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ABSTRACT 

A c t i v e  and p a s s i v e  a u t o r a d i o g r a p h i c  t e c h n i q u e s  were  u sed  t o  o b t a i n  
p i e c e  c o u n t s  of  f u e l  p l a t e s  i n  f a s t  c r i t i c a l  a s sembly  d r a w e r s  :and t o  v e r i f y  
t h e  a s sembly  l o a d i n g  p a t  t e r n .  A c t i v e  a u t o r a d  i o g r a p h y  u s i n g  p r o m p t - f i s s  i on  
and f i s s i o n - p r o d u c t  r a d i a t i o n .  was more suc:cessfr l l  wit11 , . ~ r a n i t ~ m  f u e l  whi.le 
p a s s i v e  a u t o r a d i o g r a p h y  was more s u c c e s s f ~ ~ l  wit11 pl.lltolli.um f l ~ e l .  11 s o u r c e  
m u l t i p l i c a t i o n  t ec ' hn ique  was. u sed  t o  measu re  c h a n r e s  in  r e a c t ' i v i t y  wllen s m a l l  
q u a n t i t i e s  ( 2 - 2 . 5  kg )  o f  f i s s i l e  m a t e r i a l  we re  removed f rom .a s u b c r i t i . c a 1  

. r e f e r e n c e  c o r e  o,E t h e  Z e r o  Power P l u t o n i u m  R e a c t o r .  E f f o r t s  t o  compensa t e  f o r  
t h e  1os.s o f  r e a c t i v i t y  by s u b s t i t u t i n g  p o l y e t h v l e n e  f o r  f u e l  were  l a r g e l y  
u n s u c c e s s f u l .  Some. c o m p e n s a t i o n  was achievecl  by r e p l a c i n g  U-238 w i t h  po ly -  
e t h y l e n e .  The s e n s i t i v i t y  ' f o r  d e . t > c t  i o n  of  p a r t  i a l  l y  compensa ted  fu ' e l  removed. 
from minimum wor th  r eg ion - s  was appr:oximatel y  2 . 5  kp ( f  i s s i l e )  f o r  a  c o r e  
c o n t a i n i n g  2600 kg ( f i s s i l e ) .  . ~ u b s t i t u t i o n  o f  p o l y e t h y l e n e  was d e t e c t e d  w i t h  
a  s p e c t r a l  .index, which was t h e  r a t i o  of  t h e  r a t e  of t h e  In-115 ( n , y )  r e a c t  ion  
t o  t h e  r a t e  of t h e  In-115 ( n , n l )  r e a c t i o n .  T h i s  s p ~ c t r a l  i ndex  was s e n s i t i v e  

: .  . t o  t h e  p r e s e n c e  o f  an  0 . 6 4 - c ~ n - t h i c k ,  5.08-crrl-h i.gh p o l y e t h y l e n e  co111rnn 10-15 c m  

away from t h e '  ' indium f o i l .  'J:he r e a c t i v . i t y  wor th  o f  Pu-239 was a l . so  ob t a incc l  a s  
a  f u n c t i o n  o f  l o c a t i o n  i n  t h e  r e a c t o r ' c o r e  w i th  t h e  u s e  o f  an i n v e r s e  k i n e t i c s  
t e c h n i q u e .  R e a c t i v i t y  w o r t h s  f o r  .Pu-239 v a r i e d  from a maximum o f  58 .67  I h / k g  
ne.ar t h e  ' c o r e  c e n t e r  t o  a  minimum o f '  1 4 . 8 6  -Ih./kg , a t  t h e  c o r e  e d g e .  

KEYW0,RDS: NondeSt ruc t  i v e  a s s a y ,  p lu t .on ium,  u r an ium,  r e a c t  i v i t y ,  a u t o r a d i o g r a p h y ,  
s p e c t r a l  i.ndex, f a s t  c r i t . i c a 1  assemb 1  i e s  , :  

INTRODUCTION 

F a s t  c r  i t  i . ca l  a s s e m b ' 1 i . e ~  suck, a s  t h e  Z e r o  Power P l u t o n i u m  l i e a c t o r  . ( Z I J P K )  f a c i l  i t v  
r e q u i r e  l a r g e  i n v e n t o r  i.es of p l u t o n i u m  and en'r  i ched -u ran ium f u e l s  .  he' Z P P R  . fue  1  i s  p r  imar i I - 
i n  t h e  form o f  t h i n  m e t a l  o r  a l l o y  ' p l . a t . e s ,  ( 0 .066 -0 .64 -cm- th i ck ,  5  :08-cm h  i g h ,  and from 2 . 5 4  
cm t o  2 0 . 3  cm l o n g )  a n d . s m a l l  m e t a l - o x i d e - c o n t a i n i n g  r o d s  ( 0 . 9 5  cm diam by 7.5Z115.26 cm 
l o n g ) .  Uranium e n r i c h m e n t s  v a r y  be tween  16% and 93% U-235, and p lu toni l lm c o n c e n t r a t i o n s  v a r y  
from 15% t o  99%.  F . i s s i l e  m a t e r i a l s  i n  t h e s e '  s i z e s  2nd p u r i t i e s  p r e ' s en t  an a t t r a c t  ivk  t a r g e t  
t o  a  p .otent  i a l  d i v e r t e r .  ~ e c a u s e  of  t h i s  d i . v e r s i o n  p o t e n t i a l ,  i t  i s  i m p o r t a n t  t h a t  e l f e c t  il: 
s a f e g u a r d s  be implemented a t  f a s t  c r i t i c a l  a s sembly  f a c i l i t i e s .  The s u b j e c t  o f  c r i t i c a l  
f a c i l  i t y  s a f e g u a r d s  h a s  bpen r e c e n t l y  r e v i e w e d .  ' l 2  Fue l  e l e m e n t s  a t  ZPPK a r e  n o & ~ 1 1 -  
l o c a t e d  i n  t h e  r e a c t o r  i t s e l f  o r  a r e  s t o r e d  i n  c a n i s t e r s  in a. v a u l i .  : k s t  o f  t h e  t i r ; . ~ ,  a  
l a r g e  m a j o r i t y  of  t h e  f r le l  i s  i n  t h e . r e a c t o r .  File r e a c t o r  h a s  two h a l v e s ,  e ach  o f  w l ~ i c h  
c o n s i s t s  o f  a s q u a r e  a r r a y  o f  m a t r i x  t u b e s .  Thc € 1 1 ~ 1  is  c o n t a i n e d  i n  d r a w e r s ,  5 . 0 8  cnl sq1lnra 

' b y  up t o  91.'4-cm l o n ~ .  The d r a w e r s  a l s o  c o n t a i n  s t r u c t u r a l ,  c o o l a n t ,  aild f e r t i l e  m a t e r i a l s .  
A t y p i c a l  d r awer  includes's c o r e  segment  c o n t a i n i n g  e i t h e r  one  o r  two colymns o f  f u e l  p l a t e s  

, (- 0 . 5  kg o r  1 . 0  kg of  f i s s i l e  m i t e r i a l )  and a  second  sekment  c o n t a i n i n g ' t y p i c a l  a x i a l  
b l a n k e t  m a t e r i a l s .  The d r a w e r s  a r e  i n s e r t e d  i n t o  t h e  m a t r i x  t u b e s ,  and t h e  h a l v e s  a r e  
b r o u g h t  t o g e t h e r  t o ' f o r m  t h e  f i n a l  r e a c t o r  c o n f i g u r a t i o n .  

Because  o f  t h e  l a r g e  number o I  f u , e l  p l a t e s ,  and h e c a u s e  t h e  p l a t e s  a r e  n o r m a l l y  l o c a t e d  
i n ' t h e  r e a c t o r ,  v e r i f i c a t i o n  of  t h e  f i s s i l e  m a t e r i a l  i n v e n t o r y  0,f t h e  f a c i l i t y  i s  t i m e -  
consum.ing. I f  i n d i v i d u a l  p l a t e s ,  o r  even  whole d r a w e r s  a r e  re'moved f rom t h e  r e a c t o r  f o r  
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, c o o ~ p l . u ~ e  p h y s i c a l  i n v e n t o r y  at: % t l P K ,  i n c l u  I ing v i s u ; i l  i n s p e c t  i.on o f  e ach  f u e l  elcmcni: and 
n o n d e s t r u c t i v e  a s s a y  (NDA) .measurements  on iX o f  t h e  i n v e n t o r y , .  r e q u i r e s  a b o l ~ t  30 e i g h t -  
h o u r  s h i f t s ,  Because  o f  a c c u m ~ ~ l a t e c l  r a d i a l .  ion e x p o s u r e ,  incl i v i . dua l  p a r t i c i p a t i o n  i s  1  i m i t e d  
t o  5  s h i f t s .  A s  a  r e s u l t ,  36 p e r s o n s  a r e  ~ e q u i r e d  t o  pe r fo rm t h e  i n v e n t o r y .  

I n  o r d e r  t o  r e d u c e  t h e  impact  o f  i n v e n t o r y  v e r i f i c a t i o n ,  i t  i.s d e s i r a b l e  t o  a s s a y  t h e  
f u e l  ifi t h e  r e a c t o r  c.ore i n  t h e  l a r g e s t  p o s s i b l e  u n i t s .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  d u r i n g  
t h e  l o n g  p e r i o d s  be tween  ma jo r  l o a d i n g  c h a n g e s  when f l ~ e l  i s  n o t  a c c e s s i b l e  t o  a s s a y  i n  sma l l  
u n i t s .  The l ~ o s L  t l f r i c i e n c  i n v e n t o r y  v e r i f i c a t i o n  method would be  a b l e  t o  examine  t h e  e n t i r e  
r e a c t o r  c o r e  iri a  . s i n g l e  measurement  o r  combina t  ion of  meas t l rements .  I d e a l l y ,  t h e  v a l i d i t y  
o f  t h e  who le - co re  measu remen t s  s h o u l d  b e  v e r i f i a b l e  by i n s p e c t o r s  n o t '  n o r m a l l y  p a r t  o f ' t h e  
f a s t  c r i t i c a l  f a c i l i t y .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  i n  i . n t e r n a t  i .ona l  s a f e g u a r d s  where 
i n s t i t u t i o n a l  d i v e r s i o n  is  c o n s i d e r e d .  Two p o t e n t i a l l y  power fu l  a s s a y  m e t h o d s ,  wii,en u sed  i n  
c o m b i n a t i o n ,  a r e  a u t o r a d i o g r a p h y  and t h e  measurement  of  i n t e g r a l  (who le  c o r e )  r e a c t i v i t y .  

EXPERIMENTAL PIE'THODS 
. . 

Auto rad  i o g r a p h y  

\ h e n  x- ray  s e n s i t i v e  f i l m  i s  p l a c e d  a g a i n s t  t h e  e d a e  o f  a  f a s t  c r i t i c a l  a s sembly  f ~ ~ e l  
p l a t e ,  t h e  r a d i a t i o n  e m i t t e d  by t h e  . i s o t o p e s  i n .  t h a t  f u e l  p l . l t e  form a  c l e a r  image ( a u t o r a -  
d i o g r a p h )  o f  t h e  edge  o f  t h e  f u e l  p l a t e .  Two t y p e s  of  a u t o r a d i o g r a p h y  c a n  b e  llsed t o  o b t a i n  
p i e c e  c o u n t s  o f  fue ' l  e l e m e n t s  i n  r e a c t o r  d r a w e r s .  I h e  f i r s t  t y p e  i s  p a s s i v e  a u t o r a d i o r r a p h y  
i n  which s p o n t a n e o u s l y - e m i t t e d  b e t a  and gamma . r a d i a t i o n  form t h e  f ~ e l - ~ l . a ' t e  image.  ? h e  
p a s s i v e  a u t o r a d i o g r a p h i c  method was p r e v i o u s l y  a p p l i e d  t o  p l u t o ~ ~ i u m - c o n t a i n i n g  f a s t  c r i t  i.cal5 
a s sembly  f u e l s 3  and t o  l ow-en r i ched  u ran ium f u e l  i n  LIJli a s s e m b l i e s 4 .  The s econd  t y p e  o i  
a u t o r a d i o g r a p h y  is  a c t i v e ,  i n  wh i ch  prompt f i s s i o n  gamma r a d j , a t  i on  anti f i s s i o n - p r o t l u c t  be,t.a;.; 
and gamma r a d i a t i o n  produced  d u r i n g  and immet l ia te ly  a f t e r  c r i t i c a l  r e a c t o r  o p e r a t  i on  form. 
t h e  f u e l - p l a t e  image .. 

Pa . s s ive  a u t o r a d i o g r a p h s  of  f u e l  p l a t e s  i.n r e a c t o r  d r a w e r s  cnn be o b t a i n e d  by s l i t l i n g  a  
p a c k e t  o f  x - r ay  f i l m  be tween  t h e  t o p  of  t h e  c o n t e n t s ' o f  a  d r a w e r  and t h e  m a t r i x  e l emen t  
above t h a t  d r a w e r .  The c l e a r a n c e  be tween  t h e  t o p  o f  a .  f r ~ e l .  e l emen t  and t h e  m a t r i x  tube i.s. , '  

0 .152  c m  i n  t h e  ANL f a s t  c r i t i c a l  a s s e m b l i e s .  Vie  f i l m  used  i n  p r e v i o u s  a p p l i c a t i o n s  t o  
p l t ~ t o n i u m  f u e l  was 'Kodak  Ready-Pack Type-M X-ray f i l m .  T l ~ e  f i l m  pncke t  was 3;81 cm v i d e  
and was 0 . 0 8 9  cm t h i c k  where t h e  e n d s  o f  t h e  pncke t  were s e a l e d  w i t h  b l a c k  t a p e .  T y p i c a l  

' e x p o s u r e  t i m e s  were 1 5  min,. .The p a s s i v e  a u t o r a d i o q r n p h i c  ,method a l l o w e d  a  f u e  1 - p l a t e  
p i e c e  c o u n t  t o  be made i n  a l a r g e  number o f  d r s w e r s  i n  a s h o r t  t i m e .  For p l u t o n i u m  f ~ l e l s ,  
p a s s i v e  a u t o r a d i o g r a p h i c  images a r e  p r edo in inan t ly  formed h y  t h e  60 keV gamma r a y  from A m - 2 4 1 .  

l l ~ e  . p a s s i v e  a u t o r a d  i o g r a p h y  o f  u r an ium f u e l  i n  r e a c t o r  d r a w e r s  i s  l e s s  s a t  i s  factor :!  
t l i an  f o r  p l u t o n i r ~ m  f u e l s .  One d i f f i c u l t y  i s  c h a t  expos1lr.e t i .mei of many h o u r s  a r e  r t .ar~i . r ,ed 
i f  o r d i n a r y  x - r ay  f i l m  i s  used  f o r  11rani1.1m f l ~ e l .  T h i s  problem i s  csu 'sed by t h e  low gamma- 
r a y  e m i s s i o n  r a t e  f o r  U-235 compared t o ,  t h e  gamma-ray e m i s s i o n  r a t e s  f o r  t h e  i s o t o p e s  
p r e s e n t  i n  p l ~ ~ t o n i u m  f u e l s .  I n t e n s i f y i n g  s c r e e n s  c a n n o t  be used  i n  r e a c t o r  t l rawers  b e c a l ~ s e  
o f  t l ~ e i r  t h i c k n e s s .  A s econd  problem w i t h  t h e  p a s s i v e  a l l t o r a t l i o g r a p h y  of  u.rani.um i s  t h e  
l a r g e  c o n t r i b u t i o n  from U-238 t o  t h e .  image d e n s i . t y  of  o f u e l  p l a t e .  The U-238 d a u g h t e r  
Pa-234 e m i t s  2 . 2 9  NeV b e t a  r a d i a t i o n  which e f f i c i e n t l y  e x p o s e s  f i l m .  The. image dens  i t  i e s  
from u n c l a d  d e p l e t e d  u r an ium p l a t e s  and from u n c l a d  933 -en r i ched  p l a t e s  a r e  n e a r l y  eq? ln l .  
Uran'ium f u e l  p l a t e s  used  a t  IINL a r e  n o t  c l a d .  A d d i t i o n a l  f i l t r a t i o n  i s  nccded t o  r e d u c e  
t h e  c o n t r i b r ~ t i o n . t o  image d e n s i t y  from U-238, b u t  a d r l i t i n n a l ' f i l t r - 7 t i o n  i n c r e a s e s  t . h ~  t h i c k -  
n e s s  of  t h e  f i l m  p , acke t .  F u r t h e r , v o r k  i s  r e q u i r e d  t o  i n v e s . t i p , a t e  p o s s i b l e  methods  f ~ r  
a p p l y i n g  p a s s i v e  a u t o r a d i o g r a p h y  t o  u r a n  ium f u e l  i n  r e a c t o r  d r a w e r s .  . 

