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Non-destructive gamma-ray spectrometry was c a r r i e d  out  on the  spen t  

f u e l s  of JPDR-I b o i l i n g  water  r e a c t o r ,  which were discharged a f t e r  4,400 MWd/t 

burnup on t h e  average. 

The a c t i v i t y  r a t i o s  of f i s s i o n  products i n  f u e l  rods of an assembly 

were co r re l a t ed  wi th  t h e  burnup and t h e  atom r a t i o  between accumulated 

plutonium and remaining uranium which were obtained by a d e s t r u c t i v e  assay  -- \ 
of t z e  f u e l  rods.  The ' 3 4 ~ s / 1 3 7 ~ s  a c t i v i t y  r a t i o  was found t o  be a b e t t e r  

i n d i c a t o r  of t h e  Pu/U atom r a t i o  r a t h e r  than of  t h e  burnup. The Pu/U atom 

r a t i o  i n  each assembly was obtained by using the  average of t h e  a c t i v i t y  

r a t i o  and t h e  c o r r e l a t i o n  curve determined from t h e  measurements on t h e  

f u e l  rods .  The estimated amount of plutonium coincided wi th  t h e  va lue  

a measured a t  the  reprocessing p l a n t  w i t h i n  2 %. 
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Development Corporation, and a l s o  supported p a r t l y  by t h e  I n t e r n a t i o n a l  
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I. In t roduc t ion  

S u f f i c i e n t l y  accura te  de terminat ion  of f u e l  burnup and of accumulation 

of transuranium elements i n  power r e a c t o r s  i s  indispensable  f o r  opt imizing 

f u e l  management i n  r e a c t o r  and f o r  understanding the  changes observed i n  

r e a c t o r  c h a r a c t e r i s t i c s .  I n  the  development of the  techniques which a r e  

applied t o  t h e  determinat ion of t h e  burnup, t h e r e  can be l i t t l e  doubt t h a t  

non-destruct ive measurement i s  d e s i r a b l e  by v i r t u e  of t h e  prompt a v a i l a b i l i t y  

f o r  many samples. An a p p l i c a t i o n  of non-destruct ive gamma-ray spectrometry 

t o  spent  f u e l s  w i l l  provide va luab le  information n o t  only t o  i n v e s t i g a t e  

r e a c t o r  c h a r a c t e r i s t i c s  and f u e l  performance bu t  a l s o  t o  account f o r  nuclear  

m a t e r i a l s  i n  a  safeguards system. Espec ia l ly ,  a c t i v i t y  r a t i o s  of f i s s i o n  

0 products  a r e  promissing parameters f o r  use a s  burnup monitors .  

Gamma-ray spec t r a  of spent  f u e l  assemblies of JPDR-I b o i l i n g  water 

r e a c t o r  were measured non-destruct ively p r i o r  t o  shipment t o  a  reprocess ing  

p l a n t .  The i s o t o p i c  c o r r e l a t i o n  technique t o  t h e  f u e l  exposure h i s t o r y  

de terminat ion  were examined. The a c t i v i t y  r a t i o s  of f i s s i o n  products  

formed i n  f u e l  rods of an assembly were co r re l a t ed  wi th  the burnup and the  

atom r a t i o  between accumulated plutonium and remaining uranium. Then, the  

amount of plutonium accumulated i n  t h e  f u e l  assemblies was est imated.  

11. Configurat ion and Operation of JPDR-I Core 

The r e a c t o r  i s  a  n a t u r a l  c i r c u l a t i o n  BWR of 45 MW thermal output ,  

loaded wi th  2.6 % enriched U02 f u e l s .  The core cons is ted  of 72 f u e l  

assemblies,  16 cruciform con t ro l  r o d s  and 24 burnable poison c u r t a i n s .  

The p lan  of the  core i s  shown i n  Fig.1. 

A f u e l  assembly cons is ted  of 36 f u e l  rods  arrayed i n  6 x 6 square  

l a t t i c e .  Each rod was formed of two segments---upper and lower -hav ing  t h e  

same a c t i v e  f u e l  l e n g t h  a s  shown i n  Fig.2. The s p e c i f i c a t i o n s  of the  f u e l  

a r e  given i n  Tables 1 and 2. 

