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PWR SHIELDING BENCHMARK 

by G. Hehn 

A b s t r a c t  

The r e s u l t s  o f  t h e  PWR s h i e l d i n g  benchmark e x e r c i s e ,  i n i t i a t e d  by 
NEACRP i n  1980,  a r e  summarized and a n a l y s e d  by a s t a t u s  r e p o r t  on  
n u c l e a r  d a t a  a c c u r a c i e s  i n  LWR s h i e l d i n g .  Seven o r g a n i s a t i o n s  have  
p a r t i c i p a t e d  i n  t h e  e x e r c i s e .  I n  t h e  f i r s t  p a r t  s h i e l d i n g  t a r g e t  
q u a n t i t i e s  o f  p r i m a r y  i n t e r e s t  have  been  c a l c u l a t e d  u s i n g  t h e  same 
t r a n s p o r t  code  ANISN b u t  e i g h t  d i f f e r e n t  wide ly  used v e r s i o n s  of  
m u l t i g r o u p  l i b r a r i e s  f o r  c o u p l e d  n e u t r o n  and gkmma c a l c u l a t i o n s .  
Whereas much p r o g r e s s  h a s  been made i n  r e c e n t  y e a r s  i n  c a l c u l a t i n g  
f a s t  n e u t r o n  f l u x e s  needed f o r  p r e d i c t i o n  o f  n e u t r o n  damage, t h e r e  
a r e  still  l a r g e  d i s c r e p a n c i e s  i n  c a l c u l a t i n g  t h e r m a l  n e u t r o n  f l u -  
xes w i t h  c o n s i d e r a b l e  consequences  f o r  t h e  n e u t r o n  d o s e  and t h e  
gamma s o u r c e s  h e r e o f .  I n  t h e  second s t a g e  of  t h e  e x e r c i s e  d e t a i l e d  
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 i e s  have  been  pe r fo rmed ,  showing t h e  
i m p o r t a n c e  o f  pa r t i a l  c r o s s - s e c t i o n s  to t h e  t a r g e t  q u a n t i t i e s  
c o n s i d e r e d .  The f i n a l  a i m  o f  t h e  benchmark e x e r c i s e  was t o  show, 
how we meet t h e  t a r g e t  a c c u r a c i e s  r e q u i r e d  f o r  r e a c t o r  s a f e t y  and 
r a d i a t i o n  p r o t e c t i o n .  T h e r e f o r e  f o r  t h e  f i r s t  time a c o m p l e t e  
u n c e r t a i n t y  a n a l y s i s  h a s  been p r e p a r e d  f o r  a  t y p i c a l  s h i e l d  o f  
l i g h t  water r e a c t o r s .  The results  c a n  s e r v e  a s  b a s i c  r e f e r e n c e  i n  
s h i e l d  d e s i g n  work, where u n c e r t a i n t i e s  a r e  needed and have  t o  be 
s t a t e d  p r o p e r l y .  



1. AIMS OF THE BENCHMARK 

I n  t h e  l a s t  y e a r s  t h e  s t a t u s  o f  s h i e l d i n g  d a t a  l i b r a r i e s  h a s  b e e n  
improved  c o n s i d e r a b l y .  N e w  i n f o r m a t i o n s  l i k e  c r o s s - s e c t i o n  e r r o r s  
and  c o r r e l a t i o n  matrices h a v e  b e e n  e v a l u a t e d .  S e v e r a l  a d v a n c e d  
m u l t i g r o u p  d a t a  l i b r a r i e s  had  b e e n  p r o c e s s e d  and  are  i n  u s e .  S i n c e  
t h e  f i r s t  PWR s h i e l d  benchmark  o f  NEACRP, w h i c h  had  b e e n  p r e s e n t e d  
and  d i s c u s s e d  o n  a S p e c i a l i s t s '  Mee t i ng  i n  V i e n n a  1 9 7 6 ,  l a r g e  pro- 
g r e s s  h a s  b e e n  a c h i e v e d  i n  a n a l y s i n g  uncertain tie^.^ T h e r e f o r e  
a s e c o n d  i n t e r c o m p a r i s o n  o f  PWR s h i e l d  c a l c u l a t i o n s  had b e e n  i n i -  
t i a t e d  i n  1980  t o g e t h e r  w i t h  a  s imi la r  a c t i v i t y  o n  f a s t  b r e e d e r  
s h i e l d i n g . 2  T h e  s p e c i f i c a t i o n  o f  t h i s  PWR s h i e l d i n g  benchmark  
is  g i v e n  i n  Annex I. I n  a common e f f o r t  s e v e r a l  w i d e l y  used  g r o u p  
d a t a  l i b r a r i e s  s h o u l d  b e  compa red  a n d  d e t a i l e d  s e n s i t i v i t y  s t u -  
d i e s  s h o u l d  b e  p e r f o r m e d .  B u t  t h e  f i n a l  a im was t o  p r o d u c e  a  
s h i e l d  benchmark  w i t h  c o m p l e t e  e r ror  a n a l y s i s .  

I n  r e c e n t  y e a r s  t h e  t a r g e t  a c c u r a c i e s  i n  r a d i a t i o n  s h i e l d i n g  were 
improved  t o  meet t h e  a d v a n c e d  r e q u i r e m e n t s  o f  reactor s a f e t y  a n d  
r a d i a t i o n  p r o t e c t i o n .  F o r  t a r g e t  q u a n t i t i e s  o f  m a i n  i m p o r t a n c e  a n  
e r r o r  a n a l y s i s  i s  r e q u e s t e d .  B u t  t h i s  c o u l d n ' t  b e  p e r f o r m e d  r i g o -  
r o u s l y .  Many a s s u m p t i o n s  had  t o  b e  made,  r e s u l t i n g  i n  h i g h l y  
u n c e r t a i n  v a l u e s  o f  t h e  errors  q u o t e d .  Today  s a f e t y  f a c t o r s  a r e  
s t i l l  a p p l i e d  i n  s h i e l d i n g ,  wh ich  l e a d  to r a t h e r  e x p e n s i v e  s h i e l d s .  
I n  t h i s  a s p e c t  t h e  common e f f o r t  o n  s h i e l d  d e s i g n  b e n c h m a r k s  c a n  
h e l p  t o  q u a n t i f y  t h e  u n c e r t a i n t i e s  f o r  p r a c t i c a l  s h i e l d s  o f  power  
reactors .  

T h e  PWR s h i e l d  benchmark  had  b e e n  s p e c i f i e d  f o r  t h e  r a d i a l  s h i e l d  
c o n f i g u r a t i o n  o f  a 1300  M W e l  power  p l a n t ,  w h e r e  m e a s u r e m e n t s  
are  p e r f o r m e d  and  m i g h t  be  a v a i l a b l e  f o r  c o m p a r i s o n  w i t h  c a l c u l a -  
t i o n s .  The  c a l c u l a t i o n s  h a v e  b e e n  made a l o n g  t h e  m i d p l a n e  o f  t h e  
a c t i v e  core i n  o n e - d i m e n s i o n a l  c y l i n d r i c a l  g e o m e t r y  f o r  a s i m p l i -  
f i e d  r e p r e s e n t a t i o n  a s  shown i n  f i g u r e  1. 