. . 

n7e need t p  d i s t i n g u i s h  be tween  U-235 p l a t e s  and U-238 p l a t e s  i n  an a s sembly  c o r c  l e d  
t o  t h e  deire lopment  o f  a c t i v e  a u t o r a d  i o p r a p h  i c  me thods .  T.n a c t  i v e  a u t o r a d  i o g r a p h y  t h e  prompt -. 
f i s s i o n  gamma rat1 i a t  i o n  a n d / o r  t h e  s h o r t  - l i v e d  f i s s  i o n - p r o d ~ ~ c t  b e t  a  and .  gamma r a d  i a t  ion  pro-  
d u c e s  t ,he  f u e l . p l a t e  image .  ,The f o r m a t i o n  o f  an image i s  t h e  d i r e c t  . r e s u l t  o f  t h e  c r i t i c a l  
o p e r a t i ' o n  of  t h e  a s s e m b l y .  Recaus:e t h e  spontaneous r a d i a t i o n  e m i s s i o n  from u ran ium i s  
s m a l l ,  two t y p e s  of a c t i v e  a u t o r a d i o g r a p h y  a r e  a p p l i c a b l e  t o  u r an ium f u e l .  I n  t h e  f i r s t  
t y p e ,  t h e  f u e l  p l a t e  images a r e  for:ned by b o t h  p r o m p t - f i s s i o n  and . f i s s i o n - p r o d u c t  r a d i a t i o n .  
O p e r a t i o n a l l y ,  t h k r e  a r e  t h r e e  s t e p s :  ( 1 )  f i l m  i s  i n s e r t e d  i n t o ,  d r a w e r s ,  ( 2 )  t h e  r e n c t o r  



J.:> ttri c.)r.:ghl: to LI ! l:.i c . i ca l  culrf: ~ . ~ I . I I . ; L ~ L ~ ~ ~  ;11~:{ ~i lc~ :a t :cc i  ; I (  , J I \  apljrop1.i a!.,! al!ll L i i : ,  I f S.rn 
1 i s  renlovetl and p r o c e s s e d ,  a f t e r  sliatdown an.1 , cool .  i n g .  Icr! l n t  i v e  l y  J . I I S ~ > I I S  i t  l v e  1 i l ni i s  u s e d  
i n  t h i s  f i r s t :  t y p e  o f  ' a c t  i v e  a r ~ t o r a d i o y . r a p : . ; r .  I n  t l ~ e  spcnnd  a c t  i v e  a u t o r a d i o g r a p h i c  
method t h e  f u e l  p l a t e  imag-cs a r e  pr-odr~ced g-ily by f i s s  i o n - p r o t l t ~ c t  rntl i a t  i o n .  The s t e p s  
i r e :  ( 1 )  t l i e  r e a c t o r  i.s o p e r a t e d  a t  ' h i g h  1 ower w i t l ~ o t ~ t  f i l m ,  ( 2 )  t i l e  r e a c t o r  i s  s l lut  dowri. 
and a l l o w e d  t o  c o o l  o v e r  n i k h t ,  ( 3 )  t h e  f o l l o w i n g  d a y  f i l m  i s  i n s e , r t e d  i n t o  d r a w e r s  and 
e ~ p o s e d  f o r  a  few h o u r s ,  and ( 4 )  t l i e  f i l m  i s  removed and p r o c e s s e d .  In t h i s  s econd  
method: more s e n s i t i v e  f i l m  . i s  u s e d .  A c t i v e  n u t o r a r l i o g r a p h y  i s  'somewh;lt rnore c o m p l i c a t e d  
f o r  t h a n  u ran ium b e c a u s e ,  o f  t h e  l a r g e  s p o i i t a n e o ~ ~ s  r a d i a t i o n  cooiponent f rom 
p l u t o n i u m  f u e l .  Only a t - c r i t i c a l  a c t i v e  a u t o r a d i o g r a p h y  i.s p r a c t i c a l  f o r  p l u t o n i u m .  

. I n t e p r a l  Keact  i v i t y  Nensurement  s 

R e a c t i v i t y  Measure~ncnt  Pfetliods 

A v a r i e t y  o f  r e a c t i v i t v  measurement  methods  h a ;  been d e v e l o p e d  which a r e  a p b l i c n b l e  t o  
f a s t  c r i t i c a l .  a s s e m b l i e s .  ' j 6  3'' The two b a s i c  t y p e s  of  methods  a r c  , s t a t  i.c ( e q ~ ~ i l  i . b r i r ~ m )  
and dynamic ( k i n e t i c ) .  ~ q u i 1 i b r i . u . m  methods a r e  c o n c e p t ~ ~ ; l l l y  s i m p l e  b e c a u s e  d e t a i l s  o f  t h e  

, d e l a y e d - n e u t r o n  b e h a v i o r  o r  t h e  p r&np t -ne r l t r on  , . l i f c t  irnes ..lie no t  n e e d e d .  One e q u i l  i b r  i'um 
t e c h n i q u e  i n  c.ommon u s e  w i t h  s u b c r i t  i c a l  s y s t e m s  i s  t h e  sou rce -mu l t  i p l i , c a t  ion  method .  b ,8  

For  a  p lu ton ium- fUe led  r e a c t o r ,  t h e  s p o ' n t a n e o u s - f i s s i o n  ' n e l ~ t r o n s  from t h e  even p l u t b n i r ~ m  
i s o t o p e s  p r o v i d e  a  n e u t r o n  s o u r c e  of known s t r e n g t h .  The r e a c t i v i t y  o f  t l i e  a s s e m b l s  c a n  be 
deduced  from t h e  e x t e n t  t o  which t h e  f i s s i - l e  i s o t o p e s  in  t h e  a s sembly  m u l t i p l y  . t h e  s p o n t a n -  
e o u s - n e u t r o n  f l u x .  The n e u t r o n  f l u x  c a n  be m o n i t o r e d  by d e t e c t o r s  witt1i.n t h e  c o r e  o r  o u t -  
s i d e  t h e  c o r e .  

Dynamic t e c t i n i q u e s  a r e  a l s o  . I -~ni l .nb . le  i ~ t i i c h  ~ I : J ~ B I .  r e ~ c t ' i . l . r i t \ .  o r  c h a n ~ e s  in  r e a c t i v i t y  
from t h e  t ime -dependen t  c h a n g e s  i.n n e u t r o n  f l u x .  Knor~ l edge  i s  r e q u i r e d  o f  t h e  d e l a y e d -  
n e u t r o n  pa rame , t e r s  and t h e  p rompt -neu t ron  l i f e t i m e .  Dynamic measurements a r e  o f t e n  madc by 
m e a s u r i n g  t h e  change  'in n e u t r o n  f l u x  d u r i n g  and a f t c r  t h e  movemknt o f  a  c o n t r o l  rod o r  o f  
o t h e r  r n a t e r i a l  w i t h i n  t h e  r e a c t o r .  P e r h a p s  t h e  c o n c e p t u a l l y  s i m p l e s t  d y n a m i c .  t e c h n i l l i e  i s  . . 

t h e  t l e t e r m i n a t  ion '  o f '  r e a c t  i v i t y  from t h e  -mensurkmcnt o f .  tl!e r e a c t o r  p e r  i c d  . For a  s u p e r -  
c r i t i c a l  r ' e a . c to r ,  t h e  r e a c t i v i t y  can  be i n f e r r e d  from j u s t  t h e  p e r i o d  and t h e  prornpt-neutron.!  
l i f e t i m e .  P e r i o d  measu remen t s ,  howeve r ,  s u f f e r  from many o f  t h e  u n c e r t a i n t i e s  and l o n e  
measurement  t imes e n c o u n t e r e d  i n  t h e  eq l J i l i b r i l im  n e t i i n d s .  At ZPPR t t i e  more commonl;: used 
dynamic  method i n .vo lves  p e t t u r b a t  i o n  t e c h n i q ~ ~ e s  i n  wh ich  i n v e r s e  r e a c t  o r  k i . ne t i . c s  e q u a t  i0n.s . . 
a r e  used  t o  d e r i v e  v a l u e s  of  t ime-dependent  r e a c t  i v i t y  from measured  t ime-dependent  n e u t r o n  
f l u x e s .  

R e f e r e n c e  Conf i gu . r a t  i o n  - - - . - - - 
. . 

The c o r e  c o n f i ' g u r a t i o n  of  a  f a s t  c r i t i c a l  a s sembly  hay  h e  dc<signed t n  m6del a p o s t u l a -  
t e d  r e a c t o r  d e s i g n  o r  t o  a d d r e s s  a  g e n e r i c  r e a c t o r  . p h y s i c s  i s s u e .  For e i t h e r  t y p e  o f  
e x p e r i m e n t ,  i t  i s  i ~ s e f u l  t o  e s t a b l i s h  a  r e f e r e n c e  c o r e  c o n f i p , u r a t i o n  f o r  wtii.ch v a r i o ~ ~ s  
r e a c t . o r  phys i ' c s  p a r a m e t e r s ,  i n c l u d i n g  r e a c t i v i t y ,  a r e  w e l l  c h a r a c t e r i . z s d .  As e x p e r i m e n t s  
p r o g r e s s ,  many m o d i f i c n t  i o n s  a r e  made t o  t h i s  c o n f i . e u r a t  i o n .  l h e s e  modi f  i .cat  i o n s  a r e  v e r y  
f r e q u e n t ,  b u t  o f t e n  i n v o l v e ' o n l y  a  s m a l l  f r a c t i o n  of  t h e  t o t a l  number of r l r a r ~ e r s  i n  t h c  
c o r e .  One way t o  v e r i f y  t h e  f i s s i 1 . e  c o n t e n t  o f  t h e  c 'ore i.s t o  p e r i o d i c a l 1 . y  r e t ~ ~ r n  t o  t h e  
r e f e r e n c e  c o n f i p c l r a t i o n  and e x p e r i m e n t a l l y  v e r i . f y  t h a t  t h e  r e a c t i v i t y  i s  t h e  same ( w i t h i n  
u n c e r t a i n t y  l i m i t s )  a s  i t  was when t h e  r e f e r e n c e  c o r e  was i n i t i a l l y  e s t a b l  i z h ~ d .  !%hen 
p o s s i b l e ,  such  a  r e a c t i v i t y  v e r i f i c a t i o n  c o u l d  be s c h e d u l e d  t o  c o i n c i d e  .+.ith a  t i r , c  8 u r i . n ~  
t h e  e s ~ e r i m e n i a l  p r o r a n  r~l ien t h e  c o r e  v a s  c l o s e  t o  t l ie  r e f e r e n c e  c c n f i z u r a t  i o n .  l - i i?  I I S P ? .  ~f 
r e f e r e n c e  r e a c t  ivi t ! .  v a l u e s  from a  r e f e r e n c e  c c n f  i c 1 1 r 2 t  i ~ n  . ~ S E I : - C C  ti1a.t t h e  i n i ~  i a l  rcfe:-rn: .  
c o r e  l o a d i n g  was i ndependen t  l v  v e r i f i e d .  Th i s  i n i t  i a l  v e r i f i c a t  ion  c a n  h c  a c c o ~ . p !  i c h ~ d  b y  
making NDA measu remen t s  on f u e l  e l e m e n t s  o r  d r a w e r s  ns t h e y  a r e  b e i n g  l o a d e d ,  by v c ; i f v i n p  
t h e  l o a d i n g  p a t t e r n  w i t h  a u t o r a d i o g r a p h y ,  o r  by c a l c u l a t i o n  o f  t h e  r e a c t i v i t y  e x p e c t e d  f o r  a  
p a r t i c u l a r  c o r e  c o n f i g u r a t i o n  and compos i t  i o n .  

Keact i v i t y  Worth 

The e f f e c t i v e n e s s  of  r e a c t  i v i . t y  measu remen t s  a s  a d i v e r s  i on  d e t e c t  i.011 t e c h n  iq!~e wi.1 I. 
depend upon t h e  s e n s i t  i ' v i t y  w i t h  which t h e s e  measu remen t s  c a n  d e t e c t  m i s s  ine, m a t e r i a l .  The 
f a c t o r s  i r i f l u e n c i n g  t h e  d i v e r s i o n  s e n s i t i v i t y  a r e  t h e  ~ ~ n c e r t a i n t y  o f  t h e  r e a c t i v i t y  n e ~ s u r e -  
min t  and t h e  r e a c t i v i t y  wor th  o f  t h e  f u e l  i n  t h e  a s s e m b l y .  ? h e " r e a c t  i v i t y  wor th  of  a 



I I I ~ J ~  c ' r ln  1 i~ L l l a t  r c ; l c t i v i t y  rt l ,ecc, pci: u . .  i t  m a s s  ( (  . g .  , Liqlkg) , prucjuced by c l ~ i  <ccItii.~i.cj~i t , .  

I I t h a t  m a t e r i a l  t o  t l i e  c o r e .  H e o c t i v i t j r  wo1.~11 c a n  h e  e i t l l c r  p o s . i t i v e  o r  n e , q a t i v c l ,  and bo t l l  
t h e  m a g n i t u d e  and t h e ,  s i g n  o f  r e a c t i v i t y  l... ,rt11 c a n  v a r y  a s  .3 f u n c t i o n  o f  p o s i t i o n  wi.t! l in t l ~ ,  
c o r e .  

R e a c t  i v  i t  y ~ o m p c n s a t  i.on 
p-- 

I 
' ? e  a g r e e m e n t  b e t w e e n  two m e a s u r e d  r e a c t i v i t y  v a l u e s  f o r  a  c o r e  i n  a  r e f e r e n c e  c o n -  

f i g u r a t i o n  s t i l l .  d o e s  n o t  n e c e s s a r i l y  mean t h a t  t h e  . f  i s s i l e  c o n t e n t ' h a s  n o t  c h a n g e d  i n  
t h e  time b e t w e e n  m e a s u r e m e n t s .  The l o s s  of r e a c t i v i t y  by r e m o v a l  o f  f i s s i l e  m a t e r i a l  c a n ,  
i n  p r i n c i p l e ,  b e  c o m p e n s a t e d  f o r  by a d d i t  i o n  b f  , m a t e r i a l s  which  a l s o  h a v e  a  p o s i t  i v e  
r e a c t i v i t y  w o r t h .  S i m i l a r l y ,  c o i n p e n s a t  i o n  m i ~ h t  b e  a c c o m p l i s h e d  by  r p m o v i n g  m a t e r i a l s ,  
s u c h  a s  a b s o r b e r s ,  which  h a v e  n e g a t  i v e  r e a c t i v i t y  w o r t h .  A t h i r d  c o m p e n s a t  i o n  scheme 
c o u l d  i n v o l v e  r e m o v a l  o f  f i s s i l e  m a t e r i a l  f r o m  a  r e r , i o n  o f  r e l a t i v e l y  low w o r t h  w i t h  a  
s i m u l t a n e o u s  t r a n s f e r  o f  f i s s i l e  m a t e r i a l  f rom n r e g i o n  o f  r e l a t i v e l y  low wort11 t.0 a 
r e g i o n  o f  r e l a t i v e l y  l ; iRh w o r t l l .  T h i s  t h i r d  scheme worl ld ,  o f  c o u r s e ,  c o n s t i t u t e  a  c lev ia -  
t i o n  f r o m  t h e  r e f e r e n c e  c o n f  i g u r a t  i o n .  

EXPERIMENTAL RP:,SIJI,TS 

A u t o r a d i o g r a p h y  . . 

Ihe ZPK-9' f a s t  c r j . t  i c a l  a s s e m b l y  was i~sec l  t o  t t s t  t h e  n p p l i c a b i . l  i t y  o f  a c t i v e  a l l to -  
r a d i o a r a , p h y  t o  u r a n i u m - f u e l e d  c o r e s ,  ? h e  f u e l  d r a w e r s  o f  t h e  a s s e m b l y  c o n t a i n e d  a  s i n g l e  
coluinn o f 9 3 % - e n r i c h e d  f ~ l e l  p l a t e s .  Each p l a t e  was 5 . 0 8  cm w i d e ,  0 . 1 6  c m  t h i c k ,  and f rom 

. 2 . 5 4  t o .  7 . 6 2  cm l o n g .  On e i t h e r  s i d e  o f  t h e  u r a n i u m  p l a t e  . w a s  . a  t h i n  s t e e l  p l a t e ,  and t h e  
r e m a i n i n g  d r a w e r  vo lume was o c c u p i e d  by t h i c k  s t e e l  p l a t e s . .  The d r a w e r s  c o n t a i n e d  o n l )  s t eec  

. . 
a n d  u r a n i u m .  

An e x a m p l e . o f  a n  a c t i v e  a u t o r a d i o g r a p h  p rod l lced  bv f i . . s s i o n  p r o d u c t  r a d i a t i o n  i.s sllown : 

i n  F i g .  1A- T h i s  a u t o r a d i o g r a p h  was o b t a i n e d  a p p r o x i m a t e l y  1 8  h o u r s  a f t e r  r e a c t o r  s h u t d o w n .  
' T h e  r e a c t o r  ..tiad b e e n  o p e r a t e d  a t  a  power, o f  255 w a t t s  f o r  66 m i n .  F i l m  e x p o s u r c  t i m e  was 

. . 6 6  m i n .  The f l l m  u s e d  .was t h e  r e l a t i v e l y  s c n s i t  i v e  Korlak AA I n d u s t r e x  X-ray f i l m .  The 
f u e l .  co lumn.  was r e a d i l y  . v i s i b l e .  The. i n d i v i d u a l  Ellel p l a t e s  c o u l d  n o t  be  d i s t  inj-zuislicd 
b e c a u s e  t h e y  w e r e  u n c l a d  and  w e r e  f i t  t i g h t l y  t o p . e t h a r .  i n  t h e  c o l u m p .  F i g u r e  11% s h o ~ ~ s  a  : ; 

p a s s i v e  a u t o r a d  i o g r a p h  o f  an i d e n t i c a l  f u e l  co lumn obtained wit11 Kodak A A  I n d u s t r e x  f i l m  
a n d  a  75-min e x p o s u r e .  The u ran iu ,m p l a t e s  i n  F i g .  It3 h a d  not: b e e n  i r . r a d i a t e d  i n  t h e  r e a c t o l e  
f o r  s e v e r ' a l .  w e e k s  ; 

An e x a m p l e  o f  a n  a c t i v e  a u t o r a d i o g r a p h  o b t a i n e d  d t ~ r i n g  a c r i t i c a l  o p e r a , t i o n  oE t h e  
r e a c t o r  i s  shown i i r  F i g .  2 .  The f i l m  u s e d  was t h e  r e l a t i v e l y  i n s e n s i t i v e  32.1 Q A - V  , c r a p h i c - .  
a r t s - t y p e  f i l m .  S h e e t s  o f  f i ' l m  w e r e  c u t  i n t o  s t r i p s  a p p r o x i . m ; l t e l y  3 . 8 1  cm w i d e  and were  
c o n t a i n e d  i n  Kodak Ready-Pack Film h o l d e r s .  Tl!e a ' u t o r a d  i o ~ r  nph o f  t h e  f \ i e l  column segment  
i n  F i g .  2  was o b t a i n e d  d u r i n g , a  15-min r e a c t o r  o p e r a t i o n  a t  a  power o f  8 5  w a t t s  f o l l o w e d  by 
a t h r e e - h o u r  c o o l j . n g  p e r i o d .  The f i l m  was i n  t h e  r e a c t o r  f o r  a  t o t a l  o f  a p p r o x i m n t c l y  f o u r  
h o u r s .  T h e .  c o n t r i b u t i o n  t o  image d e n s  i.t y  f r o m  s p o n t a n e o u s  r a d  i a t  i o n  dl.lr i n g  t h e  f o u r - h o u r  
p e r i o d  was v e r y  s m a l l .  T l ~ e  0 . 1 6 - c m - t h i c k  f u e l  column c a n  b c  c l e a r l y  s e e n  a s  t h e  d a r k e s t  
p a r t  o f  t h e  l i n e  i n  t h e  c e n t e r  o f  F i g .  2 .  

