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DESIGN AND EVALUATION OF AN ON-LINE FUEL ROD ASSAY 
D E V I C E  FOR AN HTGR FUEL REFARRICATION PLANT 

+ 
J. E. Rushton* M. M. C h i l e s  

§ E. J. Al l en t  J. D. J e n k i n s  

ARSTRACT 

T h i s  r e p o r t  d e s c r i h e s  work performed i n  development of a n  
on- l ine  a s s a y  dev ice  t o  be used i n  a high-temperature  gas-cooled 
r e a c t o r  (HTGR) f u e l  r e f a b r i c a t i o n  f a c i l i t y  f o r  HTGR f u e l  rods.  
Re fab r i ca t ed  HTGR f u e l  rods  w i l l  c o n t a i n  from -0.15 t o  0.5 g 
233U and /o r  235U.  The f u e l  rods a re  -16 mm i n  d iameter  and 62 
mm long. A t y p i c a l  commercial f u e l  r e f a b r i c a t i o n  f a c i l i t y  w i l l  
have s i x  f u e l  rod p roduc t ion  l i n e s ,  each producing approximate ly  
one f u e l  rod every 4 sec a t  des ign  c a p a c i t y .  One on- l ine  a s s a y  
dev ice  w i l l  be p r e s e n t  f o r  each  two p roduc t ion  l i n e s .  The rela- 
t i v e  s t a n d a r d  d e v i a t i o n  i n  a n  i n d i v i d u a l  f u e l  rod  f i s s i l e  ma-  
t e r i a l  measurement must be  less than  3% t o  s a t i s f y  p rocess  and 
q u a l i t y  c o n t r o l  requi rements .  Sys temat ic  e r r o r s  must be  kep t  
less  than  -0 .3% f o r  f i s s i l e  material measured i n  f u e l  rods  
produced ove r  two months t o  s a t i s f y  m a t e r i a l  a c c o u n t a b i l i t y  re- 
q u i  remen t s .  

Severa l  n o n d e s t r u c t i v e  a s s a y  (NDA) methods were i n v e s t i -  
ga ted .  Because t h e  gamma-ray a c t i v i t y  of  t h e  r e f a b r i c a t e d  f u e l  
i s  r e l a t i v e l y  h igh  due t o  t h e  presence  of 232U i n  t h e  f u e l  and 
because  t h e  gamma-ray a c t i v i t y  i s  not  d i r e c t l y  r e l a t e d  t o  t o t a l  
o r  f i s s i l e  uranium c o n t e n t ,  NDA methods employing gamma-ray de- 
t e c t i o n  d id  no t  appear  p r a c t i c a b l e .  A method us ing  thermal  
neut ron  i r r a d i a t i o n  and f a s t - f i s s i o n  neu t ron  d e t e c t i o n  w a s  
s e l e c t e d .  An exper imenta l  a s say  d e v i c e  w a s  f a b r i c a t e d  based on 
t h i s  NDA method. Experiments were performed t o  de te rmine  t h e  
p r e c i s i o n  and accuracy  o f  t h e  measurements and t o  i n v e s t i g a t e  
p o t e n t i a l  i n t e r f e r e n c e s  and sys t ema t i c  e r r o r s .  I n  a d d i t i o n ,  
o p e r a t i n g  procedures  w e r e  e v a l u a t e d ,  and a n a l y s i s  procedures  
were i d e n t i f i e d .  

Rased on t h e  r e s u l t s  of t h e s e  exper iments ,  a concep tua l  
des ign  f o r  a n  on- l ine  p roduc t ion  a s s a y  dev ice  w a s  p repared  which 
i s  capah le  of s a t i s f y i n g  t h e  c r i t e r i a  f o r  t h e  f u e l  rod a s say  

* 
Opera t iona l  Analys is  and P lann ing ,  Oak Ridge Gaseous D i f f u s i o n  

On loan  from Engineer ing  Technology Div i s ion .  
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On l e a v e  of ahsence  t o  South Caro l ina  Energy Research I n s t i t u t e ,  
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Columbia. 
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d e v i c e  f o r  a n  HTGR f u e l  r e f a b r i c a t i o n  f a c i l i t y .  Opera t ing  and 
a n a l y s i s  procedures  u s e f u l  f o r  on- l ine  a s s a y  are  a l s o  d e s c r i b e d  
i n  t h e  r e p o r t .  

23 5u Keywords: n o n d e s t r u c t i v e  a s s a y ,  233U measurement, 
measurement, HTGR, r e a c t o r s ,  f u e l  r e f a b r i c a t i o n ,  prompt neu- 
t r o n s ,  2 5 2 ~ f ,  f i s s i l e  materials,  n e u t r o n  s o u r c e s ,  mater ia l  
a c c o u n t a b i l i t y ,  q u a l i t y  c o n t r o l ,  and p r o c e s s  c o n t r o l .  

