y ,  R can be compj~ted by t h e  a d j o i n t  f l u x e s  

where S E ,  is t h e  sou rce  f o r  t h e  forward c a l c u l a t i o n  

* 
+gy 1 

is t h e  a d j o i n t  group f l u x .  

I n  t h i s  p a r t i c u l a r  case: 

s o  t h a t  

R i s  0.74253 o r  0.74445 a s  'computed by t h e  forward o r  a d j o i n t  

t h e o r y  r e s p e c t i v e l y .  



I V . l .  SENSITIVITY OF TRITIUM BREEDING TO THE 
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The. s e n s i t i v i t y  p r o f i l e s  o f  t r i t i u m  b r e e d i n g  t o  t h e  

t o t a l  c r o s s  s e c t i o n ,  ( n ,  Y) r e a c t i o n  c r o s s  s e c t i o n  and  ( n ,  f )  

c r o s s  s e c t i o n  are g i v e n  i n  F i g u r e s  4 ,  5 and  6. The s e n s i t i v i t y  

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

F i g u r e  7. IJote t h a t  i n  SWANLAKE t e r m i n o l o g y ,  s e n s i t i v i t y  t o  

t h e  " t o t a l f 1  c r o s s  s e c t i o n  r e a l l y  means s e n s i t i v i t y  t o  t h e  

s i n u l t a n e o u s  v a r i a t i o n  o f  a l l  c r o s s  s e c t i o n s  by t h e  same 

f a c t o r .  ( I n  t h e s e  p l o t s ,  t h e  s o l i d  l i n e s  r e p r e s e n t  t h e  

n e g a t i v e  v a l u e s ,  and  t h e  d o t t e d  l i n e s  r e p r e s e n t  t h e  p o s i t i v e  

v a l u e s .  ) 

Some major  p o i n t s  o f  i n t e r e s t  are d i s c u s s e d  below: 

( a )  The s e n s i t i v i t y  o f  tritium b r e e d i n g  t o  t h e  t o t a l  c r o s s  

s e c t i o n  o f  2 3 8 ~  is p o s i t i v e  a t  e n e r g i e s  >5 MeV; and is n e g a t i v e  

<5 - MeV, i n d i c a t i n g  t h a t  t h e  t r i t i u m  b r e e d i n g  is more s e n s i t i v e  

t o  t h e  f l c o l l i s i o n  g a i n "  a t  e n e r g i e s  g r e a t e r  t h a n  5 MeV and t o  

t h e  " c o l l i s i o n  l o s s f 1  below 5 MeV. The p o s i t i v e  s e n s i t i v i t y  a t  

h j g h  energy  r e g i o n  is main ly  due t o  t h e  s e n s i t i v i t y  t o  t h e  

f i s s i o n  cross s e c t i o n .  The n e g a t i v e  s e n s i t i v i t y  is p r i m a r i l y  

due t o  t h e  s e n s i t i v i t y  t o  t h e  ( n , y )  r e a c t i o n  c r o s s  sec t l ion .  

( b )  The t r i t i u m  b r e e d i n g  is v e r y  s e n s i t i v e  t o  t h e  t o t a l  c r o s s  

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

are 1) t h e  t o p  group (13.5 MeV E  < 14.92 MeV), 2 )  t h e  g roups  - - 



w i t h  100 keV - < I;: < 1 MeV. F o r  t h e  . b l a n k e t  model s t u d i e d ,  70% - 
,- - 

o f  t h e  p o s i t i v e  s e n s i t i v i t y  t o  t h e  2 3 8 ~  t o t a l  c r o s s  s e c t i o n  is 

due  t o  c r o s s  s e c t i o n  f o r  E  > 1 3  MeV, w h i l e  80% o f  t h e  n e g a t i v e  

s e n s i t i v i t y  is due t o  c r o s s  s e c t i o n s  f o r  e n e r g i e s  between 100 

keV a n d  1 MeV. T h i s  r e s u l t  is n o t  s u r p r i s i n g  i n  view o f  t h e  

s l o w i n g  down mechanisms o f  t h e  n e u t r o n s  c o n t r i b u t i n g  t o  t h e  