The s e n s i t i v i t y  o f  t h e  a c t i v e ,  a t - c r i t i c a l  a u t o r a d i c g r a p h i c  t e c t i n i q ? r e  t o  s o r e  . c i n n l e  
d r a w e r - l o a d  i n g  d e f e c t s  was t e s t e d .  F i g u r e  3 A  sliows a n  a c t  i v e  n u t o r a d  i o e r a p h  o f  p a r t  n t a  
f u e l  .column from w l ~ i c h  a  7 . 6 2 - c m - l o n e ,  9 3 % - t n r i c h e d  I.lrani1.1m p l a t e  was re lnoved.  Fi:ure 38 
shows  an a c t i v e  a u t o r a d i o ~ r a p h  o f  p a r t  o f  a  f ~ ~ e l  col'llmn i n  h-llich a  7 . 6 2 - . c n - l o n z ,  93 ' - - . -nr ic l>+ 
f u e l '  v l a t e  was r e p l a c e d  b y  a 2 0 % - e n r i c h e d  f u e l  p l . ? t e .  Roth d e f e c t s  i n  F i g . .  3  were  e a s i . 1 ~  
d e t e c t a b l e .  I n  a n o t h e r  c a s e ,  a 0 . 0 8 0 - c m - t h i c k  f u e l  p l a t e  was s u b s t i - t u t e c i  f o r  a 0 .61-cm-  
t h i c k t p l a t e .  The p r e s e n c e  o f  t h e  . t h i n  p l a t e  was d e t e c t a b l e ,  b u t  o n l y  upon c a r e f u l  i n s p c c -  
t i o n  of t h e  a u t o r a d i o a g r a p h .  S m a l l e r  d i f f e r e n c e s  i n  p l a t e  t h i c k n e s s  would  p r o b a b l y  nc.t he  
d e t e c t a b l e .  

The f i l m  b a s e  and f i . lm p a c k a g i n g  m a t e r i a l s  a r e  h y d r o ~ c n o u s ,  and i n  t h e  ZPR-Y c c r e  
d e s c r i b e d  h e r e ,  t h e  f i l m  h a d . a  p o s i t i v e  r e a c t i v i t y  e f f e c t .  A r e a c t i v i t y  w o r t h  o f  1.03 I h / k ~  
was 'measured  f o r  Kodalc 3 5  mm Keady P a c k  X-ray f i l m  r a n d o m l y  d  i s t r  i b u t e d  t h r o u g h  ;I qu.nrlrant 
o f  o n e - h a l f  o f  t h e  ZPR-9 a s s e m b l y .  T h i s  r e a c t i v i t y  w o r t h  m e a n t .  t h a t  o n l y '  a p p r o x i m a t e l y  30 
p i e c e s  o f  f i l m ,  e a c h  102-cm l o n g ,  c o u l d  b e ' p l a c e t l  i n  tile 8 0 0 - d r a w e r  a s s e m b l y  w i t h o u t  v i o -  
l a t  inc: s n f r t \ .  r o ~ s l l  n t  in!?.:. ?:,,t:t. 

. . ,.f ' [ i  I.., .. , , . I  I I . , .  - , . I , \ , .  1 ,  I , , , !  I .  :.:.:,.. i .  . . I , .  ; . .  





F i g .  2 .  A t - c r i t i c a l  Act ivr  h u t n r n d i o a r n p h  of 
a Iliehlv-enr icherl-11r an i t l m  Frle 1 Cnlllrrl 





I - 
would have t o  be d e c r e a s e d  by removitll: f u e l  drawers. la . ~ t d e r  to  insure safe reiict.rlr opera- 

I ' t i o n ,  t h e  r e a c t i v i t y  e f f e c t  of the, f i l m  mt . t  alwavs be c o n s i d e r e d  when do ing  an a t - c r i t  i c a l  
a u t o r a d  i o g r a p h i c  v e r i f  i c a t  i o n .  

The s u c c e s s  of  tlre a c t i v e  a u t o r a d i o g r a p h i c  t e c h n i q u e  f n r  ilranium f u e l  i n  an assembly 
c o r e  l e d  t o  a  t e s t  o f  t h e  a p p l i c a b i l i t y  o f  t h e  a c t i v e  t e c h n i q u e  t o  a  p lutonium-fueled 
hssembliy c o r e .  An example o f  an  a c t i v e  a u t o r a d i o g r a p h  o b t a i n e d  i n  t h e  6 1 0 0 - l i t e r  ZPPR 
assembly 10D is shown i n  F i g .  4A. The a u t o r a d i o g r a p h  was produced d u r i n g  a  100 wat t -hour  
o p e r a t i o n  o f  t h e  r e a c t o r .  The f i l m  was i n  t h e  r e a c t o r  c o r e  f o r  5 .5  h o u r s .  T h i s  a c t i v e  
a u t o r a d i o g r a p h  shows p o r t i o n s  o f  t h e  edges  o f  two 0.64-em-thick p l a t e s  i n  t h e  c e n t e r .  The 
image a t  t h e  r i g h t  edge of  t h e  a u t o r a d i o g r a p h  and p a r a l l e l  t o  t h e  f u e l  p l a t e s  c o r r e s p o n d s  

, t o  a  column of  U-238 p l a t e s .  The space  between t h e  U-238 .column and t h e  f u e l - p l a t e  column 
was occupied by a  c a n  c o n t a i n i n g  sodium. F i g u r e  4R shows a  p a s s i v e  a u t o r a d i o g r a p h  pro- 
duced i n  a  5.5-hour exposure  when t h e  assembly h a l v e s  were s e p a r a t e d .  Both a u t o r p d i o -  
g r a p h s  were o b t a i n e d  w i t h  3M QA-V f i l m .  The f i i m  was p r o c e s s e d  by hand a t  room tempera tu re  
i n  Kodak X-Omat c h e m i c a l s ,  

 he 5.5 h o u r s  t h e  f i l m  s p e n t  i n  t h e  assembly c o r e  was g r e a t e r  than  t h e  'minimum time 
n e c e s s a r y  f o r  a u t o r a d i o g r a p h y  because  o t h e r  e x p e r i m r n t s  were a l s o  conducted.  The minimum 
t ime  f o r  a n  a c t i v e  a u t o r a d i o g r a p h i c  i r r a d i t  ion  is  approx imate ly  2 . 5  h o y r s ,  which i n c l u d e s  
r e a c t o r  s t a r t u p ,  i r r a d i a t  i o n ,  ,and r e a c t o r  c o o l i n g  . 

The fuel-column image is more dense  i n  t h e  a c t i v e  autoradiop;raph ( F i g .  4A; 1 . 2  o p t i c a l  
d e n s i t y  u n i t s )  t h a n  i n  t h e  p a s s i v e  a u t o r a d i o a r a p h  ( F i g .  4R; 0.6 o p t i c a l  d e n s i t y  u n i t s ) .  
However, t h e  background d e n s i t y  is a l s o  h i g h e r  i n  t h e  a c t  i v e  a u t o r a d i o a r a p h .  The d e n s i t y  
d i f f e r e n c e  b e t w e e n ' a c t i v e  and p a s s i v e  f u e l  p l a t e  images may have been g r e a t e r  i f  t h e  t@LaE 
time t h e  f i l m  was i n  t h e  c o r e  had been t h e  minimum 2.5 h o u r s ,  i n s t e a d  of  , the  a c t u a l  5.5: h d w ~  

The plutonium f u e l - p l a t e  images i n  t h e  a c t i v e  n t l to rad ioaz raphs  o b t a i h e d  i n  t h e  asG@rn&+l_v 
d rawers  had o n l y  v e r y  .small  c o n t r i b u t i o n s  from t h e  f u e l  columns i n  a d j a c ~ n t  d rawers .  @ t i v t  

' a r r to rad iographs  were o b t a i n e d  i n  d rawers  which c o n t a i n e d  a s i n g l e  f u e l  column and w t i i c q - a l s c  
had d rawers  above c o n t a i n i n g  a  s i n g l e  f u e l  column. The two f u e l  columns were separa te&&& 
0.28 cm of  s t e e l  i n  t h e  two m a t r i x  t u b e s  and i n  t h e  bottom o f  one drawer .  Ac t ive  a u t o j i  -:$ 
r a d i o g r a p h s  were a l s o  o b t a i n e d  i n  d rawers  which c o n t a i n e d  a  s i n g l e  f u e l  column, but  wh&#2i 
had no f u e l - c o n t a i n i n g  drawer  above.  The d e n s i t y  of t h e  f lrel  column i m a ~ b s  were nearl$$ 
i d e n t i c a l  i n  both  c a s e s .  From t h i s  o b s e r v a t i o n  of n e a r l y  e q u a l  image d e n k i t i e s ,  it wa&c-raf%l- 
c luded  t h a t  t h e  0.28-cm-thick s t e e l  s e p a r a t i n g  t h e  two f u e l  columns absorbed most of t h e  
r a d i a t i o n  which produced t h e  f u e l  column images. T h i s ,  i n  t u r n ,  l a d  t o  t h e  c o n c l u s i o n  t h a t  
low-energy r a d i a t i o n  produced t h e  images. Th i s  f i n a l  c o n c l i ~ s i o n  is not  s u r p r i s  inp,, hecause  

1 low-energy photons..dominate both  t h e  p rompt - f i s s ion  gamma r a y  spec t rum3 and t h e  f i s s i o n -  

i product s p e c t r u m l ~  even though some v e r y  h igh  energy photons a t e  produced.  I n  a d d i t i o n ,  the* 
b e t a  r a d i a t i o n  from f i s s i o n  p r o d u c t s  w i l l  be h i g h l y  absorbed by t h e  0.28-cm-thick s t e e l ,  
but  w i l l  s t i l l  be a b l e  t o  expose  film w i t h i n  t h e  drawer .  

Act i v e  a u t o r a d i o g r a p h s  were a l s o  o b t a i n e d  f o r  b l a n k e t  d rawers  which c o n t a i n e d  no f u e l ,  
b u t  which had f u e l - c o n t a i n i n g  drawers  above them. The f u e l  column i n  t h e  drawer above was 
not  v i s i b l e  on t h e  b l a n k e t  drawer  a u t o r a d i o z r a p h s .  Images o f  t h e  U-238 p l a t e s  i n  t h e  b lankc  
d rawers  were v i s i b l e .  An a c t i v e  a u t o r a d i o p r a p h  of a  b l a n k e t  drawer  is shown i n  F i e .  4 C .  It 
was o b t a i n e d  s imr l l t aneous ly  w i t h  t h e  a u t o r a d i o g r a p h  i n  F ~ E . '  LA. In  F i e .  4C, t h e  l i e h t .  cen t  
p o r t  ion of t h e  a u t o r a d i o g r a p h  cor responds  t o  an 1.27-cm-wide sodium c a n ,  and t h e  d a r k e r  re.- 
g i o n s  correspond t o  U-,238 p l a t e s .  

I n  F ~ E .  4A, t h e  d e n q i t y  of t h e  image o f  t h e  p lu ton ium-con ta in ing  f u e l  p l a t e s  i s  approxi  
ma te ly  e q u a l  t o  t h e  d e n s i t y  o f  t h e  image of  t h e  U-238 p l a t e s .  Th i s  e q u a l i t y  of d s n s i t s  may 
be  s u r p r i s i n g  a t  f i r s t  because  t h e  f i s s i o n  r a t e  i n  t h e  U-238 i n  t h e  assembly was o n l y  15X of 
t h e  tota.1 f i s s i o n  r a t e .  However, t h e  p lutonium f u e l  p l a t e s  were c l a d  i n  0.03-cm-thick s t a i r1  
l e s s  s t e e l ,  w h i l e  t h e  U-238 p l a t e s  were unclad.  T t  was- e a r l i e r  concluded that .  t h e  f u e l -  
p l a t e  image's were produced p r i m a r i l y  by low-energy photons and b e t a  r a d i a t i o n .  I f  t h i s  con- 
c l u s i o n  is  c o r r e c t ,  t h e n  i t  can be expec ted  t h a t  t h e  image d e n s i t y  of  t h e  U-238 p l a t e s  w i l l  
be enhanced because  t h e s e  p l a t e s  have no c l a d d i n g  t o  absorb  low-energy photons  o r  b e t a  r ad ic -  
t i o n .  . While thC images .of t h e  c l a d  f u e l  p l a t e s  and o f  t h e  unc lad  U-238 p l a t e s  do not  look  
t h e  same, t h e i r  e q u a l  image d e n s i t i e s  f o r  unequal  f i s s i o n  r a t e s  p r e s e n t s  a p o t e n t i a l  compl i -  
c a t  ion  f o r  i n t e r p r e t i n g  a c t  i v e  a u t o r a d i o g r a p h s  of d rawers  c o n t a i n i n g  both  c l a d  p l r ~ t o n i u m  
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plates and u n c l a d  U-238 plates.  The d e u s i t , ~  of  t h e  Fmag;e:s o f  t h e  U-238 p l a t e s  in F i g .  4C 
' 

i s  low c o m p a ~ e d  t o  t h e  d e n s i t y  o f .  t h e  ima*.?s  of  11-238 p l a t e s  i n  F i g .  4,l b e c a u s e  t h e  f i s s i o t -  
r a t e s  a r e  much lower  i.n t h e  b l a n k e t  r e g i o ; ~  t h a n  i.n t h e  c o r e  r c a i o n . .  

. . 

R e a c t i v i t y  'WortIls 

I . h s  a  f  i . r s t  s t e p  i.n a s s e s s i n g .  t h e  sen:.; i t  i v i t y  of r c n c t  i v i t y  rnc!nsurcments t o . r l i v t ? r s  inn 

d e t e c t  i o n ,  r e a c t  i v i t y  w o r t h s  were  measurer1 f o r  PII-239 a s  a  f u n c t i o n  o f  p o s i t  i on .  :i t h i n  t h e  
ZPPR c o r e .  . These  measurements  C e r e  made on Z1-'lll( as sembly  10-A wllose r e f e r e n c e  con f ip_u r ; i l - i c~~  
i s  shown i n  Fip, .  5 .  Tl,e a s sembly  was a  h e x a g o n a l  4 5 9 0 - l i t e r  mockup o f  an L W B R  vh ich  con-  
t . a i n e d  1 9  mockup c o n t r o l - r o d  . p o s i t i o n s .  The c o r e  tiad an  a x i a l  l e n ~ t l i  o f  1 0 1 . 6  cm and .was  
di'v'ided i n t o  two f u e l - e n r i c l i n ~ e n t  z o n e s .  The i n n e r  c o r e ,  wit11 t h e  mockilp c o n t  r o l - r o d  pos i -  . 

t i o n s ,  c o n t a i n e d ,  p r i m a r i l y ,  d r a w e r s  w i t h  a  s i n 6 l . e  column of .P1.1-a 1  l o v  f u e l .  The o u t e r  c o r r  
was l o a d e d  w i t h  s  ing le -co lumn d r a w e r s  and double-col.umn d r a r ~ e r s  in  . a l t e r n a t e  pos i.t i .ons .  TI), 
5 . 0 8  cm by 5 . 0 8  cm c r o s s  s e c t i o n  of  t h e  c o r e  z o n c s  of  a  s i n g l e - c o l u m n  d r a w e r  and a  t loublc-  
column d r a w e r  a r e  shown i n  Fip,.  6 .  O u t s i d e  t h e  o u t e r  c o r e  was a  b l a n k e t  zone wli't>se t l rnwers  
c o n t a i n e d  f e r t i l e  m a t e r i a l  and c o o l a n t . .  111e ou, terrnost  zone  c o n t  ai'neil a  s t e e l  r e f  l e c t o r .  ' l i  
ZPPR-1011 r e f e r e n c e  con£  i g u r a t  i o n  was c r i t i c a l ,  w i th  a  t o t a l  f  i s s i l e  inass of a p p r o x i m a t e l y  
2100 kg .  

