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ANALYSIS OF A BENCH-MARK CALCULATION OF TRITIUM BREEDING I N  A 

FUSION REACTOR BLANKET: THE UNITED STATES CONTRIBUTION 

D. S t e i n e r  

INTRODUCTION 

A fus ion  r e a c t o r  ope ra t ing  on t h e  deuter ium-tr i t ium fue l -cyc le  w i l l  

r e q u i r e  a t r i t ium-breeding  b l anke t .  Tr i t ium product ion i n  t h e  b lanket  

w i l l  be accomplished through i n t e r a c t i o n s  between t h e  fus ion  neutrons and 

6 t h e  i so topes  of l i t h ium,  t h a t  i s  v i a  t h e  ~ i ( n , a t )  and t h e  7 ~ i ( n , n 1 a t )  

r e a c t i o n s .  The t r i t i u m  breeding performance o f  conceptual  b lanket  models 

has been c a l c u l a t e d  by a number of  groups. However, s i n c e  t h e s e  

c a l c u l a t i o n s  have gene ra l ly  been based on d i f f e r e n t  c ros s  s e c t i o n  s e t s ,  

it has been d i f f i c u l t  t o  compare r e s u l t s  ob ta ined  by d i f f e r e n t  groups. 

A t  t h e  Neutronics Sess ion  of t h e  I n t e r n a t i o n a l  Working Sess ions  on Fusion 

Reactor Technology") ( h e l d  a t  Oak Ridge Nat iona l  Laboratory,  June 1971) 

it was agreed t o  undertake a bench-mark c a l c u l a t i o n  of t r i t i u m  breeding 

us ing  vers ion  3 of ENDF/B(~) (ENDFIB-3) a s  t h e  r e f e rence  f o r  c ros s  s e c t i o n  

da t a .  The purpose of t h i s  communication i s  t o  desc r ibe  t h e  bench-mark 

problem and t o  d iscuss  t h e  r e s u l t s  submit ted by t h e  United S t a t e s  

* 
p a r t i c i p a n t s .  

THE BENCH-MARK PROBLFM 

The conf igura t ion  of t h e  b lanket  model s p e c i f i e d  i n  t h e  bench-mark 

problem i s  shown i n  Fig. 1. The b lanket  geometry was taken  as one- 

dimensional c y l i n d r i c a l  geometry. The fusion-neutron source was i d e a l i z e d  

* 
D r .  Stephen Blow o f  t h e  Harwell Laboratory,  England, i s  ana lyz ing  t h e  

r e s u l t s  submit ted by t h e  Zuropean p a r t i c i p a n t s .  An a n a l y s i s  of t h e  
combined Zuropean and United S t a t e s  r e s u l t s  w i l l  be i s sued  subsequent ly.  



as an i s o t r o p i c  sou rce  o f  l b - ~ e ~  neutrons d i s t r i b u t e d  uni formal ly  i n  space 

throughout  t h e  "plasma" reg ion  of t h e  b lanket  model. The s p e c i f i e d  

n u c l i d e  number d e n s i t i e s  f o r  each m a t e r i a l  of t h e  b lanket  a r e  given i n  

Table 1. 

The ENDFIB-3 m a t e r i a l  i d e n t i f i c a t i o n  numbers f o r  t h e  nuc l ides  of  

i n t e r e s t  a r e  given i n  Table 2 .  It  was s p e c i f i e d  t h a t  t h e  nuc lea r  d a t a  

g iven  i n  ENDFIB-3 be processed  i n t o  a  broad-group energy s t r u c t u r e  con- 

s i s t i n g  of one-hundred groups wi th  t h e  t o p  ninety-nine groups i n  t h e  

CAM-11' " ) energy group-s t ruc ture  and one thermal  group. I n  p r e p a r i n g  

t h e s e  c r o s s  s e c t i o n s  t h e  e f f e c t  of resonance s e l f - s h i e l d i n g  would be 

neg lec t ed .  It w a s  agreed t h a t  e i t h e r  d i s c r e t e  o rd ina t e s  o r  Monte Carlo 

t r a n s p o r t  codes be used i n  t h e  c a l c u l a t i o n .  A P -S approximation w a s  
3 4 

recommended f o r  t h o s e  employing a  d i s c r e t e  o rd ina t e s  t r a n s p o r t  code. 

RFlSTTToTS OF CUCT&ATIBN 

The p a r t i c i p a n t s  i n  t h e  bench-mark c a l c u l a t i o n  a r e  l i s t e d  i n  Table 3. 

Table 4 s p e c i f i e s  (1) t h e  process ing  code used a t  each l a b o r a t o r y ,  ( 2 )  t h e  

f l u x  weight ing employed t o  o b t a i n  group-averaged c ros s  s e c t i o n s  i n  t h e  

d a t a  process ing  c a l c u l a t i o n  and ( 3 )  t h e  assumgtion mn.iie r e g ~ . r d i n g  t .hp 

t he rma l  group c ros s  s e c t i o n s .  

The bench-mark c a l c u l a t i o n s  a r e  summarized i n  Table 5 which g ives  t h e  

system breeding  i n  l i th ium-6 and li thium-7 normalized t o  one source neutron.  

I n  a l l  c a s e s , t h e  c a l c u l a t i o n s  were performed with a  vacuum boundary con- 

d i t i o n  at t h e  r ight-hand boundary. Note t h a t  higher-order  angular- 

quadra tu re  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 s  were performed i n  a d d i t i o n  t o  

t h e  S4 c a l c u l a t i o n s .  