The core was operated from October 1963 t o  August 1969. There was a  

shutdown of considerable length  from June 1968 t o  June 1969 f o r  inspec t ion  

of t h e  p res su re  v e s s e l  of the  r e a c t o r .  The average burnup of t h e  core  was 
1)  est imated t o  be 4,400 m d / t  . 

The r e a c t o r  power was r egu la t ed  by the  four  c e n t r a l  c o n t r o l  rods,  

wh i l e  the  twelve pe r iphe ra l  c o n t r o l  rods  were f u l l y  withdrawn. The c e n t r a l  

rods  were grouped i n  two p a i r s .  One of the  p a i r s  was kep t  a t  a  cons tant  



height  of about 213 of f u l l  i n s e r t i o n ,  and the  o t h e r  was gradual ly  with- 

drawn from f u l l  t o  215 i n s e r t i o n  wi th  inc reas ing  burnup. Thei r  withdrawal 

p a t t e r n  was p e r i o d i c a l l y  a l t e r e d  every  500 MWd/t t o  f l a t t e n  t h e  burnup 

d i s t r i b u t i o n  i n  t h e  core.  

111. I s o t o p i c  c o r r e l a t i o n  of f i s s i o n  products  

Non-dsstructive gamma-ray spectrometry was c a r r i e d  o u t  on e i g h t  f u e l  

rods i n  an assembly A-20. The average burnup of t h e  assembly i s  5,570 W d / t  

and i t s  cooling time i s  3 1  months. The l o c a t i o n s  of the  f u e l  rods i n  the  

assembly a r e  shown i n  Fig.3. Gamma-ray s p e c t r a  were measured wi th  a 

a planer- type Ge(Li) de t ec to r  on 12 p o s i t i o n s  of each rod a s  ind ica t ed  i n  

Fig.2. 

Severa l  f i s s i o n  products ,  such a s  l o 6 ~ u - l o 6  Rh, 1 3 4 ~ s ,  1 3 7  cs, l 4 b C e - I 4 4  
Pr ,  

and 1 5 ' ~ u  were i d e n t i f i e d  i n  t h e  s p e c t r a .  The nucl ides  1 3 4 ~ s  and ls4Eu a r e  

produced by the  neutron capture  of 1 3 3 ~ s  and ' 5 3 ~ ~ ,  r e spec t ive ly ,  which 

a r e  the  d i r e c t  f i s s i o n  products  a s  i s  l ikewise  ' 3 7 ~ s .  

I f  we assume t h a t  the  neutron f l u x  is cons tant  during i r r a d i a t i o n ,  the  

a c t i v i t y  from a d i r e c t  f i s s i o n  product  ND (such a s  3 7 ~ s ) ,  and t h a t  from a 

nucl ide  formed by neutron capture  of f i s s i o n  products  NI (such a s  l3 'cs)  

a r e  r e spec t ive ly  p ropor t iona l  t o  

ND a Cf . (@IT) and 

where 

@I = spectrum and time-averaged neutron f l u x ,  

C f  = spectrum and time-averaged f i s s i o n  c ross  sec t ion ,  

o(n ,y)  = spectrum and time-averaged neutron capture  c ross  s e c t i o n  

of t h e  f i s s i o n  product ,  and 

T = i r r a d i a t i o n  time. 

Equations (1) and (2) show t h a t  t h e  N ~ / N ~  r a t i o  i s  a l s o  p ropor t iona l  t o  

($T) and, i n  p r i n c i p l e ,  can be  used a s  a burnup monitor. 