Fo r  t h e  s e c o n d  N E A  PWR s h i e l d  benchmark  t h e  f o l l o w i n g  t h r e e  p a r t s  
o f  common work  were a g r e e d  upon:  
- A t  f i r s t  a n  i n t e r c o m p a r i s o n  s h o u l d  b e  made o f  i n t e g r a l  t a r g e t  

q u a n t i t i e s  l i k e  a c t i v a t i o n  r a t e ,  n e u t r o n  damage r a t e ,  gamma 
h e a t i n g  r a t e ,  a n d  b i o l o g i c a l  d o s e  r a t e  c a l c u l a t e d  w i t h  d i f f e r e n t  
i n - h o u s e  s h i e l d i n g  l i b r a r i e s  b u t  o t h e r w i s e  i d e n t i c a l  i n p u t  o f  
t h e  t r a n s p o r t  c o d e  A N I S N . ~ ~  

- Then  s e n s i t i v i t y  s t u d i e s  were r e q u e s t e d  o f  t h e  a b o v e  q u a n t i t i e s  
t o  a l l  c r o s s - s e c t i o n s ,  r a d i a t i o n  s o u r c e s  and  c o n v e r s i o n  d a t a ,  
showing  t h e  d e t a i l s  o f  d a t a  r e q u i r e m e n t s  f o r  s h i e l d i n g  o f  l i g h t  
w a t e r  reactors.  

- F i n a l l y  a n  u n c e r t a i n t y  a n a l y s i s  s h o u l d  b e  p r o v i d e d  o f  t h e  a b o v e  
q u a n t i t i e s  t o  a l l  errors o f  c r o s s - s e c t i o n s ,  r a d i a t i o n  s o u r c e s  
a n d  c o n v e r s i o n  d a t a  r e s u l t i n g  i n  a benchmark  w i t h  a  c o m p l e t e  
error a n a l y s i s  needed  u r g e n t l y  as b a s i c  r e f e r e n c e  i n  p r a c t i c a l  
d e s i g n  c a l c u l a t i o n s .  



2.  CALCULATION OF TARGET QUANTITIES FOR SHIELDING 

Seven c o n t r i b u t i o n s  were p r e s e n t e d  from AAEC-Lucas H e i g h t s ,  AERE- 
W i n f r i t h ,  CEA-Saclay, CENISCK-Mol, EIR-Wnrenlingen, MAPI-Tokyo, 
and I K E - S t u t t g a r t .  

The resul ts  o b t a i n e d  have been  r e l a t e d  t o  t h e  I K E  v a l u e s  and a r e  
p r e s e n t e d  i n  t a b l e  1 f o r  n e u t r o n s .  E i g h t  d i f f e r e n t  l i b r a r i e s  have  
been compared. The c a l c u l a t i o n s  o f  t h e  f a s t  n e u t r o n  f l u x  show good 
agreement  up to t h e  p r e s s u r e  v e s s e l  ( i n t e r v a l  1 0 7 ) .  B u t  o u t s i d e  
t h e  c o n c r e t e  s h i e l d  ( i n t e r v a l  1 8 9 )  t h e  f a s t  n e u t r o n  d o s e  r a t e  de-  
v i a t e s  a l r e a d y  by a  f a c t o r  o f  t w o .  A s  has  been known, t h e  r e p r e -  
s e n t a t i o n  o f  t h e r m a l  n e u t r o n s  i s n ' t  good i n  coup led  neutron-gamma 
l i b r a r i e s .  T h e r e f o r e  a  s p e c i a l  e f f o r t  h a s  been u n d e r t a k e n  i n  t h e  
I K E  r e s u l t s  t o  c o n s i d e r  u p s c a t t e r i n g  below 3 e V  i n  3 3  e n e r g y  
g r o u p s .  By i n t e r c o m p a r i n g  a l l  results p r e s e n t e d  i n  t a b l e  1 t h e  

8 f o l l o w i n g  c o n c l u s i o n s  c a n  b e  drawn: 
- The ENDFIB-5 f i s s i o n  spec t rum p r o d u c e s  h i g h e r  v a l u e s  o f  t h e  t a r -  

g e t  q u a n t i t i e s  o f  + 4  % compared t o  t h e  NBS ~ t a n d a r d . ~  
- The Cranberg  f i s s i o n  spec t rum g i v e s  lower  v a l u e s  o f  approxima- 

t e l y  -10 % compared t o  t h e  NBS s t a n d a r d . 6  
- A l l  a d j o i n t  c a l c u l a t i o n s ,  which a r e n ' t  shown i n  t a b l e  1, g i v e  

h i g h e r  v a l u e s  r a n g i n g  up t o  1 3  %. /61  7 1  I t  c a n  b e  assumed 
t h a t  t h e  fo rward  c a l c u l a t i o n s  a r e  more p r e c i s e .  

- For  t a r g e t  q u a n t i t i e s  c o n c e r n i n g  t h e  E a s t  n e u t r o n  f l u x  good 
agreement  is a c h i e v e d  up to  t h e  p r e s s u r e  v e s s e l  ( i n t e r v a l  1 0 7 )  
f o r  a l l  l i b r a r i e s  a p p l i e d .  

- The d o s e  r a t e  o f  f a s t  n e u t r o n s  o u t s i d e  t h e  c o n c r e t e  s h i e l d  shows 
d e v i a t i o n s  by a f a c t o r  o f  t w o .  

- The c o r r e c t  t r e a t m e n t  o f  t h e r m a l  n e u t r o n s  i n  coup led  neu t ron-  , 
gamma l i b r a r i e s  is s t i l l  a  problem produc ing  l a r g e  u n c e r t a i n t i e s  
i n  n e u t r o n  d o s e ,  t h e r m a l  a c t i v a t i o n  and gamma p r o d u c t i o n .  

- Both methods  o f  r e s o n a n c e  t r e a t m e n t  a p p l i e d  i n  s h i e l d i n g ,  e . g .  
s e l f - s h i e l d i n g  f a c t o r  or e x a c t  l / o T  - w e i g h t i n g  o f  i m p o r t a n t  
components  l i k e  i r o n  and s t a i n l e s s  s teel  components ,  are e q u a l l y  
i n  use .  F o r  t h e  t a r g e t  q u a n t i t i e s  c o n s i d e r e d  b o t h  methods  a r e  
w e l l  a p p l i c a b l e .  
The m u l t i g r o u p  in-house  s h i e l d i n g  l i b r a r i e s  compared i n  t h e  
benchmark e x e r c i s e  c o n c e n t r a t e  a t  t h e  100 g r o u p  l e v e l  of  E U R L I D  
o r  RADHEAT or a t  1 7 1  g r o u p s  o f  VITAMIN-C. 

- S i n c e  it c a n  be assumed, t h a t  n e a r l y  a l l  g r o u p  d a t a  used a r e  
b a s e d  o n  t h e  same e v a l u a t e d  p o i n t  d a t a  bank l i k e  ENDFIB-4 w i t h  
e v e n t u a l l y  some r e c e n t  improvements,  most of  t h e  d i s c r e p a n c i e s  
o b s e r v e d  have  t h e i r  o r i g e n  i n  d i f f e r e n c e s  o f  g r o u p  d a t a  p r o c e s -  
s i n g ,  e s p e c i a l l y  i n  f l u x  w e i g h t i n g ,  r e s o n a n c e  t r e a t m e n t  and 
e n e r g y  g r o u p  s t r u c t u r e .  Some e f f e c t s  a r e  due  t o  n u m e r i c a l  errors 
o f  t h e  i n t e g r a t i o n  p r o c e d u r e s  i n  t h e  p r o c e s s i n g  codes .  The 
s t a n d a r d  d e v i a t i o n s  shown a r e  a  good measure  o f  a l l  u n c e r t a i n -  
t i e s  i n t r o d u c e d  by g r o u p  d a t a  p r o c e s s i n g .  