Table 6 compares t h e  P -S c a l c u l a t i o n s  of breeding  by reg ion .  
3 4 

Tables  7 ,  8 ,  and 9 give  t h e  neutron balance and t h e  tritium breeding by 

r eg ion  f o r  each o f  t h e  P -S c a l c u l a t i o n s ;  t h e  BNL, LASL, and ORNL 
3  4 



c a l c u l a t i o n s ,  r e s p e c t i v e l y .  Table 1 0  compares t h e  LASL 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 s  (s4, S8, and s12) by region.  Tables. 11 and 12  compare by 

reg ion  t h e  ORNL d i s c r e t e  o rd ina t e s  c a l c u l a t i o n s  ( s 43 S 8 Y  S12, and S16) 

wi th  t h e  ORNL Monte Carlo c a l c u l a t i o n ;  Table 11 summarizes t h e  r e s u l t s  

7  f o r  t h e  ~ i ( n , n ' a t )  r e a c t i o n  and Table 1 2  summarizes t h e  r e s u l t s  f o r  t h e  

6 
~i ( n  ,at)  r e a c t i o n .  

DISCUSSION OF RESULTS 

The r e s u l t s  presented  i n  Tables  5 through 12  can be summarized as  

fol lows : 

1. The Di sc re t e  Ordinates  P -S Resu l t s .  The BNL.system va lue  
3 - 4  

f o r  breeding i n  l i thium-7 i s  Q 1% g r e a t e r  than  t h e  LASL system 

va lue ;  t h e  ORNL system va lue  f o r  breeding  i n  l i thium-7 i s  Q 2% 

g r e a t e r  than  t h e  LASL system va lue .  The d i f f e r e n c e s  observed 

among t h e  reg ion  va lues  f o r  breeding  i n  l i thium-7 do no t  e x h i b i t  

a  c o n s i s t e n t  t r e n d ,  t h a t  i s ,  t h e  BHL and ORNL reg ion  va lues  a r e  

no t  c o n s i s t e n t l y  h igher  than  the  LASL region  va lues .  The ORNL 

system va lue  f o r  breeding  i n  l i thium-6 i s  Q 5% higher  t han  both 

t h e  BNL and t h e  LASL system va lues .  The 'ORXL reg ion  va lues  f o r  

breeding i n  l i thium-6 a r e  c o n s i s t e n t l y  h igher  t han  both t h e  BNL 

and t h e  LASL region va lues .  

2. Higher Order D i sc re t e  Ordinates  Resul t s .  The agreement between 

t h e  LASL and t h e  ORNL r e s u l t s  f o r  breeding i n  l i thium-7 improves 

considerably a s  one moves from t h e  S  r e s u l t s  t o  t h e  S and S 4 3 12 

r e s u l t s .  The r e s u l t s  f o r  breeding i n  l i thium-6 a r e  r e l a t i v e l y  

i n s e n s i t i v e  t o  t h e  o rde r  of  'the a r ~ g u l a r  quadra ture .  The d i f -  

fe rences  between t h e  ORiUL S and S16 r e s u l t s  a r e  i n s i g n i f i c a n t .  
12  



3. The ORNL Disc re t e  Ordina tes  and Monte Carlo Ca lcu la t ions .  A l l  

t h e  ORNL c a l c u l a t i o n s  were performed wi th .  t h e  same s e t  of 

mult igroup c r o s s  s e c t i o n s .  Thus, t h e  ORNL d i s c r e t e  o rd ina t e s  

and Monte Carl'o r e s u l t s  can be compared on t h e  b a s i s  of i d e n t i c a l  

i npu t  c r o s s  s e c t i o n s .  Each of t h e  d i s c r e t e  o r d i n a t e s  system 

va lues  f o r  breeding  i n  l i thium-6 i s  i n  good agreement w i th  t h e  

Monte Car lo  system va lue .  The l a r g e s t  d i screpancy  among t h e  

reg ion  va lues  f o r  breeding  i n  l i thium-6 occurs  i n  t h e  S4 region-h 

va lue  which is  2, 3% h ighe r  than  the  Monte Carlo region-4 va lue.  

The SII system va lue  f o r  breeding  i n  l i thium-7 d i f f e r s  from t h e  

Monte Car lo  system va lue  by only  2, l%, however, t h e  S4 region-4 

valuc i3 Q 7% h ighe r  t h a n  t h e  Monte L'arlo reelon-k VRLI~I?. 

The S r e s u l t s  f o r  breeding i n  l i thium-7 a r e  i n  good agreement 8 

w i t h  t h e  Monte Car lo  r e s u l t s  i n  a l l  regions bu t  region-4 where 

t h e  S r e s u l t  i s  Q 4% higher  than  t h e  Monte Carlo r e s u l t .  The 8 

S12 
r e s u l t s  a r e  i n  good agreement wi th  t h e  Monte Carlo r e s u l t s .  

I n  order t o  i d e n t i f y  t h e  sources of  t he  d i sc repanc ie s  among t h e  

P -S r e s u l t s ,  t h e  i npu t  mult igroup c ros s  s e c t i o n s  and t h e  d e t a i l s  of 
3 4 

t h e  c a l c u l a t i o n s  were.analyzed.  These ana lyses  a r e  d i scussed  below. 

