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The discrete ordinates codes ANISN and mT have 

been used to  calculate g m a  fluxes i n  the la t t i ce  

o f  a CANDU reactor. The libraries of cross sec- 

t ions used and details of the calculations are de- 

scribed. 

The gamma fluxes are used t o  calculate where 

gannna energy i s  deposited i n  the lat t ice ,  photo- 

neutron eources i n  the shutdown reactor and the 

gannna response of the pZatinm self-pawered de- 

tectors .  Comparisons with measured values show 

reasonable agreement. 

INTRODUCTION 

I n  t h e  r e a c t o r  t h e  main  s o u r c e s  o f  gamma 

r a d i a t i o n  a r e :  

1 )  t h e  prompt gammas released i n  f i s s i o n  

2 )  t h e  decay gammas r e l e a s e d  by t h e  f i s s i o n  

produc ts  

a n d  3 )  t h e  prompt gammas r e l e a s e d  i n  n e u t r o n  

cap ture .  

These gamma sources r e p r e s e n t  a b o u t  10% of  t h e  

n u c l e a r  energy re leased  i n  t h e  opera t ing  c o r e .  A t  

shutdown t h e  decay gammas f r a n  t h e  f i s s i o n  products  

a r e  t h e  main s o u r c e  of gamma r a d i a t i o n  a n d  t h e y  

t h e n  r e p r e s e n t  a b o u t  50% of t h e  n u c l e a r  e n e r g y  

r e l e a s e d .  

The gamma f l u x e s  a l s o  c o n t r i b u t e  t o  t h e  s i g n a l  

f  ran  t h e  plat inum self-powered f l u x  d e t e c t o r s  u s e d  

t o  monitor t h e  power of t h e  c o r e .  Changes i n  t h e  

gamma f l u x e s  due t o  changes i n  t h e  gamma s o u r c e s ,  

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

t h e  s i g n a l s  f rom t h e  d e t e c t o r s .  To r e l a t e  t h e  

changes i n  d e t e c t o r  s i g n a l  t o  changes  i n  r e a c t o r  

power we need t o  c a l c u l a t e  t h e  changes  i n  gamma 

f l u x e s  a t  t h e  de tec tors .  

CALCULATIONS 

a )  Gamma Fluxes i n  L a t t i c e  Components 

of  a n  Operat ing Core 

Our s t u d y  of  gamma f l u x e s  i n  t h e  l a t t i c e  

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

one-dimensional d i s c r e t e  o rd ina tes  code ANISN ( 1 ) .  

I n  t h i s  s tudy t h e  28.6 cm square l a t t i c e  o f  t h e  

37-element CANDU c o r e  was r e p r e s e n t e d  by t w e l v e  

regions i n  c y l i n d r i c a l  geanetry a s  shown i n  F i g u r e  

1. In t h i s  model t h e  t h i r t y - s e v e n  e l e m e n t s  w e r e  

r e p r e s e n t e d  by a  c e n t r a l  f u e l  e l e m e n t  a n d  t h r e e  

f u e l  a n n u l i  whose a r e a s  e q u a l l e d  t h e  c r o s s  

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

i n t e r m e d i a t e  and  o u t e r  r i n g s  of t h e  3 7 - e l e m e n t  

b u n d l e .  The f u e l  e l e m e n t  v o i d ,  t h e  Z i r c a l o y  

c l a d d i n g  a n d  t h e  h e a v y  w a t e r  c o o l a n t  w e r e  

hanogenized i n  f o u r  " c o o l a n t  + c l a d d i n g "  a n n u l i .  

A t  t h e  o u t s i d e  of t h e  moderator reg ion  a  r e f l e c t i n g  

boundary  c o n d i t i o n  was u s e d  t o  s i m u l a t e  t h e  

r e p e a t i n g  l a t t i c e  of t h e  reac tor .  

I n  bo th  cases  we need t o  know where t h e  gamma The ANISN c a l c u l a t i o n  was r u n  i n  t h e  f i x e d  

energy appears  a s  heat .  For t h a t  reason we need t o  scxlrce mode us ing  t h e  l i b r a r y  of c o u p l e d - n e u t r o n  

c a l c u l a t e  t h e  gamma f luxes  i n  t h e  components of t h e  gamma c r o s s  s e c t i o n s  d e s c r i b e d  i n  t h e  Appendix.  

l a t t i c e  c e l l .  The f i x e d  source  had a  f i s s i o n  n e u t r o n  s p e c t r u m .  