For gamma c a l c u l a t i o n s  t h e  p a r t i c i p a t i n g  o r g a n i z a t i o n s  a r e  l i s t e d  
i n  t a b l e  2. The r e s u l t s  compared a r e  a g a i n  normal i zed  t o  t h e  I K E  
v a l u e s .  For gamma h e a t n g  t h e  v a l u e s  v a r y  between -41 % and +55 % .  
The gamma d o s e  r a t e  o u t s i d e  t h e  c o n c r e t e  s h i e l d  r a n g e s  from -30 % 
t o  +62 % .  The main c o n c l u s i o n s  a r e :  
- The gamma f i e l d  is  i n f l u e n c e d  s t r o n g l y  by u n c e r t a i n t i e s  o f  t h e  

n e u t r o n  f l u x e s  and p r e d o m i n a n t l y  of t h e r m a l  n e u t r o n s .  
- The r e s u l t s  depend on  t h e  w e i g h t i n g  f l u x e s  a p p l i e d  t o  t h e  low 

e n e r g y  gamma c r o s s - s e c t i o n s ,  i f  t h e  g roup  number is s m a l l .  
- The l a r g e s t  d i f f e r e n c e s  a r e  caused  by gamma p r o d u c t i o n  d a t a .  

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

3.  SENSITIVITY AND UNCERTAINTY ANALYSIS 

S e n s i t i v i t y  s t u d i e s  were per formed by AERE-Winfrith, CEA-Saclay, 
C E N / S C K - ~ o l ,  MAPI-~okyo, and ~ ~ ~ - ~ t u t t g a r t .  

I n s p i t e  o f  d i f f e r e n c e s  i n  c r o s s - s e c t i o n s  used t h e  s e n s i t i v i t i e s  
c a l c u l a t e d  a r e  s i m i l a r .  I n  t a b l e  3 t h e  t o t a l  s e n s i t i v i t i e s  o f  t h e  
r e s p o n s e s  a r e  g i v e n  f o r  t h e  most  i m p o r t a n t  n u c l i d e s  s e p a r a t e d  i n t o  
n e u t r o n  and gamma c r o s s - s e c t i o n s  .6  F o r  t h e  s e n s i t i v i t i e s  o f  t h e  

a 
n e u t r o n  d o s e  t o  oxygen and i r o n  c r o s s - s e c t i o n s  t h e  v a l u e s  g i v e n  
a r e  upper  l i m i t s ,  see a l s o  f i g .  34 - 39.10 The s e n s i t i v i t i e s  o f  
each  r e s p o n s e  t o  t h e  Legendre e x p a n s i o n  o f  t h e  n e u t r o n  c r o s s - s e c -  
t i o n s  a r e  shown i n  t a b l e  4 f o r  t h e  same most  i m p o r t a n t  n ~ c l i d e s . ~  
F i n a l l y  a s e r i e s  of f i g u r e s  from 2 t o  33 is g i v e n ,  which r e p r e -  
s e n t s  t h e  e n e r g y  p r o f i l e s  f o r  t h e  n e u t r o n  r e s p o n s e s  i n  t h e  e n e r g y  
d e t a i l s  o f  VITAMIN-C.7 The c o n c l u s i o n s  o f  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  s t u d i e s  c a n  be summarized i n  t h e  f o l l o w i n g :  
- The c r o s s - s e c t i o n s  o f  t h e  e l e m e n t s  H ,  0 ,  and Fe a r e  t h e  most  im- 

p o r t a n t  ones  f o r  a l l  s h i e l d i n g  t a r g e t  q u a n t i t i e s .  Of s e c o n d a r y  
impor tance  a r e  t h e  a d d i t i o n a l  e l e m e n t s  o f  s t a i n l e s s  s teel  l i k e  
N i  and C r ,  t h e  a d d i t i o n a l  e l e m e n t s  o f  c o n c r e t e  l i k e  S i  and Ca 
and f i n a l l y  U-38 o f  t h e  c o r e  m a t e r i a l s .  

- For n e u t r o n  c r o s s - s e c t i o n s  t h e  s e n s i t i v i t y  p r o f i l e s  c o n c e n t r a t e  
i n  t h e  e n e r g y  r a n g e  between 2 MeV and 1 0  MeV. F o r  t h e  n e u t r o n  
d o s e  r a t e  t h e r e  is a s t r o n g  s e n s i t i v i t y  peak a t  t h e  oxygen min i -  
mum o f  2.3 MeV, r e s u l t i n g  i n  a  demand o f  h i g h  a c c u r a c y  o f  a l l  
c r o s s - s e c t i o n s  a t  t h i s  ene rgy .  

- For  gamma c r o s s - s e c t i o n s  t h e  s e n s i t i v i t y  p r o f i l e s  change  more 
s t r o n g l y  w i t h  t h e  s h i e l d i n g  t a r g e t  q u a n t i t y  c o n s i d e r e d .  For gam- 
ma h e a t i n g  i n  t h e  b a f f l e  n e a r  t h e  c o r e  t h e r e  is a b r o a d  maximum 
i n  t h e  upper  k e v  and lower  MeV e n e r g y  r a n g e .  I n  t h e  c a s e  o f  gam- 
ma h e a t i n g  i n  t h e  p r e s s u r e  v e s s e l  t h e  s e n s i t i v i t y  maximum is  
s h i f t e d  t o  t h e  lower  MeV e n e r g y  r a n g e .  And f i n a l l y  f o r  t h e  gamma 
d o s e  r a t e  o u t s i d e  t h e  c o n c r e t e  s h i e l d  t h e  e n e r g y  r a n g e  o f  impor- 
t a n c e  l i e s  be tween 6 MeV and 1 0  MeV. 

- For  b o t h  k i n d s  o f  r a d i a t i o n  t h e  e x p a n s i o n  o f  t h e  s c a t t e r i n g  c r o s s -  
- s e c t i o n s  is needed up t o  t h e  P3-moment a t  l e a s t .  



Mainly b e c a u s e  o f  t h e  q u a d r a t i c  a d d i t i o n  r u l e  o f  e r r o r s ,  t h e  b ig -  
g e s t  c o n t r i b u t i o n s  d o m i n a t e  o v e r  a l l  s m a l l e r  p o r t i o n s  d r a s t i c a l l y ,  
s o  t h a t  t h e  error a n a l y s i s  o f  n u c l e a r  d a t a  f o r  s h i e l d i n g  t a r g e t  
q u a n t i t i e s  c a n  c o n c e n t r a t e  o n  t h e  main c o n t r i b u t i n g  p a r t s ,  which 
s i m p l i f i c e s  t h e  work c o n s i d e r a b l y .  A comple te  u n c e r t a i n t y  a n a l y s i s  
h a s  been  pe r fo rmed  by ~ ~ ~ - s t u t t ~ a r t . l O  The c o d e s  ANISN SWANLAKE 
and SENSIT were a p p l i e d  i n  EURLIB g r o u p  ~ t r u c t u r e . ~ ~ .  2r13r14- 
T h e  30 g r o u p  COVFILS c o v a r i a n c e  i n f o r m a t i o n ,  based on ENDFIB-5, 
was e x t e n d e d  t o  100 g r o u p s .  According to  t h e  u n c e r t a i n t i e s  g i v e n  
f o r  t h e  p a r t i a l  c r o s s - s e c t i o n s  a s  w e l l  a s  f o r  t h e  e n e r g y  d i s t r i b u -  
t-zon o f  s e c o n d a r i e s  ( S E D )  we o b t a i n  t h e  r e s u l t s  shown f o r  n e u t r o n  
t a r g e t  q u a n t i t i e s  i n  t a b l e  5  and f o r  gamma t a r g e t  q u a n t i t i e s  i n  
t a b l e  6 .  

