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counts  of t h e  p a r t i c l e  w i t h  those  of s i x  we l l - cha rac t e r i zed  1302 s t anda rds .  

The a b s o l u t e  measurements were made t o  test  t h e  accuracy  and convenience 

of t h e  technique ,  w i t h  t h e  g o a l  of app ly ing  t h e  technique t o  t h e  construc- 

t i o n  of assay-machine c a l i b r a t i o n  s t a n d a r d s .  Such c a l i b r a t i o n  s t a n d a r d s  

are  composed of many f i s s i l e  p a r t i c l e s ,  and t h e  to ta l .  f i s s i l e  con ten t  of 

the  s t a n d a r d  must be  known t o  w i t h i n  a f r a c t i o n  of a pe rcen t .  By sampl-iiag 

t h e  p a r t i c l e s  t h a t  are t o  compose the c a l i b r a t i o n  s t a n d a r d  and then ac- 

c u r a t e l y  measuring t h e  2 3 5 U  c o n t e n t  of t h e  sample,  the 235U c o n t e n t  of t h e  

s t a n d a r d  could be  c l o s e l y  e s t ima ted .  The experiment  showed t h a t  t h e  tech- 

n ique  i s  reasonably  a c c u r a t e ,  b u t  i t  is t o o  t i m e  consuming t o  b e  used t o  

measure i n d i v i d u a l l y  t h e  l a r g e  number o f  p a r t i c l e s  needed f o r  a n  assay-  

machine c a l i b r a t i o n  s t a n d a r d .  

DESCRIPTION OF TRISO PARTICLES 

The enriched-uranium f u e l  p a r t i c l e s  used i n  t h e  HTGR c o n s i s t  of  s p h e r i -  

c a l  k e r n e l s  of a UO2-UC2-C mixture  coa ted  w i t h  f o u r  layers  of materials 

designed t o  r e t a i n  t h e  f i s s i o n  p roduc t s  w i t h i n  t h e  p a r t i c l e .  Ti le  kernels 

t y p i c a l l y  range  from 325 t o  390 pni in diameter  and c o n t a i n  from 40 t o  70 

pg of 235u. 
The photomicrograph of a s e c t i o n e d  TRISO p a r t i c l e  i n  Fig.  1. shows t h e  

s t r u c t u r e  of t h e  p a r t i c l e .  The innermost  l a y e r  c o n s i s t s  05 low-density 

carbon and is c a l l e d  t h e  b u f f e r  coa t ing .  This  b u f f e r  i s  coated w i t h  a lay-  

er of h igh-dens i ty  carbon,  a l a y e r  of Sic, and f i n a l l y ,  ano the r  l a y e r  o f  

high-dens i ty  i s o t r o p i c  carbon.  Because t h e  p a r t i c l e s  are  coa ted  w i t h  t h r e e  

d i f f e r e n t  materials, they are c a l l e d  TRISO-coated p a r t i c l e s .  

The p a r t i c l e s  are manufactured i n  a b a t c h  p rocess  and hence are iden- 

t i f i e d  by t h e  b a t c h  number f r o m  which they  came. Sn this experiment ,  39 

of t h e  p a r t i c l e s  w e r e  from b a t c h  A611, and 38 were from b a t c h  A 6 0 1 .  The 

main d i f f e r e n c e  between t h e s e  ba t ches  i s  i n  t h e  r a t i o  of UC2 t o  U02 i n  t h e  

k e r n e l .  The A 6 l l  k e r n e l s  c o n t a i n  1 5 %  U C 2 ,  85% U02, and carbon;  t h e  A601 

k e r n e l s  c o n t a i n  75% U C 2 ,  25% U02 ,  and carbon.  
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and have h a l f - l i v e s 2  of from 0 . 2  t o  about  55 s e c .  

p a r t i c l e  i n  a thermal-neutron f l u x  and then  qu ick ly  t r a n s f e r r i n g  t h e  par -  

t i c l e  t o  a coun t ing  chamber, one o b t a i n s  a number of counts  N 1  t h a t  d i -  

r e c t l y  cor responds  to t h e  number of de layed  neu t rons  emi t t ed  du r ing  t h e  

coun t ing  p e r i o d .  The a b s o l u t e  2 3 5 U  c o n t e n t  of t h e  p a r t i c l e  i s  found by 

comparing N1 w i t h  t h e  delayed-neutron coun t s  from a s t a n d a r d  of known 235U 

c o n t e n t ,  which has  been i r r a d i a t e d  and counted under t h e  same c o n d i t i o n s  

as t h e  p a r t i c l e .  

re la t ive  t o  t h e  load ings  of a number of o t h e r  s i m i l a r  par t ic les ,  i s  mea- 

s u r e d  by i d e n t i c a l l y  i r r a d i a t i n g  and count ing  a l l  t h e  p a r t i c l e s  and then 

comparing t h e  counts  of  t h e  p a r t i c l e  t o  those  of t h e  o t h e r  p a r t i c l e s .  