No f i x e d  gamm source was i n p u t  b e c a u s e  t h e  ANISN 



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

f i s s i p n ,  f i s s i o n  product decay and neu t ron  c a p t u r e  

gamma sources. Thus f ixed  source terms were i n p u t  

f o r  t h e  t o p  f o u r t e e n  groups  of t h e  t h i r t y - n i n e  

groups of Table 1 with r e l a t i v e  source s t r e n g t h s  i n  

t h e  f o u r  f u e l  r e g i o n s  t a k e n  f r o m  a WIMS ( 2 )  

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

b )  Gamma Fluxes i n  L a t t i c e  

Components of a Shutdown Core 

Our study of gamma f l u x e s  i n  t h e  l a t t i c e  of a 

shutdown core was i n  two steps.  For t h e  f i r s t  s t e p  

we used t h e  code ORIGEN ( 3 )  t o  f i n d  t h e  f i s s i o n  

product i n v e n t o r i e s  and  a s s o c i a t e d  gamma s o u r c e  

s p e c t r a  a t  d i f f e r e n t  times a f t e r  shutdown. For t h e  

second s t e p  we used a s e r i e s  of ANISN c a l c u l a t i o n  

t o  f i n d  t h e  gamma f l u x e s  a r i s i n g  from t h e s e  ORIGEN 

source  spectra .  

The ANISN c a l c u l a t i o n s  were run  i n  t h e  f i x e d  

s o u r c e  mode u s i n g  t h e  ORIGEN l i b r a r y  of  c r o s s  

s e c t i o n s  described i n  t h e  Appendix. The geometry 

used f o r  t h e s e  c a l c u l a t i o n s  was t h e  same a s  t h a t  

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

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

reg ions  followed t h e  f i s s i o n  source d i s t r i b u t i o n  of 

t h e  WIMS c a l c u l a t i o n .  

I n  t h e  f i r s t  ANISN run we c a l c u l a t e d  t h e  gamma 

f l u x e s  generated i n  t h e  l a t t i c e  by a gamma re leased  

i n  t h e  t o p  energy  group  of Table  3.  I n  e l e v e n  

o t h e r  ANISN r u n s  we c a l c u l a t e d  t h e  gamma f l u x e s  

genera ted  by a gamma r e l e a s e d  i n  e a c h  one  of t h e  

lower energy groups. 

The t o t a l  gamma f l u x  d i s t r i b u t i o n s  were t h e n  

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

f r o m  t h e  t w e l v e  ANISN c a l c u l a t i o n s  w e i g h t e d  

accord ing  t o  t h e  ORIGEN source spec t rum.  I n  t h i s  

way we avoided running ANISN c a l c u l a t i o n s  f o r  every 

ORIGEN source  spectrum. 

C )  Gamma Fluxes i n  L a t t i c e  During Refue l l inq  

Our study of changes i n  t h e  gamma f l u x e s  d u r i n g  

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

o r d i n a t e s  code DOT 3.5 (4). 

I n  t h i s  s tudy 3-1/2 x 3 l a t t i c e  p i t c h e s  of t h e  

28.6 cm s q u a r e  l a t t i c e  were  r e p r e s e n t e d  i n  X Y  

geanetry a s  shown i n  F i g u r e  2. F o r  e a c h  c h a n n e l  

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

c l a d d i n g  a n d  t h e  h e a v y  w a t e r  c o o l a n t  w e r e  

hanogenized i n t o  one  r e g i o n .  The p r e s s u r e  t u b e ,  

t h e  gas annulus and t h e  c a l a n d r i a  t u b e  were  a l s o  

hanogenized. 