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

s l o w e d  down t o o  q u i c k l y  o r  too  s l o w l y .  T f  t h e y  w e r e  slowed 

down t o o  q u i c k l y  w i t h o u t  much s p a t i a l  t r a n s p o r t  t h e  chances  of  

b e i n g  a b s o r b e d  hy 2 3 8 ~  o r  o t h ' e r  s t r u c t u r a l  materials would b e  

l a r g e ,  r e s u l t i n g  i n  a  l o s s .  On t h e  o t h e r  hand,  i f  t h e y  were 

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

h i g h  e n e r g i e s  would l e a d  t h e  n e u t r o n s  t o  a  p remature  l eakage  

6 
o u t  o f  t h e  s y s t c m ;  s i n c e  t h e  L i ( n ,  a) r e a c t i o n  cross s e c t i o n  

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

be low 1.00 keV. Thus t h e  n e u t r o n s  c o n t r i b u t i n g  t o  t h e  t r i t i u m  
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b r e e d i n g  a r e  most . l i k e l y  t o  be  t h o s e  which c o l l i d e  w i t h  

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

c o l l i s i . o n s  most l i k e l y  r e s u l t  i n  t h e  f i s s i o n  e v e n t ,  t.he ( n , 3 n )  

r e a c t i o n  o r  t h e  ( n , n V )  . s c a t t e r i n g  t o  t h e  continuum. 

C o n s e q u e n t l y  t h e  n e u t r o n s  a r e  t r a n s f e r r e d  t o  t h e  1 MeV 

v i c i n i t y .  Many c o l l i s i o n s  w i l l  t h e n  t a k e  p l a c e .  The n e u t r o n s  

c r o s s  t h e  f i s s i o n  zone  boundary i n t o  t h e  t r i t i u m  b r e e d i n g  zone 

where  f u r t h e r  s l o w i n g  down t a k e s  p l a c e .  E v e n t u a l l y  n e u t r o n s  

are a b s o r b e d  by 6 ~ i .  I n  f a c t ,  t h e  a v e r a g e  energy  o f  t h e  

n e u t r o n  f l u x  a t  t h e  f i s s i o n - b r e e d i n g  b o r d e r l i n e  is -100 keV 

(see F i g u r e  8 ) .  I t  is q11i.te c.lea.r ,  o n  t h e  ha . s j s  of above 

d i s c u s s i o n  , t h a t  t h e  most s e n s i t i v e  r e g l o n  would be  i n  t h e  

1 4  MeV v i c i n i t y  and i n  t h e  1 MeV ne ighborhood.  



( c )  The s e n s i t i v i t y  t o  c r o s s  s e c t i o n s  v a r i a t i o n s  f o r  n e u t r o n s  

w i t h  energy  < 1 keV a c c o u n t s  f o r  less t h a n  1% o f  t h e  t o t a l .  

S i n c e  a r e l a t i v e l y  s m a l l  f r a c t i o n  o f  t h e  ne .u t rons  c o n t r i b u t i n g  

t o  t r i t i u m  b r e e d i n g  a r e  below 1 keV i n  t h e  f i s s i o n  zone t h e  

' ~ i ( n , a )  r e a c t i o n  is n o t  s e n s i t i v e  t o  t h e  c r o s s  s e c t i o n  i n  t h i s  

ene rgy  r e g i o n  a t  a l l .  The d e t a i l e d  r e p r e s e n t a t i o n  o f  

r e s o n a n c e s  and i n t e r f e r e n c e  minima t h u s  does  n o t  s e e m  t o  b e  o f  

any p a r t i c u l a r  impor tance .  The r e s u l t  j u s t i f i e s  -1;he u s e  o f  a 

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

c a l c u l a t i o n s .  