By i r r a d i a t i n g  a f u e l  

A l t e r n a t i v e l y ,  t h e  2 3 5 U  l o a d i n g  of a p a r t i c u l a r  p a r t i c l e ,  

EXPERIMENTAL EQUIPMENT 

The p a r t i c l e s  were a c t i v a t e d  i n  t h e  pneumatic tube  f a c i l i t y 3  i n  t h e  

Oak Ridge Research Reac tor  (ORR) (F ig .  2 ) ,  The tube  l e a d s  from a I-abora- 

t o r y  benea th  t h e  r e a c t o r  up i n t o  beam h o l e  HN-3 of t h e  r e a c t o r  arid ends a t  

t h e  c o r e  f a c e .  S m a l l  po lye thy lene  r a b b i t s  are used t o  c a r r y  samples 

throughout  t h e  tube  system. I n  t h e  l a b o r a t o r y ,  the pneumatic t ube  s p l i t s  

i n t o  two s e c t i o n s ,  one of which l e a d s  t o  a l o a d i n g  r e c e p t a c l e  and t h e  o t h e r  

t o  a neu t ron  moderator and d e t e c t o r  assembly t h a t  c o n s i s t s  of a l a r g e  par-  

a f f i n  c y l i n d e r  i n t o  which t h e  pneumatic t ube  runs .  S i x  BF3 neu t ron  de tec-  

t o r  t ubes ,  each  5.08 c m  OD, are  embedded i n  t h e  p a r a f f i n  symmetr ica l ly  

about  t h e  c e n t r a l  tube .  A 7.62-cm-thick l e a d  annulus  between t h e  c e n t r a l  

t ube  and t h e  BF3 tubes  absorb  gamma r a y s  emi t t ed  by t h e  sample.  To count  

t h e  de layed  neu t rons  e m i t t e d  by t h e  sample,  t h e  d e t e c t o r  tubes  are con- 

nec ted  t o  a p r e a m p l i f i e r ,  a m p l i f i e r ,  high-speed scaler, and h igh-vol tage  

power supply .  Th i s  s e t u p  i s  shown i n  F i g .  3. 

The system works i n  t h e  fo l lowing  manner. A r a b b i t  c o n t a i n i n g  t h e  

sample t o  be  assayed  is loaded i n t o  t h e  tube  a t  s t a t i o n  1 ( s e e  F ig"  2 )  and 

s h o t  up t o  the f a c e  of t h e  r e a c t o r  c o r e .  The sainpl-e i s  i r r a d i a t e d  h e r e  

f o r  a p r e s e t  t i m e  t a f t e r  which i t  i s  shot: back down t o  t h e  moderator 

and d e t e c t o r  assembly. The sample  i s  al lowed t o  decay f o r  a s h o r t  t i m e  t 

and then  i ts  delayed neu t rons  are counted ove r  a time i n t e r v a l  t . All 

f u n c t i o n s ,  i n c l u d i n g  t h e  t iming ,  count ing ,  and movement of t h e  r a b b i t  

i' 

d '  

C 
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Fig .  3 .  Delayed-neutron moderator and d e t e c t o r  assembly and 
e lectronic  components. 
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SELECT10 TICLES FOR THE EXPERIM 

The f u e l  pa r t i c l e s  w e r  chosen from t h e i r  re e e t i v e  b a t c h e s  

by a r i f f l i n g  p r o c e s s ,  a f te  ere rad iog raph  

s e p a r a t e  numbered v i a l s .  T each  f u e l  ker  

r ad iog raphs  us  quipped w i t h  a 

evice. To guar  two s e p a r a t e  se  
e n t s  w e r e  made on e 

DESCRIPTION OF THE UOz STANDARDS 

Each s t a n d a r d  c o n s i s t e d  of a s fragment of U 0 2  t h a t  was c e n t e r e d  

a x i a l l y  i n  a 0.130-cm-di 

luminum plug.  