Two c a l c u l a t i o n s  were run f o r  t h i s  geometry i n  

t h e  f i x e d  source mode. The c a l c u l a t i o n s  u s e d  t h e  

f i s s i o n  neutron source d i s t r i b u t i o n s  o b t a i n e d  from 

two three-dimensional d i f f u s i o n  c a l c u l a t i o n s ;  t h e  

f i r s t  had a l l  t h e  channels f u e l l e d ,  t h e  s e c o n d  had 

a n  empty c h a n n e l .  A g a i n  we u s e d  t h e  c o u p l e d  

neutron-gamma l i b r a r y ;  no gamm source was input .  

RESULTS 

a )  Heating i n  L a t t i c e  Components 

Of an  Operat ing Core 

T y p i c a l  v a l u e s  o f  t h e  gamma f l u x e s  i n  t h e  

l a t t i c e  of a n  o p e r a t i n g  c o r e  c a l c u l a t e d  by ANISN 

a r e  shown i n  Table 4. However, our  i n t e n t i o n  was 

t o  c a l c u l a t e  Q ( r ) ,  t h e  r a t e  a t  which gamma energy  

i s  d e p o s i t e d  a s  a f u n c t i o n  of p o s i t i o n  i n  t h e  

l a t t i c e  c e l l  where 

a n d $ ( E , r )  i s  t h e  gamma f l u x  a s  a f u n c t i o n  of  

e n e r g y  E a n d  p o s i t i o n  r w h i l e  ye  (E, r )  i s  t h e  

energy absorp t ion  c r o s s  s e c t i o n  a s  a f u n c t i o n  of 

energy and p o s i t i o n .  



I n  t h e  m u l t i g r o u p  formal i sm of t h e  d i s c r e t e  f r a c t i o n  derived w i t h  e a r l i e r  l e s s  s o p h i s t i c a t e d  

o r d i n a t e s  c a l c u l a t i o n  t h i s  i n t e g r a l  beconies  a c a l c u l a t i o n s .  T h a t  is ,  t h e  r e a c t o r  i s  s l i g h t l y  

summation over j grcmps thus:  m o r e  e f f i c i e n t  t h a n  h a d  b e e n  c a l c u l a t e d  

previously.  

b )  S igna l  from t h e  Platinum Self-Powered 

Flux Detectors  

and t h e  t o t a l  gamma energy deposi ted i n  one of t h e  

twelve regions of t h e  ANSIN c a l c u l a t i o n  i) E f f e c t  of a n  Empty Channel 

' ou t  
Hk = 2 n l  Q ( r )  r d r  

' in  

i s  given by 

where 9 is  t h e  region i n t e g r a t e d  f l u x .  

We have used t h e  a c t i v a t i o n  o p t i o n  of ANISN t o  

c a l c u l a t e  t h e s e  i n t e g r a l  q u a n t i t i e s .  The r e s u l t s  

f o r  a n  opera t ing  core  a r e  presented i n  Table 5. 

The d i s t r i b u t i o n  of h e a t  produced a s  t h e  f i s s i o n  

neutron slowed down i n  t h e  l a t t i c e  c e l l  was a l s o  

c a l c u l a t e d  by ANISN. 

The t o t a l  o f  t h e  n e u t r o n  a n d  gamma e n e r g y  

d e p o s i t e d  i n  t h e  modera tor ,  c a l a n d r i a  t u b e s  and  

in-core s t r u c t u r e s  appears a s  t h e  h e a t  l o a d  a c r o s s  

t h e  moderator h e a t  exchanger. Our  e s t i m a t e  of t h e  

moderator h e a t  load f o r  Bruce NGS "A" d e r i v e d  from 

t h e  ANISN f l u x e s  i s  w i t h i n  5% o f  t h e  m e a s u r e d  

value.  This  is  wel l  wi th in  t h e  + 11% u n c e r t a i n t y  

of t h e  measured value. 

These c a l c u l a t i o n s  showed t h a t  t h e  h e a t  removed 

by t h e  primary coolant  a s  a f r a c t i o n  of t h e  t o t a l  

f i s s i o n  e n e r g y  r e l e a s e d  i s  0 .7% h i g h e r  t h a n  t h e  

Abaut 60% of t h e  s i g n a l  from t h e  p l a t i n u m  c l a d  

s e l f - p o w e r e d  d e t e c t o r s  used  t o  m o n i t o r  r e a c t o r  

power i s  due t o  thermal neutron i n t e r a c t i o n s  i n  t h e  

de tec tor .  The remaining 40% of t h e  s i g n a l  is due  

t o  t h e  e x t e r n a l  gamm in te rac t ions .  Thus, t o  f i n d  

t h e  change i n  d e t e c t o r  s i g n a l  when a f u e l  c h a n n e l  

i s  emptied,  we need t o  c a l c u l a t e  t h e  c h a n g e s  i n  

t h e m 1  neutron and gamma f lux  a t  t h e  d e t e c t o r .  