Multigroup Cross Sec t ion  S e t s  

An examination of  t h e  mult igroup c ros s  s e c t i o n  s e t s  revea led  d i f -  

f e r ences  i n  (1) t h e  e l a s t i c  s c a t t e r i n g  mat r ices  o f  a l l  t h e  n u c l i d e s ,  

( 2 )  t h e  resonance cap tu re  c r o s s  s e c t i o n s  of niobium, and ( 3 )  t h e  thermal  

group absorp t ion  c r o s s  s e c t i o n  of all t h e  nuc l ides .  

The na tu re  and magnitude of t h e  d i f f e r ences  observed i n  t h e  e l a s t i c  

s c a t t e r i n g  mat r ices  a r e  i l l u s t r a t e d  i n  t h e  f i r s t  t h r e e  columns of Table 1 3 .  

Th i s  t a b l e  compares t h e  l i thium-7 within-group s c a t t e r i n g  c ros s  s e c t i o n s  
t 

' ~ o t e  t h a t  only t h e  P-0 components, t h a t  i s ,  t h e  i s o t r o p i c  components of 
t h e  Legendre expansion of  t h e  s c a t t e r i n g  ma t r i ce s ,  a r e  be ing  compared. 



f o r  t h e  t o p  f i v e  energy groups and f o r  energy group 60 which i s  t y p i c a l  

of t h e  energy range i n  which neut ron  s c a t t e r i n g  wi th  l i thium-7 i s  i s o t r o p i c  

i n  t h e  center-of-mass system. The f i r s t  column of  Table 13 g ives  t h e  LASL 

values f o r  t h e  within-group s c a t t e r i n g  c ros s  s e c t i o n  ( i n  b a r n s )  while  

columns two and t h r e e  g ive  t h e  BNL and ORNL va lues  r e l a t i v e  t o  t h e  LASL 

va lues .  It  i s  noted t h a t ,  while  t h e  e l a s t i c  t r a n s f e r  elements e x h i b i t e d  

d i f f e r e n c e s  which ranged from % 1% t o  7%,  t h e  t o t a l  e l a s t i c  s c a t t e r i n g  

c ros s  s e c t i o n s  v a r i e d  by l e s s  t han  2, 0.05%. The na tu re  o f  t h e  d i f f e r e n c e s  

i l l u s t r a t e d  f o r  l i thium-7 i n  Table 1 3  was a l s o  observed i n  t h e  o t h e r  

n u c l i d e s ,  however, t h e  magnitude of t h e s e  d i f f e r e n c e s  w a s ~ s m a l l e s t  i n  t h e  

case  of t h e  niobium e l a s t i c  t r a n s f e r  mat r ices .  

As s p e c i f i e d  i n  Table 4, t h e  BNL and ORNL mult igroup c ros s  s e c t i o n s  

were based on a 1/E f l u x  weight ing while  t h e  LASL va lues  were based on a 

cons tan t  f l u x  weight ing.  To examine t h e  e f f e c t  of t h e  f l u x  weight ing 

assumption, t h e  ENDFIB d a t a  f o r  l i thium-7 was reprocessed a t  BNL and ORNL 

us ing  a  cons tan t  f l u x  weight ing.  These r e s u l t s  appear i n  columns f o u r  

and f i v e  of Table 1 3 ,  aga in ,  r e l a t i v e  t o  t h e  LASL va lues .  The fol lowing 

observa t ions  a r e  made on t h e  b a s i s  of  t h e  preceding r e s u l t s :  

1. The d i f f e rences  i n  t h e  e l a s t i c  s c a t t e r i n g  mat r ices  were a r e s u l t  

of d i f f e r ences  i n  t h e  f l u x  weight ing func t ion  i n  t h e  case  o f  t h e  

LASL and ORVL r e s u l t s .  Moreover, u s ing  t h e  same f l u x  weight ing 

f i ~ n c t i o n ,  ETOG at LASL and SUPERTOG a t  ORNL y i e l d  i d e n t i c a l  

r e s u l t s  f o r  t he  e l a s t i c  s c a t t e r i n g  rna.trices. 

2 .  The cu r ren t  vers ion  of ETOG a t  BNL appears t o  conta in  an e r r o r  

i n  t h e  c a l c u l a t i o n  of t h e  e l a s t i c  s c a t t e r i n g  ma t r i ce s .  This  

apparent  e r r o r  was observed i n  a l l  energy groups from 1 through 

59. 



The magnitude of t h e  d i f f e r e n c e s  observed i n  t h e  niobium resonance 

c a p t u r e  c r o s s  s e c t i o n s  i s  demonstrated i n  Table 1 4 .  This  tab le-compares  

t h e  BNL and.0RNL va lues  r e l a t i v e  t o  t h e  LASL va lues  f o r  energy groups 60 

through 70;  t h e  LASL va lues  ( i n  ba rns )  a r e  given i n  column one of t h e  

t a b l e .  It i s  noted  t h a t  Q 90% of t h e  p a r a s i t i c  absorp t ions  i n  t h e  system 

a r e  a s s o c i a t e d  w i t h  c a p t u r e  i n  niobium and t h a t  Q 40% of t h e  niobium . 

c a p t u r e  events  occur  i n  t h e  energy range def ined  by groups 60 through 70. 

