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X-ray f l u o r e s c e n c e  is a  w e l l  e s t a b l i s h e d  a n a l y t i c a l  t o o l  f o r  
measuring e lementa l  compos i t ion  of f a i r l y  l a r g e  ( -  5 cm2) ncoldm 

samples . 
A v e r s i o n  of t h i s  t e c h n i q u e  h a s  been  d e v e l o p e d  f o r  a n a l y s i s  of 

r a d i a l  d i s t r i b u t i o n  o f  f i s s i o n  p r o d u c t s  Xe, CS and Ba i n  i r r a -  

d i a t e d  DO2 f u e l  samples. 

About 0.1 m m  t h i n  s l ices  o f  f u e l  p e l l e t s  ( f u l l  c r o s s  s e c t i o n s )  

a r e  i r r a d i a t e d  by 50 kev X-rays. The i n t e n s i t y  of t h e  Xe (CS, Ba) 

K a  f l uo re scence  r a d i a t i o n  genera ted  i s  measured by means of a  Ge 

d e t e c t o r  f i t t e d  w i t h  a  c o l l i m a t o r .  The s l i t  i s  0.5 m m  wide  i n  t h e  

scanning d i r e c t i o n  and 2 m m  long .  The measured  Xe K a  X-ray i n t e n -  

s i t i e s  a r e  conver ted t o  a b s o l u t e  c o n c e n t r a t i o n s  by comparing t o  

t h e  i n t e n s i t y  f rom a  Xe g a s  s t a n d a r d .  I n  t h e  c a s e  o f  CS and Ba 

s o l i d  s t a n d a r d s  may be used. 

The X-ray f luo re scence  a n a l y s i s  is compared t o  o t h e r  t echniques  

used t o  o b t a i n  r a d i a l  f i s s i o n  product  p r o f i l e s ;  I t  is shown how a  

combination of X-ray f l u o r e s c e n c e  and e l e c t r o n  probe micro analy- 

sis i s  a b l e  t o  r e v e a l  t h e  amount  of  X e  i n  t h e  g r a i n  boundary  

p o r o s i t i e s .  



F i s s i o n  p r o d u c t  r e l e a s e  i s  p r o b a b l y  t h e  most  i m p o r t a n t  f a c t o r  

i n f l u e n c i n g  t h e  performance of wa te r  r e a c t o r  f u e l  d u r i n g  a  power 

t r a n s i e n t .  The mechanisms by which t h e  v o l a t i l e  f i s s i o n  p roduc t s  

a r e  set f r e e  a r e  s t i l l  a  m a t t e r  f o r  d i s cus s ion ,  a l t hough  f i s s i o n  

product  r e l e a s e  from nuc lear  f u e l  h a s  been s t u d i e d  f o r  more than  

20 y e a r s .  Of t h e  v o l a t i l e  f i s s i o n  p r o d u c t s  t h e  f i s s i o n  g a s e s  K S  

and e s p e c i a l l y  Xe have  drawn most  a t t e n t i o n .  C o n s e q u e n t l y  t h i s  

paper  i s  focussed  on t h e  f i s s i o n  gas  Xe. 

Pos t  i r r a d i a t i o n  examina t ions  ( P I E )  p rov ide  d a t a  on bo th  i n t e g r a l  

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

c o l l e c t e d  i n  t h e  plenum i s  s t i l l  t h e  main  s o u r c e  of i n t e g r a l  

r e l e a s e  d a t a .  L o c a l  d a t a  have  u n t i l  now been  p r o v i d e d  by micro-  

c o r i n g  (Refs .  1, 2 1 ,  e l e c t r o n  p r o b e  m i c r o  a n a l y s i s  (EPMA) (Refs.  