Changes i n  thermal neutron f luxes  were o b t a i n e d  

f ran r e a c t o r  physics  c a l c u l a t i o n s  which c a l c u l a t e d  

t h e  thermal neutron f l u x  and power d i s t r i b u t i o n s  i n  

t h e  c o r e  before  and a f t e r  t h e  channel is  emptied. 

Changes i n  gamma f l u x  were obtained f r a n  t h e  DOT 

3.5 c a l c u l a t i o n s  d e s c r i b e d  above. To a s s e s s  t h e  

o v e r a l l  e f f e c t  of t h e  changes i n  each gamma g r o u p  

we assumed t h a t  t h e  gamma response of t h e  d e t e c t o r  

was p r o p o r t i o n a l  t o  t h e  p l a t i n u m  t o t a l  gamma 

absorp t ion  c r o s s  sec t ion .  

where R i s  t h e  o v e r a l l  gamma r e s p o n s e  o f  t h e  

d e t e c t o r  

where  (O i s  t h e  gamma f l u x  a t  t h e  d e t e c t o r  a s  a 

f u n c t i o n  of energy E. 



where at i s  t h e  t o t a l  absorp t ion  c r o s s  s e c t i o n  of c o n s t r u c t e d  i n  F i g u r e  4 u s i n g  A l l e n ' s  d e c a y  

t h e  d e t e c t o r  a s  a funct ion of energy E, canponents a s  shown by t h e  measurement p o i n t s  i n  

which i n  a multigroup formalism becanes t h e  f igure .  The expected decay s i g n a l  a f t e r  a 9 5  

day i r r a d i a t e d  was c a l c u l a t e d  with ORIGEN and ANISN 

and i s  shown f o r  comparison w i t h  t h e  "measured" 

RcC poin ts .  The ca lcu la ted  curve is normalized t o  t h e  
j measured p o i n t s  a t  0 . 1  hours a f t e r  shutdawn. This  

shows a Ea i r ly  good c o r r e l a t i o n  between measurement 

where j r e p r e s e n t s  t h e  energy group. and t h e  OFUGEN/ANISN ca lcu la t ion .  

The r e s u l t s  of both t h e  r e a c t o r  phys ics  and  DOT 

3 . 5  c a l c u l a t i o n  a r e  shown i n  F i g u r e  3  f o r  t h e  

d e t e c t o r s  which a r e  one l a t t i c e  p i t c h  long. 

For t h e  d e t e c t o r  neares t  t h e  d e f u e l l e d  c h a n n e l  

t h e  gamma component  o f  t h e  d e t e c t o r  s i g n a l  

d e c r e a s e d  by 1 4 . 1 %  w h i l e  t h e  n e u t r o n  component  

increased  by 1 . 1 % .  The n e t  e f f e c t  was 

t h a t  i s  a 5% d e c r e a s e  i n  s i g n a l .  The a v e r a g e  

decrease  i n  power i n  t h e  sur rounding  f u e l  i s  o n l y  

1.3%. Fur ther  away f r a n  t h e  defue l led  channel,  t h e  

gamma f l u x  changes a r e  nearly p r o p o r t i o n a l  t o  t h e  

neutron f l u x  changes ;  hence  t h e  d e t e c t o r  s i g n a l  

changes c l o s e l y  represen t  t h e  power changes i n  t h e  

l o c a l  f u e l .  

ii) Effec t  During Shutdown 

A f t e r  shutdown t h e  n e u t r o n  f l u x  u s u a l l y  d r o p s  

much lower  t h a n  t h e  gamma f l u x .  Because o f  t h e  

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

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

p r o p o r t i o n a l  t o  gamma f l u x  r a t h e r  t h a n  n e u t r o n  

f l u x .  