From Table 1 4  it i s  seen  t h a t  t h e  ORNL niobium resonance capture  

c r o s s  s e c t i o n s  a r e  c o n s i s t e n t l y  lower than  both t h e  BNL and LASL va lues ;  

i n  some groups t h e  d iscrepancy  i s  as much a s  a f a c t o r  of t h r e e .  These 

d i s c r e p a n c i e s  were i d e n t i f i e d ' a s  a r i s i n g  from d i f f e r e n c e s  between t h e  ETOG 

(BNL and LASL v e r s i o n s )  and SUPERTOG (ORNL ve r s ion )  c a l c u l a t i o n s  o f  t h e  

r e s o l v e d  resonance c o n t r i b u t i o n  t o  t h e  niobium capture  'cross  s e c t i o n .  

Fu r the r  .examinations(lO'll) s u b s t a n t i a t e d .  t h e  SUPERTOG r e s u l t s ,  t h a t  i s ,  

t h e  lower values of t h e  niobium resonance capture  c ros s  s e c t i o n s .  I n  pas s ing ,  

it i s  no ted  (lo '11) t h a t  a more r ecen t  ve r s ion  o f  ETOG ( a t  ~ e s t i n g h o u s e )  

appears  t o  y i e l d  r e s u l t s  i n  c lo se  agreement with t h e  SUPERTOG r e s u l t s .  

The BNL and ORNL thermal  group absorp t ion  c ros s  s e c t i o n s  were approx- 

ima te ly  a f a c t o r  of two g r e a t e r  than  t h e  LASL va lues .  This  d i f f e r e n c e  

a r i s e s  from the  d i f f e r e n c e  i n  t h e  assumed Maxwellian temperature ( s e e  

112 Table  4); t h a t  i s ,  t h e  Maxwellian temperature c o r r e c t i o n ,  ( 1 1 7 0 ~ / 3 0 0 ~ )  , 

i s  approximately two. About 7% of t h e  system absorp t ions  ( i n c l u d i n g  t h e  

6 
~ i ( n , a t )  r e a c t i o n )  occur  i n  t h e  thermal  group and Q 96% of t h e s e  occur 

i n  r eg ions  8 and 1 0 ,  l i th ium-bear ing  r eg ions ;  2, 4% sf t h e  thermal  abcorp- 

t i o n s  occur  i n  t h e  g r a p h i t e ,  reg ion  9. There i s  e s s e n t i a l l y  no thermal  group 

Peakage from regions  8 and 1 0 ,  and, t h e r e f o r e ,  a l l  thermal  sources w i th in  

and i n t o  t h e s e  reg ions  appear a s  abso rp t ions .  The r e l a t i v e  thermal  



absorp t ions  i n  reg ion  8 (and i n  reg ion  1 0 )  depend on t h e  r e l a t i v e  

macroscopic absorp t ion  c ros s  s e c t i o n s  of t h e  nuc l ides  i n  t h e  reg ion .  The 

\ 

r e l a t i v e  macroscopic absorp t ion  c ros s  s e c t i o n s  o b t a i n  t h e  same va lue  

independent of  t h e  assumed Maxwellian temperature.  Therefore ,  t h e  

d i f f e r e n c e  i n  t h e  thermal  group cross  s e c t i o n s  has a very  smal l  e f f e c t  
* 

on t h e  t r i t i u m  breeding  c a l c u l a t i o n s .  I emphasize t h a t  t h i s  observa t ion  

i s  p e c u l i a r  t o  t h e  bench-mark b lanket  model. Tr i t ium breeding i n  o the r  

b lanket  models could be q u i t e  s e n s i t i v e  t o  t h e  choice o f  t h e  thermal  group 

absorp t ion  c ros s  s e c t i o n .  

Calcu la t  i o n a l  D e t a i l s  

An examination of  t h e  d e t a i l s  o f  t h e  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 s  

revea led  d i f f e r e n c e s  i n  (1) t h e  negat ive- f lux  c o r r e c t i o n  a lgor i thm,  ( 2 )  t h e  

number of i n t e r v a l s  taken i n  t h e  plasma reg ion  ( r e g i o n  l), ( 3 )  t h e  number 

of i n t e r v a l s  taken i n  t h e  vacuum region  ( r eg ion  2 ) ,  and (4) t h e  angular  

quadra ture  s e t s .  These d i f f e r e n c e s  a r e  summarized i n  Table 1 5  and 16  and 

a r e  d iscussed  below. 

I n  reg ions  wi th  coarse  mesh spac ing  t h e  d iscre te-ordina tes-d i f ference  

approximations can, l e a d  t o  nega t ive  values of t h e  angular  f l u x  under 

c e r t a i n  cond i t i ons .  This  d i f f i c u l t y  can be e l imina ted  by going t o  a f i n e r  

mesh spacing.  When negat ive  f luxes  a r e  genera ted ,  t h e  codes implement 

c o r r e c t i v e  measures des igna ted  "negat ive-f lux c o r r e c t i o n  a lgor i thms."  

D i f f e ren t  c o r r e c t i o n  algori thms can y i e l d  d i f f e r e n t  va lues  of t h e  "corrected" 

f l u x .  Thus, t h e  d i s c r e t e  o rd ina t e s  c a l c u l a t i o n s  might e x h i b i t  d i s c repanc ie s  

a r i s i n g  from d i f f e rences  i n  (1) t h e  mesh s i z e  i n  t h e  plasma and vacuum 

regions  and ( 2 )  t h e  negat ive-f lux co r rec t ion  algori thm. 