a r e f u l l y  w e i  

les ranged f r o  and t h e  u r a n i u  

.85%. Thus, t h  t of t h e  s t a n d a r  

of about  kl p 

TAINMENT OF P ARDS DURING I 

e n s i t y  polyethylene 

c m  long  were r t  t h e  p a r t i c l e s  

pneumatic tub ach r a b b i t  c o n t a i n e  

inder  w i t h  an ined  i n t o  t h e  

s u r f a c e .  A f u e l  p a r t i c l e  o r  a 

red 1 . 2 4  crn E r o m  t he  

rmal-neutron flux decr h axial  d i s t a n c e  from 

bot tom, the p a r t i c l e  o r  s t  ven ted  from moving 

k t h a t  t r a p p e  standard w i t  

. 
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ORNL-DWG 75-4807 

GRAPHITE SPACER 
POLYETHYLENE SPACER 

,-FUEL. PARTICLE 

Fig .  4 .  Rabbi t  c o n t a i n i n g  g r a p h i t e  h o l d e r  and p a r t i c l e  (1 i n .  = 
2.54  cm). 

IRRADIATION AND COUNTING 

Because of  t h e  r e l a t i v e l y  l a r g e  number of p a r t i c l e s ,  t h e  i r r a d i a t i o n  

and count ing  spanned a three-day pe r iod  du r ing  which t h e  OKR ope ra t ed  a t  

f u l l  power. The p a r t i c l e s  were run  i n  groups of from 10 t o  30. Each par- 

t i c l e  i n  a group w a s  i r r a d i a t e d  f o r  20 s e c ,  allowed t o  decay f o r  60 sec ,  

and then  counted f o r  80 sec .  A f t e r  all.  p a r t i c l e s  i n  t h e  group had been 

run  once,  t h e  U 0 2  s t a n d a r d s  were i r r a d i a t e d  and counted i n  thc same manner. 

Each p a r t i c l e  i n  t h e  group w a s  then  i r r a d i a t e d  and counted a second t i m e  i n  

t h e  o r i g i n a l  o r d e r .  Then t h e  s t a n d a r d s  were run a g a i n ,  and t h e  experiment  

proceeded t o  t h e  nex t  group of p a r t i c l e s ,  which w a s  r u n  i n  t h e  same manner. 

Background checks w e r e  made a t  t h e  beginning  and end of each day by ir-  

r a d i a t i n g  and coun t ing  a r a b b i t  c o n t a i n i n g  only  a g r a p h i t e  i n s e r t .  T h e  

background coun t s  w e r e  always n e g l i g i b l e  compared t o  t h e  counts  from t h e  

f i s s i l e  material. 

CORRECTIONS APPLIED TO THE R A W  DATA 

C o r r e c t i o n s  w e r e  a p p l i e d  t o  each delayed-neutron count  t o  account  f o r  

t h e  temporal  v a r i a t i o n  in t h e  thermal-neutron f l u x  and t o  compensate f o r  

l o s s  of coun t s  due t o  d e t e c t o r  deadt ime and thermal-neutron s e l f - a b s o r p t i o n  
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i n  t h e  p a r t i c l e s  and sta yed-neutron co 

f o r  the change i n  t h e  f l  t o  t h e  f l u x  l e  a t  t h e  begin- 

f t h e  experiment .  ge i n  t h e  f l u  

t h e  run- to-run change neu t ron  counts  

The UO;! s t a n d a r d  dec rease  i r r eg  

he experiment .  i r  i n i t i a l  v a l u e s ,  

decreased  about  of t h e  e x p e r "  

-neut ron  counts  of t a t  had been a 
experiment  w e  by i n c r e a s i n g  t h e  

oss due t o  de  was accounted 

deadtime c o r r e c t i  

se i n  count  ra te  over e r iod .*  The c 

o r  t h e  smallest o u t  7% f o r  t h e  1 
r t o  compare c le  and p a s t i c l e -  

ron  coun t s ,  i t  y t o  c o r r e c t  f o r  t 

i o n .  The l a r g e r  a d t h e  more con 

i n n e r  volume t h e  thermal-n 
a l a r g e  k e r n e l  w i l l  abso r  

nel, i t  w i l l  appear  t o  co than it actual s ,  To cor- 
rect  f o r  t h i s  e f f e c t  i n  

s p e r  u n i t  volume than a small ker- 

s h i e l d i n g  f a c t  

chnique were c o r r e c t i o n s  de 

and d e n s i t y  and were i n  of 4 % .  An analy 
was used t o  c o r r e c t  f o r  se l  t h e  UO;! monitors .6  

ssumed t o  be s p h e r i  

. Because of t c e n t r a t i o n  i n  

ng f a c t o r s  w e r e  he range of 1 2  t o  14%. 

andard d e a d t i  M/(1 - kS') 
observed coun o r  deadt ime,  
s formula is count  ra te  i 
n t i n g  pe r iod ,  ment. Becaus 

between t h e  u n t i n g  of t h e  
t h a t  a l l  delay ty came from t 
on groups.  t t h e  exponen 
er t h e  count  adtime c o r r e c  
1.4 IkT). 