R e a c t i v i t y  w o r t h s  were  o b t a i n e d  w i t h  t h e  1 . 1 ~ ~  o f  i n v e r s e  k i n c ? ~  i c s  tec l in iq l . l es .  ' 7 1 1 ~  
n e u t r o n  f l u x  was measured  a s  a f u n c t i o n .  o f  t i m e  f o r  f i s s i  l t :  s n n p l e  which was mov.ed a c r o s s  
t h e  c e n t e r  05 t h e  a x i a l  m idp l ane  of  t h e  c o r e .  , The sample  wns'moved i n  s t e p s  by r emo te  
c o n t r o l  s o  t l i a t  . a n  e n t i r e  t r a v e r s e  was performccl t lr;ring n s i n y , l e  r e a c t o r  r u n .  A t r n l . r c r s e  
was made wi th .  an empty s ample  h o l d c r  t o  c o r r e c t  f o r  t l l e  r e a c t i v i t y  e f f e c t  o f  t h e  h o l d e r .  
Neut ron  £.lux measur 'ements  were  made w i t h  UF3 d e t e c t o r s  l o c a t e d  o u t s i d e  the: c o r e .  

I n  a d d i t  ion  t o  t h e  expe r imen t  a 1  r e s u l t s ,  f  i r s t - o r d e r  pcr t l .~rbnt ' . ion  r c a c t  i . v i t  y wort l is  fv!  
t i l e  i s o t o p e s  Pu-239 ,. Pu-240, and U-238 were o b t a i n e d  from n 28-nc1.1t r.on-c!nerg;~-group d  i f f u s  j ( 
c a l c u l a t  ion  i .n '  two-d imens i o n a l  g ~ o m e t r y  . I s o t o p i c  wor t l i s  were combined i n  t h e  p r o p e r  weigli t  

' . f r a c t i o n s  s o  t h a t  r e s u l t s  could '  be  compared t o  t h e  c x p e r i m c n t a l  s a m p l e s .  A sample  s i z e  
( . s e l f - s h i e l d i n g )  c o r r e c t  i on  was a l s o  made. 

The expe ' r imen ta l  and c o m p u t a t i o n a l  r e s u l t s  f o r  l'u-239 r e a c t i v i t y  r ~ ~ o r t l i s  a s  a  f c lnc t i on  
o f  r a d i a l  p o s i t i o n  a t  t h e  c e n t e r l i n e  of t h e  c o r e  a x i a l  m i d p l a n e  a r e  p r e s e n t e d  in  ~ a b l c  I .  
The u n c e r t a i n t  ie's i.n t h e  measured  w o r t h s  a r e  10 s t a t i s t i c a l  v n r  i a t  i o n s .  G r a p h i c a l  r e s u l t s  
a r e  d i s p l a y e d  in  F i g .  7 .  Tile s q u a r e s  i n ' F j g .  7 a r e  t h e  e x p e r i m e n t a l  d a t a ,  w h i . 1 ~  t h e  s o l i d  
1 i n e  was o b t a i n e d  bv a p p l y i n g  a  no rma l . i z a t  i o n ,  f a c t o r  t o  t h e  c ;7 l cu l a t e ( l  d a t a  o;.er t h e  Fue l -  
b e a r i n g  r e g i o n s .  The no rma1 i ; za t i on  f a c t o r  was d e r i v e d  from n  compar i son  of c a l c u l a t i o n  
and e x p e r i m e n t .  

,The s e c o n d  f a c t o r  r e q u i r e d  t o  d e t e r m i n e  t h e  s e n s  i t  i .v i t  y o f  r e a c t  i v  i t  y  , mcasurernen t  s  t o  
f i s s  i l e  m a t . e r i a 1  removal  i s  t.he l ~ n c e r t a i n t  y  o f  suc11 measure.ment s  . ' One o b v i o u s  c o n t r  i b u t  ion 
t o  t h  i s  u n c e r t a i n t y  i s  t h e  s imp1.e e x p e r i m e n t a l  u n c e r t a i n t y  i.n making ,any s i n g l e  r e a c t  i v i t y  
measu remen t .  l lowever ,  b e c a u s e  r e a c t i v i t y  v e r i f i c a t i . o n  measurements  w i l l  be compared t o  
p r e v i o u s l y  measured  r e f e r e n c e  r e a c t  i v i t  i e s ,  t h e  l o n g - t e r n  r e p r o d u c i b i l  i t y  o f  r e a c t  i v i  t y  
measu.rernents ' is  a l s o  i m p o r t a n t .  

I n  a .  f a s t  c r i t . i c a l  a s sembly  such  a s  ZPPH, d i f f e r e n c e s  , be tween  r e f e r e n c e  r e a c t  i..rity 
measurements  may a r i s e  from t e m p e r a t u r e  v a r i a t i o n s ,  i r r e p r o d u c i b i l i t y  o f  t a b l e  c l o s u r e  and 
c o n t r o l - r o d  p o s i t  i o n s ,  ancl t lnavoi r lab le  cliatin,es i n  t h e  c o r e  cn'mposi.t i o n ,   art i c l ~ l a r l y  t l l n  
d e c a v  o f  Pu-241. The t e m p e r a t t l r e  o f  t h e  Z P P K  c c l l  c a n  be h e l d  c o n s t a n t  t o  w i t i i i n  5 O , l h @ C .  
T h e r e f o r e ,  i f  t h e  app roach  t o  c r i t  i . ca l  i s ,  alw,?vs t h e  same., I l n c c r t a i n t  i e s  a s s o c  i n t  c_d . ~ i . t h  
t e m p e r a t u r e  v a r i a t  i o n s  d u r i n g  r e f e r e n c e  measrlrcmcrlt s a r e  s m a l l .  ~ s p e r  ic?nce a t  Z P P R  inil i.cat6 
t h a t  o v e r a l l  r e p r o d u c i b i l i t y  of  r e a c t i v i t y  measurement .s  on t h e  same a s sembly  o v e r  a  s h o r t  
p e r i o d  ( <  1  WPI-:I:) shor.lld h~ : ,?Froxirn?telv + 1 1 i 1 .  I l o r ~ c v ~ r ,  c v e r  n l o n g c r  t.i.nte p e r i o d ,  t h e  
d e c a y  o f "  t h e  Pu-241 (14.4-) ,ear  t i a l  f - l i f e )  p r e s e n t  i n  s m d l l  q u a n t  i t  i e s  i n  t h e  ZPPR f l l v l  a1 l o ~  
p r o d u c e s  c o ~ i s i s t e n t  and o b s e r v a b l e  r e a c t i v i t y  l o s s  w i t 1 1  t i m c .  C o r r e c t i o n s  c a n  be made f o r  
t h e  Pu-241 d e c a y ,  b u t  t h e  d e c a v  s t  i l l  makes a  c o n t r i b t l t  ion t o  t h e ' o v e r a l l  u n c e r t a i n t : : .  
Assessment  o f  t h e s e  f a c t o r s  ( f o r  a  r a n g e  of  c r i t i c a l ,  as.semb1ie.s c o n t a i n i n g  1.5X Pu-2hl  i n  P ~ I  
f u e l )  l e a d s  t o  a  l ong - r ange  ( s e v e r a l  month)  u n c e r t a i n t y  of  + 3  I h .  - 

. . 
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'TABI,E I .  Calculated 311d Corrr ,ctecl  blc,-~:;t~rctl ~ ( n c l  i.11' l ' r a v e r s c  f o r  . 

P ~ I - 3 0  ,' Sample i.11 Z1:: K Asscmb Lv 10A 
- -- -- - --.A- - 

Pos i t  i o n ,  ' ~ a m n 1 . c  WO*- th ,  
I l l / k ~  c  m 

J b 

. - - . - -. - 
. . 

Exper iment  C a l c u l a t e d  Sc l  f -  Correctc!d C/E 
'St1 ie ld in ; :  C a l c u l a t e d  

1 . 0 4  
1 . 04 
1 . 0 5  
1 . 0 5  

. 1 . 0 5  
1  ..i!5 
1  . 0.5 
1 . 0 5  
1 . 0 5  

. 1 . 0 5 .  
1 . 0 5  
1 . 0 5  
I. . 05  

:1 . 04 
I . .  04 
. I .  04 
1 . 0 5  
1 . 0 5  
1 . 0 6  
1. . 0 G 
1  ..06 
1 . 0 5  

6 5 . 9 7  1 . 1 9  
67 .06  1 . 1 6  
67 .94  l . 1 6  . 

6 8 . 0 0  1 .  16.: 
. 6 7 . 2 9  1 . 1 7  ' 

. .  6 6 . 1 1  .1.17 
64 .82  1 . 1 6  
63.51. .1.16 
62 .22  1.1.6 
6 0 . 5 3  1 . 1 6  
5 9 . 2 2  1 .17  
56 .97  1,.'1 6  
5 3 . 7 6  1 . 1 5  
4 9 . 6 3  1 . 1 6  
4 5 . 9 0  1  ..I8 
43 .42  1 . 1 9  
41 .39  1 . 1 5  
39 .09  1 . 1 7 ,  
35 .1& 1 . 1 6  , 

. 2 Y .  h0 1 . 1 6  
. 23.119 1 . 1 3  

1 6 . 5 7  . 1 . 1 2  
- c o r e  e d g e  

11 . 0:~ , 1 . 1 2  
6 . 7 3  . 1 . 1 9  
3 . 9 5  1 . 0 7  : 
2 . 3 8  . 1 . 1 8  
0 . 0 0  

T~\RL;E 11. F i s s i l e  Uenioval ' .D~tec t i .o r l  S e n s i t i v i t y  - ZPPR-lot\ ,', 

(Us ing  1 I h  s h o r t - t e r m  and 3 I h  long- te rm Renc- 
t i v i t y  S e n s i t  i v i . t y )  

Kad i a l  Ax ia l  S e n s i t i v i t y ,  k g  
P o s i t  i o n ,  P o s i t  i o n ,  I s o t o p e  St1or.t Te'rm Long Terrn 

c rn cm 



T\IQ$@ s h o r t -  and l o n g - t e r m  u n c e r t a i n t  ies c a n  h e  combined wit .h  t h e  r e a c t i v i t y  w o r t h  I 

r e s u l t s  i n  Talble 1 t o  o b t a i n  ' e s t  inibtes  of I.qe ' f  i s s i . l e  renlclvnl s e n s i t  i v i t  i e s .  ' l l l e s e  s e n s  i- . 
t i v i t  i 'es a r e  p r e s e n t e d ,  ' i n  T a b l e  T I  , f o r  t h r .  e  c o r e  p r s . i t ' i o t ~ r ; :  t h e  core? c e n t e r  ( 0 . 0 . 1 ,  t l i e  
c o r e  edge  a t  t h e  a x i a l  m i d p l a n e  ( 1 2 4 , 0 ) ,  a: d  t h ~  ninimc.~m r e a c t i v i t y  ion  a t  t h e  r a d i a l  

and a x i a l  c o r e  e d g e  ( 1 2 4 , 5 0 ) .  T l ~ e s e  s e n s i t i v i t i e s  a r e  o n l y  e s t i m a t e s ,  and  w i l l  l a t e r  b? 
compared w i t h  o b s e r v e d  c h a n g e s  i n  r e a c t  i.v i . ty  when f u e l  was rernoverl . A l s o ,  t h e s e  s.erls i t  i v i -  
t i e s  p e p r e s e n t  r emova l s  o f  a l m o s t  p u r e  f i s s i 1 . e  f u e l  m a t e r i a l .  A c t u a l  f u e l  p l a t e s  which 
c o n t a i n , m i x t u r e s  o'f . f i s s i l e  ancl f e r t i l e  m a t e r i a l  w i l l '  h ave  r educed  d e t e c t i o n  s e n s i t i . v i t i e s  
a t  t h e  c o r e  c e n t e r  and p r o b a b l y  s l i g h t  enhancement  a t  t h e  c o r e  edge  due  t o  t h e  p r e s e n c e  of  
t h e  f e r t i l e  m a t e r i a l .  T h i s  i s  e x p e c t e d  b e c a u s e  o f  t h e  f e r t i l e  m a t e r i a l ' s  n e g a t i v e  r e a c t i v i t  
e f f e c t  a t  ' t h e  c o r e  c e n t e r  and s m a l l  p o s i t i v e  r e a c t i v i t y ,  e f f e c t  a t  t h e  c o r e  e d g e .  

E f f e c t s  ' o f  F u e l  Removal 

The n e x t  s t e p  i n  a s s e s s i n g  t h e  s e n s i t i v i t y  of  r p a c t i v i t y  measu remen t s  t o  d i v e r s i . o n  was 
t h e  measure.ment of. r e a c t i v i t y  change  when f u e l  was removed from a  r e f e r e n c e  c o r e . '  l'l.lese 
measurements  were  made on ZPPR a s s e n ~ b l y  10D. l h i s  a s sembly  was a  h e x a e o n a l  6100  l i t e r  
mockl~p o f  an  LNFUR which c o n t a i n e d  31 c o n t r o l - r o d  p o s i t i o n s .  Though l a r g e r  t h a n  t h o  c o r e  
i n  a s sembly  1011, t h e  l o a d i n g  p a t t e r n  was s imilar .  R e f e r e n c e  c o r e  10D c o n t a i n e d  a f i s s i l e  
mass o f  r o u g h l y  2600 kg .  

'l'he r e a c t i v i t y  o f  t h e , s u b c r i t i c a l  10D r e f e r e n c e  c o r e  was d e t e r m i n e d  by t h e  so1.1rce-multi  
p l i c a t i o n  method .  . T h i s  r e f e r e n c e  r e a c t i v i t y  was - 0 . 2 9 $ .  I n  t h e  s o u r c e - m u l t i p l  i c a t i o n  mea- 
s u r e m e n t ,  t h e  ne i l t r on  f l i i x  was measured  by 54  i n - c o r e  ' F i s s i o n  c o u n t e r s .  Each f i s s i o n  c o u n t c .  
c o n s i s t e d  o f  a t h i n  U-235 f o i l  i n s i d e  an  i o n i z a t i o n  chamber f i l . l e d  w i t h  an .argon-methnt?e 
m i x t u r e .  The f i s s i o n  c o u n t e r  was e n c l o s e d  i n  a  s t a i n l e s s  s t e e l  chamber ,  5 . 0 8  cm by 0 . 6 4  cm 
b y  1 5 . 2  cm. The f i s s i o n  c o u n t e r s  t o o k  t h e  p l a c e  o f  t h e  f l l e l  p l a t e  n e a r e s t  t t i e  ax i a l .  
m id -p l ane  i n  32 d i f f e r e n t  s i ng l e - co lumn  Euel d r a w e r s  i n  each  r e a c t o r  ha1  T .  IZeference 
a s s e m b l y  10D i s ' s h o w n  i n  F i g .  8 .  The x ' s  i n d i c a t e  t h e  l o c a t i o n  of f i s s i o n  c o r ~ n t e r s  i n  Ha l f  

, 1 ,  w h i l e  th'e 0 ' s  i n d i c a t e  t h e  l o c a t i o n  o f  f i s s i o n  c o l l n t e r s  i n  l l a l f  2 .  Qne a d v z n t n q c  i n  
u s i n g  t h e  s o u r c e - m u l t i p l i c a t i o n  method t o  d e t e r m i n e  r o a c t i v i t v  f o r  diversion d e t e c t ' i o n  
p u r p o s e s  i s ,  t h a t  one  can  s i :mu l t aneo r .~ s lv  o b t a i n  boll1 an i .n teKra1  r e a c t i v i t y  f o r  t h e  e n t i r e  

. c o r e  and a  r e l a t i v e  f i s s i o n - r a t e  c l i s t r i b u t  ion map from t h e  64  indivi.rl l .~nl f i s s i o n  c o u n t e r s .  
The v a l u e  o f  t h e  i n t e g r a l .  r e a c t i v i t y  i s  o b t a i n e d  Erom't .he w e i ~ h t e d  n b s o l ~ l t e  f i s s i o n  r a t . e s  of 
a l l  64  c o u n t e r s  . .  T h i s  , i n t e g r a l  r e a c t i v i t y  i s .  t h e n  compared t o  t h e  p r e v i o u s  r e s u l t  f o r  t h e  

. r e f e r e n c e  c o r e .  I n  a d d i t i o n ,  t h e  r e l a t i ' v e  f i s s i o n  r a t e  f o r  each  d e t e c t o r  ( f r a c t i o n  of t h e  
. t o t a l  f i s s i o n .  r a t e  i n  t h e  c o r e  s e e n  by one  t l e t e c t o r )  i n  t h e  v e r i f i c a t i o n  measurement  can  be 

' compared t o  t h e  r e l a t i v e  f i s s i o n - r a t e  o b t a i n e d  i n  t h e  r e f e r e n L e .  measu remen t .  If a  I .6ca l  
d i v e r s i o n  h a s  o c c r ~ r r e d ,  t h e  a b s o l u t e  f i s s i o n - r a t e  rneasurem.ents . w i l l  d e t e c t  t h e .  r educed  
i n t e g r a l  r e a c t i v i t y ,  and t h e  f i s s i o n - r a t e  d i s t r i b l l t  i on  map may be a b l e  co i n d i c a t e  t h e  
l o c a t  i o n  o f .  t h e  d i v e r s i o n .  I f .  d d i v e r s  ion i s  made u n i f o r m l y  t h r o u g h o u t  t h e  c o r e ,  t h e  
i n t e g r a l  r e a c t i v i t y  w i l l  s t i l l  d e c r e a s e ,  b u t  t h e  f i s s i o n - r a t e  d i s t r i b u t i o n  c o u l d  e s s e n t i a l l y  
be  u n c h a n g e d .  