From a s e r i e s  o f  m e a s u r e m e n t s  i n  v a r i o u s  

r e a c t o r s  C.J. Allen e t  a 1  have deve loped  a s e t  of 

decay cons tan ts  which r e p r e s e n t  t h e  decay of t h e  

s i g n a l  f rom a p l a t i n u m  c l a d  d e t e c t o r  i n  a CANDU 

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

C )  Photoneutron Sources i n  Shutdown Core 

T h e  gamma f l u x e s  f r o m  t h e  t w e l v e  ANISN 

c a l c u l a t i o n s  f o r  t h e  shutdawn core  can a l s o  be used 

t o  f i n d  t h e  photoneutron sources a t  shutdown. 

I n  t h e  shutdown r e a c t o r  t h e  f i s s i o n  p r o d u c t s  

provide a source of gammas w i t h  energy  above t h e  

2 . 2 3  MeV t h r e s h o l d  of t h e  p h o t o n e u t r o n  r e a c t i o n  

2 ~ ( y  , n )  l ~ .  Thus t h e  primary coolant  and moderator 

becane neutron sources. These neutron sources  keep 

t h e  r e a c t o r  a t  very low power l e v e l s  which c a n  b e  

measured by t h e  i o n  chambers. 

We have t h e r e f o r e  used t h e  gamma f luxes  f r a u  t h e  

ANISN c a l c u l a t i o n s  f o r  t h e  shutdown c o r e  t o  f i n d  

t h e  photoneutron sources, 

i n  both t h e  moderator and coolan t  regions. 

We have  used  t h e  c r o s s  s e c t i o n  d a t a  g i v e n  i n  

R e f e r e n c e  5 a n d  e v a l u a t e d  t h e  i n t e g r a l  f o r  t h e  

moderator and coolan t  regions. T h i s  p r o c e d u r e  was 

followed f o r  only seven of t h e  ANISN c a l c u l a t i o n s  

s i n c e  a source gamw emit ted i n  g r o u p  8 i s  below 

t h e  t h r e s h o l d  o f  t h e  p h o t o d i s i n t e g r a t i o n  of  

d e u t e r i u m .  I n  t h i s  way we c a l c u l a t e d  t h e  

p r o b a b i l i t y  t h a t  a gamma r e l e a s e d  i n  one  of t h e  

seven groups w i l l  genera te  a photoneutron. 



The p r o b a b i l i t i e s  a r e  given i n  Table 6. To f i n d  

t h e  generat ion r a t e  of photoneutron s o u r c e s  we sum 

t h e  p r o b a b i l i t i e s  weighted by t h e  a b s o l u t e  s o u r c e  

spectrum from our ORIGEN ca lcu la t ions .  

We c a l c u l a t e d  t h e  photoneutron g e n e r a t i o n  r a t e  

i n  two u n i t s  of t h e  Bruce NGS "A" r e a c t o r  following 

i r r a d i a t i o n s  of severa l  months and i n  a  t h i r d  u n i t  

fol lowing an i r r a d i a t i o n  of f i v e  h o u r s .  I n  each  

c a s e  we compared t h e  measured and  c a l c u l a t e d  i o n  

chamber s i g n a l s  a s  a  f r a c t i o n  of t h e  f u l l  power 

s i g n a l .  

A f t e r  t h e  i r r a d i a t i o n s  of s e v e r a l  months t h e  

r e a c t o r  was shutdown by adding p o i s o n .  S i n c e  t h i s  

caused a  r e l a t i v e l y  s m a l l  f l u x  r e d i s t r i b u t i o n  we 

t r e a t e d  t h e  c o r e  a s  a  p o i n t  r e a c t o r  and  assumed 

t h a t  t h e  i o n  chamber s i g n a l  was propor t iona l  t o  t h e  

r a t e  a t  which n e u t r o n s  were g e n e r a t e d .  I n  t h e  

shutdown c o r e  t h e  n e u t r o n  g e n e r a t i o n  r a t e  was 

simply t h e  product of t h e  p h o t o n e u t r o n  g e n e r a t i o n  

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

t h e  shutdown core,  l / ( l -kef f ) .  We a l s o  app l ied  a  

c o r r e c t i o n  f o r  t h e  e f f e c t  of t h e  p o i s o n  i n  t h e  

r e f l e c t o r  on t h e  i o n  chamber s i g n a l .  The r e s u l t s  

a r e  shown i n  F i g u r e s  5 a n d  6 .  Between 11 a n d  1 5  

days a f t e r  shutdown t h e  agreement shown i n  Figure 5  

i s  f a i r l y  good. The reason f o r  t h e  d i s c r e p a n c i e s  

a t  e a r l i e r  a n d  l a t e r  t i m e s  h a s  n o t  b e e n  

inves t iga ted .  