The a c t i v i t y  r a t i o s  of the  f i s s i o n  products ,  1 3 ' ~ s / 1 3 7 ~ s  and 1 5 4 ~ ~ / 1 3 7 ~ ~ ,  

were c o r r e l a t e d  wi th  the  burnup and t h e  atom r a t i o  between accumulated 

plutonium and remaining uranium i n  the  f u e l  rods.  The burnup and t h e  atom 



r a t i o s  were determined by chemical a n a l y s i s  on 24 p o i n t s  chosen from 96 

p o s i t i o n s  where gamma-ray s p e c t r a  were non-destruct ively measured2). For 

burnup determinat ion,  two techniques,  the  1 4 ' ~ d  and 1 3 7 ~ s  methods, were 

employed. The burnup va lues  obtained by both methods agreed wi th  an e r r o r  

of 2 %. This r e s u l t  shows t h a t  t h e  migrat ion of cesium is  n o t  de t ec t ab le .  

(1) Cor re l a t ion  between a c t i v i t y  r a t i o s  and burnup 3) 

The a c t i v i t y  r a t i o s ,  ' 3 4 ~ s / 1 3 7 ~ s  and 1 5 4 ~ ~ / 1 3 7 ~ s ,  a r e  c o r r e l a t e d  with 

t h e  burnup on a log-log s c a l e  i n  Fig.4. A l i n e a r  c o r r e l a t i o n  was obtained 

wi th  a common s lope  of about  1.0 f o r  each segment of the f u e l  rod. The 

c o r r e l a t i o n  l i n e s  of t h e  upper and the lower segments, however, separa ted  * each o t h e r .  The same behavior was found on o t h e r  f u e l  rods  as we l l .  

Moreover, the r a t i o s  obtained from d i f f e r e n t  f u e l  rods  a t  the  same he ight  

f e l l  along s t r a i g h t  l i n e s  w i t h  a s lope  of 0.5 when p l o t t e d  a g a i n s t  1 3 7 ~ s  

a s  seen i n  Fig.5. This phenomenon i s  i n t e r p r e t e d  i n  terms of t h e  v a r i a t i o n  

of power d i s t r i b u t i o n  p a t t e r n  during i r r a d i a t i o n  and the  s p a t i a l  dependence 

of t h e  neutron spectrum. 

When t h e  power d i s t r i b u t i o n  i n  t h e  core v a r i e s  during i r r a d i a t i o n ,  t h e  

shor t - l i ved  and long-lived nuc l ides  come t o  d i f f e r  i n  t h e i r  d i s t r i b u t i o n .  

The long-lived nucl ides  such a s  1 3 7 ~ s  and 15'Eu r e t a i n  t h e i r  whole i r r a d i a -  

t i o n  h i s t o r y ,  whi le  the  shor t - l ived  1 3 4 ~ s  and '"Ce r e f l e c t  i n  t h e i r  

behavior  most ly t h e i r  more r ecen t  h i s t o r y .  During t h e  opera t ion  of JPDR-I, 

i t  was observed i n  gross  gamma-scanning d a t a  t h a t  t h e  p o s i t i o n  of the  peak 

i n  t h e  a x i a l  power d i s t r i b u t i o n  s h i f t e d  upward wi th  burnup. Therefore, t h e  

accumulated amount of shor t - l ived  product i s  l a r g e r  i n  the  upper segment 

than i n  t h e  lower one. The amount of the  change i n  1 3 4 ~ s / 1 3 7 ~ s  r a t i o  was 

c a l c u l a t e d  a s  5 % by us ing  t h e  opera t ion  da ta  of r e a c t o r ,  whi le  t h a t  of 

' 5 4 ~ ~ / ' 3 7 ~ s  was l e s s  than 1 %. 

A t y p i c a l  c h a r a c t e r i s t i c  of t h e  BWR i s  the  s p a t i a l  v a r i a t i o n  of neutron 

spectrum i n  the  core. The neutron spectrum v a r i e s  corresponding t o  t h e  

void d i s t r i b u t i o n  i n  t h e  a x i a l  d i r e c t i o n .  I n  add i t ion ,  t h e  neut ron  spectrum 

i n  t h e  assembly v a r i e s  w i t h  t h e  r a d i a l  l o c a t i o n  due t o  the  e x i s t e n c e  of t h e  

water  gap between f u e l  assemblies.  The formation of 1 3 4 ~ s  and ' 5 4 ~ ~  depends 

on the  neut ron  capture c r o s s  s e c t i o n  of 1 3 3 ~ s  and 1 5 3 ~ u ,  r e spec t ive ly .  