O p e r a t i o n a l l y ,  f u e l  was ' removed from s e l e c t e d  d r a w e r s  of  t h e  r e f e r e n c e  c ~ n f i g u r a t i o n ,  an11 
t h e n  t h e  r e a c t o r  h a l v e s  were brot lght  t o g e t h e r  and t h e  c o n t r o l  r o d s  s e t  t o  t h e i r  r e f e r e n c e -  
p o s i t i o n s .  A f t c r  a  w a i t  o f  a  .few m i n u t e s  t o  a s s u r o  e q u i l i b r i u m ,  . t h e  f i s s i . o ~ i - c o u n t e r  oritput:; 
were  r e a d  and s t o r e d  by a d i g i t a l  c o m p u t e r .  The com'puter t h e n  c a l c u l a t e d  t h e  i n t e z r n l  
r e a c t i v i t y , '  t h e  r e l a t i v e  f i s s i o n  r a t e s  f o r  e ach  t l e t e c t o r ,  and t h e  r a t i o  of  t h e s e  r e l a t i v e  
f i s s i o n  r a t e s  t o  t l i e  . r e l a t i v e  f i s s i o n  r a t e s  f o r  t h e  r + f c r e n c e .  l l l e  r e  l a c  i v e  f i s s  i o n - r a t e  
r a t i o s  wer; d i s ~ l a y e d  on a  c c r e  map s o  t h a t  l o c a l  v a r i a t i o n s  c o u l d  be s e e n .  

The f i r s t  s i n a l a t e d  ' f ue l  c l . iversi?n was a' s i . n y l o  re1no7:al nf a l l  f u e l  n l q t e s  i r c n  f o c ~ r  
' s i n g l e - c o l u m n  d r a w e r s  n e a r  t h e  c e n t e r  o f  . t h e  i n n c r  c o r e .  t \ p n r o x i m a t ~ l  2 k c  o f   cis.^ i l c  
m a t e r i a l  was removed.  The f u e l  p l a t e s  were  no t  I ' e ~ l a c e d  . w i t h  a n y  o t h e r  m a t e r i a l .  Tile 
r e s u l t s  €.or t h i s  sim1.11ated d i v e r s i o n  . a r e  shown i n  F. iy .  9 .  ?he d r a w e r s  w i t h  an  "x" 3.1-e t h o s .  
f rom which f u e l  was removed.  T h i s  fue.1. removal  . r e s u l t e d .  i n  a  d e c r e a ' s e  i n  the .  i n t e g r a l  
r e a c t i v i t y  o f  0 . 1 6 s .  The numbers  i n  F i g .  9 r e p r e s e n t  t h e  chang'es  i n  r e l a t ' i v e  f i s s i o n  r a t e s  
f.rom t h e  r e f e r e n c e  v a l u e s .  Each number a p p e a r s  a t  t h e  app rox i -ma te  c o r e  l o c a t  ion  o f  i:ts 
r e s p e c t i v e  f i s s i o n  c o u n t e r .  The numbers ,  which we w i l l  c a l l  "Q",' were  computed fro'm t h e  
e x p r e s s  i o n  . . . 
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r e f  

where  R i  is t h e  f i s s i o n - c o u n t e r  c o u n t  r a t . e  and a ;  i s  a  w e i g h t i n g  f a c t o r  f o r  t h a t -  c o u n t e r .  
The s u b s c r i p t  " r e f . '  i n d i c a t e s  v a l u e s  f o r  t h e  r e f e r e n c e  c o n f i q u r a t i o n .  Thus ,  a  Q o f  -20 

. i n d i c a t e s  a 2% d e c r e a s e  i n  t h e  r e l a t i v e  f i s s i o n  r a t e  f o r  t h a t  d e t e c t o r  compared t o  tile 
r . e l a t  i v e  f i s s i o n  r a t e  f o r  t h a t  d e t e c t o r  i n  t h e  r e f e r e n c e  measurement .  ' As i n d i c a t e d  by t h e  ( '  

v a l u e s  . i n  F i g .  9 ,  . t h e r e  i s  a d e f i n i t e  d e c r e a s e  i n  r e l a t i v e  f i s s i o n  r a t e s  i n  t h e  v i c i n i t y  o f  
t h e  2-kg l o c a l i z e d  f u e l  r e m o v a l .  The s t a t i s t i c a l  u n c e r t a i n t i e s  o f  t h e  Q ' s  ( l a )  were  - + 3 
f o r  t h e  i n n e r  c o r e ,  - + 4 f o r  th .e  o u t e r  co re ' ,  and - + 6  f o r  the. hl.anltet . The r ~ n c c r t a i n t v  i n  . 

t h e  i n t e g r a l  r e a c t  i v i t y  measurement  was a p p r o x i m ~ t e l y  .0 .003$ ( 1  U) , a l tho l .~gh . ,  when l ong - t e rm  
i n s t a b i l i t i e s  a r e  i n c l u d e d .  ( c o m p a r i s o n s  w i t h  r e f e r e n c e  r e a c t  i v i t  i e s  made months i r e v i o u s l y )  ? 

t h i s  u n c e r t a i n t y  i's l i k e l y  t o  be 0 . 0 1 $ .  

T a b l e  I  g i v e s  a p l u t o n i ~ l m  r e a c t i v i t y  wort11 n e a r  t h e  c o r e  c e n t e r  o f  Z P P R - l 0 L  o f  approx-  
i m a t e l y  56 I h / k ~ .  Us ing  a  . d o n v e r s i o n  f a c t o r  o f  333 Zh/$, one  w o ~ . ~ l d  prb( l ic t :  t 'hat  a  r e l l~ova l  
o f  2 kg o f .  Pu:.from t h e  c o r e  c e n t e r  w o u l d  recluce t h e  r e a c t  i v i t v  by a b o u t  0 . 3 3 s .  The observerl  
r e a c t i v i t y  r e d u c t  i on  i n  t l l e  l a r j i e r  brit s i m i l a r  ZIJI'H-LCD was 0 . 1 6 s .  71iis s m a l l e r  r e a c t  i v i . t y  
d e c r e a s e  i s  e x p e c t e d  becat.1s.e f l ~ e l  was removed from t h e ' e n t  i r e  50.8-crn f u e l  co iumn,  ancl 
b e c a u s e  t h e  r e a c t i v i t y  wor th  o f ,  ' f r ~ e l  d e c r e a s e s  wi.th i n c r e a s i n g  d i s t a n c e  f rom t h e  a x i a l .  
m i d p l a n e .  'Axial w o r t h s  a t  50.8-cm f rom t h e  midp l ane  can  be a s  'ml~ch a s  n  f a c t o r  o f  f o u r  low( 
' t han  a t  t h e  m i d p l a n e ,  ' s o  an 0 . 1 6 $  change  i n  r e a c t i v i t y  i s  r e a s o n a b l e .  

One p o s t u l a t e d  met,hod of  c o m p e n s a t i n g  f o r  n r e a c t i v i t y  l o s s  due' t o  f i s s i l e  removal  is 
t h e  s u b s t  i t u e i o n  ( o r  a d d i t  i o n )  o f  m o d e r a t o r  m a t e r i a l  which mav have  a  p o s i t  i v e  r e a c t i v i t y  

. w o r t h  i n  a  f a s t  c r i t i c a l  a s s e m b l y .  A v e r y  s i m p l e  m o d e r a t o r  s u b s t i t u t . i o n  was made in t h e  
' s e c o n d  s i m u l a t e d  d i v e r s i o n .  'The v o i d s  c r e a t e d  i n  t h e  c l r a w ~ r  by t h e  f u e l  remo.va1 of t h e .  
f i r s t  s i m r ~ l a t e d  d i v e r s i o n  were  f i l l e d . w i t h  p o l v e t h ' y l e n e  p l . n t e s  h a v i n g  t h e  same di.mensi0n.s a,: 
t h e  f u e l  p l a t e s .  Excep t  f o r  t h e  p r e s e n c e  of  t h e  p o l s e t l i y l e n e ,  t h e  r e a c t o r  c o r e  c o n f i r i u r a t i f  
was t h e  same i n  t.he s econd  s i m u l a t e d  d i v e r s i o n  a s  i t  was i n  ti le f i r s t .  The s o u r c e - r n l l l t i p l i -  

. c a t  ion.meas,ureme'nt r e s u l t s  f o r  t h i s  s econd  d i v e r s i o n  a r e  s11ow~i i n  F i e .  1 0 .  71ie i n t e r 2 1  r e -  
a c t i v i t y  was 0 . 1 8 s  l e s s  t h a n  che  r e f e r e n c e  c ' o r e ,  w l ~  i c l ~  was 0 . 0 2 s  l e s s  th.nn t h e  ~ lncompensa tc t l  
d i v e . r s i o n .  Obv io i l s l y ,  t h i s  e f f o r t  t o  compensa t e  f o r  t h e  r eac . t  i v i t y  l o s s  was n o t  s u c c ~ s s f u l .  
A p o s s i b l e  e x p l a n a t  ion  f o r  t h i s ,  a p p a r e n t  n e g a t i v e  r e a c t  i v i . t v  wor th  f o r  t h e  p o l y e t h y l e n e  may 
b e  t h a t  t h e  l o c a l  ' s h i f t  of t h e  n e u t r o n  s p e c t r ~ . ~ m  r e s u l . t e t l  i n  i n c r e a s e d  a b s o r p t i o n  i n  l o c a l  
f e r t i l e  m a t e r i a l  (U-2,381, r e d u c i n g  t h e  n e u t r o n  f l u x  a v a i l a b l e  t o  more d i s t a n t  f i s s i l e  
m a t e r i a l .  

A s  i n  t h e  f i r s t  d i v e r s i o n ,  t h e  map o f  Q v a l u c s  shows a  marked r e d t l c t i o n  i n  r e l a t  i.ve 
f i s . s i o n  r a t e s  i n  t h e  v i c i n i t v  of  t h e  d i v e r s i o n .  'Iliese maps can  be g e n e r a t e d  w i t h  an:;, s e t  o f  
f i s s i o n  c o u n t e r  r e a d i n g s  a s  a r e f e r e n c e .  When t h e  f i r s t  sj.mrll.ated d i . v e r s i o n  was used a s  thr  
r e f e r e n c e ,  t h e r e  was no s t a t  i s t  i c a l l y  s i g n i f i c a n t  tl i f  f e r e n c e  betwen t h e  r e l a t  i.ve f i s s  i.on 
r a t e .  d i s t r i b u t i o n s  i n  t h e  s.econd and i n  t h e  f i r s t  d i . v e r s i o n s .  

A more r i g o r o u s  t e s t  of t h e  i n t e g r a l  r e a c t i v i t y  m e t h o d '  f o r  d e t e c t  i n z  d i c e r s i q n  ( a n d  th+-  
, r e l a t  i v e - f i s s i o n - r a t e  r a t i o  method f o r  lo ' ca t  i ne  d i v e r s  ion) '  i s  a  d i s . t r i b t ~ t e d  d i v e r s i o n  in a  

: low-worth r e i i b n .  . I n  t h e  t h i r d  s ' imu la t ed  d i v e r s  i o n .  F ~ l e l  was removeti from cach  of f1-3.1r 
s  i n ~ l e - c o l u m n '  d r a w e r s  a l o n g  t h e  c o r e - b l a n k e t  i n t ? r , f ~ c e  .' ' Tho flj!>.l plates. .;ere r e p 1  a c ? d  :.:i.t\l 
p o l y e t h y l e n e  p l a t e s .  Th'e l o c a t i o n  of t he ,  f u e l  removal  and r e s u l ' t s  f o r  t h i s  t h i r d  d i v r r r s i o n  
a r e  shown in. F i g .  1 1 .  The i n t e ~ r a l '  r e a c t i v i t y  w n s  0.025 l e s s  t h a n  t h e  r e f e r e n c e .  .111i5 
r e a c t i v i t y  r e d u c t j . o n  i s  i n  r e a s o n a b l e  ag reemen t  w i t h  t h e  r e s l l l t s  o f  T a b l e  I 'when t h e  .19w- 
worth, . l o c a t i o n s  o f  t h e  f u e l  r e m o v a l s  ' a r e  c o n s i d e r e d .  'The t o t a l  f i s s i l e .  m a t e r i a l  removed war; 
' aga in  app rok ima t  ley. 2 kg .  ' ' . 

The mos't n o t a b l e  f e a t u r e  i n  t h e  ,Q-value map is t h e  v e r y  h i g h  r e a d i n g  f o r  t h e  f i . s s i o n  
.coilnte.r d i r e c t l v  a d j a c e n t  t o  t'he d r a w e r  c o n t a i n i n g  p h l Y e t h y l e n e  n e a r  t h e  bo t t om of  ti)? 
r e a c t o r .  T h i s  . i s  d u e  t o  t h e  c o u n t c r s ' .  h  ip,h s e n s i t i v i t y  t o  lorc ens.ry,y n e l ~ t r o n s  ant1 t h e  l a c k  
o f  i n t e r v e n i n g  ' a b s o r b e r .  I n  t h e  second  d i v e r s  i o n ,  t l~ r ?  n e a r e s ' t  f i . s s  ion  cletcc t o r  wn.+ f c ~ . ~ r  







,- ' 

. 
 drawer.^ away f r o m  t h e  p o l y e t h y l e n e .  T h e  o t h e r  f i s s i o t l  c o u n t e r s  s h o w  a negative t i l t  t o w a r d  
t h e  s i d e  w h e r e  t h e  f u e l  was  r e m o v e d ,  b u t  !.l.iese Q - v a l u e s  a r e  riot much g r e a t e r  t h a n  t h e  
s t a t . i s t  i c a l  u n c e r t a i n t  i e s .  

3 .  

A f o u r t h  s i . m u l a t e d  d i v e r s i o ~ l  was  matlt: w l ~ i c l i  was  l n c a l i z ~ d  i n  a  rn in imum-worth  r e g i o n  ; ~ t  

a  c o r n e r  o f  t h e  c o r e .  '!he f u e l  p l a t e s  w e r e  r e m o v e d  f r o m  t h r e e  s i n g l e - c o l u m n  d r a w e r s  and  nil 

- d o u b . l e - c o l u m n  d r a w e r ,  a n d  p o l y e t h y l e n e  p l a t e s  w e r e  s u b s t i t u t e d  f o r  t h e  f u e l .  T o t a l  f i s s i l r s  
m a t e r i a l  r emoved  w a s  2 . 5  k g .  F i g u r e  1 2  shows  t h e  l o c a t i o n  o f  f u e l  r e m o v a l  a n d  t h e  ? - v a l u e  
m a p .  T h e  i n t e g r a l  r e a c t i v i t y  was  o n l y  0 . 0 1 $  l e s s  t h a n  t h e  r e f e r e n c e ,  a  v a l u e  w h i c h  is c l o s ?  
t o  t h e  e x p e c t e d  G a l u e  f o r  t h e  u n c e r t ' a i n t  y  o f  1 .ong- t e rm c o m p a r  i s o n s  t o  r e f e r e n c e  measurement, 

T h e  Q - v a l u e  map s u c c e s s f u l l y  l o c a t e d  t h e  r e g i o n  o f  t h e  d i v e r s i o n .  The  r e a s o n  f o r  t h e  r a t h e  
l a r g e  p o s i t i v e  r e a d i n g  f r o r n . t h e  f i s s i o n  c o u n t e r  i n  t h e  . b l a n k e t  n e a r  t h e  d i v e r s i o n  i s  n o t  

, o b v i o u s .  
. . 

Iri o r d e r  t o  t es t  a '  s l i g h t l y  d i f f e r e n t  r e a c t i v i t y  c o m p e r l s a t  i o n  s c h e m e ,  t h e  c,onf i g r ~ r a t  io t  
o f  t h e  s e c o n d  s i m u l a t e d  d i v e r s i o n  w a s  r e p r o d u c e d  w i t h  t h e  a c l d i t i o n .  t h a t  p o l v e t h y l e n c  was  
s u b s t i t u t e d  Eor. f e r t i l e  m a t e r i a l  (U-238)  i n  t w o  d r a w e r s  i.n t h e  ou t : e r  c o r e .  , I J n l y e t h y l e n r r  ' 

o n c e ' a g a i n  r e p l a c e d  f u e l  r e m o v e d  f r o m  t h e  i n n e r  c o r e .  'l% i s  f i f t h  s i m t ~ l . a t e d  d i v e r s  i.on . i s  
shown i n  F i g .  13:The x ' s  i n d i c a t e  a  d r a w e r  in: w h i c h  p o l y e t h y l e n c  r e p l a c e d  f u e l ,  and  t h e  0 ' 5  

i n d i c a t e  a  d r a w e r  i n  w h i c h  p o l y t ? t h v l e n e  r e p l a c e d  U-238. I l l e  i n t e g r a l  . r e a c t i v i t y  f o r  t h i s  
c o r 1 1 . i ~ u r a t  i o n  w a s ,  0 . 1 4 $  l e s s  t h a n  t h e '  r e f . e r e n c e ,  wli~icli was  0 . 0 2 $  rilore ' t h a n  t h e  c a s e  o f  f u e l  
r e m o v a l  w i t h  n o  p o l y e t h y l e n e  ( f i r s t  d i v e r s i o n ) ,  a n d  G a s  0 . 0 4 s  more  t h a n  t h e  c a s e  when p o l y -  
e t h y l e n e  w.as s u b s t i t u t e d  o n l y  f o r  f u e l  ( s e c o n d  d i v e r s i o n ) .  I t  a p p e a r s  t h a t  r e p l a c i n : :  U-23S 

. w i t h  p o l y e t h y l e n e  was  a  m o r e  s u c c e s s  f , u l  r e a c t  i v i t y  c o m p e n s a t  i o n  m e t h o d  t h a n  was r e p l a c i n g  
f u e l  w i t h  p o l y e t h y l e n e .  The  Q - v a l u e  map c l e a r l y  l o c a t e d  t h e  m i s s i n g  f u e l .  