The e r r o r  c o n t r i b u t i o n s  o f  t h e  t h r e e  most i m p o r t a n t  n u c l i d e s  H ,  0 

8 and Fe were c o n s i d e r e d  o n l y .  Compared w i t h  p r e v i o u s  results based 
on o l d e r  c o v a r i a n c e  i n f o r m a t i o n s  we g e t  a n  a p p e c i a b l e  r e d u c t i o n  o f  
t h e  u n c e r t a i n t i e s  e s p e c i a l l y  f o r  t h e  c o n t r i b u t i o n  o f  i r o n .  The 
h i g h e s t  t a r g e t  a c c u r a c i e s  a r e  needed f o r  r a d i a t i o n  damage c a l c u l a -  
t i o n s .  For damage f u r t h e r  improvements a r e  p o s s i b l e  by r e d u c i n g  
t h e  u n c e r t a i n t i e s  o f  i n e l a s t i c  s c a t t e r i n g  i n  i r o n  and o f  e l a s t i c  
s c a t t e r i n g  i n  hydrogen.  The u n c e r t a i n t y  r e l a t e d  t o  t h e  e n e r g y  
d i s t r i b u t i o n  o f  s e c o n d a r i e s  (SED) shows c l e a r l y  t h e  need f o r  ac- 
c u r a t e  gamma p r o d u c t i o n  c r o s s - s e c t i o n s  of  i r o n ,  which d e t e r m i n e  
t h e  d a t a  e r r o r  o f  a l l  gamma t a r g e t  q u a n t i t i e s  e s s e n t i a l l y .  The 
c o n t r i b u t i o n  of  t h e  u n c e r t a i n t i e s  i n  t h e  f i s s i o n  s o u r c e  and d e t e c -  
tor d a t a  a r e  a p p r o x i m a t e l y  t h e  same f o r  a c t i v a t i o n  and damage a s  
g i v e n  i n  t a b l e  7 .  

F i n a l l y  t h e  t o t a l  n u c l e a r  d a t a  u n c e r t a i n t y  is summarized i n  t a b l e  8. 
Compared w i t h  t h e  u n c e r t a i n t i e s  produced by d i f f e r e n t  e f f e c t s  i n  
g r o u p  d a t a  p r o c e s s i n g  we c a n  c o n c l u d e ,  t h a t  f o r  t a r g e t  q u a n t i t i e s  w i t h  
h i g h  r e q u i r e m e n t s  on p r e c i s i o n  l i k e  n e u t r o n  damage i n  t h e  p r e s s u r e  
v e s s e l  o r  a c t i v a t i o n  o f  d e t e c t o r s  i n  s u r v e i l l a n c e  c a p s u l e s  t h e  do- 
m i n a t i n g  u n c e r t a i n t i e s  o r i g i n a t e  form n u c l e a r  d a t a  and n o t  from 
p r o c e s s i n g  problems.  For  c a l c u l a t i o n  o f  gamma heati .ng t h e  p r o c e s -  
s i n g  error g e t s  l a r g e r ,  s o  t h a t  improvements i n  g r o u p  s t r u c t u r e  and 
n u c l e a r  d a t a  p r o c e s s i n g  a r e  needed.  But  t h e  l a t t e r  i s  o f  e x t r e m e  
impor tance  i n  d e t e r m i n i n g  t h e  n e u t r o n  and gamma d o s e  o u t s i d e  t h e  
r e a c t o r  s h i e l d .  A l l  m u l t i g r o u p  d a t a  l i b r a r i e s  p r o c e s s e d  d i r e c t l y  
from p o i n t  d a t a  i n t o  a g r o u p  s t r u c t u r e  of  a p p r o x i m a t e l y  100 neu- 
t r o n  g r o u p s  u n d e r e s t i m a t e  t h e  f a s t  n e u t r o n  d o s e  o u t s i d e  t h e  r e a c -  
t o r  s h i e l d  by a  f a c t o r  o f  t w o .  The t o t a l  u n c e r t a i n t y  g i v e n  i n  t a b l e  
8 f o r  t h e  n e u t r o n  d o s e  d o e s  not i n c l u d e  t h e  errors o f  t h e r m a l  neu- 
t r o n s .  The d e f i c i e n c i e s  of  t h e  n e u t r o n  g r o u p  d a t a  obse rved  a r e  re- 
s t r i c t e d  t o  d o s e  c a l c u l a t i o n s  o u t s i d e  t h e  b i o l o g i c a l  r e a c t o r  s h i e l d  
o r  t o  t h e  d e t e r m i n a t i o n  o f  a c t i v a t e d  p r o d u c t s  w i t h i n  t h e  c o n c r e t e  
s h i e l d .  To d e s c r i b e  t h e  p e n e t r a t i o n  o f  n e u t r o n s  t h r o u g h  2  meters o f  
c o n c r e t e  w e  have  to  improve t h e  f l u x  w e i g h t i n g  f o r  f a s t  n e u t r o n s  as 
w e l l  a s  t h a t  f o r  t h e  t h e r m a l  e n e r g y  r a n g e .  



One c a n  c o n c l u d e ,  t h a t  t h e  common e E f o r t  o n  t h e  PWR s h i e l d  bench -  
mark  w i t h i n  N E A C R P  h a s  shown u s  c l e a r l y ,  w h e r e  we meet t h e  t a r g e t  
a c c u r a c i e s  i n  p r a c t i c a l  s h i e l d  d e s i g n  and  whe re  we d o n ' t .  F o r  some 
t a r g e t  q u a n t i t i e s  l i k e  n e u t r o n  damage and  a c t i v a t i o n  r e a c t i o n s  i n  
t h e  p r e s s u r e  v e s s e l  and  s u r v e i l l a n c e  c a p s u l e s  we h a v e  to  i m p r o v e  
t h e  d a t a  b a s i s ,  e . g .  by a d j u s t m e n t  o f  t h e  i r o n  i n e l a s t i c  cross- 
s e c t i o n  a n d  i t s  c o v a r i a n c e  m a t r i x  to i n t e g r a l  e x p e r i m e n t s .  F o r  
o t h e r  t a r g e t  q u a n t i t i e s  l i k e  d o s e  or gamma h e a t i n g  we h a v e  r e c o g -  
n i z e d  d e f i c i e n c i e s  i n  o u r  l i b r a r i e s ,  which  come f rom g r o u p  s t r u c -  
t u r e s  a n d  g r o u p  d a t a  p r o c e s s i n g .  Improvemen t s  o f  t h i s  k i n d  c a n  b e  
p e r f o r m e d  e a s i l y .  
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T a b l e  1 :  N e u t r o n  T a r g e t  Q u a n t i t i e s ,  C a l c u l a t e d  w i t h  8  D i f f e r e n t  L i b r a r i e s ,  R e l a t e d  
t o  t h e  I K E  V a l u e s .  4 , 5 , 6 , 7 , 8 , 9 , 1 0  

- - 
I P r e s s u r e  V e s s e l  =--Concrete S h i e l ,  

P a r t i c i p a t i n g  

N o  O r g a n i z a t i o n  

1  
IKE 

S t u t t g a r t  

Damage R a t e  N e u t r o n  A c t i v a t i o n  

( d p a  s b l )  -3 -1 
( c m  s ) 

2  AAEC 

L u c a s  H e i g h t s  

EIR 
96 % 98  % 96 % 46 % 58  % 

I W u r e n l i n g e n  

N e u t r o n  Dose 

( s v . h - ' )  
F a s t  The rma l  

I n t .  107  I n t .  105  I n t . 7 2  

* 
1 .69  -12 6 .57  +5  1 . 5 3  +7 

I3 
AE RE 

1 W i n f r i t h  
I 

i Tokyo I I 

I n t . 1 8 9  I n t . 1 8 9  

1 . 2 3  -5 0 . 9 2  -5 

92 % 108  % 102 % 112 % 1 9 3  % 

97 % 98 % 97 % 

109 % 1 1 0  % 105 % 

- ----- 
Remarks ! 

450 8 t o t a l  

395 % t o t a l  

I 
F i s s i o n  ( L i b r a r y  \Resonance  

0 . 9 4  -5 2 . 5 4  -5 

36 % 325 % 

I 

! A v e r a g e  V a l .  1 . 65  -12 6 . 6 4  +5 1.51 +7 

S p e c t r u m  Groups  T r e a t m e n t  u 

: S t a n d . D e v .  