3, 4) and l a s e r  sampling (Ref. 5). The l i m i t a t i o n s  and advantages  

of t h e s e  t echn iques  a r e  compared i n  Tab le  1 which a l s o  i nc ludes  

t h e  new X-ray f l u o r e s c e n c e  (XRF) t e c h n i q u e .  The p a p e r  g i v e s  a  

d e s c r i p t i o n  o f  t h e  XRF method employed and some e x a m p l e s  of Xe, 

CS and Ba r a d i a l  concen t r a t i on  p r o f i l e s .  The Xe p r o f i l e s  ob ta ined  

a r e  compared t o  Xe p r o f i l e s  measured  by EPMA on  a d j a c e n t  f u e l  

samples. 

2 .  EXPERIMENTAL, 

A r o t a t i n g  anode h igh  i n t e n s i t y  X-ray gene ra to r  (Trademark: R I -  

GACU) i s  u s e d  a s  t h e  X-ray s o u r c e .  I n  o r d e r  t o  o b t a i n  a s  h i g h  a n  

X-ray i n t e n s i t y  on  t h e  s ample  s u r f a c e  a s  p o s s i b l e  t h e  s ample  

should  b e  p l a c e d  a s  c l o s e  t o  t h e  X-ray s o u r c e  a s  p o s s i b l e .  T h i s  

prevented a  c o n s t r u c t i o n  of a  massive l e a d  s h i e l d  f o r  i r r a d i a t i o n  

p r o t e c t i o n ,  and c o n s e q u e n t l y  it is  n e c e s s a r y  t o  m i n i m i z e  t h e  

sample s i z e .  



A s a m p l e  s u f f i c i e n t l y  l o n g  t o  c o n t a i n  a  f u l l  p e l l e t  i s  c u t  f rom 

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

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

p e l l e t  is  imbedded i n  perspex t o g e t h e r  w i t h  a  t h i n  me ta l  r i n g  a s  

shown i n  Fig .  1. The s a m p l e  s u r f a c e  i s  ground  on 600 g r i t  paper .  

Next, t h e  p e r s p e x  and  t h e  s a m p l e  i s  c u t  i n  t h e  p l a n e  A-A ( s e e  

Fig. 1). Then t h e  s a m p l e  i s  f u r t h e r  g round  f r o m  t h e  "A-An s i d e  

a f t e r  a  remounting. Because it is imposs ib l e  t o  c u t  t h e  A-A-plane 

e x a c t l y  p a r a l l e l  t o  t h e  s u r f a c e  ( F i g .  1) t h e  r i n g  w i l l  b e  

grounded away i n  a  s i n g l e  s p o t  be fo re  a l l  t h e  sample  i s  removed. 

Thus, when t h e  r i n g  h a s  d i s a p p e a r e d  a t  o n e  l o c a t i o n  an  a p p r o x i -  

mately  0.1 m m  t h i c k  f u e l  s a m p l e  c o n t a i n i n g  a  f u l l  l o n g i t u d i n a l  

p e l l e t  c r o s s  s e c t i o n  is prepared.  For such a  sample of f u e l  w i th  

a  bu rnup  o f  4% FIMA ( f i s s i o n s  o f  i n i t i a l  m e t a l  a t o m s )  and a  

coo l ing  t i m e  o f  o n e  y e a r  t h e  r a d i a t i o n  l e v e l  is less  t h a n  5 R/h 

i n  1 0  cm d i s t a n c e  and  be low 50 mR/h when s h i e l d e d  w i t h  a  5 cm 

lead .  , 

2.2. Experimental S e t  - up 

Fig. 2 shows a  h o r i z o n t a l  s e c t i o n  t h r o u g h  t h e  s p e c t r o m e t e r  de- 

veloped by t h e  P h y s i c s  Depa r tmen t  a t  Riso. The f u e l  s a m p l e  i s  
placed i n  a  l e a d  s h i e l d e d  c o n t a i n e r  ( 7  cm l e a d ) .  The sample  i s  

i r r a d i a t e d  w i t h  a n  X-ray beam which is 4  mm wide and s u f f i c i e n t l y  

long  t o  c o v e r  t h e  f u l l  w i d t h  of t h e  sample .  The X-ray beam h i t s  

t h e  sample s u r f a c e  a t  an  a n g l e  of 45O. 