F i g u r e  1 4  s h o w s  a  Q - v a l u e  map i n  w h i c h  t h e  c o n E i g r l . r a t  i o n  o f  t h e  f i f t h  s i m u l a t e d  d i v e r -  
s i o n  was  c o m p a r e d  t o  t h e  s e c o n d  s i m u l a t e d  d i v e r s  i o n .  l 'hc o n l y  d i . f f o r c n c e  b e t w e e n  t h e s e  

. . 
c o n f i g u r a t  i o n s  .IS th.e- p o l y e t h y l e n e  w h i c h  r e p l a c e d  t h e  U-238 i n  t h e  o u t e r  ' c o r e .  ' I l l i s  c h a n g e  
i s  a p p a r e n t  f r o m  t h e  map v h  ic l i  , s h o w s  a  p o s i t i v e  ' t . i .1 . t  t o  t h e  s i d e  o f  t h e  c o r e  w i t h  t h e  e x t r a  , 

' p o l y e t h y l e n e  a n d  t h e  h i g h e s t  Q - v a l u e s  c l o s e s t  t o  t h e  p o l y e t h y l e n e .  

~ o i ' l - 1 r r a d  i a t  i o n  E x p e r i m e n t s  

B e c a u s e  t l ~ e  r e a c t  i v . i t y  o f  a p a r t  i c u l a r  ' a s sc rnb1 .y -co re  corlf  i r , l . ~ r n t  i o n  d e p e n d s  o n  t h p  
n e u t r o n - e n e r g y  s p e c t r u m ,  i t  m i g h t  b e  n e c e s s a r y  t o '  v e r i f s  t h e  s p e c t r u m  a s  p a r t .  o f  n r e a c -  
t i v i t y  v e r i . f  i c a t  i o n .  T h e  a d d i t  i o n  o f  m o d e r a t . o r  t n  n  E a s t  r e a c t o r  c o r e  c a n  i n c r e a s e  r e a c -  
t i v i t y  by  i n c r e a s i n g  t h e  r e l a t i v e  n ' e u t r o n  f l u x  a t  ].ow e n e r g i . e s  w l i e re  t h e  f i s s i o n  c r o s s  
s e c t  i o n s .  a r e  r c l a t  i v e l y  l a r g e .  A t y p i . c a 1  n e u t r o n - e n e r g y  s p e c t r u m  f o r  a  Z P P R  L;.IFRR mockup i c ;  

s hown  i n  F i g .  1 5 .  As i n d i c a t e d ,  t h e  r e l a t i v e  f l u x  i s  v e r y  s m a l l  b e l o w  a  f ew h u n d r e d  eV.  

A v e r i f i c a t  i o n  o f  t h e  n e u t r o n - e n e r g y  s p e c t r u m  . o f  a  f a s t  c r  i t  i c n l  a s s e m b l y  c o r e  c a n  b e  
o b t a i n e d  f r o m  e x p e r i . n e n t a l l y  d e t e r m i n e d  r a t e s  o f  neutron-energy-dPpendent r e a c t  i o n s .  Tlie 
t y p e s  o f  m e a s u r e d  d a t a  t h a t  a r e  s e n s i t i v e  t o  n e u t r o n  s p e c t r a  a r e  c a l l r i d  s p e c t r a l  i n d i . c . e s .  
One s p e c t r a l  i n d e x  w h i c h  h a s  b e e n  u s e d  f o r  many y e a r s  i n  r e a c t o r  e x p e r i m e n t s  is t h e  r a t i o  o f  
t h e  f i s s i o n  r a t e s  i n  U-235 a n d  U-238. The  E i s s i , o n  r a t e  fo t -  U-235 g e n e r a l l y  decreases o r  i s  
r e l a t i v e l y  f l a t  w i t h  i n c r e a s i n g  n e u t r o n  e n e r g y ,  w l ~ i l e  t h e  f i s s i o n  r a t e  f o r  11-238 i n c r e a s e s  
wi.tt1 i n c r e a s i n g  n e u t r o n  e n e r g y ,  w i t h  a t h r e s h o l d  n e a r  1 MeV. ' n ~ r ~ s , .  t h e .  r a t  i.o o f  f i s s i o n -  
p r o d u c t  c o n c e n t r a t  i o n s  i n  U-238 and  U-235 f o i l s  c a n  b e .  u s e d  " a s  a n  i n d e x  o f  t l ~ e  ne l . l t ron  

' e n e r g y  d i s t r i b u t i o n .  ' The  u s e  o f  r e a c t i p n - r a t e  r a t i o s  i.n n c t ' n l  f o i l s  f o r  s a f e f i u ~ r d s  ? u r p c s e c  
h a s  b e e n  i n v e s t  i , g ? t e d  i n .  t h e  h i e h . 1 ~  enriched u r a n i ~ ~ m - f r ~ e l e d  SPECTK a s s e m b l y  i n  t h e  I 'SSR. 
T h e  f o i l s  s h o u l d  c o n t a i n .  a .  m n t - ~ r  i a l  s g n s  i t  i . 1 ~ ~  to .  l o ! ( - r n e r p y  nr l .~ t rc-n! :  iri ~7:it. r e a c c  is,?: ai?.J 
s h o u l d  c o n t a i n '  a  r n a t e r  ia .1 s ~ n c i t  i& t.o 11 i ' e1 .1-en .erc  q n l ~ t  r c n s  i n  a n o t h e r  r-,eac t i o n .  Fc r  lo;;- 
e n e r e :  . s e n s i t  i \ f i , t y . ,  ( n , y j  r e a c t  i c n s  a r e '  u s e f 1 . 1 1 ,  ~ i l i i l e  ( n , n l . ) ,  ( n , 2 r ? ) ,  ( n , p )  a n d  t n r e s l i o l d  
f  i s s  i o n  r e a c t  i o n s  h a v e  good  h  i g h - e n e r g y  s e n s  i t  i v  i ' t y  . 

. . 
. . 

T h e . s p e c t r a 1  inde 'x  c h o s e n  f o r  t h i s  s t u d y  was  t h e  r a t i o  o f  t h e  r a t e  o f  t h e  I n - 1 1 5 .  ( n , ' i )  
- r e a c t i o n  t o  , : the  r a t e  o f  t h e  I n - 1 1 5  ( n , n ' )  r e a c t i o n .  T h i s  i n d e x  h a s  t h e  c ldvan ta , ce  o f  rrlq1.1i.r- 
i n g  o n l y  a  s i n g l e  ' f o i l  o f  n o n r a d i o a c t  i v e  m a t e r . i a 1 .  ~ a t u r h l  i n r l i l ~ m ' c o n t  a i n s .  a b o u t  '957;. . .In-11 5 .  

. T h e  p r o d u c t  o f  t h e  ( n , y )  r e a c t  i o n , ' I n - 1 1 6 m 1 ,  h a s  a  54-mi" l l tc  h a l f  l i f e  a n d  e m i t s  s e v e r a l  
gamma r a y s ,  i n c l u d i n ' g  o n e  a t  4 1 7  k e ~ .  The p r o d u c t  o f  t h e  ( n , n l ) ' r e a c t  i o n s ,  In - l l ' ; r n ,  h a s  
a 4 , 5 - h o u r  h a l f .  l i f e .  a n d  emits  a  s i n g l e  gamma r a y  o f  3 3 5  keV.  ? h e  r a t i o  o f  t h e  i n t e n s i t i p s  



. . 

F ~ F .  . I ? - .  Fission ' R n t c  . I ) i .~ t . r  i l l ~ . ~ t .  i A n  I lnn  f.i,r t t l c  !;c,llrt.ll. : ; i m l l l R t c d  . I l i v ~ ~ - s ' i o n  
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' Fir .  1 4 .  F i s s  i n n  R n t r  I l i s t : r i . b ~ ~ t  i o n :  !,1,1p !;!~r,..;inc: t t i e  I!i f f r r c n c . r  ! iet : . rc tn t ! l r  

F i f t h  .and .  S ~ C O I ~ C I '  S i n i ~ 1 1 ; 1 t . . ~ ~ 1 : U i ~ . j r 1 ~ '  i ons  , , 
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' o t  t h e  417-keV, ,711d L,lre 3.35-keV j:nmmn r a y s  a s  user1 3 s  tlip spt?c.t:ral iu~lc tx .  The n e u t r o n - e n c r :  
dependence  O F  t h e  In-115 (n ,y)  and In-115 ( n , n l )  r e a c t i o n s  i s  shown i n  F i q .  1 6 .  

T h e , ' a b i l i t y  o f  t h e  i n d i u m - f o i l  s p e c t r . : i l  i ndex  t o  d e t e c t  I.oca1 s p e c t r a l  c h a n g e s  due t o  
m o d e r a t o r  s u b s t i t u t i o n  was t e s t e d  by p l a c  i.ng ind ium fo i1 . s  i n  s e v e r a l  l o c n t  i o n s  a round  t h e  
s it,e,s ,where p o l v e t h y l e r i e  liad been  subs . t  i t u t e d  f o r  f u c l .  ?lie f o i  1 - i r r a d  ; a t  ion  t e s t  was 
' conducted  w i t h  t h e  ' r e a c t o r  i n  ' a  c o n f i g u r a t  ion wli ich c o n t  aine'd b o t h  t h e  s econd  and f o u r t l i  
d i v e r s i o n  t y p e s ,  Tha t  i s ,  p o l y e t h y l e n e  had 'been s u b s t  i t r l t e d  f o r  f u e l  i.n f o u r  dr.awers n e a r  
t h e  c o r e  c e n ' t e r  and i n  f o u r  d r a w e r s  o f  a  c o r n e r  o f  t h e  o u t e r  c o r e .  F o i l s  we re  p l a c e d  
i n  and n e a r  t h e  d r a w e r s  c o n t a i n i n g  p o l y e t h y l e n e ,  and a l s o  i n  s y m m e t r i c a l l y  e q u i v a l e n t  
d r a w e r s  away from t h e  d i v e r s i . o n  l o c a t  i o n s .  These  f o i l s  away from t h e  d i v e r s i o n  p o i n t s  
p r o v i d e d  r e f e r e n c e  s p e c t r a l - i n d e x  d a t a  p o i n t s  . f o r  e s s e n t i a . l l y  u n p e r t u r b e d  r e g i o n s  o f  t h e  
c o r e .  F i g u r e  17 g i v e s  t h e  c o r e - l o a d i n g  p a t  t e r n  f o r  t h e  f o i l - i r r a d i a t  ion  exp,er  iment . The 
x ' s  i n d i c a t e  d r a w e r s .  i n  which p o l y e t h y l e n e  was s u b s t ' i t u t e d  f o r  f u e l ,  antl t h e  0 ' s .  i n d i c a t e  
d r a w e r s  which c o n t a i n  an  ind ium f o i l .  

. . 
. m e  ind ium f o i l s  were  1 . 2 7  cm i n ' d i a m e t e r  and 0 .0127  cm t h i c k :  The f o i ' l s  were l i e ld  i n  

0.051-cm-th.ick s t a i , n l . e s s  s t e e l  h o l d e r s .  Tlie h o l f l e r s  were  p l a c e d  i n  t l i e  d r a w e r s  p j r a l l e l  t o  
t h e  f u e l  o r .  c o o l a n t  p l a t e s .  Each f o i l  was p lace t l  acl, jacent t o  t h e  c e n t r a l  p l a t e  of t l ie 
d r awer , ,  and each  f o i l  was 7 .62  cm .from t h e  a x i a l  rnitl l>lane. ?Tie . f o i l s  b e r e  i r r a d i a t e d  a t  a  
power of  a p p r o x i m a t e l y  800 w a t t s  f o r  15  m ' inu t e s .  'Ilic r e a c t o r  c o n t r o l  r o d s  were  withl l rawn 
from t h e i r  p o s i t i o n s  d u r i n g  t h e  r e a c t i v i t y  nreasrirc?rncnts t o  p e r m i t  t h e  h i g h e r  power o p c r a t  ion 
A t  8 0 0 . w a t t s J  t h e  t o t a l  n e u t r o n  f l u x  n e a r  t l i e  c o r e  c e n t e r  was a p p r o x i m a t e l y  8 x 10' n p u t r o n s  
cm-2 s e c - l .  A f t e r  a b o u t  a  two-tiour c o o l i n g  p e r i o d ,  t h e  f o i l s  were '  removed From t h e  c o r e .  
The f o i l s  we re  t h e n  p l a c e d  i n  o t h e r  I i o l d e r s  f o r  c o r ~ n t  i n g .  . Two ' G e ( ~ i )  d e t e c t o r s ,  w i t h  al l to-  
m n t i c  s amp le  cha r ige r s  were  used  t o  count .  t h e  41  f o i . 1 ~ .  Total .  c o r ~ n t  t i m e  f o r '  t h e  4 1  s p e c t r a  
was a p p r o x i m a t e l y  20 h o u r s .  S e v e r a l  s p e c t r a  were  o b t a i n e d  f o r  e ach  sample: . 

The r e s u l t s  f o r ' t h e  s i m u l a t e d  d i v e r s i o n  n e a r  thr! c o r e  c e n t e r '  a r e  shown i n  F i g .  18.  Thc 
. h o r  i z o n t  a 1  c r o s s - h a t c h  marlts i n d i c a t e  a  d r awer  in  wh ich p o l y e t l i y l e n e  bras s u b s t  i t u t e d  f o r  
f u e l .  The numbers. a t  t l i e  d r awer  l o c a t i o n s  a r e  t h e  r a t i o s  of  t h e  i n t e n s i t i e s  o f  t h e  ( n , ~ ) -  
p roduct .gamma r a y s  t o  t h e  (n ,n ' ) -p roc - luc t  gamma r n v s .  Vie i n t e n s i t i e s  were  c o r r e c t e t l  f o r  
decay  from t h e  t i m e  o f  r e a c t o r  shutdown.   he ' l a r ~ ~ r  t h e  v a l u e  o f  t h e  s p e c t r a l  i n d e x ,  t h e  
g r e a t e r  t h e  ( n , ~ )  c o n t r i b ~ ~ t i o n ,  and h e n c e ,  t h e  s o f t e r  . t l i e  s p e c t r u m .  .1 l ie  a v e r a g e  v a l r ~ c .  o f  
t h e  s p e c t r a l  i ndex  ( s . i . 1  f o r  th.e 1 3  f o i l s  in  drar \ lers  i n  t h e  r e l ' a t i v e l y  u n p e r t u r b e d  r e g i o n  
was 6 2 . 3 ,  w i t h  a  s t a n d a r d .  d e v i a t o n  ( l o ) . o f  3 . 0 . '  The s . i . .  v a l t ~ e s  of  t h e  f o i l s  l o c a t e d  i n  th , .  

' d r a w e r s  w i t h  p o l v e t l i y l e n e  were  qc.~i . te  ti i g h .  The t h i r d  d r a w e r  removed ( b o t h  h o r  i z o n t a l . 1 ~  and 
v e r t i c a l l y )  from t l i e  d i v e r s i o n  s i t e  liad an s .  i .  whi.ch was more tl inn 2 0  h i e h e r  t h a n  t l ~ e  
s . i . ' s  i n  t h e  u n p e r t u r b e d  r e g i o n .  l l i e  s .  i .  i r i  t l i e  f o u r t h  d r awer  was n o t  s i g n i E i c . ~ . n t . l ~  
h i g h e r  t h a n  t h e  a v e r a g e  f o r  t l i e  u n p e r t u r b e d  r e g i o n .  One of  t h e  f o i l s  i n  t h e  u n p e r t u r b e d  
r e g i o n  a l ' so  had an s . i .  v a l u e  of 70'; which was more . than  2U h i g h e r  th . in  t h e  a v e r a g e  f o r  t h e .  
r e g i o n .  nlis v a l u e  .may h a v e  been  h i g h  due  t o  i t s  p r o x i m i t y  t o  t h e  d i v e r s i o n  s i t e  antl t o  t l ic  
r a t h e r  l a r g e  amount o f  , i n t e r v e n i n g  sodium w i t h  i t s  low a b s o r p t i o n  c r o s s  s e c t  i o n .  

The resr . r l ts  f o r  t h e  simulated di .v ,e rs ion  a t  t l ~ e  edge of  t i le o ~ ~ t . e r  c o r e  a r e  slicwn i n  F i p .  
1 9 .  The d i a g o n a l  c r o s s  h a t c h  marks i n d i c a t e  a  d r a w e r  i.n which p o l y e t l i y l c n e  was s ~ b s t  i t u t e d  
for .  f u e l .  The a v e r a g e  v a l u e  of  t l ie  s .  i .  I s  f o r  t h e  u n p e r t u r b e d  r e c i o n  w a s  Ir9.7 w i th  a 
s t a n d a r d  d e v i a t i o n  ( 1 ~ : )  o f  3 . 6 .  ' ~ e a i n ,  t h e  f o i l  i n  a  drawer '  contain in^ p o l . y e t h y l c n 0  h ~ d  a 

. . . . . . .  
, v e r y  l a r e e  v a l u e  of t h e  s .  i .  Sh,e v a l u e  o f  t h e  + .  1 .  I .+ s i z n l f i c a n t l : :  11iz5"lr  t h a n  tiir . j : lper - .  

t u r b e d  a 'verage v a l u e  f o r  'on,ly . the two d r a w e r s  a d j a c e n t  t o  t h e  d ' i v e r s i o n  s i t e ,  w i t h  t h e  
p o s s i b l e  e x c e p t  i o n  of  t h c ' t h i r d  d r awcr  b.elo:.? t h e  d i v e r s i o n .  I t  . ? r p e a r s  ttia: t i le  f c i i =  c r e  
k l i e h t l y  l e s s  s e n s i t i v e  t o  t h e  ? r e s i n c e  of t h e  p o ! y e t ! ~ y l ~ n e  a t  t h e  c q r e  e l q e  ti;.?" ,?t t h e  
c o r e  c e n t e r ,  a l t h o u g h  tli 'at . c o n c l u s i o n  may not.  be j u s t i f i a b l e  from t l i i s  s m a l l  arnoc~rlt o f  
e v  id'knse. 