NBS I 
.i 
! 
I 

6 . 4  8 5 . 2  8 3 .6  % 

I 
NBS / 40n 1 

I 
I I 

/ EUR-3  0 v I / " ~ - w .  
NBS I I F e -  I 

~ U K N D L  1" - I / " ~ - w .  ~3 

1 0 0  ; F e '  
I 

c r a n b e r a :  VIT-C i f - f a c t o r  

! 
NBS / EUR-4- oFe: 1  /OT-w. 

! IKE 1 
I 

NBS RADHEAT f - f a c t o r  
l o o n  

r e a d  1 .69  1 0  -1 2  + n o t  i n c l u d e d  i n  a v e r a g i n g  



.. . ., 
..*-. . . ... . -  ~ a b l ~  2 :  Gamma T a r g e t  Q u a n t i t i e s ,  C a l c u l a t e d  w i t h  7 D i f f e r e n t  ~ i b r a r i e s ,  Re l a t ed  

t o  t h e  IKE Values .  4 , 5 ,6 ,8 ,9 ,10  

P a r t i z i p a t i n g  Gamma Hea t i ng  Gamma Dose N-Fission ~ i b r a r y  

( t i cmV3)  ( s v . ~ - '  ) 
N o  Organ i za t i on  I n t . 1 8  1nt .60 I n t . 1 0 5  I n t .  134 I n t .  189 Spectrum Groups 

I IKE 1 4.21 6.52 -1 2.10 -2 9.88 -6 1.54 -4 I NBS I 161nf/33nth/36 I S t u t t g a r t  

1 AAEC I - 
- - - 

Lucas Heigh ts  

I 3  AERE 
1 

59 % 127 % 98 % - 152 % NBS EUR-3 I W i n f r i t h  

97 % 79 % 78 % 85 % 79 % Cranberg VIT-C 

S a c l a y  + ,  9 7 %  153 % 105 % 97 % 150 % Cranberg EUR-4 
1 97 % 1 5 5 %  1 0 7 %  100 % 162 % 8-5 EUR-4 

EIR 
99 % 98 % 93 % 8 8 %  1 7 0 %  NBS EUR-4-IKE 

Wurenlingen 

16 1 8 4 %  101 % 99 % 101 % 1 113 % I NBs I RADHEAT 
i ~ o k y o  I 100n/1 3y 

/ Average V a l .  j 
I I I 

4 .OO 7.58 -1 2.09 -2 9.61 -6 1 .87 -4 1 1 
2 I Stand .  Dev. 19 % 25 % 5 .0  % 6.2 % 34 % 
C) I 
V3 + n o t  i nc luded  i n  ave rag ing  
0 
0 
2 

0 



T a b l e  3 :  S e n s i t i v i t v  of  t h e  Reswonses t o  t h e  C r o s s - S e c t i o n s  o f  e a c h  N u c l i d e .  
Sum o v e r  a i l  Groups anh Regions  

Damage rate 

Nuclide 

Activation Neutron dose 

( i n t .  72) ( i n t .  189) 

- 3.11 - 8.24 

Gamma dose 

( i n t .  189) 

- 3.97 

- 0.16 

- 2.01 

- 5.20 

- 1.42 

- 3.78 

- 0.06 

- 0.16 

Heating rate 

( in t .  18) 

- 0.08 

- 0.02 

- 0.03 

- 0.13 

+ 0.03 

- 0.14 

Heating rate 

( i n t .  105) 

- 0.48 

- 0.33 

- 0.15 

- 1.44 

+ 0.01 

- 1.88 

+ 0.02 

- 0.30 



Table 4: S e n s i t i v i t y  of t h e  Responses ( i n  S )  t o  t h e  Order Of Legendre Exwansion 
f o r  each Nuclide.  - Sum over  a l l  Groups and Regions 



T a b l e  5:  R e l a t i v e  S t a n d a r d  D e v i a t i o n  ( I n )  f o r  N e u t r o n  Q u a n t i t i e s  d u e  t o  P a r t i a l  
C r g s s - S e c t i o n  and  SED U n c e r t a i n t i e s  

--.- 
C r o s s - S e c t i o n  

Type 

On 

SED ( n , n )  

a  
n '  

SED ( n , n l )  

a  
n  1 P 

C r o s s - S e c t i o n  E r r o r  

SED E r r o r  

P a r t i a l  Sums 

T o t a l  Sum % 

-- 
F e - A c t i v a t i o n  

(Bar re l ,  I n t .  7 2 )  

H-1 0-16 F e  

R a d i a t i o n  Damage 
(RPV, I n t .  1 0 7 )  

H-1 0-16 F e  

N e u t r o n  Dose 
( C o n c r e t e ,  l n t .  1 8 9 )  

H - I  0-1 6  Fe 

4 .95  7.71 3 . 3 3  

5 . 9 3  7 . 7 9  - 

- 2 . 7 8  7 .56  

- 0 .09 5 .58  



Gamma H e a t i n g  

( C l a d d i n g ,  I n t .  1 0 5  
( C r o s s - S e c t i o n  

Gamma Dose 
( C o n c r e t e ,  I n t .  1 8 9  

-- 

Gamma H e a t i n g  
( R a r r e 1 , I n t .  18) 

I N e u t r o n  

On 

SED ( n , n )  

N-Gamma-Prod. 
S E D  ( n , y )  

Gamma 
O y  U n c o r r .  

T o t a l  E r r o r  
( + l ) - C o r r .  
C r o s s - S e c .  E r r o r  

I S E D  E r r o r  

1 P a r t i a l  Sums 
r 

I 
1 T o t a l  Sum % 



T a b l e  7 :  R e l a t i v e  S t a n d a r d  D e v i a t i o n  from S o u r c e  and  Detector 
U n c e r t a i n t i e s  

Fission Source Detector 
Neutron Gamma Data 

Int. 7 2  4 . 6 4  - Activation 4 . 2 2  
Int. 1 0 5  4 . 7 0  - 4 .15  

Damage Int. 1 0 7  4 . 7 3  - 3.06' 

Int. 1 8  2.31 2 . 9 8  - Heating 
Int. 1 0 5  3 . 0 3  1 . 5 4  - 

Neutron Dose Int. 189  4 . 6 9  - - 
Gamma Dose Int. 1 8 9  4 . 2 6  0 . 1 1  - 
+ Determined with regard of the error correlation between the 
elastic and inelastic part of the iron displacement cross 
section. (Error contribution from the elastic part: 3 . 2 1  % 
and from the inelastic: 1 , 1 3  % )  



Table 8: Total Uncertainty of Shielding Target Quantities from Nuclear Data and 
Data Processinq Errors for the NEA PWR Benchmark 

Cross-Section 
Error 

SED Error 

Source Uncer- 
tainty 
Detector Un- 
certainty 

Total Nuclear 
Data Error 

Group Data 
Processing Error 

Total Uncertaint] 

e-Activat 

(Barrel) 

4.97 

1.47 

4.64 

4.22 

ad.Damage Neutron 

,,,") / c o ~ g ~ ~ t e )  

Gamma Dole/rI Gamma Heating 

(Concrete) (Baffle) (Cladding) 



Austenit ic 
cladding Pressure vessel 

(distances in cm) 

Fig. 1: Geometrical Model of the Radial Shield Layers Considered in the NEA 
Benchmark for a PWR, 1300 MWel 
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rig. 3 4  CROSS SECTION S E N S I T I V I T Y  OF DAtlflGE RATE I N  PRESSURE 
VESSEL SUMMED OVER ALL ENERGY GROUPS AND ZONES 