The i n t e n s i t y  o f  t h e  c h a r a c t e r i s t i c  f l u o r e s c e n t  Ka X-ray r a -  

d i a t i o n  i s  measu red  by a germanium s o l i d  s t a t e  d e t e c t o r .  I n  o r d e r  

t o  a v o i d  a  s a t u r a t i o n  of t h e  d e t e c t o r  b e c a u s e  o f  t h e  p and  y r a -  

d i a t i o n  f rom t h e  s a m p l e ,  t h e  K a  l i n e s  o f  Xe, CS and  Ba a r e  de- 

f l e c t e d  by a  g r a p h i t e  c r y s t a l .  Then o n l y  a  nar row range  of r a -  

d i a t i o n  e n e r g i e s  around t h e  wanted K a  l i n e s  reaches  t h e  de t ec to r .  

Around 30 keV (Xe, Ka = 29.8 keV) t h e  e n e r g y  i n t e r v a l  which c a n  . 
be measured  t h r o u g h  t h e  g r a p h i t e  c r y s t a l  i s  a b o u t  5  keV.  The 



d e f l e c t e d  a n g l e  ( t h e  Bragg  a n g l e )  i s  3.5O. 

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

sample. The c o l l i m a t o r  s l i t  i s  0.5 m m  wide  i n  t h e  s c a n n i n g  d i -  

r e c t i o n  and  2  m m  long.  The c o l l i m a t o r  l i n e  is p e r p e n d i c u l a r  t o  

t h e  i n c o m i n g  e x c i t a t i o n  r a d i a t i o n  beam. T h i s  g i v e s  t h e  l o w e s t  
Compton background. Thus t h e  c o l l i m a t o r  l i n e  makes a  45O ang le  t o  

t h e  s a m p l e  s u r f a c e ,  and  a n  a r e a  of 0.5 m m  X 2  m m  o f  t h e  s u r f a c e  

is seen  through t h e  c o l l i m a t o r .  By scanning w i t h  s t e p  l e n g t h s  of 

0.25 m m  a  r a d i a l  r e s o l u t i o n  of about 0.5 m m  is obtained.  

Fig. 3 shows  a  v e r t i c a l  s e c t i o n  i n  t h e  p l a n e  o f  t h e  s a m p l e  

s u r f a c e  t h r o u g h  t h e  e x p e r i m e n t a l  s e t - u p ,  and  t h r o u g h  t h e  con- 

t a i n e r  used f o r  t h e  t r a n s p o r t a t i o n  of samples from t h e  h o t  c e l l s  

i n  t h e  M e t a l l u r g y  D e p a r t m e n t  t o  t h e  P h y s i c s  Depar tment .  The 

l o c a t i o n  o f  t h e  s a m p l e  r e l a t i v e  t o  t h e  i ncoming  a n d  l e a v i n g  

r a d i a t i o n  beams i s  c o n t r o l l e d  by means o f  two  t r a n s l a t i o n  de-  

v i c e s .  

The p o s i t i o n  of t h e  s a m p l e  r e l a t i v e  t o  t h e  c o l l i m a t o r  l i n e  is 

determined by m e a s u r i n g  t h e  i n t e n s i t y  of t h e  U-La l i n e  a t  13.55 

keV d u r i n g , a  scan.  The r e s u l t  o f  a h o r i z o n t a l  s c a n  is shown i n  

Fig. 4. Such a  s c a n  a l s o  r e v e a l s  t h e  p r e s e n c e  o f  p o s s i b l e  c r a c k s  

and l o s s  of  f u e l ,  and  makes it p o s s i b l e  t o  c o r r e c t  t h e  measured  

c o n c e n t r a t i o n  f o r  c a s e s  where t h e  co l l ima ted  a r e a  is o n l y  p a r t l y  

f i l l e d  w i t h  fue l .  