I n  t h e  c a s e  of t h e  f i v e  hour  i r r a d i a t i o n  t h e  

r e a c t o r  was shutdown by s h u t o f f  r o d  i n s e r t i o n .  

T h i s  caused a  l a r g e  r e d i s t r i b u t i o n  i n  t h e  n e u t r o n  

f l u x  t h u s  changing t h e  r e l a t i o n s h i p  between t h e  i o n  

chamber s i g n a l  a n d  t h e  p h o t o n e u t r o n  s o u r c e .  I n  

t h i s  case  t h e  decay t r a n s i e n t  was c a l c u l a t e d  with a  

t h r e e  d i m e n s i o n a l  t i m e  dependent  d i f f u s i o n  code 

w i t h  t h e  delayed photoneutron p a r a m e t e r s  o b t a i n e d  

f r a n  our ORIGEN and ANISN ca lcu la t ions .  

The compar i son  w i t h  measurement i s  shown i n  

F igure  7 f o r  two i o n  chamber loca t ions .  

CONCLUSIONS 

We have used t h e  d i s c r e t e  o rd ina tes  c o d e s  ANISN 

and DOT 3.5 and  t h e  f i s s i o n  product i n v e n t o r y  code  

ORIGEN t o  f i n d  t h e  gamma f l u x e s  i n  t h e  l a t t i c e  of a  

C A N D U  r e a c t o r .  From t h e s e  f l u x e s  we h a v e  

c a l c u l a t e d  t h r e e  i n t e g r a l  q u a n t i t i e s ,  n a m e l y ,  

nuc lear  h e a t i n g  i n  t h e  l a t t i c e ,  t h e  gamma r e s p o n s e  

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

sources i n  t h e  shutdown core. 

T h e  a g r e e m e n t  b e t w e e n  c a l c u l a t i o n  a n d  

m e a s u r e m e n t  shows  t h a t  t h i s  a p p r o a c h  i s  a  

r e a s o n a b l y  a c c u r a t e  method of c a l c u l a t i n g  t h e  

i n t e g r a l  q u a n t i t i e s .  
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APPENDIX 

Library of Coupled Neutron-Gamma Cross Sec t ions  

The coupled neutron-gamma l i b r a r y  u s e d  i n  o u r  

o p e r a t i n g  r e a c t o r  c a l c u l a t i o n s  h a s  t w e n t y - s e v e n  

neutron groups and twelve qamm groups. The g r o u p  

s t r u c t u r e  of t h e  l i b r a r y  is  shown i n  Table 1. 

The group s t r u c t u r e  was based on our e x p e r i e n c e  

w i t h  e a r l i e r  coupled neutron-gamm l i b r a r i e s .  That 

experience showed we needed a  qamm group wi th  mean 

energy 0.51 MeV t o  handle t h e  a n n i h i l a t i o n  gammas 

c r e a t e d  v i a  p a i r  p r o d u c t i o n .  We a l s o  found  t h a t  

our c a l c u l a t i o n s  of gamm energy depos i t i o n  would 



be  improved i f  we had more than one group below 0.5 

MeV. F i n a l l y  we found it c o n v e n i e n t  t o  i n c l u d e  

groups w i t h  mean energy 1.25 MeV ( a p p r o x i m a t e l y  

energy of 60Co decay gamma and 6.0 MeV approx- 

imately t h e  energy of 1 6 ~  decay gammas). 

We could continue t o  improve t h e  r e s o l u t i o n  of 

t h e  ganim f lux  spec t ra  with f i n e r  group s t r u c t u r e s .  