Fig. 3 5  CROSS SECTION SENSITIVITY OF RCTIVRTION RRTE IN CORE 
BARREL SUMMED OVER ALL ENERGY GROUPS AND ZONES 



~ l y .  36  CROSS SECTION S E N S I T I V I T Y  OF NEUTRON DOSE RRTE AT OUTER 
S I D E  OF CONCRETE SUMMED OVER RLL ENERGY GROUPS AND ZONES 



Fig. 37 CROSS SECTION S E N S I T I V I T Y  OF GAMMA H E W I N G  I N  THE AUST- 
CLADDING SUMMED OVER ALL ENERGY GROUPS AND ZONES 



Fig. 38  CROSS SECTION S E N S I T I V I T Y  OF ORMHR DOSE RRTE FIT OUTER 
S I D E  OF CONCRETE SUMMED OVER RLL ENERGY OROUPS RND ZONES 



Fig. 3 9  CROSS SECTION S E N S I T I V I T Y  OF GRMMR HERTING I N  THE CORE 
BflFFLE SUMMED OVER ALL ENERGY GROUPS AND ZONES 
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Data Unce r t a in t i e s  i n  Reactor Sh ie ld  Design 
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J. Koban 

XWU, Erlangen, FRG 



The PWR s h i e l d  bei~chmark / I /  p r e s e n t e d  i n  1976 has  becn r e v i s e d  

and ex tended  t o  demonst ra te  t h e  p r e s e n t  s t a t u s  of  n u c l e a r  d a t a  i n  

use f o r  p r a c t i c a l  s h i e l d  des ign .  The n u c l e a r  d a t a  i n  use  have been 

improved s t e a d i l y ,  b u t  f o r  some s h i e l d i n g  q u a n t i t i e s  t h e  t a r g e t  accu- 

r a c i e s  have been a l s o  i n c r e a s e d .  T h i s  second in te rcompar ison  o f  a 

PWR s h i e l d  c a l c u l a t i o n  w i t h i n  t h e  NEACRP w i l l  show, where we meet: 

t h e  advanced requi rements  o f  r e a c t o r  saEety  and r a d i a t i o n  p r o t e c t i o n  

and where f u r t h e r  improvements a r e  needed u r g e n t l y .  

2  PWR System D e s c r i p t i o n  

The r a d i a l  s h i e l d  of  a  PWR ( 1 3 0 0  MVI ) h a s  been chosen a s  d e s i g n  e  1 
benchmark. F i g .  1 g i v e s  a  c r o s s - s e c t i o n a l  view of  t h e  r e a c t o r  c o r e ,  

c o r e  b a f f l e ,  c o r e  b a r r e l  ( t he rma l  s h i e l d ) ,  and r e a c t o r  p r e s s u r e  v e s s e l .  

The co re  c o n t a i n s  1 9 3  f u e l  a s sembl i e s  w i t h  1 0 3  t of  uranium 3 , 2  % en- 

r i c h e d  and 6 1  c o n t r o l  rods .  Water s e r v e s  a s  a c o o l a n t  and a s  a moderator  

a t  a  p r e s s u r e  o f  1 5 8  b a r  w i t h  291  O c i n l e t  t e n p e r a t u r e  and 3 2 6  C ou t -  

l e t  t empera ture .  The a c t i v e  h e i g h t  of  t h e  co re  is  3 , 9  m and t h e  r a d i a l  

d i ame te r  3 , 4 5  m a l o n g  a main a x i s .  The thermal  s h i e l d  i s  a  s t a i n l e s s  

s t e e l  c y l i n d e r  w i th  an i n n e r  d i ame te r  o f  4 , 2 1  m and 8 c m  t h i c k .  The 

r e a c t o r  p r e s s u r e  v e s s e l  w i t h  i n n e r  a u s t e n i t i c  c l add ing  has  a d iame te r  

o f  5 m and a t o t a l  t h i c k n e s s  o f  2 5 , 6  c m .  The p r e s s u r e  v e s s e l  is  s u r -  

rounded by thermal  i n s u l a t i o n  and t h e  pr imary c c n c r e t e  s h i e l d  i s  nor- 

mal ly  des igned  i n  two s e p a r a t e  l a y e r s  w i t h  a  t o t a l  t h i c k n e s s  of  1 , 9 5  m. 

---------- 
/ I /  G .  Hehn, J. Koban 

Reac tor  S h i e l d  Benchmark No. 2 

ESIS  S p e c i a l  I s s u e  No. 4 ,  1 9 7 6  



- 4 1  - 

3. >lode1 Desc r ip t ipn ,  M a t e r i d  Composition, and Source Data - - 

The r a d i a l  dimensions o f , a  one-dimensional c y l i n d r i c a l  con- 

f i r j u r a t i o n  a r e  g iven  i n  t a b l e  1  and t h e  m a t e r i a l  compositionj. in 

t a b l e  2. The c o m p o s i t i o n y i v e n  f o r  normal c o n c r e t e  cor responds  
3  t o  a mass d e n s i t y  9 = 2.27 g/cm wi th  3 % w a t e r  c o n t e n t  i n  d r y  

c o n c r e t e  accord ing  t o  t h e  s t a n d a r d  D I N  25413. 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  a i r  i n t e r v a l  189 can he cons ide red  approximate ly  

a s  be longing  t o  t h e  c o n c r e t e  zone u s i n g  a  d e n s i t y  r e d u c t i o n  o f  

f o r  t h i s  i n t e r v a l  i n  ILUISN. Table  3 shows t h e  power d i s -  

t r i b u t i o n  i n  t h e  o u t e r  c o r e  r eg ion  c o n t a i n i n g  t h r e e  rows o f  f u e l  

a s s e m b l i e s  a s  i n d i c a t e d  i n  f i g .  1. T h i s  o u t e r  c o r e  r eg ion  g i v e s  

8 
a good r e p r e s e n t a t i o n  o f  t h e  r a d i a t i o n  s o u r c e s  needed f o r  s h i e l d i n g  ' 

c a l c u l a t i o n .  I n  t a b l e  4 a  p r o p o s a l  i s  made f o r  t h e  l o c a l  mesh d i s -  

t r i b u t i o n  a l o n g  a r a d i a l  main a x i s .  For  having  i d e n t i c a l  normali-  

z a t i o n  o f  t h e  neu t ron  and gamma s o u r c e s  i n  t h e  core, t h e  a b s o l u t e  

power d e n s i t y  i n  L?/cm3 shou ld  be  used wi th  t i e  assumption o f  194 ?,lev/ 

f i s s i o n .  Fo r  t h e  EURLIB mul t ig roup  s t r u c t u r e  w i t h  100 neu t ron  groups 

t h e  n e u t r o n  f i s s i o n  spectrum are g iven  i n  t a b l e  5 c o n t a i n i n g  t h e  

p r o p o s a l  i n  ENDF/B-V a s  w e ' l l  as an e v a l u a t i o n  o f  NBS/Washington, 

f o r  which e r r o r  e s t i m a t i o n  is s u p p l i e d  /2/ .  

The neu t ron  y i e l d  p e r  f i s s i o n  r e a c t i o n  is then  

w i t h  v = 2.419 f o r  t he rma l  f i s s i o n  o f  U-35 

The t o t a l  gamma y i e l d  (prompt and de layed)  p e r  f i s s i o n  r e a c t i o n  

a s  w e l l  a s  t h e  b e t t e r  known prompt component a r e  g iven  i n  t a b l e  6 

f o r  t h e  group s t r u c t u r e  o f  20 gamma groups i n  EURLIB. The s p e c t r a l  

shape w a s  t aken  from t h e  ORIGEN-2 l i b r a r y  /3/ normalized t o  t h e  

newest d a t a  o f  She r  / 4 /  w i t h  i n t e g r a l  e r r o r  in format ion .  