A s  c a l i b r a t i o n  a  s t a n d a r d  m a t e r i a l  ( g a s e o u s ,  l i q u i d  o r  s o l i d )  

w i t h  known e lementa l  c o n c e n t r a t i o n  and X-ray a b s o r p t i o n  c o e f f i -  

c i e n t  may b e  used i n  o r d e r  t o  c o n v e r t  c o u n t  r a t e s  i n t o  concen-  

t r a t i o n s .  For X e  gaseous s t a n d a r d s  a r e  used. 

The d a t a  a c q u i s i t i o n  i s  c a r r i e d o u t b y  means o f  aCANBERRAmulti- 

channel  ana lyze r  and a  PDPll computer. 



Fig. 5 g i v e s  a  s p e c t r u m  o b t a i n e d  f r o m  a  s a m p l e  i r r a d i a t e d  t o  a  
burnup o f  3.4% FIMA t o g e t h e r  w i t h  t h e  background  s p e c t r u m  mea- 

sured  on u n i r r a d i a t e d  UOZ. The a r e a s  o f  t h e  p e a k s  above  t h e  
background is t a k e n  a s  r e p r e s e n t i n g  t h e  Xe, CS and  Ba concen-  

t r a t i o n s ,  r e spec t ive ly .  

Fig. 6 shows  a  p l o t  o f  Xe c o n c e n t r a t i o n s  a s  measured  by XRF 

v e r s u s  t h e  Xe c o n c e n t r a t i o n  c a l c u l a t e d  f rom burnup  and f i s s i o n  

y i e ld s .  A l l  t h e  measu remen t s  w e r e  made a t  a  r a d i a l  p o s i t i o n  of 

t h e  samples  of about 0.8 where t h e  c o n c e n t r a t i o n  is c l o s e  t o  t h e  

average Xe gene ra t ion  i n  t h e  sample,  and where t h e  f u e l  has  been 

co ld  enough t o  r e t a i n  a l l  Xe g e n e r a t e d .  Tak ing  i n t o  a c c o u n t  t h e  

u n c e r t a i n t i e s  on  t h e  f i s s i o n  y i e l d s  a n d  on t h e  burnup  a  r e l a t i v e  

u n c e r t a i n t y  o f  1 0 %  (one  s t a n d a r d  d e v i a t i o n )  i s  e s t i m a t e d  f r o m  

Fig. 6. .Often t h e  u n c e r t a i n t y  on t h e  r e l a t i v e  r a d i a l  d i s t r i b u t i o n  

of Xe i s  more i m p o r t a n t  t h a n  on  t h e  a b s o l u t e  c o n c e n t r a t i o n s .  I n  

such a  c a s e  where  c a l i b r a t i o n  i s  n o t  n e c e s s a r y ,  t h e  u n c e r t a i n t y  

on t h e  d e t e r m i n a t i o n  of t h e  r e l a t i v e  Xe c o n c e n t r a t i o n  i s  e s t i -  

mated t o  b e  5% o f  t h e  Xe c o n c e n t r a t i o n  i n  t h e  c o l d  f u e l  c l o s e  t o  

t h e  rim. T h i s  is v a l i d  f o r  f u e l  i n  t h e  burnup range of 3-5% FIMA. 

Figs. 7 a n d  8 show e x a m p l e s  of r a d i a l  CS and Ba p r o f i l e s  f o r  t h e  

same sample .  I t  is s e e n  t h a t  t h e  c e n t r a l  p a r t  i s  d e p l e t e d  i n  CS 

(Fig. 7 )  b u t  a l m o s t  a l l  Ba is r e t a i n e d  (Fig .  8 ) .  I n  b o t h  c a s e s  a  

f u l l  d i ame te r  was measured. Good symmetry was observed and the re -  

f o r e  bo th  r a d i i  were p l o t t e d  toge the r .  The l a r g e r  s c a t t e r  on t h e  

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

a s  compared t o  CS,  a n d  b e c a u s e  t h e  d e t e c t o r  was f o c u s e d  on Xe 

g iv ing  a  lower  count ing  e f f i c i e n c y  on t h e  Ba l i n e .  