DLSCIJSSION. ' 

~ u t o r a d i o g r a p h ~  can  p r o v i d e  . a  p i e c e  coun t  o f  ' f l j e l  e l e m e n t s  i n  f a s t  c r  i t  i c a l  asset-hly 
d r a w e r s ,  ,and 'can. a l s o  p r o v i d e  a  , s i m ~ ~ l t a n e o u s  v e r i f  i c n t  ion of t h e  l o a d i n g  p a t  t e r n  i n  t h e  
r e a c t o r  core , .  A u t o r a d i o g r a p h y  is an i n - s  i t u  t e c l i n i q u ~  wli ich.  r e q u i r e s  no hand1  i n g  o f  Er.~o I. 
e l e m e n t s  . o r  r e a c t o r .  d r a w e r s  ,' and a  l a r g e  number of dr .awers  c a n  be examined i n  a  s h o r t  t  irne. 
P a s s i v e  a u t o r n d i o g r a p h y ,  p r e s e n t l y  a p p l i c a b l e  o n l y  t o  p l u t o n i u m  f u e l s ,  c a n  be u sed  En e;ia;nirt . . 
. any  d e s i r e d  . f r a c t  ion  of  t h e  r e i i c t o r  d r a w e r s .  B e c a i ~ s e  t h e  ' p a s s i v e  at l tornt l  i o e r a p h  i c  irnacc?s 
, a r e  pr-ndtr(:~~(I n l n i r r l v  by rarlint:iori Froirr :\~-i-?.!~.l. t . h ~  -:t.:.ific:.it. if-11 r . l f  C ~ I C  U i c c i l n  CI>:~! . . - ; I :  , > f  
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. fue l  elements is indirect.  However, fgr the active t e c h n i q u e ,  t h e  f u e l  el em en^ images are 
, t h e  d i r e c t  r e s ' u l t  o f  t h e  f  i s s . i l e  c o n t e n t  .>f t h e  f t ~ e l  e l e m e n t s  and o f  t h e  p r e s e n c e  .of a  c r h  

c a l  mass i n  t h e  r e a c t o r .  The fi1.m i t s e l '  may have  a  p o s i t i . v e  r e a c t i v i t v  e f f e c t  . . t h a t  aiust 
: $ 

I b e  cons  i d e r e d  when p l a n n i n g  an a c t  i.ve all[ . , r a t l i og . r aph i c  i n v e n t o r y  v e r i f  i c a t  i o n .  Any r c a c -  . . 
I t i v i t y  e f f e c t  must  a l s o  be c o n s i d e r e d  wl1e11 i n t e r p r e t  i n g  t h e  r e s u l t s  o f  a n  a c t  i v e  n u t o r a d i o -  
1 
I g r a p h i c  i n v e n t o r y .  . , a , , .  i 

P a s s i v e  a u t o r a d i o g r a p h y  is  n o t  p r e s e n t l y  p r a c t  i c a l  f o r  i .n-core 1.1ranium a p p l  i c a t  i o n .  
F u r t h e r  work i s  needed  t o  e x p l o r e  t h e  p o s s  i b i l  i t y  o f .  a d a p t  i n g  e x i s t i n g  p a s s  i v e  a u t o r a d i o -  
g r a p h i c  t e c h n i q u e s  t o  t h e  , i n - c o r e  u r an ium p rob l em.  The a v a i l a b i l i t y  o.f a  p a s s i v e  t e c h n i q u f .  
i s  impor t ,an t  fior v e r i f i c a t i o r i s  when t h e  assemb'ly c a n n o t  e a s i l y  be b r o u g h t  i n t o  a  c r i t i c a l  

I con£ i g u r a t  i o n .  

I . . .  
The a p p l i c a t i o n  of  a c t . i v e  a u t o r a d i o g r a p h y  t o  plr.~toni.r .~m-fileled . c o r e s  is more' cornpl i-  

c a t e d  t h a n  i t  i.s f o r  u r a n i u m - f u e l e d  c o r e s  b e c a ~ l s e  of t h e  a p p r o x i m a t e l y  e q u a l  ini,3ge d e n s i t  j l  

i f o r  t h e  c l a d  plu. tonium p l a t e s  and. t h e  u n c l a d  11-238 p l a t e s  and bec.ause of  t h e  l a r g e  c o n t r j h l ~  
t i on  t o  f u e l - p l a t e  images f rom s p o n t a n e o u s  r a d i a t  i o n .  . More d a t a  i s  needed  ' t o  b e t t e r  eva1.u-. 
a t e  t h e  a c t  i v e  a u t o r a d i o g r a p h i c  t e c h n i q u e  f o r ,  p l ~ ~ t o n i ~ ~ m - f ~ ~ c . ! l e d  c o r e s .  However, t h r  .p 'resenl 
p a s s i v e  t .ecllni.que is q u i t e  a d e q u a t e  a s  a  compani.on t e c h n i q u e  t o  r e a c t i v i t y  measu remen t s  ant! 

! f o i l  i r r a d i a t  i o n s .  

? h e  r e a c t o r  power r e q u i r e d  f o r  f i l m  exposure? i n  an a c t i v e  a r ~ t o r a d i o g r a p h i c  v e r i f i . c a t  i , .  
i s  s u f f i c i e n t  t o  a c t i v a t e  ind ium f o i l s .  Both t h e  p r o d r ~ c t s  o f  t h e  ( n , y )  an?  ( n , n l )  r e a c t i o i i  
a r e  produced  i n  s u f f i c i e n t  c c ~ n c e ' n t r a t - i o n '  w i t h  a p p r o x i m a t e l y  a  100-watt  -hour  i r r a t l  i a t  i on  o f  
t h e  6 1 0 0 - l i t e r  ZPPR. The 100-wat t -hour  i r r a d i a t  i.on i s '  recommencled f o r  a c t  i v c  a t ~ t o r a c l i o -  
g r a p h y  i n  a  c o r e  w i t h  a  volume o f  6100. l i t e r s .  .'The s i .mu l t aneous  f o i l  i r r a d i a t . i o n  and ' f i l m  
e x p o s u r e  is  e x p e c t e d  t o  be a p p l  i c a b l e '  t'o u r a n i u m - f u e l e d  c o r e s .  

! The r e s u l t s  o f '  t h e  i .n tep , ra l  r e a c t  i v i t y  .measurements  h a v e ,  i.nd i c a t e t l  t h a t  t h e s e  ,r:leasure- 
I .  

I 
. mcnts  a r e  indeed  s e n s i t i v e  t o . t l i e  removal  o f  s m a l l  q u a n t i . t i e s  of  f i . s s i l c  m a t e r i a l  from f a s t  

c r i t i c a l  a s sembly  c o r e s .  The g r e a t  a t t r a c t  ivencs . s  .of  t h e  i n t e e , r a l  r e a c t  i v i t : ~  measurement  
I 
i 

l i e s  i n  it 's a b i 1 . i . t ~  t o  p r o v i d e  a  q u a n t i t a t i v e  e s t i m a t e  of  t h e  f i s s i l e  c o n t e n t  o f  an e n t i r e  
c o r e  i n  a  s , i n g l e  measurement  r e q u i r i n g  app rox  i.mate1.y. two h o u r s .  I l l  i s  i i i raaurenent  t  imo 

I assumes  t h a t  t h e  r e a c t o r  is  a l r e a d v  i n  i t s  r e f e r e n c e  c o n f i ~ r l r a t  ion.. Dcpendinp on t h e  
d e g r e e  o f  d e v i a t , i o n  from a  r e f e r e n c e  c o n f i ~ u r a t  i o n ,  t h e  t i n ~ c  r e q u i r e d  f o r  a  ,rent t  i v i t y  ver - :  
i f i c a t  i on  c o u l d  be s i e n i f i c a n t l y  l o n g e r  t h a n  a  few Iiours ' .  The u s e .  o f  r e f e r e n c e  r e a c t  i v i t y  .. 

measurements  r e q u i r e s  an  i n d e p e n d e n t  v e r i f i c a t i o n  of t h e  cor ,e  c o n t e n t s  ~ ~ p o n  in  i  t i a l  r e ac to r .  
l o a d i n g .  The d e t e c t i o n  s e n s i t i v i t y  t o  t h e  2 . 0  - 2 . 5  kg ( f i s s i l e )  s i m u l a t e d  d i . v e r s i o n  was 
w e l l  o u t s i d e  measurement  u n c e r t a i n t i e s  f o r  a l l  b u t  t h e  f o u r t h .  s  im1.11aterl d i v e r s  ion w11 i ch  was 
made i n  a  zone o f -min imum f i s s i l e  w o r t h .  - These r e s u l t s  were p a r t i c u l a r l y  e n c o u r a g i n g  i n  
v i ew  o f  t h e  I A E A  d e t e c t i o n - s e n s i t i v i t y  g o a l  ,of 8 . k g  ( f i s s i l e ) .  

The a t t e m p t  t o  cornpensat e .  f o r  r e a c t i v i t y  l o s s  from f u e l  removal  by s u b s t  i t u t  ion of 
p o l y e t h y l e n e  w a s - n o t  s u c c e s s f r ~ l .  I n  t h e  o n l y  c a s e ,  wliere bo th  a  cornpcnsate'd and an ~ ~ ~ ~ c o m p c n  
s a t e d  d i v e r s  ion'  was made ( d i v e r s  i o n s  1  and 2 1 ,  t h e  compensnted  d i v e r s  ion  a c t u a  11 y r e s l ~ l  t e ~ i  
i n  a  l o v e r  r e a c t i v i t y  t h a n  d i d  t h e  uncompensated c a s e .  Al l  o t h e r  d i v e r s i o r ~ s  l.slere rnacle wit l ;  
p o l y o t h v l e n e  s u b s t  i tu tec t .  f o r  f u e l .  ' T h i s  r e a c t i v i t y  d e c r e a s r .  w i th  t h e  ~d t1 i . t  ion of ~ o t l e r n t o r  
was a t t r i b u t e d  t o  i n c r e a s e d  n e u t r o n  c a p t u r ' e  i n  n e a r b y  a b s o r b i n g  ma te r  ia1.s  ( e  . g .  , 1! -733) .  
T h i s  i n c r e a s e d  a b s o r p t i o n  r e s u l t e d  i n  a  ' r e d u c t  ion  in  t h o  t o t a l  n e u t r o n  fl8.1:; a n d  con?ouc:il: 1 
i n  a  r e d u c t i o n  i.n ' t h e  f i s s i o n  r a t e  i n  f u e l  s e v e r a l  d t a : ~ e r s  3w3y f'rorn t t i e  s u b s t i t u t i o n  wtlerrs 

I t h e  n e a r e s t  f i s s i o n  c o u n t e r s  were l o c a t e d .  I n  t h c  t h i r d  siriilll.3ted diy.lc.rsicn, a f i q s  ir?n 
c o u n t e r  w a s . i n  a  .d rawer  ad : iacent  t o  a  drawer.  c o n t n i . n i n e  polyethylene, and t h i s  f i s s i o n  
c o u n t e r  showed a. much h i e h e r  r e l a t  i,ve f i s s i o n  r a t e  t h a n  i t  d i d  i n  t h e  r e i e r e r l c e  cas;. .  'T11i~ 

I 
I h i g h  f i s s i o n  r a t e  was a t t r i b u t e d  t o  t h e  h igh  c o i l n t e r  s ens . i t : i . v i t y  t o  low-energ" n e u t r o n s  ant1 

' 

t o  t h e  p r e s e n c e  of  a  r e l a t i v e l y  l a r g e  number of  low-energv ne ,u t rons  c l o s e  t o  t h e  p o l y n t l ~ y -  
I .  , .  . l e n e .  ' Ihese  . low-energy ,  n e u t r o n s  were n o t  absor l )ed  b e c a u s e  o f  t h e  r e l a t  i v e l y  . sma l l  a rno i~ l~ t  c 

a b s o r b e r  m a t e r i a l  be tween  t h e  p o l y e t h y . l e n e  and .  t h e  fi.ssi.cjn c o u n t e r .  F i s s j . dn  c o u n t e r s  f o u r  
d r a w e r s  removed. from p o l y e t h y l e f i e  s u b s t i t u t e d  f o r  frle 1 showed r educed  r e l . a t  i v e  f i s s  i.on 
r a t e s .  , These  o b s e r v a t i o n s  w i t h  f i s s i o n  c o u n t e r s  wcre s l .~ppor te r l  . b y .  t h e  f o i  1 - i r r a d i s t  ion 
exper iment ' s  which . i n d i c a t e d  Chat t h e  e f f e c t s  o f  t h e  p o l y e t h y l e n e  had a  s h o r t  r a n g e .  T l ~ e .  
p o 1 y e t h y l e n . e - i . n d ~ . ~ c e d .  e f f e c t  on  f l u v  w a s . n o t  d e t e c t a h l ' e  f o l ~ r  d r a w e r s  away i n  t h e  i n n e r  c o r e ,  
and was .not  d e t e c t a b l e  t h r e e  d r a w e r s  away a t  t h e  c o r e  e d g e .  In bo th  r e g i o n s ,  t h e  e f f e c t  w.?, 

r end  i . lv d e t e c t e d  i.n t h e  .qrl i n r e n t  f l t . l tcnr .  , 



1n tile f i f  t l l  s i m u l a t e d  d i v e r s i o t i ,  p o l j r e t h y l e ~ l e  was s u b s t i t u t e d  f o r  ?J-238 i n  f u e l -  
* c o n t a i n i n g  d r a w e r s .  111c r e a c t i v i t y  e f  feel: f o r  t l r i s  s u b s t  i . t u t  ion  was p o s i t i v e  and t h e  

e f f e c t .  was o 6 s e r v e d  by f i s s  i o n  c o u n t e r s  mc. l . . r~ .  t h a n  f r r r~r  d r a w e r s  away. The r e a c t  i v i t y  
e f f e c t  r e s u l t e d  f rom t h e  removal  o.f U-'238 ~ l , s o r b e r  and a d d i . t i o n  o f  m o d e r a t o r .  No measure-  
men t s  were  made t o  e v a l u a t e  t h e ' e f f e c t s  of U-238 removal  a l o n e .  

Tl~t :  cu1111)ined r e s u l t s  o f  [tie r e a c t i v i t y  meast.lrsments and t h e  f o i l - i r r a d i a t i o n  niensure- 
. m e w t a  d o  seem t o  s u g g e s t  t h a t  t h e  most e f f e c t i v e  way t o  cont luct  a  r e a c t i v i t y - m e a s u r e m e n t -  

b a s e d  v e r i . f i c a t i o n  is t o  p l a c e  t h e  ind ium f o i l s  i n  d r a w e r s  d i r e c t l y  a d j a c e n t  t o  t h e  f i s s i o n  
c o u n t e r s ' .  T h i s  t a c t i c  a p p e a r s  t o  h a v e  t h e  b e s t '  chance  of  d e t e c t i n g  t h e  s u b s t i t u t i o n ,  o r  t h c  
a d d i t i o n ,  o f  m o d e r a t o r  t o  compensa t e  f o r  t h e  r emova l  o f  f i s s i l e  maLeria.1. I f  a  d i v e r t e r  
w a n t s  t o  s u b s t i t u t e  m o d e r a t o r  f o r  Eue l  t o  c o v e r  u p  t h e  removal  o f  f u e l ,  h e  must d o  s o  c l o s e  

. t o  t h e  f i s s i o n  c o u n t e r .    ow ever, i f  t h i s  s u b s t i t u t i o n  i s ' . c l o s e  enough t o  t h e  f i s s i o n  , 

c o u n t e r  t o  compensa t e  f o r .  t h e  Euel  removal , , ,  i t  . i s  l i k e l y  t o  be c l o s e  enough t o  t h e  indium 
f o i l  t o  h a v e  a  d e t e c t a b l e  e f f e c t  on t h e  s p e c t r a l  i n d e x .  

One o t h e r  c o n c l u s i o r ~  wlrich. c a n  be  drawn a t  tt1i.s p o i n t  i s  t h a t  . - i t  i s  n o t  a  t r  i v . i a l  
p roblem f o r  a  d i v e r t e r  t o  d e v i s e  a  r e a c t i v i t y - c o ~ n p e n s a t i o n  sct'ieme. An e x t e n s i v e  s e r i e s  o f  
t e s t  d i v e r s  i o n s  and t ompensa t  i o n s  would' be needed  t o  cover: ' u p  f o r  any  s  i ~ n i f i c a n t  f u e  1 
r e m o v a l ,  e s p e c i a l l y  i f  64 f i s s i o n  c o u n t e r ' s  w i t h  6 4  accompanying  s p e c t r a l - i n d e x - m e a s u r  i n g  
, f o i l s  were .usec l  i n  a  v e r i f i c a t i o n  m e a s u r e m e n t . ,  Su.ch a  d i v e r s i o n  and c o v e r - u p  may be pos- 
s i b l e  f o r  a n  e n t i r e  .Eac i l  i t y  work ing  t o g e t h e r ,  b1.1t would be e x c e e d i n g l y .  d . i f f  i c u l t  f o r  ' a n  
i n d i v i d u a l ,  o r  even  a  few i n d i v i d u a l s  i n  c o l l u s i o n .  . 