------------- 
/ 4 /  R. S h e r  

F i s s i o n  energy  release f o r  16 f i s s i o n i n g  nuclides,BNL-workshop 

on Eva lua t ion  ~ e t h o d s ,  Scp t .  22-25, 1980 
. . . . . .  >.. " ! ,.< . "  > ! ;  ,?., , ' :  .~ 

> ... 



4 .  A i m s  o f  the c a l c n l a t i o n s  ---- 
4 . 1  Determinat ion of  i n t e q r a l  t a r g e t  ( l u a ! ? t i t i c s  o f  p r i m r y  i n -  

t e r e s t  i n  sh i c ld i -ng .  For  t h i s  a  forward ANCSN c a l c u l a t i o n  - - - - - - - - - -  
i s  needed i n  r o u t i n e  des ign  SS/P3-appro:d.mation w i t h  an in -  

c r e a s e d  p o i n t  convergence of  lod5 and l e f t  boundary c o n d i t i o n  

I B L  = 1 and r i g h t  boundary I B R  = 0 .  For in t c rcompar i son  t h e  

fo l lowing  q u a n t i t i e s  should  be provided:  

-3 -1 5  4 
4.1.1 A c t i v a t i o n  r a t e  (cm 5 ) of  Fc (n ,p )  5 4 ~ ~ 1  i n  t h e  b a r r e l  ma- 

t e r i a l  n e a r  t h e  s u r v e i l l a n c e  c a p s u l e s  ( i n t e r v a l  7 2 )  and i n  t h e  

p r e s s e l  v e s s e l  c l a d d i n g  ( i n t e r v a l  105) f o r  comparison w i t h  

measurements i n  t h e  f u t u r e .  

4 . 1 . 2  Product ion  r a t e  o f  neu t ron  damage i n  t h e  p r e s s u r e  v e s s e l  a s  

d i sp l acemen t  r a t e  p e r  atom (dpa / s )  a t  i n t e r v a l  107. 

3  4.1.3 Gamma h e a t i n g  r a t e  (IV/cm ) i n  co re  b a f f l e  ( i n t e r v a l  1 8 ) ,  

c o r e  b a r r e l  ( i n t e r v a l  G O ) ,  p r e s s u r e  v e s s e l  ( i n t e r v a l  105) 

and c o n c r e t e  s h i e l d  ( i n t e r v a l  1 3 4 )  . 

4.1.4 B i o l o g i c a l  neu t ron  and gamma dose rate (Sv/h)  a t  o u t e r  s i d e  

of  t h e  conc re t e  s h i e l d  ( i n t e r v a l  189) .  

The f i s s i o n  spectrum of  NBS should  be taken  p r i m a r i l y ,  because i t  

a l l o w s  an e r r o r  c o n s i d e r a t i o n  of  a l l  t a r g e t  q u a n t i t i e s .  The ENDF/D-5 

f i s s i o n  spectrum is  w i t h i n  t h e  e r r o r  g iven  and can be ta!ten o p t i o n a l -  

l y  f o r  comparison i n  a second forward c a l c u l a t i o n  b u t  n o t  f o r  s e n s i -  

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

e f f o r t  l i k e  S I6 /P5  - approximation w i l l  be s u p p l i e d  f o r  comparison 

and m u s t n ' t  be s t u d i e d .  

------------- 
/ 2 /  J. Grundl,  C. E isenhauer ,  E .  M c  Garry 

Benchmark Neutron F i e l d s  f o r  P r e s s u r e  Vesse l  S u r v e i l l a n c e  

Dosime t r y ,  NUWG/CR-055 1 

/3 /  A .  G.  C r o f f ,  R. L. Haese, and N .  B. Gove, Uudated Dccay and 

Photon L i b r a r i e s  f o r  t h e  -- ORTGEV Code, OWL/TM-GO55 (February 1979) .  



4.2 C a l c u l a t i o n  o f  c r o s s  s e c t i o n  s e n s i t i v i t i e s  acco rd ing  t o  t h e  . . - - - - - - - - - - - - - - - - - - - -  ---.  - - - - - - - - -  
fo l lowing  lists o f  p r i o r i t y  e .g .  f o r  neu t ron  t a r g c t  q u a n t i t i e s :  - - - - - - - - - - - - - -  
a)  damage rate a t  i n t e r v a l  107 

b )  a c t i v a t i o n  rate a t  i n t e r v a l  72 

C )  n e u t r o n  dose rate a t  i n t e r v a l  189 

and f o r  gamma t a r g e t  q u a n t i t i e s  

a)  gamma dose  rate a t  i n t e r v a l  

b)  h e a t i n g  rate a t  i n t e r v a l  18 

c)  h e a t i n g  rate a t  i n t e r v a l  105 

4.2.1 Determina t ion  o f  t h e  importance of  t h e  c r o s s  s e c t i o n s  f o r  

d i f f e r e n t  n u c l i d e s .  T o t a l  s e n s i t i v i t y  t o  neu t ron  c r o s s  sec- 

t.ions and t o t a l  s e n s i t i v i t y  t o  gamma c r o s s  s e c t i o n s  of  t h e  

d i f f e r e n t  n u c l i d e s  p r e s e n t  summed o v e r  energy  groups and 

s p a t i a l  zones. 

4.2.2 Determina t ion  of  t h e  importance o f  a n g u l a r  moments. Sens i -  

t i v i t y  t o  Legendre moments o f  neu t ron  and gamma c r o s s  sec- 

t i o n s  ( p e r c e n t  change t o  P3-approximation) f o r  t h e  d i f f e r e n t  

n x l i d e s  p r e s e n t  summed o v e r  energy  groups  and s p a t i a l  zones 

4.2.3 D(=terminat ion of  impor t an t  energy  r eg ions .  Cross  s e c t i o n  

s , = n s i t i v i t i e s  p e r  u n i t  l e t h a r g y  (energy p r o f i l e s )  f o r  t h e  

d i f f e r e n t  n u c l i d e s  p r e s e n t  summed o v e r  s p a t i a l  zones. 

a 
4.3 C s l c u l a t i o n  o f  t h e  r e l a t i v e  s t a n d a r d  d e v i a t i o n  f o r  neu t ron  

t a r g e t  q u a n t i t i e s  acco rd ing  t o  t h e  p r i o r i t y  l i s t  g iven  i n  
---_------------------------_____________________________ 

4.2. 

4.3.1 D,=terminat ion of  t h e  e r r o r  c o n t r i b u t i o n  from s o u r c e  d a t a  un- 

c < = r t a i n t i e s ,  e .g .  r e s u l t i n g  from t h e  NBS e r r o r  e s t i a a t e  o f  

t h e  n e u t r o n  spectrum f o r  t he rma l  f i s s i o n  i n  U-235 a s  g iven  

i n  table 8. 

4.3.2 Determina t ion  o f  t h e  e r r o r  c o n t r i b u t i o n s  from neu t ron  c r o s s  

s e c t i o n  u n c e r t a i n t i e s  w i t h  a v a i l a b l e  e r r o r  cova r i ance  m a t r i c e s  

o f  t h e  n u c l i d e s  H and 0 i n  EURLIB s t r u c t u r e  and Fe and U-238 
i~ 26 group COVErCY s t r u c t u r e .  



4 . 3 . 3  Es t ima t ion  of  t h e  e r r o r  c o n t r i b u t i o n s  from t h e  n o n e l a s t i c  

neu t ron  c r o s s  s e c t i o n  o f  t h c  n u c l i d e s  C r ,  N i ,  and Z r  w i t h  

t h e  h e l p  o f  t h e  n o n e l a s t i c  covar iance  m a t r i x  g iven  f o r  Pe. 

4 . 3 . 4  I n c l u s i o n  of  t h e  e r r o r  from d e t e c t o r  c r o s s  s e c t i o n  unccr- 

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

i r o n  d isp lacement  c r o s s  s e c t i o n  as w e l l  a s  f o r  t h e  a c t i v a -  

t i o n  d a t a  from ENDF/B-5-Dosimetry F i l e .  