The thermal c ross  sec t ion  a t  2200 m / s  and t h e  resonance i n t e g r a l  a r e  30 and 

450 barns f o r  1 3 3 ~ s  and 450 and 1,500 barns f o r  1 5 3 ~ ~ .  I n  c o n t r a s t ,  the  

amount of accumulated 7 ~ s  depends predominantly on t h e  thermal  neut ron  



f lux .  A s  the  r e s u l t ,  the a c t i v i t y  r a t i o s  become l a r g e r  i n  t h e  upper p a r t  

of t h e  core and i n  t h e  c e n t r a l  p a r t  of t h e  f u e l  assembly even under t h e  

same burnup. The amounts of t h e  d i f f e r e n c e  i n  the  ' 3 4 ~ s / 1 3 7 ~ s  and 1 5 4 ~ ~ / 1 3 7 ~ s  

a c t i v i t y  r a t i o s  were ca l cu la t ed  a s  15 and 8 %, r e spec t ive ly ,  i n  t h e  a x i a l  

d i r e c t i o n  and 25 and 10 % i n  the  r a d i a l  d i r e c t i o n .  

Thus, t h e  v a r i a t i o n  of power d i s t r i b u t i o n  p a t t e r n  and the  s p a t i a l  

dependence of t h e  neut ron  spectrum a r e  concluded t o  be the  main causes of 

t h e  s c a t t e r i n g  of d a t a  i n  the  c o r r e l a t i o n .  

(2) Cor re l a t ion  between a c t i v i t y  r a t i o s  and Pu/U atom r a t i o  

A s  shown i n  the  preceeding sec t ion ,  the  a c t i v i t y  r a t i o s  of 1 3 4 ~ s / 1 3 7 ~ s  

and 1 5 4 ~ ~ / 1 3 7 ~ s  a r e  a f f ec t ed  by t h e  s p a t i a l  v a r i a t i o n  of neut ron  spectrum 

i n  t h e  core.  This i s  due t o  the  l a r g e  f r a c t i o n  of the  resonance capture  

t o  t h e  thermal  capture of neutrons i n  the  t ransmutat ion from 1 3 3 ~ s  t o  3 4 ~ s  

and lS3Eu t o  "'Eu. 

The s i t u a t i o n  is almost the same i n  the  t ransmutat ion from 2 3 8 ~  t o  

2 3 9 ~ ~ ,  because the resonance capture by 2 3 8 ~  i s  dominant i n  the  process .  

The c o r r e l a t i o n  of Pu/U atom r a t i o  wi th  the  burnup i s  shown i n  Fig.6. The 

c o r r e l a t i o n  curve shows t h e  s i m i l a l i t y  wi th  t h a t  of 1 3 4 ~ s / 1 3 7 ~ s  a c t i v i t y  

r a t i o  shown i n  Fig.4. Actua l ly ,  a simple c o r r e l a t i o n  i s  recognized between 

the  Pu/U atom r a t i o  and t h e  1 3 4 ~ s / 1  3 7 ~ s  a c t i v i t y  r a t i o  a s  shown i n  Fig.7. 

A s i m i l a r  c o r r e l a t i o n  was obtained f o r  t h e  15%u/' 3 7 ~ s  a c t i v i t y  r a t i o .  

A c o r r e l a t i o n  curve between t h e  Pu/U atom r a t i o  RpUIU and t h e  a c t i v i t y  

r a t i o  N / N  was obtained by f i t t i n g  a func t ion  I D 

where, C1 and C2 a r e  unknown cons tants  t o  be determined. The funct ion  form 

was deduced by considering the  t ransmutat ion process of f i s s i o n  products  

and plutonium. I n  the  case of t h e  1 3 4 ~ s / 1 3 7 ~ s  a c t i v i t y  r a t i o ,  C1 and C2 

a r e  0.0372 + 0.0013 and 2.50 + 0.40, r e spec t ive ly .  