* 6 The e f f e c t  i s  es t imated  t o  be l e s s  than  0.2% i n  t h e  ~ i ( n , c c t )  r e a c t i o n  
and a r i s e s  from 'd i f fe rences  I n  thermal absorp t ions  i n  t h e  g r a p h i t e  reg ion .  



The presence o f  sources  w i t h i n  a reg ion  can prevent  nega t ive  f l u x  

g e n e r a t i o n  even when a coa r se  mesh spacing i s  used i n  t h a t  reg ion .  This  

s i t u a t i o n  ob ta ins  i n  t h e  plasma r eg ion ,  and t h e r e f o r e ,  t h e  d i f f e r e n c e s  

i n  t h e  number of i n t e r v a l s  t aken  i n  t h e  plasma reg ion  d i d  not  a f f e c t  t h e  

c a l c u l a t e d  r e s u l t s .  The vacuum region  does no t  con ta in  sou rces ,  and t h e  

mesh spac ing  i n  t h i s  r eg ion  d i d  a f f e c t  t h e  r e s u l t s .  To determine t h e  

magnitude of  t h i s  e f f e c t ,  t h e  ORNL S c a l c u l a t i o n  was repea ted  wi th  f i v e  4 

i n t e r v a l s  i n  t h e  vacuum r e g i o n , ( t h a t  i s ,  wi th  the ' same mesh spac ing  as t h e  
. . 

BNL c a l c u l a t i o n )  and wi th  t e n  i n t e r v a l s  i n  t h e  vacuum region .  These 

changes d i d  not  a l t e r  t h e  va lues  f o r  breeding i n  l i thium-6,  bu t  d i d  a l t e r  

t h e  va lues  f o r  b reed ing  i n  l i thium-7.  The r e s u l t s  a r e  summarized i n  

Tables  1 7  and 18. Table 17 compares t h e  o r i g i n a l  ORNL c a l c u l a t i o n ,  t h e  

a l t e r e d  ORNL c a l c u l a t i o n s  and t h e  BNL c a l c u l a t i o n .  Note t h a t  t h e  ORNL 

r e s u l t s  f o r  f i v e  i n t e r v a l s  and t e n  i n t e r v a l s  a r e  i d e n t i c a l .  , The e f f e c t  

of  i n c r e a s i n g  t h e  number of  i n t e r v a l s  i n  t h e  vacuum region  i s  n o t i c e a b l e  

b u t  sma l l  i n  magnitude; t h e  l a r g e s t  change, 1%, occurred in '  reg ion  4 .  

Mote t h a t  t h e  OKiVL r e s u l t s  move i n  t h e  d i r e c t i o n  o f  t h e  BNL r e s u l t s  wi th  

t h i s  change i n  mesh s i z e .  Table 18 compares t h e  top-energy-group f l u x e s ,  

t h a t  i s ,  energy-group-one f l u x e s ,  i n  t h e  f i r s t  f i v e  i n t e r v a l s  of t h e  

b l a n k e t ;  t h e  ORNL f l u x e s  f o r  t h e  one i n t e r v a l  and f i v e  i n t e r v a l  cases a r e  

g iven  r e l a t i v e  t o  t h e  BNL f l u x e s .  Thus , 'wi th  t h e  same mesh s i z e  i n  t h e  

vacuum r e g i o n  t h e  BNL and UHNL c a l c u l a t i o n s  yield ' top-energy-group f iuxes  

which a r e  e s s e n t i a l l y  t h e  same. This  r e s u l t  i s  c o n s i s t e n t  wi th  t h e  

obse rva t ion  t h a t  t h e  BNL and OWL values  f o r  t h e  top-energy-group e l a s t i c  

s c a t t e r i n g  t r a n s f e r  terms a r e  e s s e n t i a l l y  t h e  same ( s e e  Table 13 ) .  

On t h e  b a s i s  of  t h e  c a l c u l a t i o n a l  comparisons presented  i n  Tables 1 7  

and 18 and t h e  c r o s s  s e c t i o n  comparisons presented  i n  Tables  1 3  arid 1 4 ,  

t h e  fo l lowing  conclus ions  a r e  drawn regard ing  t h e  d i sc repanc ie s  between 

t h e  BNL and ORNL t r i t i u m  breeding c a l c u l a t i o n s :  



1. The d i sc repanc ie s  i n  t h e  l i thium-7 r e s u l t s  a r e  due t o  d i f f e r e n c e s  

i n  both  t h e  mesh s i z e  t aken  i n  t h e  vacuum region  and t h e  e l a s t i c  

s c a t t e r i n g  mat r ices .  

2. The d iscrepancies  i n  t h e  l i thium-6 r e s u l t s  a r e  due p r i m a r i l y  t o  

t h e  d i f f e r e n c e s  i n  t h e  niobium resonance capture  c ros s  s e c t i o n s .  

The LASL and ORNL 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 s  ( S  4, SgY and S12) 

d i f f e r e d  i n  both  t h e  angular  quadra ture  s e t s  and t h e  negat ive- f lux  . 

c o r r e c t i o n  algori thms.  I n  o rde r  t o  examine t h e  e f f e c t s  of t h e s e  d i f f e r e n c e s  

two a l t e r e d  S4 c a l c u l a t i o n s  were performed a t  ORJUL. I n  t h e  f i r s t  a l t e r e d  

c a l c u l a t i o n  t h e  LASL S angular  quadra ture  s e t  was s u b s t i t u t e d  f o r  t h e  : 4 
ORNL s e t .  I n  t h e  second a l t e r e d  c a l c u l a t i o n  t h e  LASL angular  quadra ture  

s e t  was used and a  nega t ive- f lux  c o r r e c t i o n  a lgor i thm which approaches 

t h e  LASL a lgor i thm was s u b s t i t u t e d  f o r  t h e  s t e p  func t ion  approximation. 