( d )  The s e n s i t i v i t y  p r o f i l e  o f  t r i t i u m  b r e e d i n g  t o  t h e  ( n , y )  

c r o s s  s e c t i o n  o f  2 3 8 ~  i n d i c a t e s  t h a t  t h e  most s e n s i t i v e  r e g i o n  

is between 20 keV and 1 MeV. ?'he s e n s i t i v i t y  i n -  t h i s  e n e r g y  

r e g i o n  a c c o u n t s  f o r  -90% o f  t h e  t o t a l  (0 .5125) .  I t  may b e  

n o t i c e d  t h a t  t h e  t r i t i u m  b r e e d i n g  is more s e n s i t i v e  t o  t h e  

(n,y) reac:tlon c r o s s  s e c t i o n  t h a n  t o  t h c  t o t a l  c r o s s  s e c t i o n  

below 20 keV due t o  t h e  i n c r e a s e d  c o n t r i b u t i o n  o f  ( n , y )  

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

However, t h e  s e n s i t i v i t y  below 20 keV is o n l y  a b o u t  2% o f  t h e  

t o t a l ,  o r  A R / R  = 0.01 (AC/Z)(,, y ) .  The v a r i a t i o n  i n  ( n , y )  

c r o s s  sect i o n  would r e s u l t  i n  t h e  v a r i a t i o n  o f  t r i t i u m .  b r e e d i n g  

o f  a t  most a f e w  p e r c e n t  i n  t h i s  r e s o n a n c e  r e g i o n .  

( e )  The s e n s i t i v i t y  p r o f i l e  o r  t r i t i u m  b r e e d i n g  t o  t h e  f i s s i o n  

c r o s s  s e c t i o n  o f  2 3 8 ~  i n d i c a t e s  t h a t  54% o f  t h e  s e n s i t i v i t y  is  

due t o  t h e  c r o s s  s e c t i o n  i n  t h e  t o p  g roup ,  and  36% is due t o  

t h e  c r o s s  s e c t i o n  i n  1.5 - 6  MeV r e g i o n .  The s e n s i t i v i t y  i n  



t h e  e n e r g y  r e g i o n  o f  2 - 3 MeV a l o n e  a c c o u n t s  f o r  -15% o f  t h e  

6 t o t a l .  The L i ( n ,  a) r e a c t i o n  is n o t  s e n s i t i v e  t o  t h e  f i s s i o n  

c r o s s  s e c t i o n  i n  t h e  e n e r g y ,  r e g i o n  6 - 10 MeV, even  though  t h e  

cross s e c t i o n  rises t o  a b o u t  1 b a r n .  T h i s  r e s u l t  is e x p e c t e d  

b e c a u s e  f i s s i o n  a n d  o t h e r  r e a c t i o n s  w i t h  s o u r c e - e n e r g y  n e u t r o n s  

p r e d o m i n a n t l y  t r a n s f e r  s e c o n d a r y  n e u t r o n s  be low t h e s e  e n e r g i e s .  

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

below 2 MeV. S i n c e  t h e  t r i t i u m  b r e e d i n g  is q u i t e  s e n s i t i v e  t o  

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

select  i o n  o f  g r o u p  b o u n d a r i e s  a n d  t h e  a d e q u a t e  r e p r e s e n t a t  i o n  

o f  t h e  c r o s s  s e c t i o n  n e a r  t h e  "peak" a.nd "c l i . f f t '  a .ppear  t o  be 

q u i t e  i m p o r t a n t .  

( f )  The s h a p e  o f  t h e  s e m i t i v i t y  p r o f i l e  o f  t h e  L , j . ( n ,  a)  

r e a c t i o n  t o  t h e  d i s t r i b u t i o n  o f  f i s s i o n  x is s imi la r  t o  t h a t  o f  

t h e  X - d i s t r i b u t i o n  i t s e l f ,  e x c e p t  t h e  s e n s i t i v i t y  p r o f i l e  d r o p s  

more r a p i d l y  t h a n  t h e  X - d i s t r i b u t i o n  be low 2 MeV. Aga in ,  t h e  

~rlost s e n s i t i v e  r e g i o n  is i n  t h e  2 - 6 MeV r e g i o n .  