IV. Determination of plutonium accumulated i n  f u e l  assemblies  

Gamma-ray spectrometry was c a r r i e d  o u t  on 72 spent  f u e l  assemblies  

p r i o r  t o  t h e i r  shipment t o  a reprocess ing  p l an t .  The amount of plutonium 

accumulated i n  t h e  assemblies was es t imated  by us ing  the  1 3 4 ~ s / 1 3 7 ~ s  
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a c t i v i t y  r a t i o  and the  c o r r e l a t i o n  curve obtained i n  the previous sec t ion .  

(1) Measurement 

Gamma-ray s p e c t r a  of the  assemblies  were measured wi th  a gamma-scanning 

apparatus which was i n s t a l l e d  temporari ly a t  the  f u e l  s to rage  pool of JPDR. 

The appara tus  cons is ted  of a r e c l i n i n g  f u e l  bed, a co l l imator  s e t ,  a two- 

dimensional scanning mechanism, and a gamma-ray spectrometer  w i th  a coaxial-  

type Ge(Li) d e t e c t o r .  An assembly was he ld  ho r i zon ta l ly  on t h e  f u e l  bed 

dur ing  the  measurement. 

The p o s i t i o n s  f o r  measurement were determined from t h e  d i s t r i b u t i o n  

of ' 3 7 ~ s  a c t i v i t y  and shown i n  Fig.8. An example of the d i s t r i b u t i o n  of 

a 1 3 7 ~ s  a c t i v i t y  ac ross  the assembly i s  i l l u s t r a t e d  i n  Fig.9. The measurement 

of gamma-ray s p e c t r a  was made a t  t e n  p o s i t i o n s  on every s i d e  of A-8 assembly 

and e leven  assemblies  loca ted  i n  t h e  one-octant reg ion  of the  core a s  shown 

i n  Fig.10. The A-8 assembly has  t h e  same i r r a d i a t i o n  h i s t o r y  a s  A-20 

assembly of which f u e l  rods  were examined by both  a d e s t r u c t i v e  and a non- 

d e s t r u c t i v e  techniques. The o t h e r  assemblies  were measured a t  fou r  posi- 

t i o n s  of No.2, 3 ,  4,  and 5 on one s i d e  only. 

( 2 )  Estimation of plutonium i n  assemblies  

I n  order  t o  c a l c u l a t e  t h e  amount of plutonium i n  an assembly, t h e  

average of ' 3 4 ~ s / 1 3 7 ~ s  a c t i v i t y  r a t i o s  over t h e  assembly i s  requi red .  The 

average was ca l cu la t ed  by i n t e g r a t i n g  the  func t ions  which were f i t t e d  t o  

the  d i s t r i b u t i o n  of the  a c t i v i t y  r a t i o s .  The func t ions  have forms a s  

N~ - - - A: cos(BSX) + A;*COS(~.B.X) + A ; . s ~ ~ ( ~ . B . x )  f o r  a x i a l  d i s t r i b u t i o n ,  
N~ 

where, A and A; a r e  the unknown cons tants  t o  be  determined, B i s  a n  a x i a l  
i 

geometr ical  buckling of t h e  core,  and X is t h e  p o s i t i o n  i n  t h e  assembly. 

In  the  process of i n t e g r a t i o n  of t h e  d i s t r i b u t i o n ,  i t s  s e p a r a b i l i t y  i n  

r a d i a l  and a x i a l  d i r e c t i o n s  a r e  pos tu l a t ed .  For t h e  assemblies which were 

measured only on one s i d e ,  the  average was c a l c u l a t e d  by us ing  t h e  r e l a t i v e  

d i s t r i b u t i o n  of the o the r  assembly which i s  loca ted  a t  a symmetric p o s i t i o n  

i n  t h e  one-octant reg ion  of t h e  co re ,  and by normalizing the  a c t i v i t y  r a t i o  

wi th  t h e  value of t h e  measured s i d e .  