The r e s u l t s  f o r  breeding i n  l i thium-6 were not  no t i ceab ly  a f f e c t e d  by 

t h e s e  changes, however, t h e  l i thium-7 r e s u l t s  were a f f e c t e d .  Table 1 9  

summarizes t h e  l i thium-7 r e s u l t s  f o r  t h e  o r i g i n a l  ORNL c a l c u l a t i o n ,  t h e  

two a l t e r e d  ORNL c a l c u l a t i o n s ,  and t h e  LASL c a l c u l a t i o n .  Note t h a t  wi th  

t h e  LASL angular  quadrature s e t  and t h e  a l t e r e d  negat ive- f lux  c o r r e c t i o n  

a lgor i thm t h e  ORVL r e s u l t s  approach t h e  LASL r e s u l t s .  On t h e  b a s i s  of 

t h e  c a l c u l a t i o n a l  comparisons presented  i n  Table 1 9  and t h e  c ros s  s e c t i o n  

comparisons presented  i n  Tables 1 3  and 1 4  t h e  fo l lowing  conclusions a r e  

drawn regard ing  t h e  d i sc repanc ie s  between t h e  LASL and ORNL S t r i t i u m  4 

breeding r e s u l t s :  

1. The d i f f e r e n c e s  i n  t h e  l i thium-7 r e s u l t s  a r e  due p r i m a r i l y  t o  

d i f f e r e n c e s  i n  t h e  angular  quadra ture  s e t s  and i n  t h e  negat ive-  

f l u x  c o r r e c t i o n  algori thms.  The d i f f e r e n c e s  i n  t h e  e l a s t i c  

t r a n s f e r  mat r ices  appear t o  have a minor e f f e c t  on t h e  

lit11i.u-7 :r.esult;~. 



2 .  The d i sc repanc ie s  i n  t h e  l i thium-6 r e s u l t s  a r e  due p r i m a r i l y  

t o  t h e  d i f f e r e n c e s  i n  t h e  niobium resonance cap tu re  .c ross  

s e c t i o n s .  

It w a s  no ted  e a r l i e r  t h a t  t h e  LASL and ORNL d i s c r e t e  o r d i n a t e s  ca l -  

c u l a t i o n s  improved i n  agreement a s  t h e  o r d e r  of  t h e  ,angular  quadra ture  

i nc reased .  Although t h i s  t r e n d  w a s  not  analyzed i n  d e t a i l ,  it i s  

r ea sonab le  t o  assume t h a t  t h e  Improved agreement i s  due .to a decrease i n  

t h e  s e n s i t i v i t y  o f  t h e  c a l c u l a t i o n s  a s  one moves from S t o  h igher  o rde r  
11 

angu la r  quadra tu re ,  t h a t  i s ,  a s  t h e  o rde r  of t h e  angular  quadra ture  

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

i n  t h e  angular  quadra tu re  s e t s  and t h e  negative-Slux.correct1sn a lgor i thms.  

CONCLUDING REMARKS 

A bench-mark c a l c u l a t i o n  of t r i t i u m  breeding  i n  a fus ion  r e a c t o r  

'b lanket  model w a s  pert'oniied uSPiig EIVD.t"/B-3 as t h e  referellce fur crwss 
. . 

s e c t i o n  d a t a .  The ENDFIB-3 d a t a  w a s  processed i n t o  mult igroup s e t s  u s ing  

t h e  W O G  cdde ( a t  BNL and LASL) and t h e  SUPERTOG code ( a t  ORNL).  Calculs-  

t i o n s  were performed us ing  t h e  d i s c r e t e  o rd ina t e s  codes ANISN ( a t  BNL and 

ORNL) and DTF-IV ( a t  LASL) and t h e  Monte Carlo code MORSE ( a t  ORNL) . 
Analysis  of  t h e  c a l c u l a t i o n s  i d e n t i f i e d  d e f i c i e n c i e s  i n  t h e  process ing  

. . 

codes and d i f f e r e n c e s  i n  c a l c u l a t i o n a l  d e t a i l s  which r e s u l t e d  i n  d iscrepancies  

among t h e  c a l c u l a t e d  r e s u l t s .  Correct ion of t hese  d e f i c i e n c i e s  and a  more 

p r e c i s e  s p e c i f i c a t i o n  o f  c a l c u l a t i o n a l  d e t a i l s  w i l l  l e a d  t o  improved 

agreement i n  f u t u r e  fu s ion  bench-mark problems. The fo l lowing  observa t ions  

a r e  made r ega rd ing  f u t u r e  c a l c u l a t i o n s .  



1. For t h e  assumed b lanket  geometry, t h e  S4 approximation g ives  

a system t r i t i u m  breeding  va lue  which i s  wi th in  2, 0.5% of t h e  

Moa.te Carlo system va lue .  Thus, t h e  S4 approximation i s  

adequate f o r  survey c a l c u l a t i o n s  on system t r i t i u m  breeding .  

2 .  An S12 approximation i s  recommended i n  t hose  cases  where 

accu ra t e  s p a t i a l  information i s  des i r ed .  