U n f o r t u n a t e l y  t h e  c o s t  of 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  i s  p r o p o r t i o n a l  t o  t h e  number o f  

groups. O u r  f i n a l  choice of t h e  12-group s t r u c t u r e  

i s  t h e r e f o r e  a canpranise between t h e  r e s o l u t i o n  of 

t h e  gamma s p e c t r a  and cos t .  Our compar i sons  w i t h  

measurement sugges t  t h a t  t h e  12-group s t r u c t u r e  i s  

a n  accep tab le  canpranise. 

The sources  of gamms of energy E produced  a t  r 

i n  one of t h e s e  processes  is, 

where @ (r ,En)  i s  t h e  f l u x  of neutrons of energy 

En a t  r 

where C ( r ,En)  i s  t h e  c r o s s  s e c t i o n  of t h e  

p rocess  a t  neutron energy E, 

and Y(En,E) i s  t h e  y i e l d  of gammas of energy 

E p e r  i n t e r a c t i o n .  

T h e  p r o c e d u r e  u s e d  t o  c r e a t e  t h e  c o u p l e d  I n  multigroup formalism t h i s  is, 

neutron-gamma l i b r a r y  is shown i n  Figure 1. 

I n  t h e  f i r s t  s t e p  t h e  100-group n e u t r o n  c r o s s  

s e c t i o n s  of t h e  DLC-2 l i b r a r y  ( 6 )  were used  i n  a n  

ANISN c a l c u l a t i o n  of neutron f l u x e s  i n  t h e  l a t t i c e  

c e l l .  The 100-group n e u t r o n  f l u x e s  were used  t o  

w e i g h t  t h e  100-group c r o s s  s e c t i o n s  t o  p r o d u c e  

2 7-group neutron c r o s s  sect ions.  

The second  s t e p  i s  more i n v o l v e d .  We need a 

mat r ix  of n e u t r o n  t o  gamma c r o s s  s e c t i o n s  which 

w i l l  generate  t h e  gamma sources f r a n ,  

f i s s i o n  

neutron cap ture  

f i s s i o n  product decay 

i n e l a s t i c  neu t ron  s c a t t e r  

b e t a  decay of a c t i v a t i o n  products  

n, 2n s c a t t e r  

I n  t h e  c a s e  of d e l a y e d  e m i s s i o n ,  such  a s  b e t a  

decay, equ i l ib r ium was assumed so  t h a t  t h e  p r o c e s s  

cou ld  be t r e a t e d  a s  a n  i n s t a n t a n e o u s  one i n  t h e  

same way a s ,  say, neutron capture gamm sources a r e  

expressed. 

where i i s  t h e  n e u t r o n  energy  group  a n d  j is  t h e  

gamm energy group and t h e  product C i ( r )  Y i ,  i s  t h e  

n e u t r o n  t o  gamma c r o s s  s e c t i o n ,  i . e . ,  t h e  

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

neutron group i t o  r e l e a s e  Y i ,  gamms i n  group j. 

D e t a i l s  of t h e  gamnra y i e l d s  were taken  from t h e  

DLC-12 l i b r a r y  ( 7 )  and t h e  n e u t r o n  c r o s s  s e c t i o n s  

f o r  f i s s i o n  and neutron cap ture  were taken  f r a n  t h e  

27-group neutron c r o s s  sec t ions .  The neutron c r o s s  

s e c t i o n s  f o r  i n e l a s t i c  and  ( n , 2 n )  s c a t t e r  w e r e  

obtained f r a n  Reference 8. 

The POPOP4 (9)  code p r o c e s s e s  t h e s e  y i e l d  a n d  

c r o s s  s e c t i o n  d a t a  f o r  any number of i n t e r a c t i o n s  

t o  der ive  a s i n g l e  mtrix of neutron t o  gamma c r o s s  

sec t ions .  



Note t h a t  t h e  da ta  f o r  xenon took account of t h e  

gammas r e l e a s e d  by n e u t r o n  c a p t u r e  i n  a l l  t h e  

f i s s i o n  products  p resen t  i n  a  CANDU r e a c t o r  which 

h a s  reached f u e l l i n g  equilibrium. 