EUZLATIVE 2-35U CONCENTRATION I N  THE KERNELS 

A f t e r  t h e  above c o r r e c t i o n s  were a p p l i e d ,  the delayed-neutron count  of 

each p a r t i c l e  became d i r e c t l y  p r o p o r t i o n a l  t o  i t s  3 3 5 U  c o n t e n t .  

a t i v e  2 3 5 U  c o n c e n t r a t i o n  of each kernel was found by d i v i d i n g  its c o r r e c t e d  

delayed-neutron count  by i t s  volume and normal iz ing  wi th  r e s p e c t  t o  t h e  

mean c o n c e n t r a t i o n .  The k e r n e l s  were assumed t o  be sphe res ;  so t h e i r  vol- 

umes were c a l c u l a t e d  as Vi = (fl /6) Di3 ,  where I) 

measured f rom rad iog raphs  of t h e  k e r n e l s  as exp la ined  ear l ier .  

The rel- 

i s  the  k e r n e l  d iameter  i 

The normalized r e l a t i v e  2351J c o n c e n t r a t i o n  i n  the  A611 and A601 kcr- 

11~1s i s  p l o t t e d  vs k e r n e l  d iameter  i n  F igs .  5 and 6 ,  r e s p e c t i v c l y ,  and t h e  

r e s u l t s  are summarized i n  Table  1. The l i n e s  drawn through t h e  p o i n t s  i n  

F i g s .  5 and 6 are l e a s t - s q u a r e s  f i t s ,  and as can b e  s e e n ,  t h e  s l o p e  of t h e  

A611 l ine  i s  s l i g h t l y  n e g a t i v e .  Based on t h e  v a l u e s  g iven  by t h e  l i n e ,  

t h e  d i f f e r e n c e  i n  2 3 5 U  c o n c e n t r a t i o n  between a 390- and a 330-pm-diam A 6 1 1  

k e r n e l  i s  about: 1%. However, t h i s  1% i s  w i t h i n  the l i m i t s  of e r r o r  of t h e  

Table  1. P a r t i c l e  parameters  and summary of r e s u l t s  

Sample A 6 1 1  Sample A 6 0 1  

Sample s i z e  

D,  mean k e r n e l  d iameter  of sample,  pm 

Mean r e l a t i v e  35U c o n c e n t r a t i o n  

- 

A l l  p a r t i c l e s  
Par t ic les  w i t h  k e r n e l  d iameter  >E 
P a r t i c l e s  w i t h  k e r n e l  d iameter  <D 

a Dens i ty  of k e r n e l ,  g/cm 
a Uranium i n  k e r n e l ,  w t  X 

2 3 5 U  enr ichment ,  % 

Average 

a 

5U p e r  p a r  t i c k  measured 
w i t h  a b s o l u t e  de layed-neut ron  
a c t i v a t i o n  a n a l y s i s ,  pg 

39 

362.0 

1.000 1-0.0182 
0.9987+0.0143 
1.000 i0.0208 

3.102 

71.57rt0.19 

92.97  

51.6+1 

38 

3 5 2 . 4  

1.000 kO.0109 
0.9988+0.0098 
1.000 ?0.0122 

3.034 

79 .O21-24 

93.00 

51.0k1 

a P r o p e r t i e s  ob ta ined  from Procedure No. ET-FCT-DP-10. 
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KER N E L  DIAMETER (MITI) 

F i g ,  5. Relative 235U f u e l  kernels from b 611. 
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experiment .  The s l o p e  of the A 6 0 1  l i n e  i s  e s s e n t i a l l - y  ze ro ,  i n d i c a t i n g  no 

v a r i a t i o n  i n  uranium c o n c e n t r a t i o n  w i t h  k e r n e l  d iameter .  The r e l a t i v e  

s t a n d a r d  d e v i a t i o n  i n  t h e  ave rage  2 3 5 U  c o n c e n t r a t i o n  of a l l  39 k e r n e l s  from 

b a t c h  A611 i s  21 ,8%,  compared t o  tl.l% f o r  t h e  38 k e r n e l s  i n  b a t c h  A 6 0 1 .  