3. More a t t e n t i o n  should be given t o  t h e  choice of  mesh spacing.  

The e f f e c t  of mesh spac ing  i n  t h e  vacuum region  was d iscussed  

i n  t h i s  paper .  However, a d d i t i o n a l  mesh spacing problems a r e  

most l i k e l y  p re sen t  i n  t h e  bench-mark model, f o r  example, t h e  

mesh spac ing  i n  t h e  l i t h i u m  regions  near  t h e  g r a p h i t e  may be t o o  

coarse.  

4 .  Future bench-mark c a l c u l a t i o n s  should involve  magnet s h i e l d  

mbdels as  w e l l  a s  breeding b lanket  models. 
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Table 1.  Nuclide  umber Densit ies f o r  the  Materials 

of the Bench-Mark Blanket Model 

Material Code 
Le t te r  Constituent Number Density 

Isot ropic  . f lux  source 
of neutrons 

B Vacuum 
..................................................................... 

C Niobium 0.05556 x 1 0 ~ ~ / c c  
..................................................................... 

Niobium 2 4 0.003334 x 10 /cc 

D Lithium-6 0.003234 x loZ4/cc 

Lithium-7 0.04038 x 1 0 ~ ~ / c c  
..................................................................... 

E Carbon 
24 0.0804 x 1 0  /cc 



Table 2. The ENDF/B-3 Mate r i a l  I d e n t i f i c a t i o n  Numbers 

f o r  t h e  Nuclides of I n t e r e s t  

Nuclide I d e n t i f i c a t i o n  Number 

Table 3. P a r t i c i p a n t s  i n  Bench-Mark Calcula t ion  

P a r t i c i p a n t  A f f i l i a t i o n  

A. L .  Aronson 

D .  S t c i n e r  

Brookhaven National  
,Laboratory ( BNL) 

Los Alamos S c i e n t i f i c  
Laboratory (LASL) 

Oak Ridge Nat iona l  
Laboratory ( oRNL) 

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

b.,- 
r'erf'ormed t h e  daLa process ing  c a l c u l a t i o n s .  



Table 4. Informasion on Processing Codes and Thermal Group Cross Sec t ions  

Laboratory Process ing  Code 

Flux Weighting 
Used t o  Obtain 
Group-Averaged 
Cross Sec t ions  

Assumption 
Regarding 
Thermal Group 
Cross Sec t ions  

BNL 

LASL 

ORNL 

Constant 

1 /E 

Maxwellian a t  P 

300 K -4 

Maxwe lli an. at 
1170 K 

Maxwellian a t  
300 K 



Table 5. Sumnary of Bench-Mark Calculations 

Laboratcry 
Method of 

Calculation 
a 

Code Used Breeding i n  7 ~ i a  Breeding i n  'Lia Tota l  Breeding 

Discrete 
Ordinates '3-'4 

LASL 
Disrre te  
Ordinates '3-'4 

DTF-IV 
8 

LASL 
Discrete 

P -S Ordinates 3 8 DTF-IV 

LASL 
Dis x e t e  P -S Ordjnates 3 12 

Discrete 
Ordinates '3-'4 ANISN 

ORNL 
Discrete 

P ?-s Ordinates - ANISN 0.522 

Discrete 
P,-sl2 Ordinates - ANISN 

Discrete 
Vrdinates ANISN 

Mon;e b 
ORNL MORSE? - 0 ..532 + 0.003 1.455 + 0.004 0.523 + 0.003 

Carlo 

a ~ a l c u l a t e d  on t.he bas i s  of one source neutron. 

b 
The Monte Carlo  calculation^ employed the  sane d t - g r o u p  cross sect ion s e t s  ES vere  used i n  the  Discrete 
Ordinates Calculations. 



f a b l e  6 .  Com~arison of P -S Disc re t e  Ordinates  Calcu la t ions  by Regiori 
3 4 

Reaion 
LASL BNL LASL 

10 0.0008 0.0011 0.0009 0.0578 0.0627 0.0634 

T o t a l s  0.5117 0.5072 0.5183 0.8829 0.9883 0.9334 



Table 7. Neutron 3alar1ce and T r i t i u m  Breeding Sunmary 

for  BNL P3-S4 Discreze Ordinates Calculation 

P a r a s i t i c  7 ; i (n ,s 'u t )  6 ~ i ( n , c c t ) ,  To ta l  Tri t ium System Neutron 
(n,2n) Region Absorptions Breeding Leakage 

Tota ls  0.2386 0.3161 0.5117 3.8829 1.3946. 0.0395 
. . . . . . . .  . . . . . . . 