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

product  gamma source during t h e  f i r s t  few h o u r s  of 

i r r a d i a t i o n  of a  core of f r e s h  f u e l ,  a s  wel l  a s  f o r  

a  c o r e  a t  equ i l ib r ium,  f o u r  s e p a r a t e  m a t r i c e s  of 

neutron t o  gamma c r o s s  sec t ions  were s e t  up f o r ,  

235U and  2 3 8 ~ ,  f o r  t h e  following i r r a d i a t i o n s :  

Library of ORIGEN Gamma Cross Sec t ions  

For o u r  c a l c u l a t i o n s  i n  t h e  shutdown c o r e  we 

have found it convenient t o  d e r i v e  a  s e t  of gamma 

cros's s e c t i o n s  i n  t h e  1 9 - g r 0 ~ p  s t r u c t u r e  of ORIGEN 

( s e e  T a b l e  3 ) .  The l i b r a r y  c o n t a i n s  d a t a  f o r  

hydrogen, carbon, oxygen, zirconium and uranium. 

To c r e a t e  t h i s  l i b r a r y  of c r o s s  s e c t i o n s  we r a n  

t h e  MUG program, i . e . ,  t h e  t h i r d  s t e p  o f  t h e  

procedure i n  F igure  8. 
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TABLE 1 

ENERGY STRUCTURE OF THE 39GROUP 
COUPLED NEUTRON-GAMMA LIBRARY 

Croup Upper Energy Limit Group Upper Energy Limit 
(ev) (ev)  

-- --- - 

Neutrons - 
1 

2 

3 

Gammas - 
28 

29 

30 

31 

( 1 1 ) Radiat ion Shie ld ing  Infonna t i o n  C e n t r e  Data 

L ibra ry  C o l l e c t  i o n ,  "HPIC E v a l u a t e d  P h o t o n  

I n t e r a c t i o n  Library ENDF/B F i l e  2 3 Format"  , 
Oak Ridge National Labora tory  DLC-7 ( A p r i l ,  

19713. 

(12)  W.E. FORD 111, D.H. WALLACE, "The Use and  

' T e s t i n g '  of t h e  A l ,  F e ,  N i ,  Cu a n d  P b  

Secondary Gamma Ray Production Data S e t s  f r a n  

t h e  POPOPI L i b r a r y " ,  U n i o n  C a r b i d e  

Corporat ion Report CTC-20 ( J u l y  1970). 

TABLE 2 

MATERIALS IN THE 39GROUP COUPLED 

NEUTRON-GAMMA LIBRARY 

hydrogen 

deuterium 

boron-10 

boron-11 

carbon 

oxygen 

aluminium 

s i l i c o n  

chromium 

manganese 

i r o n  

n i  cke 1 

zirconium 

xenon 

gadolinium 

lead 

uranium-235 

uranium-238 

plutonium-239 

* Read 1.49(7) as 1 . 4 9 ~ 1 0 ~  



TABLE 3 TABLE 4 

GAMMA ENERGY GROUPS USED IN ORIGEN AND ORIGEN LIBRARY GAMMA FLUXES IN 37-ELEMENT LATTICE OF OPERATING CORE 
OF GAMMA CROSS SECTIONS 

Group Lower Energy Bound MeV Mean Energy MeV Gamma Fluxes (y/cm2-s) per F i s s ion  Neutron 
a t  Interfaces between 

TABLE 5 

GAMMA HEAT DISTRIBUTION IN 
37-ELEMENT LATTICE COMPONENTS 

Coolant/Pressure Calandria 
5 .25 a t  Cel l  Tube Tube/Modexator Boundary 
4.70 

Region 
Gamma Energy Fraction of Total 
Deposited MeV Gama Energy 
per Fiss ion Deposited i n  
Neutron Latt ice  Components 

Central Pin 

Coolant 

Cladding 

Inner Fuel Ring 

Coolant 

Cladding 

Intermediate Fuel Ring 

Coolant 

Cladding 

Outer Fue 1 Ring 

Coolant 

Cladding 

Pressure Tube 

Gas Annulus 

Calandria Tube 

Moderator 

TABLE 6 

PROBABILITY OF PHOTONEUTRON PRODUCTION 

ORIGEN Group Probability of  Photoneutron 
Lower Energy (MeV) Production Per L'nit Gamma Source 
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