( g )  The above  d i s c u s s i o n s  r e p e a t e d l y  emphas i ze  t h e  i m p o r t a n c e  

o f  t h e  1 - 6 MeV r e g i o n .  IIowever , n e u t r o n s  c a n  reac.h t h i s  

r e g i o n  . o n l y  v i a  n o n e l a s t i c . s c a t t e r i n g  t o  the  con t inuum o r  by 

f i s s i o n . ,  t h e  r e s u l t s  t h u s  s u g g e s t  t h e  i m p o r t a n c e  of a c o r r e c t  

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



IV.2. SENSI'TIVITY OF TRITIUM BREEDING TO TIIE 

CROSS SECTION OF OTIIER BLANKET MATERIALS 

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

s e c t i o n  o f  Fe, C, and 0 w e r e  a l s o  examined. ,The t o t a l  

s e n s i t i v i t i e s ,  i . e . ,  t h e  s e n s i t i v i t i e s  summed o v e r  a l l  s p a t i a l  

zones  and  energy  g r o u p s ,  a r e  shown i n  T a b l e  4. I t  is clear 

from t h i s  t a b l e  t h a t  among o t h e r  b l a n k e t  m a t e r i a l s  t h e  t r i t i u m  

b r e e d i n g  is most s e n s i t i v e  t o  t h e  c r o s s  s e c t i o n  o f  i r o n .  A 

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

t o t a l  c r o s s  s e c t i o n  o f  i r o n  is g i v e n  i n  F i g u r e  9. We n o t i c e  

t h a t  t h e r e  is  a  s t r o n g  peak a t  t h e  energy  o f  t h e  t o p  group. 

The s e n s i t i v i t y  i n  t h i s  group a c c o u n t s  f o r  -50% o f  t h e  t o t a l .  

A s t u d y  o f  t h e  s p a t : i a l  dependence o f  t h e  s e n s i t i v i t y  f u n c t i o n  

f u r t h e r  r e v e a l s  t h a t  a b o u t  50% o f  t h e  s e n s i t i v i t y  i n  t h e  t o p  

group is c o n t r i b u t e d  by t h e  s e n s i t i v i t y  i n  t h e  r e g i o n  o f  t h e  

v e r y  t h i n  f i r s t  w a l l .  I n  t h e  1 4  MeV v i c i n i t y  t h e  n o n e l a s t i c  

c o l l i s i o n  . p r o b a b i l i t y  is  v e r y  h i g h ;  t h e  ( n , 2 n )  r e a c t i o n  a l o n e  

a c c o u n t s  f o r  about  113  o f  t h e  t o t a l  c o l l i s i o n  p r o b a b i l i t y  f o r  

e a c h  i n t e r a c t i o n .  I t  h a s  been r e p o r t e d  t h a t  t r a n s p o r t  

c a l c u l a t i o n s  f o r  1 4  MeV n e u t r o n s  i n  i r o n  u s i n g  ENDFIB-I11 d a t a  

g r o s s l y  u n d e r e s t i m a t e  t h e  f l u x e s  i n  t h e  s e v e r a l  MeV r e g i o n  due 

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

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

EIJDFIR-I11 d a t a  f o r  t h e  r e a c t o r  model s t u d i e d  h e r e  would b e  

e x p e c t e d  t o  p r e d i c t  less 238 
U ( n , f )  e v e n t s .  The d i s c r e p a n c i e s  

o b s e r v e d  i n  S e c t i o n  I11 might  b e  p a r t l y  a t t r i b u t a b l e  t o  



e ,  

d i s c r e p a n c i e s  i n  t h e  i r o n  cross s e c t i o n  n e a r  1 4  MeV. However, 
6 

. t h e  L 9 ( n ,  a )  . s e n s i t i v i t y  i s  p r o b a b l y  m i t i g a t e d  by u ran ium 

f i s s i o n ,  a n d  t h e r e  is  good ag reemen t  be tween  LLL a n d  PPPL on 

t h e  t o t a l  amount o f  f i s s i o n .  