1. I N T R O D U C T I O N  

T h i s  r e p o r t  d e s c r i b e s  work performed i n  suppor t  of t h e  High-Tempera- 

t u r e  Gas-Cooled R e a c t o r  (HTGR) Fuel  R e f a b r i c a t i o n  Development Program. 

The o b j e c t i v e  of t h i s  work was t o  develop a n  on- l ine  a s s a y  machine capa- 

b l e  o f  measuring t h e  f i s s i l e  c o n t e n t  of HTGR f u e l  r o d s  w i t h  s u f f i c i e n t  

speed and a c c u r a c y  t o  s a t i s f y  material  a c c o u n t a b i l i t y ,  p r o c e s s ,  and 

q u a l i t y  c o n t r o l  r e q u i r e m e n t s  f o r  a n  HTGR f u e l  r e f a b r i c a t i o n  p r o d u c t i o n  

p l a n t ,  which i s  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n  of t h e  r e p o r t .  

The p r o p e r t i e s  of HTGR r e f a b r i c a t e d  f u e l  i n f l u e n c e  t h e  s e l e c t i o n  of 

t h e  a s s a y  method, w h i l e  t h e  material f low rates  of t h e  p l a n t  de te rmine  

t h e  a s s a y  speed r e q u i r e d .  I n  t h e  f o l l o w i n g  two s e c t i o n s ,  s e l e c t i o n  o f  a n  

a s s a y  method and d e s i g n  of a n  e x p e r i m e n t a l  a s s a y  d e v i c e  based on t h i s  

s e l e c t i o n  are d e s c r i b e d .  Fol lowing t h i s ,  r e s u l t s  of  tes ts  performed t o  

e v a l u a t e  t h e  a c c u r a c y  and p r e c i s i o n  of t h e  e x p e r i m e n t a l  a s s a y  d e v i c e  are 

p r e s e n t e d .  Opera t ing  procedures  a re  a l s o  e v a l u a t e d .  In t h e  concluding  

s e c t i o n s  of t h e  r e p o r t ,  a d e s i g n  of  a n  on- l ine  p r o d u c t i o n  a s s a y  machine 

i s  d e s c r i b e d ,  based on work w i t h  t h e  e x p e r i m e n t a l  device.  I n  a d d i t i o n ,  

a n a l y s i s  procedures  u s e f u l  t o  on- l ine  a s s a y  are p r e s e n t e d .  



3 

2. DESCRIPTION OF AN HTGR FUEL REFABRICATION PLANT 

In  t h e  HTGR f u e l  r e f a b r i c a t i o n  f a c i l i t y ,  2 3 3 U  and 2 3 5 U  from spent  

HTGR f u e l  e lements  a re  recovered  and used  t o  f a b r i c a t e  new elements .  A 

t y p i c a l  f a c i l i t y  w i l l  have s i x  f u e l  rod  p roduc t ion  l i n e s ,  each  l i n e  hav- 

i n g  a d e s i g n  c a p a c i t y  o f  20,000 f u e l  r o d s  p e r  2 4  h r . l  The f u e l  rod  flow 

from two p roduc t ion  l i n e s  w i l l  be rou ted  t o  one on- l ine  a s s a y  dev ice .  

Th i s  cor responds  t o  a s s a y i n g  one f u e l  rod  eve ry  2.2 sec. 

mercial HTGR f u e l  e lement  c o n t a i n s  -1600 f u e l  rods .  

c a p a c i t y ,  t h e  f a c i l i t y  could  produce about  7 3  e lements  d a i l y .  

A t y p i c a l  com- 

Thus, a t  t h e  d e s i g n  

F u e l  r o d s  are produced i n  t h e  fo l lowing  manner. Coated f i s s i l e  and 

€ e r t i l e  microspheres  (-660 and 800 pm i n  d i ame te r ,  r e s p e c t i v e l y )  are 

blended w i t h  carbon shim p a r t i c l e s  and d i spensed  i n  a rod  mold. A s o l i d  

p e l l e t  o f  m a t r i x  mater ia l  c o n s i s t i n g  of petroleum p i t c h ,  a mold l u b r i -  

c a n t ,  coke y i e l d  a d d i t i v e ,  and g r a p h i t e  f l a k e s  i s  hea ted  and i n j e c t e d  i n t o  

t h e  mold. The m a t r i x  material ,  which i s  i n j e c t e d  i n t o  t h e  vo id  volume o f  

t h e  packed pa r t i c l e  3ed ,  s o l i d i f i e s  and b inds  t h e  p a r t i c l e s  i n t o  t h e  form 

of a f u e l  rod.  The f u e l  rods  a re  t h e n  removed from t h e  mold. Fue l  r o d s  

f o r  t h e  F o r t  S t .  Vra in  Reac tor  (FSVR) have a d i ame te r  o f  12.4 mm and a 

l e n g t h  of  49.3 mm. The f u e l  r o d s  f o r  commercial  HTGRs  have a diameter  of 

15.8 mm and a l e n g t h  of 61.9 mm and w i l l  c o n t a i n  about  0.15 t o  0.5 g o f  

f i s s i l e  material ,  depending on t h e i r  p o s i t i o n  i n  t h e  r e a c t o r  core .  A f t e r  

removal from t h e  mold, t h e  f u e l  r o d s  are i n s p e c t e d  f o r  mechanical  i n t e g -  

r i t y  and f u e l  homogeneity and assayed  be fo re  be ing  i n s e r t e d  i n t o  g r a p h i t e  

f u e l  e lements  and carbonized  i n  place. 