The amount of plutonium i n  each assembly can be  es t imated  by using t h e  

c o r r e l a t i o n  curve shown i n  Fig.7 and t h e  amount of uranium remaining i n  t h e  

assembly a f t e r  making co r rec t ions :  f o r  the  d i f f e rences  i n  counting e f f i -  

c iency between two Ge(Li) d e t e c t o r s  and i n  s h i e l d i n g  f a c t o r s  due t o  t h e  

d i f f e r e n c e  i n  th ickness  of water  l a y o r  and the  degree of overlap of f u e l  

rods.  A co r rec t ion  f a c t o r  i nc lud ing  above mentioned ones was obtained by 

normalizing t h e  average of the  a c t i v i t y  r a t i o  of A-8 assembly t o  t h a t  of 

A-20 assembly, a s  t h e  bo th  assemblies  were i r r a d i a t e d  a t  symmetric p o s i t i o n s  

i n  the  core a s  shown i n  Fig.10 and have t h e  same i r r a d i a t i o n  h i s t o r y .  The 

average of t h e  Pu/U atom r a t i o  of A-20 assembly was ca l cu la t ed  a s  0.24 % 

from the  d i s t r i b u t i o n  of the  a c t i v i t y  r a t i o  and the  c o r r e l a t i o n  curve. 

By us ing  the  co r rec t ion  f a c t o r  t o  t h e  a c t i v i t y  r a t i o ,  the  c o r r e l a t i o n  

curve, and the  remaining amount of uranium i n  t h e  assembly, the  amount of 

plutonium accumulated i n  each assembly was est imated.  The remaining amount 

of uranium i n  t h e  assembly was c a l c u l a t e d  wi th  t h e  i n i t i a l  va lue  and the  

burnup obtained from t h e  opera t ion  da ta .  The burnup i s  l e s s  than 1 % and 

i ts  e r r o r  included i n  the  ope ra t ion  da ta  i s  n e g l i g i b l e .  The r e s u l t i n g  

amounts of plutonium ranges from 0.04 t o  0.17 kg per  assembly. 

Up t o  now, 57 assemblies were reprocessed and t h e  est imated t o t a l  

amount of plutonium i n  t h e i r  assemblies  i s  5.5 kg. On t h e  o t h e r  hand, the 

va lue  repor ted  by the  reprocess ing  p l a n t  i s  5.4 kg and the p red ic t ed  va lue  

by t h e  opera t ion  d a t a  of the  r e a c t o r  i s  5.6 kg. 

V. Conclusion 

Non-destructive gamma-ray spectrometry was c a r r i e d  out  on the  spen t  

f u e l s  of JPDR-I b o i l i n g  water  r e a c t o r ,  which were discharged a f t e r  4,400 

MWd/t burnup on the  average. 

A t  f i r s t ,  t h e  a c t i v i t y  r a t i o s  of f i s s i o n  products  i n  f u e l  rods of an 

assembly were co r re l a t ed  wi th  t h e  burnup and t h e  atom r a t i o  between accumu- 

l a t e d  plutonium and remaining uranium which were obtained by a d e s t r u c t i v e  

assay of the  f u e l  rods.  The ' 3 4 ~ s / 1 3 7 ~ s  a c t i v i t y  r a t i o  was found t o  be  a 

b e t t e r  i n d i c a t o r  of the  Pu/U atom r a t i o  r a t h e r  than of t h e  burnup. 

Then, t h e  p r o f i l e s  of the  ' 3 4 ~ s / 1  3 7 ~ s  a c t i v i t y  r a t i o  were non- 

d e s t r u c t i v e l y  measured on f u e l  assemblies  and t h e  average of t h e  r a t i o  was 

ca l cu la t ed  f o r  every f u e l  assembly. The Pu/U atom r a t i o  i n  each assembly 

was obtained by using the  average of the  a c t i v i t y  r a t i o  and the  c o r r e l a t i o n  



curve determined from t h e  measurements on t h e  f u e l  rods .  