Figs. 9 and  1 0  show r a d i a l  Xe d i s t r i b u t i o n  a s  measured  by XRF 

t o g e t h e r  w i t h  t h e  Xe p r o f i l e s  m e a s u r e d  by EPMA on  a d j a c e n t  f u e l  

samples. The p o i n t  h e r e  is t h a t  a l l  X e  i nc lud ing  t h e  g a s  i n  g r a i n  

boundary p o r o s i t i e s  is measured by XRF whereas EPMA on ly  measures 

t h e  Xe i n  t h e  f u e l  m a t r i x  and  i n  b u b b l e s  smaller t h a n  0.1 pm 



i n s i d e  t h e  g r a i n s .  Thus  t h e  d i f f e r e n c e  b e t w e e n  t h e  two  c u r v e s  

g i v e s  t h e  amount of  Xe s i t u a t e d  i n  t h e  g r a i n  boundary p o r o s i t i e s .  

I n  b o t h  c a s e s  o f  F i g s .  9 and  10  t h e  f u e l  was s u b m i t t e d  t o  a power 

t r a n s i e n t  i n  t h e  range of 300-400 W/cm f o r  about  24 h. 

The r e l e a s e  of Xe from a f u l l  c r o s s  s e c t i o n  can be determined by 

i n t e g r a t i o n  of t h e  r a d i a l  d i s t r i b u t i o n  curve. I n  4 c a s e s  samples 

from f u e l  p i n s  w i thou t  s i g n i f i c a n t  a x i a l  power p r o f i l e s  have been 

measured by XRF. I n  such c a s e s  t h e  i n t e g r a l  Xe r e l e a s e  determined 

by XRF may be compared d i r e c t l y  t o  t h e  i n t e g r a l  r e l e a s e  measured 

by puncture.  The two sets of d a t a  f o r  t h e  f o u r  s amples  a r e  shown 

i n  Fig. 11. A reasonable  agreement is observed. 

The a u t h o r s  would l i k e  t o  thank C. T. Walker, I n s t i t u t e  of Trans- 

uranium Elements f o r  p rov id ing  t h e  EPMA d a t a  shown i n  Figs. 9 and 

10. 
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Method Advantaqes Disadvantaqes 

Micro- ( a )  Measures t o t a l  ga s  ( a )  Coarse r a d i a l  r e so lu -  

co r ing  (Xe+Kr) wi th  d i s s o l u t i o n  t i o n ,  -1' mm. 
( b )  P o s s i b i l i t y  of ( b )  The l e a s t  abundant 

measuring "pore  gas"  

w i th  crushing.  

i so tope  Kr-85 is 

sometimes t h e  one 

analysed.  

( C )  Uncer ta in ty  a s  t o  which 

e x t e n t  t h e  "pore  gas"  

is g r a i n  boundary gas.  

EPMA ( a )  Very f i n e  r a d i a l  re-  ( a )  Very smal l  d e p t h  of 

s o l u t i o n ,  - 2.5 pm. a n a l y s i s ,  - 0.5 pm 

(b )  Only Xe i n  ma t r ix  

and i n  bubbles  

sma l l e r  t h a n  0.1 pm 

is ana lysed  

Laser ( a )  F ine  r a d i a l  re-  

sampling s o l u t i o n  - 10 pm 

( a )  Only Kr-85 is 
measured. 

( b )  D i f f i c u l t  t o  q u a n t i f y  

t h e  amount o f  f u e l  

from which t h e  g a s  

comes. 

XRF ( a )  Depth of a n a l y s i s  ( a )  Only Xe is measured 
- 30 pm, us ing  t h e  

Xe-Ka l i n e .  

(b )  Measures t o t a l  Xe. 