Another way of determining  s ize-dependent  uranium c o n c e n t r a t i o n  

v a r i a t i o n  is by comparing t h e  average  ' 35U c o n c e n t r a t i o n  o f  k e r n e l s  w i th  

d i ame te r s  s m a l l e r  than  t h e  sample mean d iameter  5 w i t h  t h e  average  con- 

c e n t r a t i o n  of k e r n e l s  w i t h  d i ame te r s  g r e a t e r  than  D. I n  sample A611, t h e  

normalized average  r e l a t i v e  

n e l  d i ame te r s  g r e a t e r  than  5 (362 pm) w a s  0.9987 + 0.0143 v s  1.000 i- 0.0208 

f o r  k e r n e l s  smaller than  5. 
t i o n  of t h e  l a r g e r  k e r n e l s  (d iameter  >352 urn) w a s  0.9988 2 0.0098 vs  1.000 

i 0 . 0 1 2 2  f o r  t h e  smaller k e r n e l s .  

35U Concent ra t ion  f o r  t h e  p a r t i c l e s  w i t h  ker -  

I n  sample A601, t h e  average  235Y concent ra -  

UNCERTAINTY I N  THE RELATIVE MEASUREMENTS 

Some of the u n c e r t a i n t y  i n  t h e  r e l a t i v e  uranium c o n c e n t r a t i o n  i s  due 

t o  t h e  expe r imen ta l  equipment and t o  t h e  c o r r e c t i o n  f a c t o r s  a p p l i e d  to t h e  

coun t s .  T o  estimate t h e  e r r o r  due t o  the  i r r a d i a t i o n  and counti-ng f a c i l -  

i t y ,  t h r e e  n e a r l y  i d e n t i c a l  A611 f u e l  19artislleS were i r r a d i a t e d  and counted 

f o u r  t i m e s  each over  a t i m e  span  of several hours .  T h e  s t a n d a r d  d e v i a t i o n  

i n  t h e  delayed-neutron counts  of each of t h e s e  p a r t i c l - c s  w a s  about  O . ? % ,  

which can be a t t r i b u t e d  t o  t h e  equipment i t s e l f .  

The e r r o r  i n  t h e  c o r r e c t i o n  f a c t o r s  i s  d i f f i c i . i l t  t o  de te rmine  because  

t h e  minute-to-minute neu t ron  f l u x  v a r i a t i o n s  and t h e  u n c e r t a i n t y  i n  t h e  

d e t e c t o r  deadtirne were n o t  a c c u r a t e l y  known. Recause t h e  t o t a l  magnitude 

of t h e  c o r r e c t i o n s  w a s  ~ 1 5 %  f o r  the l a r g e s t  pa r t i c l e s ,  r e l a t i v e l y  l a r g e  

e r r o r s  i n  t h e  c o r r e c t i o n  f a c t o r s  would a f f e c t  t h e  r e l a t i v e  uranium measure- 

ments by on ly  a few p e r c e n t .  

ABSOLUTE 2 3 5 U  CONTENT OF KERNELS 

The a b s o l u t e  amount of 235U i n  each p a r t i c l e ,  Wi, w a s  determined as 

Wi = C . / a ,  where Wi i s  micrograms of 235U i n  p a r t i c l e  i ,  C .  i s  c o r r e c t e d  

delayed-neutron coun t s  i n  p a r t i c l e  i, and a i s  delayed-neutron counts  p e r  
1 1 
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Fig .  8.  Comparison of measured 2 3 5 U  c o n t e n t  w i t h  c a l c u l a t e d  v a l u e s  
f o r  sample A 6 0 1 .  

T o  form a basis  of  comparison f o r  these a b s o l u t e  measurensnts, t h e  

2 3 5 U  c o n t e n t  o f  each p a r t i c l e  w a s  a l s o  c a l c u l a t e d  as follows us ing  d a t a  

derived from chcrnical a n a l y s i s  of the k e r n e l  b a t c h e s :  

u = 10-6  pvx , 

Where 

U = micrograms of 235U i n  the kernel,  

p = kerne l  d e n s i t y ,  g/cm3 (see Tab le  1 ) ,  
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