Thus, the  t o t a l  amount of plutonium i n  57 assemblies  which were re- 

processed a t  a reprocess ing  p l a n t  was est imated a s  5.5 kg. On t h e  o t h e r  

hand, t h e  va lue  repor ted  by the reprocess ing  p l a n t  i s  5.4 kg. The agreement 

i s  q u i t e  good f o r  low burnup f u e l s .  Fur ther  measurements a r e  planned t o  

prove t h e  a p p l i c a b i l i t y  of t h i s  i s o t o p i c  c o r r e l a t i o n  technique t o  h igher  

burnup f u e l s .  
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Table 1 Specification of fuel rod and assembly 

Fuel mlter ia l  UO, sintered pellet, 
solid 

':'" enrichment 
Pellet diameter 

Pellet height 
Pellet density 
Cladding material 
Cladding thickness 
Cladding outer diameter 
Active fuel length 

in a segment 

Weight of CO, in a 
segment 

Dy,03 content in end 
pellet 0.4?% 

Number of rods in an 
assembly 36 (:=GxG) in square 

Lattice pitch 19.56 mm 
Volume ratio of moderator 

to  fuel in lattice 1.84 
Channel box material Zircaloy-l 

Table 2 Reactor characteristic$ and 
operating condition of JPDR I 

Reactor type Naturally circulated 
BWR 

Thermal  power -1.; MW 
Equivalent diameter I ? i  cm 
Effective height I l i  cm 
Number of fuel assemblies 7? 
Core-averaged volume ratio 

of moderator to  fuel 2.i 
~ 

Operating pressure 61.5 kg/cm2, G 
Temperature of coolant 2i7'C 
Maximum temperature of 

fuel center 
Average power density 
Radial power peaking factor 
Axial power peaking factor 
Average thermal neutron 

Hux 
Maximun~  heat Hus 
Average heat Rux 
Average void fraction 
Core-exit steam quality 



A B C D 
fuel osssmbly control rod 

neutron source - poison curtain 
in-core neutron monitor 

Fig. 1 P l a n  o f  JPDR'-I core. 

No. Position Tp TOP plug-: 

Upper segment-. 

Dy,O,-U0,pellet 3- 
Connector -5 

~p,-UO,pellet 9 

Lower segment ----;a 

Bottom plug--+ 

Fig. 2 Structure o f  a f u e l  rod and posit ions f o r  measurement. 

d 

7 



poison 
control rod follw~er curtam dr ' .-x 

lwater gap, 6.4rnrn 
\ 

I 

Fig. 3 Locations of fuel rods chosen for measurement in A-20 
assembly.. 
KA- : number of upper segment, 
KC- : number o f  lower segment. 

Fig. 4 13L~s/137~s and 154~u/137~s activity ratios against 
burnup. Open and closed circles represent the values 
of the upper segment KA-1040 and the lower segment 
KC-1333, respectively. 



03  
\O Fig. 5 134~s/137~s activity ratio against 13'cs activity at 
0 various height in A-20 assembly. Open and closed 
Oa 
C 

circles represent the values of specific segments of 

0 a fuel rod, and triangles are the values of different 
segments at the same height (-415 m). 

-4 

KC -1333 (lower segment: 
3.0 

% Burnup 

Fig. 6 Pu/U atom ratio against burnup in atom % unit. 



Fig. 7 Correlation of Pu/U atom ratio with 134~s/137~s activity 
ratio. 

beam guide --c 

t u b e  

Identification No. Distance from 
of measured pt. oss'y center(m(rJ 

3 , 4  61 
2.5 428 
6 653 
1 672 

fuel ass'y 

Center Lower 

(Connector) 

Fig. 8 Positions for measurement on a side of assembly. 

- 13 - 



Channel box 
/ 

Radial  d i s tance  from assembly center ( m m )  

Fig. 10 .Locations of A-8, A-20, and eleven assemblies in the 

one-octant region in core. 

-a Fig. 9 Radial distribution of l3'cs activity at +428 m position 

?.r on Plane 1 of A-8 assembly. 