A n o t h e r  s t r i k i n g  f e a t u r e  o f  F i g u r e  9 i s  t h e  r e l a t i v e l y  

large n e g a t i v e  s e n s i t i v i t y  i n  t h e  e n e r g y  g roup  o f  

0 . 5  - 1 . 2 5  keV. A more d e t a i l e d  e x a m i n a t i o n  o f  t h e  s p a t i a l  

d e p e n d e n c e  o f  t h e  s e n s i t i v i t y  f u n c t  i.on shows t h a t  almost t h e  

e n t i r e  s e n s i t i v i t y  i n  t h i s  e n e r g y  b i n  is c o n t r i b u t e d  by t h e  

s e n s i t i v i t y  i n  t h e  t r i t i u m  b r e e d i n g  r e g i o n .  T h i s  is o f  c o u r s c  

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

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

z o n e ,  y e t  t h e  cross s e c t i o n  o f  i r o n  e x h i b i t s  a v e r y  s t r o n g  

a b s o r p t i o n  r e s o n a n c e  a t  1 keV. I n  t h e  e n e r g y  r e g i o n  o f  

20  keV - 5 0 0  lceV, where  t h e  cross s e c t i o n  o f  i r o n  e x h i b i t s  more 

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

-40% o f  t h e  t o t a l ;  a n d  t h e  m a j o r i t y  o f  t h i s  is c o n t r i b u t e d  bv 

t h e  s e ~ i s i t i v i t y  i n  t h e  f a s t  f i s s i o n  zone .  The a b s o l u t e  

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

h o w e v e r ,  is  small. 

The vacuum v e s s e l  i s  a c t u a l l y  made of s t a i n l e s s  s tee l ,  

w h i c h  c o n s i s t s  o f  F e ,  N i  a n d  Cr .  The t o t a l  s e n s i t i v i t y  o f  

t r i t i u m  b r e e d i n g  t o  t h e  t o t a l  cross s e c t i o n  o f  N i  a n d  Co may 

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

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

d e n s i t y  (29% a n d  12% r e s p e c t i v e l y ) .  

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

s e c t i o n s  o f  C ,  a n d  0 are c o n s i d e r a b l y  s m a l l e r ,  a n d  w i l l  n o t  b e  
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d i s c u s s e d  h e r e .  O t h e r  m a t e r i a l s ,  such  as A l ,  140, and  u ,  

have r e l a t i v e l y  s m a l l  c o n c e n t r a t i o n s .  The s e n s i t i v i t y  o f  

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

a l s o  b e  s m a l l .  

1 n  t h e  c o u r s e  o f  s t u d y i n g  t h e  n e u t r o n i c  pe r fo rmance  of 

t h e  Livermore c o n c e p t u a l  h y b r i d  r e a c t o r  b l a n k e t ,  w e  found  l a r g e  

- d i f f e r e n c e s  i n  t h e  t r i t i u m  b r e e d i n g  and p lu ton ium p r o d u c t i o n  i n  

comparing PPPL r e s u l t s  t o  t h o s e  r e p o r t e d  by Livermore.  

According t o  o u r  c a l c u l a t i o n ,  t h e  t r i t i u m  b r e e d i n g  would be 

30 - 40% lower ,  w h i l e  t h e  p lu ton ium p r o d u c t i o n  would be -15% 

h i g h e r .  The most p r c b a b l e  s o u r c e  o f  t h e s e  d i s c r e p a n c i e s  is t h e  

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

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

i n  t h i s  r e a c t o r  b l a n k e t  is s e n s i t i v e  t o  t h e  c r o s s  s e c t i o n  . 

v a r i a t i o n  f o r  2 3 8 ~  i n  t h e  1 4  MeV v i c i n i t y  and  i n  t h e  100 keV t o  

2  MeV r e g i o n .  The t r i t i u m  b r e e d i n g  is  a l s o  s e n s i t i v e  t o  t h e  

c r o s s  s e c t i o n  o f  i r o n  i n  t h e  14  MeV neighborhood i n  t h e  r e g i o n  

n e a r  t h e  f i r s t  w a l l .  The r e s o n a n c e  r e g i o n  which p l a y s  a v e r y  

prominant  r o l e  i n  t h e  n e u t r o n  t r a n s p o r t  i n  a f i s s i o n  r e a c t o r ,  

does  n o t  s e e m  t o  be o f  any p a r t i c u l a r  i n p o r t a n c e  h e r e .  W e  must 

p o i n t  o u t ,  however, t h a t  t h e  s e n s i t i v i t y  s t u d y  is s t r i c t l y . :  

problem dependent .  The r e s u l t s  p r e s e n t e d  h e r e  may n o t  be 

a p p l i c a b l e  t o  s i t u a t i o n s  where o t h e r  r e s p o n s e  f u n c t i o n s  are of 

i n t e r e s t .  