Table 8. Neutron Balance and Tritiuin Breeding Summary 

f o r  t h e  LASL P -S Discre te  Ordinates  Calcu la t ion  
3 4 

P a r a s i t i c  
(n,2n3 7 ~ i ( n  , n 1 a t )  

6 
~ i ( n  ,at) T o t a l  T r i t i um System Neutron 

Region Absorptions Breeding Leakage 

T o t a l s  c .2415 0.2025 0.5072 . 0.8883 1.3955 0.0487 



Table 9. Neutron aalance and Tritium Breeding Summ.3.ry 

f o r  t k  ORNL P -S. Discrete Ordinates Ca lcu la t io l  
3 4 

m P z r ~ s i t i c  'Li(n ,at) To ta l  Tri t ium System Neutron 
( n  ,2n) ' ~ i ( n , n ' a t )  Region Abs.3rptions Breeding Leakage 

10 0.0001 o,.o016 0.01109 c .0634 0.0643 

~ o t  sls 0.2395 1) -2631 0 . 5 ~ 8 3  c .9334 1.4517 0.0433 



Table 10.  Comparison of LASL D i sc re t e  Ordinates  Ca lcu l a t i ons  by Begion 

Region 

Tct a l s  0.5072 0.5222 0.5289 0.8883 0.8912 0.8918 



Table 11. Cornparisor- of CRNL Discre te  Ordinates  .md Monte Carlo 

7 Calcu la t iozs  bq- Region : The L i  ( n ,n ' a t )  3eac t ion  

-- - 

' ~ i ( n , n ' a t )  

Region P - Sj 
3 p - S8 3 

P - S  
3 12 ' 3  - '16 

Monte Carlo 

3 

4 

5 

6 

7 

8 

9 

10 

T o t a l s  



Table 12 .  Comparison of ORNL Discre te  Ordinates  and Monte Carlo 

6 
Calcula t ions  by Region: The ~ i ( n , c u t )  Reaction 

Region P3 - '4 '3 - '8 P3 - '12 '3 - '16 Monte Carlo 

9 

10 0.0634 0.0639 0.0640 0.0640 0.0655 - + 0.0012 

T o t a l s  0.9334 0,9338 0.9324 0.9324 0.9317 - + 0.0028 



Table 13 .  The BNL anL OEJL Lithium-7 Within. Group S c a t t e r i n g  

Crxs Sec t ions  Re1a;ive t o  t h e  E L  Values 

Laboratory LAS L 
( * I  ( :m) 

( * * )  ( ~ons ;an t  

BNL 
( ETOG:~ 
( 1 1 ~ )  

ORNL 
( S U P ~ O G )  

( 11~)  

BNL 
(EGG) 

ORNL 
(SUPERTOG) 
( Constant)  . , . .  . 

Energy Group 
(13 ~ a r n s )  ( ~ e l a t i v e  ) a ( .Relat ive ) a ( ~ e l a t i v e ) ~  ( ~ e l i t i v e ) "  

Index 

* 
Process ing  code. 

* * 
Flux weigk-ting f o r  group a-rereging . 

a 
The r a t i o  of t h e  BXL o r  ORIL va lue  t o  t k e  L?SL va lue .  



Table 1 4 .  The BNL and ORNL Niobium Resonance Capture 

Cross Sec t ions  Rela t ive  t o  t h e  LASL Values 

Laboratory LASL . - ORNL 

a a 
Energy Group ( I n  Barns) ( R e l a t i v e )  ( ~ e l a t i v e )  

Index 

a 
The r a t i o  of t h e  BNL or  ORNL value  t o  t h e  U S L  value.  



Table 15 .  Summary of Dt f fe rences  i n  t h e  Di sc re t e  Ordinates  Calcu la t ions  

--. 

Negative-Flux Number of Number of' A.ngularR' 
Laboratory Correc t ion  I n t e r v a l s  I n t e r v a l s  Quadrature 

A 1 gnri t,hm i n  Plasma i n  Vacuum ' S e t s  

LASL 

SLep Fur~cLioll 
Approximation 

Flux Set  
t o  Zero 

S t e p  Function 
Approximation 

Ten 

One 

One 

Five 

One 

One 

Same a s  ORNL 

Di f f e ren t  
from ORNL 

a 
Table 16 compares t h e  S4 angular  quadra ture  s e t s .  



Table 16. Comparison of t h e  S4 Angular 

a 
Quadrature S e t s  

BNL and ORNL S e t  LASL S e t  

Cosine WeighL Cosiile Weight 

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



Table 17. The E f f e c t  of Differences i n  t h e  Number of I n t e r v a l s  

Taken i n  t h e  Vacuum Region: T r i t i um Breeding i n  Lithium-7 

ORNL - ORNL ORNL B a  
Oile 1n.l;crval Five In te l -va ls  Tell I n t e r v a l s  F ive  In t t . rva ls  

Region I n  Vacuum I n  Vacuum I n  Vacuum I n  Vacuum 



Table 18. The Ef fec t  of Differences i n ' t h e  Number of I n t e r v a l s  

Taken i n  the  Vacuum Region: The ORNL Top-Energy-Group 

Fluxes Relat ive t o  the  BNL Values 

ORNL 
One I n t e r v a l  

ORNL 
Five I n t e r v a l s  

I n  Vacuum I n  Vacuum 

Blanket 
I n t e r v a l  Index 

a a 
Relat ive Flux Rela t ive  Flux 

a The r a t i o  of the  ORNL value t o  t h e  BNL value.  



Table  19.  E f f e c t s  o f  Di f fe rences  i n  t h e  Angular Quadrature S e t s  

and 

t h e  Nega t ive -F lu  Correc t ion  Algorithrfis : 

S Resu l t s  f o r  Breeding i n  Lithium-7 4 

OFd\TE - ORNL ORNL . 

No Changes LASI., A.Q..S ." TaAST8 A.Q. S. 
a  

b 
LASL 

Region Al te red  N.F.C.A. 

-- .---- -- 

a 
Angular Quadrature Se t  ( A . Q . S . )  

b. 
~lega t ive -F lux  Correct ion Algorithm ( N .  F. C .  A. ) 