( C )  Radia l  r e s o l u t i o n  

- 0.5 mm 
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F i g  1. S k e t c h  o f  t h e  s ample  p r e p a r a t i o n  p r i n c i p l e .  Af ter  g r i n -  

d ing  o f  t h e  s u r f a c e  a  c u t  i s  made i n  p l a n e  A-A. A f t e r  r e m o u n t i n g  

t h e  g r i n d i n g  ( f r o m  p l a n e  A-A s i d e )  i s  c o n t i n u e d  u n t i l  t h e  m e t a l  

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

sample t h i c k n e s s  of about  0.1 mm. 



50 keV X-ray beam, 

4 mm X 1 0  mm 

'p- L - - -  

~otating'x-ray anode y-$S 
Collimator 

' 0 . 5 m m x 2 m m  

Graphite crysta 1 

Sample translation 
devices 

vertical 

+ Ge detectqr 

I-i Liquid N2 cryostat 

Fig. 2. Horizontal section through the experimental set-up. 



Transfer system 

Fig. 3. Vertical section through the experimental set-up. 
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Radial  p o s i t i o n ,  mm 

Fig. 4 .  Radia l  v a r i a t i o n  o f  t h e  U-La f l u o r e s c e n c e  (13.55 keV) 

from a  f u e l  sample .  T h i s  s c a n  i s  used  f o r  t h e  d e t e r m i n a t i o n  o f  
t h e  sample  edge  p o s i t i o n  i n  t h e  X-Y s t a g e  and f o r  d e t e r m i n a t i o n  

o f  t h e  extent  of cracks i n  t h e  f u e l .  



CHANNEL NO. 

Fig. 5. Spectrum and background spectrum measured on UO1 fuel - - 
with a burnup of 3 . 4 8 1 ~ ~ .  The background-spectrum is measured 

on an unirradiated fuel sample. The Kal (thick) and Ka2 (thin) 

line positions are indicated at the top of the Figure for the 

elements Te to Ba. Only Xe, CS and Ba is detected. 
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CALC. Xe CONCENTRATION 

Fig. 6 .  P l o t  of measured (by XRF) vs .  c a l c u l a t e d  Xe concen- 
t r a t i o n s  ( i n  % of  i n i t i a l  m e t a l  a toms) .  The c a l c u l a t e d  concen- 
t r a t i o n s  are found from measured burnups and l i t e r a t u r e  values  of 
f i s s i o n  y i e l d s .  



RELATIVE RADIUS 

Fig. 7. CS concentration profile. 
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RELATIVE RADIUS 

F i g .  8 .  Ba concentration profile. 



, XRF 

RELATIVE RADIUS 

Fig. 9. Radial concentration profiles of Xe measured by XRF 

(total Xe) and by EPMA (Xe inside grains). The difference gives 

the gas in the grain boundary porosities. The fuel was bump 

tested at 42 kW/m for 24 h. Burnup 4.3% FIMA. 



1 XRF 

l X EPMA 

RELATIVE RADIUS 

Fig.10. Rad ia l  c o n c e n t r a t i o n  p r o f i l e s  of Xe measured by XRF 

( t o t a l  Xe) and by EPHA (Xe i n s i d e  g r a i n s ) .  The d i f f e r e n c e  g i v e s  

t h e  g a s  i n  t h e  g r a i n  boundary p o r o s i t i e s .  U n f o r t u n a t e l y  t h e  

c e n t r a l  p a r t  of t h e  f u e l  i n  t h e  XRF sample was l o s t  d u r i n g  pre-  

parat ion.  The f u e l  was bump t e s t e d  a t  3 2  kW/m f o r  28 h. Burnup 

3.4% FIMA. 
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PUNCTURE, %FGR 

Fig. 11 .  Comparison o f  i n t e r g r a l  r e l e a s e  r e s u l t s  o b t a i n e d  by  
i n t e g r a t i o n  o f  XRF measured Xe r a d i a l  p r o f i l e s  and puncture  
r e s u l t s .  