T h i s  work w a s  s u p p o r t e d  by t h e  Energy Research  and 

Development A d m i n i s t r a t i o n  under  c o n t r a c t  EY-76-C-02-3073. 
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Zone No. 

2 

Table 1. Atomic Density in the 
Blanket Model (atom/barn-cm) 

Nuclide Density (cm-barn)-' 
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Table  2 .  Energy Group S t r u c t u r e  

Groux, No. Upper Energy (MeV) 

1.4918 +1 

1.3499 +1 

1.2214 +1 

1.1052 +1 

1.0000 +1 : 

9.0484 +1 

7.4082 +O 

6.0653 +O 

4.0657 +O , 

2.7253 +O 

1.8268 +6 

1.4957 +O 

1.2246 +O 

8.2085 -1 

4.9787 -1 

3.0197 -1 

1.1109 -1 

2.4788 -2 

5.5308 -3 

1.2341 -3 

4.5400 -4 

1.6702 -4 

6.1447 -5 

2.2603 -5 

8.3153 -6 

3.0590 -6 



T a b l e  3 .  Comparison o f  R e a c t i o n  R a t e  
f o r  t h e  B l a n k e t  Model 

N o t e :  1. ANTSN P3S8 c a l c u l a t i o n  

2 .  MORSE 200 h i s t o r i e s  

3. M = (200 MeV x t o t a l  f i s s i o n  e v e n t s  + 1 4  MeV)/14 MeV 

4 .  n .  a .  : n o t  a v a i l a b l e  

5. from rererenee 2  



Table 4. Sensitivity of Tritium Breeding to the 
Total Cross Sections for Various Materials 

Material 
+ 

Integral Sensitivity 

- 0,97293 

Integral Sensitivity = I (9) dE dr 
Xil S ACx Cx E , 1. 
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Figure 1. Geometric Model of the Livermore Reactor 
4 

Blanket. 

Coil I 

Shield 20 cm 
I 

4 100% v/o S.S. 

I 8.6% v/o S.S. 
Tritium 10% V/O 6 ~ i ~ 1 0 2  
Breeding 74.5 cm + 44% v/o C 
Zone 37.4% v/o Void 

Plasma T 

8.6% v/o S.S. 
Fission 25 cm * 54'1, v/o U-Mo 
Zone 37.4% v/o Voids 
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Figure 2. C o m p a r i s o n  of I n t e g r a t e d  N e u t r o n  F l u x e s .  
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ENERGY (MeV) 
774635 

F i g u r e  4 .  S e n s i t z v - i t y  of  .Tr i t ' ium Breed ing  . t o  t k e  T o t a l  

Cross  S e c t i o n  of 23Su 



ENERGY (MeV) 

F i g u r e  5. S e n s i t i v i t y  of  T r i t i u m  Breed ing  t o  t h e  (n,y) 

Cross S e c t i o n  of  23BU 



EPJERGY (Me'i) 
774638 

F i g u r e  6. S e n s i t i v i t y  of T r i t i u m  B r e e d i n g  t o  t h e  F i s s i o n  

238u C r o s s  S e c t i o n  of 



ENERGY (MeV) 

F i g u r e ,  7. S e n s i t i v i t y  o f  T r i t i u m  B r e e d i n g  t o  2 3 8 ~  F i s s i o n  

:< d i s t r i b u t i o n .  



EUERGY (MeV) 

F i g u r e  8. F l u x  S p e c t r u m  a t  t h e  I n t e r f a c e  be tween  F a s t  

F i s s i o n  Zone and  T r i t i u m  B r e e d i n g  Zone. 



ENERGY (MeV) 

F i g u r e  9. s e n s ' i t i v i t y  o f  T r i t i u m  B r e e d i n g  t o  t h e  T o t a l  

C r o s s  S e c t i o n  of I r o n .  