'rhe a p p l i c a b i l i t y  o f  r e a c t i v i t y  measu remen t s  and o t h e r  r e . a < t o r  o p e r a t  i n g  p a r a m e t e r s  t o  
s a f e g u a r d s .  p u r p o s e s  was s t u d i e d  p r e v i o u s l y  b y  ~ r y a z e v ' ~  9 l 3  a t  t h e  s m a l l ,  1.1 igh1.y e n r  ich6'd 
u r a n i u m - f u c l e d  f a s t  c r i t i c a l  a s sembly  SP-EKTII. In  t h e i r  e x p e r i m e n t s ,  'Gry;lzev, e t  a l . ,  made 
s i m u l a t e d  d i v e r s i o n s  by removing  u ran ium f u e l  and compensa ted  f o r  t h e .  r e a c t i v i t y  1.oss by 
a d d i n g  modera tor .  i n  v a r i o u s  p a r k s  of  t h e  c o r e .  . ? h e y  found t h a t  t h e y  cor.lld c o m p l e t e l y  
compensa t e  f o r  f u e l  removal  by r e p l a c i n g  uranilsnr-cont a i n  i.ng e l e m e n t s  w i t h  p o l y e t h y l e n e  
.elements. '  I n  . t h e s e  e x p e r i m e n t s ,  Gryazev  measured  t h e  fundamen ta l  ha rmon ic  d e c a y  cons t . zn t  
f o r  a  s r l b c r i t  i c a l  con f  i g u r a t  ion  whose r e a c t  i v i t y  was h e l d  conls tan t ,  by add i t  i o n s  of  m o d e r a t o r  

, D e v i a t i o n s  of  t h i s  d e c a y  c o n s t a n t  f r o m ,  r e f e r e n c e  v a l u e s ' w e r c  due  t o  c h a n ~ e s  i n  t h e  prompt 
n e u t r o n  l i f e t  i.me. Compensated d i v e r s  i o n s  a s  s m a l l  a s  -1.5 k g  U-235 were  d e t e c t e d .  

The e v a l u n t  i on  , p r e s e n t e d  l l e r e  o f  t h e  r e a c t  i v i . t y  measurement  a's a s a f e g u a r d s  t e c h -  
n i q u e .  f o r  f a s t  c r i t i c a l  a s s e m b l i e s  h a s  been l.imitc?cl t o  s t r i c t l y  t e c h n i c a l .  c o n s i t l e r n t i . o n s ,  
such  a s  d e t e c t ,  ion  s e n s i t  i v i t  i e s  and measurement  u n c e r t  a i n t  i . t?s.  AnoLher t y p e  o f  e v a l u i t  ion 
s h o r ~ l d  he  m e n t i o n e d ,  a t  l e a s t  i n  p a s s i n n , .  when cons i r l e r i np ,  t h e  a p p l i c a t i o n  o f  r e a c t i v i t y  
measu remen t s  t o  . internatio.n,nal s a f e ~ u a r d s .  T h i s  s econd  t y p e  o f  e v , a l u a t i o n  c o n c e r n s  t h e  
p r a c t i c a l  n p p l i c a t  i o n  of  t h e  method by i n s p e c t o r s  wlio. a r e  o u t s i t l e r s  a t  a  f a s t  c r i t i c a l  
a s s e m b l y ,  ant1 i . t  a l s o  c o n c e r n s  t h e  d e g r e e  t o  which r e a c t i v i t y  measu remen t s  c a n  be matte t r u l y  
i n d e p e n d e n t  of  t h e  f a c i l i t y  a n d ,  h e n c e ,  c r e d i b l e  t o  an o i l t s i d e r .  The e x p e r i m e n t s  d e s c r i b e d  
I i e r e  r e l i e d  on i n - co re '  f i s s i o n  c o u m t e r s  t o  o b t a i n  r e a c t  i v i  t y  d .q ta .  F'iss i o n - c o u n t e r  orr tput  

.was f ed  . i n t o  s c a l e r s  which were  t h e n  r e a d  by a  d i p , i . t n l  compu te r  wlii.ch, .in t u r n ,  c a l c l ~ l n t e d  
r e a c t  i v i t  i e s .  I t  would be e x t  rem'ely d i f f i c u l t  f o r  a11 i n t e r n a t  i o n a l  i n s p e c t o r  t o  a s s u r e  t h a t  
a l l  a s p e c t s  o f  t h e  f i s s i o n - c o u n t e r  d a t a - c o l  l e c t  ion  2nd - p r o c e s s   in.^ s y s t e m  were  \;ark i n ? .  
p r o p e r l y  and had  n o t  been s u b , i e c t  t o  t a n p e r i n e .  '111e p r a c t i c a b i l i t v  of i n s p e c t c r s '  .cl.lpplyinr 
t h e i r  own i n s t r u n e n t a t i o n  i n  t h e  f o r n  of  i n - c o r e  o r  o u t s i d e - c o r e  d e t e c t o r s  sho!lld b e  T n -  

. . 
s i d e r e d ,  b u t  is l i k e l y  t o  be a  d i f E i c u l t '  pro,ble.m. 

The f o i l '  i r r n d i a t  ion  t e c h n . i q u e s  rlsed t o  o b t a i n  s p ~ c t  r a l  inti i c e s ,  21-0 r e l n t  ivel!. i n f i n - '  
' penden t  oE t h e '  f a c i l i t y . .  Ttie i n s p e c t o r  c a n  s u p p l y  h i s  own f o i l . s ,  c a n  insert t h e n  i .n ta  nncl 

remove them from t h e  a s sembly  d r a w e r s  h i m s e l f ,  and c a n  l ~ s e  h i s  o ~ m . ~ a m m . n - r a y  spn_ctrorn!?ter t o  . . 
o b t a i n .  , t h e  r e a c t i o n - r a t e  r a t i o s .  I t  i s  n e c e s s a r v  t o  make reference s p e c t r a l - i n d e x  1;14.1+~1re- . . 
merits t h r o u g h o u t  t h e  r e f e r e n c e '  c o r e  when i t  i s  f i r s t  e s t a h l  i s l l ed  b e c a u s e  s p e c t r a l  ind i c p s  
w i l l  v,ary . 'wi th ' l o c a t  ion  w i t h i n  . t h e  c o r e .  F o i ' l - i r r a d  i.;7t ion  measu remen t s  r e q u i r e  t h a t  t h e  
c o r e  .be c a p a b l e  o f  p r o d u c i n g  r e l a t  i.ve'ly h i a h  f l u x e s  (10'  10 '"  n e u t r o n s  cm-2 ~ e c - ~  ) ;  

The ind ium r e a c t i o n  p r o d u c t s  rls.cd ' i n  t h e s e  e x p e r i . m ~ n t s  had ,  h a l f - l . i v e s  of  54  lninl l tcs  and 
a of  4 . 5  I!ours. Becal.rse of t h e  gamma-de tec tors  .and a u t o m a t i c  s a m p l e - c t l a n q ' i n ~  equ ipmen t  ,. t h e  

.41 f o i l s  could '  be c o u n t e d  quick1 .y  enough t o  make t h e  54-minu'te t 1a l . f - l i f e  i s o t o p e  u s e f ~ ~ l .  
. . 



. ., r .  1nspecL.ors .may f i n d  i t  d i f f i c u l t  t o  u t  i l i . :  ! tli i s  i s ~ t o ' ~ ~ e '  l ,ecnuse of  i t s  shnrt :  ha1  t - 1  i f e .  
S e v e r a l  o t h e r  ( n , ~ )  r e a c t i o n s  c a n  be  s u b s '  i t u t e d  f o r  t h e  In-115  ( n , y )  r e a c t  i o n .  

Q 

G r y a z e v l "  a1 s o  s t u d i e d  t h e  a p p l i c a t  ic11 of  s p c c t ' r n l - i n d e x  measurcn len ts  t o  t h e  d e t e c t  ion 
o f  mode ra to r - compensa t ed  d i v e r s  i o n s .  . His  s p e c t r a l  i ndex  was t h e  r a t  i o  o f  t h e  Au-197 (n;f) 
r e a c t i o ~ i  ~ . a C e  L U  L l ~ e  In-115 ( r i , n . ' )  r e a , c t i o ~ ~  r a t e .  Ile forlnd t h a t  h e  c o u l d  d e t e c t  p o l y e h t y l e n ,  . cowpen.sat.ed d i v e r s i o n s  10  cm away from t h e  p o i n t  o f  d i v e r s  i o n .  T h i s  d e t e c t  ion  r a n e e  of 1.0 
cm was s i m i l a r  t o  t h a t  o b s e r v e d  i n  t h e  e x p e r i m e n t s  r e p o r t e d  h e r e  ( d i v e r s i o n  d e t e c t a b l e  a t  
l e a s t  two d r a w e r s  away -- e a c h  d r a w e r  - 5 crn w i d e ) .  Gryazev  a l s o  u sed  f o i l  a c t  i v a t  i9n  a s  a 
n e u t r o n  f l u x  .measu r ing  t e c h n i q u e ,  A f l u x  measu r ing  t e c h n i q u e   sin^. f o i l s  would p r o b a b l y  
r e q u i r e  a  p r o h i b i t i v e l y  l a r g e  number of  f o i l s  i n  t h e  l a r g e  Z P P H  c o r e s .  

The methods  d e s c r i b e d  h e r e  f o r  measilr i n g  r c a c t  i v i t y  and € o r  v e r  i f y  i n g  t h e  neu t ron -ene r , ,  
s p e c t r a  a r e  o n l y  example s  o f  many methods  a v a i l a b l e .  React  i v i t  i e s  c a n ,  be determined by 
m e a s u r i n g  r e a c t o r  p e r i o d ,  o r  by such  p e r t u r b a t i o n  t e c l i n i q u ~ s  a s  , rod d r o p  o r  rod o s c i l l a t i o n .  
. I£  e x t c r n a l  n e u t r o n  s , ou rce s  a r e  u s e d ,  r e a c t i v i t i e s  c a n , b e  de te r 'minkd  by n s o u r c e - j e r k  t e c h -  
n ique '  o r  by fundamental-mode d e c a y - c o n s t a n t  measurerncnts .  The source-m111t  i p l  i .cat  ion  t e c h -  
n i q u e  used  i n  t h e s e  expe r i .men t s  is a p p l i c a b l e  a s  d e s c r i b e d  o n l y  f o r  . p l ' ~ ~ t o n i ~ ~ r n - f u c l . e r l  c o r e s  
b e c a u s e  t h e  n e u t r o n  s o u r c e  i s  t h e  s p o n t a n e o u s  f i s s i o n  in  t h e  even  Pu i s o t o p e s .  r\ s i m i l a r  
t e c h n i q u e  c o u l d  be a p p l i e d  t o  u r a n i u m - f u e l e d  c o r e s  by , i n t r o d u c i n g  some' o t h e r  n e u t r o n  
s o u r c e s .  

S e v e r a l  t e c h n i q u e s  , a r e  a v a i l a b l e  f o r  neu t ron -enc r t zv '  s p e c t r u m  v e r  i f  i c a t  ion  i n  clrlrl i t  ion  
t o  t h e  f o i l - i r r ' a d  i a t  i on  methods  d e s c r i b e d  h e r e .  Reac t  i.v i t y  wor.ths can  n l s o  s e r v e  a s  s p e c t  r.. 
i n d i c e s ,  and G r y a z e v l *  h a s  s u c c e s s f u l . l y  a p p l  iecl 11-238 anrl bo ron  'worth mr:nsurements t o  ;lie 
d e t e c t  i on  of  compensa ted  d i v e r s i o n  in t e e  SPEK'SH f a s t  c r i t i c a l  'assembly:  The prompt neut ror - ,  
'1 i f e t  ime i s  a l s o  s e n s  i t  i v e  t o  c h a n ~ e s  i n  t h e  neutroi.1-energy s p e c t r u m .  E s t i m a t e s  o f  prompt 
n e u t r o n  l i f e t i m e s  can  be o b t a i n e d  from reac tor -powel -  n o i s e  measu remen t s  o r  f rom func lamenta l -  
mode d e c a y - c o n s t a n t  n leasurements  a t  c o n s t a n t  r e a c t i v i t y .  

Each o f  t h e  t h r e e  t e c h n i q u e s  d e s c r i b e d  h e r e  -- a ~ . i t o r a d i o g r a p h y ,  f o i l  i r r a d i a t i o n ,  and 
r e a c t i v i t y  measurement  -- h a v e  i n d i v i d u a l  s t r e n g t h s  wli i ch  make them r l s e f l ~ l  a s  i n v e n t o r "  
v e r i f i c a t i o n  t e c h n i q u e s ,  and h a v e  i n d i v i d u a l  weaknes se s  w l ~  i ch  make them v u l n e r a b l e  t o  d e f e a t :  

. . by s p e c i f i c  ' d i v e r s i o n  s c e n a r i o s .  The r o l e s  of  t h e  v a r i o u s  i n v e n t o r "  v e r  i f  i c a t  ion  t e c h n i q u e s ,  
w i l l  be  d e t e r m i n e d ,  i n  p a r t ,  by t h e  c r e d i b i l i t y  o f  v a r i o u s  p o s t u l a t e d  cl ivc ' rs ion s t r a t e g i e s .  
For  example ,  p a s s i v e  a i ~ t o r a d i o g r a p h y  o f  plutoni .um F1.1el i n  r e a c t o r  d r a w c r s  may pos s i l , l y  be 
v r ~ l n e r a b l e  t o  d e f e a t  by r n r l i o a c t  i.ve "dummy" f u e l  e l e rnen t s  wliich d o  n o t  c o n t a i n  f i . s s i l e  . 
m a t e r i a l . .  A d i v e r s  ion  s c e n a r i o  i n v o l v i n g  t l i e  fa l l r ic .3 t  i o n ,  o f  "dummy" f l ~ e l  e l e m e n t s  mav be 
c r e d i b l e  i n  i n t e r n a t  i o n a l  s a f e g u a r d s  p r o b l e m s ,  and.  p a s s i v e  a l J t o r a d . i ~ g r a ~ l ~ ~ .  woultl be torn- 
b ined  w i t h  f o i l  i r r 'ad i a t  i on  a n d / o r  r e a c t  i v i t v  .meas~ .~ remen t  s .  [ lowever ,  f n b r  i c a t  ion  of "dummy" 
f u e l  e l e m e n t s  i s  much less  c r e d i b l e  when c o n s i d e r i n g  d i v e r s  ion  by ind  i . v id l .~a l s  o r  grorlps  o f  
ind i v  i t l u a l s  s o  t ha ' t  p a s s i v e  a u t o r a d  i .ography may r e q u i r e  l e s s  s u p p o r t  i n  domes t  i c  s a f e e u n r d s  
a p p l  i c a t  i o n s .  

R e a c t i v i t y  measurements  have  t h e  a d v a n t a g e  of g r e a t  s e n s  i t  i v i t y .  t o  changes  i n  t i le  
f i s s i l e  c o n t e n t  ' o f  a  r e a c t o r .  The e n t i r e .  c o r e  can  be e x a ~ n i n c d  i n  a  s ina1 .e  measu re rn rn t .  
However, b e c a u s e  o f  t h e  pass i b . i l j t y  o f  r e a c t  i v i t y  compcnsa t  i q n  by. c h a n c e s  in  cor .e  ~ ~ n i n c t  r y ,  
o r  by t h e  s u b s t i t u t  ion  o f  non- f i . s s j . l . e  ' m a t e r ' i n l s  wit11 p o s i t  i . ~ ?  r e a c t  i v i . t y  w o r t h ,  r e a c t  ixli t y  
measurements  must be  supporte . t l  by o t h e r  t e c l i n i q ~ . ~ e s .  I f , c l i ankes  in  c o r e  c o n f i e c ~ r a t  ion c r  
c o r e  compos i t  ion a r e  ' c o n s i d e r e d  c r e d i b l e  d i v e r s i a ~ i  s c e n a r i o s ,  t l i e  n u t c r a d  i o r r a p i , ?  can  
v e r i f y  t h e  c o r e  load l ing '  pa t  t e r n  ~ h  i l e  f o i l  i r r a d i n t  ic.n meas:Jrc:n+znt s c a n ,  rci th  sen? 1 i-.i t a -  
t i o n s ,  . v e r i f y  t h e  Core cornpos i t  i o n .  S im' i la r l : , ,  thr! . f d i l  i r r a d  i t  i o n .  t e c h n i q u e  i s  no t  v e r y  
s e n s i t i v e  t o  c o r e  geomet ry  and  t h u s  n e e d s  t o  be s u p p o r t e d  by a u t o r a d i o ~ r a p h y .  

, . . 

'W!e p o t e n t  i a l  l y  g r e a t e s t  a s s u r a n c e  oE d i v e r s  i on  d e t e c t  i on  1  i e s  'in n combina t  i.on of  
a l l  . t h r e e . '  i n v e n t o r y  v e r i f i c a t  i o n :  t c c h n ' i q u e s . ,  I f  t h e  r e a d t  i v i  t v  mcasuremprl ts  a r e  c o n s  i d e r e d  
t o o  f a c i l i t y  ' d e p e n d e n t  t o  'be c r e d i b l e ;  t h e n  t h e  r e l a t i v e l y  f a c i l ' i t y - i n d e p e n d e n t  a1.1trjratl i.o- 
g r a p h i c  and f o i l  i r r a d i a t  i on  t e chnq i . ue s  s h o u l d  be  used  i n  comb i n a t  i o n .  Only a u t o r a d  i o g r a p h y  

' c a n  'be a p p l i e d  t o  c o r e s  which a r e  s u b s t a n t i a l l y  s u b c r i t i c a l .  
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