4 . 4  Es t ima t ion  o f  t h e  r e l a t i v e  s t a n d a r d  devLat ion f o r  gamma - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - -  
t a r g e t  q u a n t i t i e s  acco rd ing  t o  t h e  p r i o r i t y  l i s t  i n  4 . 2 .  

4 . 4 . 1  Determinat ion of  t h e  e r r o r  c o n t r i b u t i o n  of  t h e  neu t ron  f i e l d  

acco rd ing  t o  4 . 3 . 1 ,  4 . 3 . 2 ,  and 4 . 3 . 3 .  

4 . 4 . 2  Free  e s t i m a t i o n  of t h e  e r r o r  c o n t r i b u t i o n  from t h e  gamma 

f i s s i o n  y i e l d  and t h e  gamma product ion  d a t a  s t a t i n g  t h e  

assumptions made. 

4 . 4 . 3  Free  e s t i m a t i o n  of  t h e  error c o n t r i b u t i o n  from gamma c r o s s  

s e c t i o n s  s t a t i n g  t h e  assumptions made. 

5 P r e s e n t a t i o n  o f  t h e  f i n a l  r e s u l t s  

For  e a s y  in te rcompar ison  t h e  f i n a l  i n t e g r a l  t a r g e t  va lues  should  be  

g iven  t o g e t h e r  w i t h  t h e i r  t o t a l  d a t a  u n c e r t a i n t i e s  i n  ' t a b u l a r  form 

a s  shown i n  t a b l e  9 .  Then t h e  p a r t i a l  d a t a  u n c e r t a i n t i e s  ( i n  r e l a t i v e  

s t a n d a r d  d e v i a t i o n )  can be r e p o r t e d  acco rd ing  t o  t a b l e  10 and 11 .  

F i n a l l y  i n  s i m i l a r  t a b l e s  t h e  i n t e g r a l  s e n s i t i v i t i e s  acco rd ing  t o  

4 . 2 . 1  and 4 . 2 . 2  can be s t a t e d  and f o r  t h e  most impor t an t  n u c l i d e s  

energy  p r o f i l e s  accord ing  t o  4 . 2 . 3  can be p l o t t e d ,  A l l  assumptions 

made i n  t h e  e r r o r  a n a l y s i s  should  be mentioned. 



Table 1 Radial  dimensions along a main a x i s  with s imp l i f i ed  -- 
concre te  s h i e l d  

Zone 

Reactor co re  

Core b a f f l e  

1. Water l a y e r  

8 Core b a r r e l  

2. Water l a g e r  

Aus t en i t i c  c ladding 

P re s su re  v e s s e l  

Concrete s h i e l d  

A i r  

Zone r a d i u s  Zone th ickness  

I C ~ I  ic .I 



o n e  1 Reactor  c o r e  
Core b a f f l e  
Core b a r r e l  P r e s s .  v e s s e l  1. Water l a y e r  2.  Water l a y e r  Concre te  s h i e l d  

Aust. c l a d d i n n  

Table  2 H a t e r i a l  c o n p o e i t i o n  [ 1 0 ~ ~  c n - 1  



Table 3 Power d i s t r i b u k i o n  i n  ou te r  core  reg ion  -- 
( 3 rows of f u e l  assemblies ) along 8 

r a d i a l  main a x i s  

Interval Radius I n t e r v a l  Power 

number CcmJ c e n t r e  [~/cm? 



- 4 8  - 
9 3 b l e  4 P r o p o s a l  of  a l o c a l  mesh d i s t r i b u t i o n  a l o n g  a r a d i a l  

n a f n  axis 

Zone and t o t a l  Nunber of  Th ickness  of  2ad i u s  
nunber of i n  t e r v a l s  i n t e r v a l  
i n t e r v a l s  

[c ~1 
i c  .I 

Reac to r  c o r e  

17 

Core 1 

1. Water l a y e r  

37 

Core b a r r e l  

13 

2. Water l a y e r  



Tab le  4 (cont inu ing)  "--- 

Zone and t o t a l  Ikpber  of Thickness of  Ra3 ius 
nunber of i n t e r v a l s  i n t e r v a l  [. rn] 
i n t e r v a l s  [cmI 

Cladcl ing 

P re s su re  ves se l  

Concrete s h i e l d  

- - 
Air 



T n b m  N e u t r o n  f i s s i o n  s p e c t r u a  of  U-235 f o r  100 n e u t r o n  g roups  

( E K I L I B )  a s  g i v e n  by XES / 2 /  and f r o 3  K?IDF/B-5 .. 



Table 6 Tota l  and prompt f i s s i o n  gamma y i e l d  - s p e c t r a l  -- 
shape from ORICEN-2 / 3 /  with normalization of 

t o t a l  y i e l d  corresponding t o  1 3 . 3  NeV/fission 

and of prompt g m a  y i e l d  t o  6 .972  0.50 MeV/fission / 4 / .  

energy MeV t o t a l  y i e l d  prompt y i e l d  



TADLE 7 - Enoroy fixit: of onoryy arcups: EU!ILIE! :trunura 

Group 

1 
2 
3 

4 

6 

6 

7 
0 
9 

10 
11 

12 
13 
14 

15 

16 
17 

18 

19 
20 

21 
n 
23 
24 

25 

26 
27 
?a 

.a 
30 
31 
n 
33 
34 . 35 
36 

37 
3-3 
39 

40 

4r 

42 

43 
44 

45 

46 

47 

48 

49 
W 



Tsble 8: E r r o r  es t imates  f o r  neutron f i s s i o n  spectrum 

of U-235 /2 /  

Group 



T a b l e  9 I n t e g r a l  t a r g e t  q u a n t i t i e s  wi th  e r r o r s  

1. a c t i v a t i o n  r a t e  [ ~ r n ' ~  s-'J 

1.1 NBS - f i s s i o n  spectrum 
1.2 r e 1  s t a n d .  d e v i a t i o n  [%] 
1 . 3  .EXDF/B-5 f i s s i o n  spec- t run  
1.4 o t h e r  v a l u e s  e v e n t u a l l y  

2. damage r a t e  [ d p a / ~ )  
2. I 

2.2 

2 -  3 

3. gamma h e a t i n g  r a t e  [ ~ / c r n ~ ]  

4. neu t ron  dose  r a t e  
4.1 

I + .  2 

4.3 

5. gamma d o s e  r a t e  

5- 1 

5.2 

5.3 

I n t e r v a l  No. 
I 0  60 72 105 107 734 189 



Table 10 Rela t ive  s tandard d e v i a t i o n  r e s u l t i n g  from 

source  and d e t e c t o r  d a t a  

1. a c t i v a t i o n  
1 .I a t  i n t e r v a l  72 
1.2 at  i n t e r v a l  105 

3. gamma hea t ing  
3 a t  i n t e r v a l  18  

3.2 a t  i n t e r v a l  109 

4. neutron dose 

5. gamma dose 

% e r r o r  con t r ibu t ion  
f i s s i o n  somce 
neutron/gamma 

d e t e c t o r  

d a t a  



Table  11 R e l a t i v e  s t a n d a r d  d e v i a t i o n  r e s u l t i n g  from i m p o r t a n t  

p a r t i a l  c r o s s  s e c t i o n s  of  t h e  most impor t an t  n u c l i d e s  

r e l a t i v e  s t a n d a r d  d e v i a t i o n  % 

nuc L id  e r e a c t i o r  

t y p e  

3 c t i v a t i o n  

3 t  i n t .  72 
damage 1 g a m a  h e a t i n g  i e u t r o n  

d o s e  

gamma 
d o s e  

Gsprod.  
t o t - e r r .  

~ i ,  f 
t o t - e r r .  