The f i s s i l e  mater ia l  i n  t h e  r e f a b r i c a t e d  f u e l  w i l l  be p r i m a r i l y  233U 
produced from conver s ion  o f  232Th i n  t h e  r e a c t o r .  

p r e s e n t  because  o f  s u c c e s s i v e  n e u t r o n  c a p t u r e s  by 233U and 2 3 4 U  i n  t h e  

r e a c t o r ,  and some w i l l  be  p r e s e n t  from unburned 2 3 5 U  i n i t i a l l y  i n  the 

f u e l .  

t i o n  p l a n t .  

encountered  d u r i n g  o p e r a t i o n  of t h e  r e f a b r i c a t i o n  p l a n t .  Assay methods 

must be a d a p t a b l e  t o  e i t h e r  2 3 3 U  o r  2 3 5 U  f u e l s ,  and a s s a y  methods t h a t  

can d i s c r i m i n a t e  between t h e  two f i s s i l e  i s o t o p e s  would be p a r t i c u l a r l y  

u s e f u l .  

Some 235U w i l l  be 

I n  a d d i t i o n ,  2 3 5 U  may be  used as  f e e d  mater ia l  i n  t h e  r e f a b r i c a -  

The re fo re ,  a wide r ange  i n  2 3 3 U / 2 3 5 U  r a t i o s  i s  expec ted  t o  be 
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The uranium i s o t o p e  232U i s  produced a long  w i t h  233U i n  t h e  r e a c t o r  

because  of (n ,2n )  r e a c t i o n s  w i t h  2 3 3 U  and ( n , 2 n )  r e a c t i o n s  w i t h  232Th 

fo l lowed by ( n , y )  r e a c t i o n s  w i t h  231Pa. 

2 3 0 T h ,  fo l lowed by n e u t r o n  c a p t u r e s  i n  2 3 1 P a ,  a r e  a l s o  r e s p o n s i b l e  f o r  

some 232U produc t ion .  

r e f a b r i c a t i o n  f a c i l i t y  may c o n t a i n  from 100 t o  1500 ppm 232U. 

2 '32U i s  impor tan t  i n  t h i s  work because  t h e  gamma-ray a c t i v i t y  of  232U and 

i t s  decay p roduc t s  i s  s u f f i c i e n t l y  h igh  t o  i n f l u e n c e  t h e  s e l e c t i o n  of t h e  

a s s a y  method. 

Neutron c a p t u r e  r e a c t i o n s  w i t h  

Due t o  t h e s e  p roduc t ion  methods,  t h e  uranium i n  a 

The i s o t o p e  

The i s o t o p e  232U h a s  a 72-year h a l f - l i f e  and decays by a l p h a  emiss ion  

t o  228Th, a s  shown i n  Fig.  1. 

and a l s o  decays by a l p h a  emission.  Fol lowing 228Th, t h e  n u c l i d e s  i n  t h e  

decay c h a i n  have r e l a t i v e l y  s h o r t  h a l f - l i v e s  and are  i n  s e c u l a r  e q u i l i b -  

r ium w i t h  228Th. 

n u c l i d e  208T1 ,  which i s  i n  t h e  decay c h a i n ,  i s  p a r t i c u l a r l y  impor t an t  be- 

c a u s e  i t  emits h i g h l y  p e n e t r a t i n g  2.61-MeV gamma rays .  Because t h e  gamma- 

r ay  a c t i v i t y  of t h e  decay c h a i n  i n c r e a s e s  as 228Th i n c r e a s e s ,  t h e  gamma- 

r a y  a c t i v i t y  o f  uranium c o n t a i n i n g  232U i n c r e a s e s  w i t h  t i m e  a f t e r  chemica l  

s e p a r a t i o n .  The t i m e  dependence of t h i s  a c t i v i t y  i n c r e a s e  i s  de termined  

p r i m a r i l y  by t h e  h a l f - l i f e  of 228Th, which i s  1.9 y e a r s .  

p u r e  0.5-g sample of 2 3 3 U  w i t h  1000 pprn 232U, t h e  dose  r a t e  from a p o i n t  

s o u r c e  a t  a d i s t a n c e  of 20 mm i n c r e a s e s  from about  1.1 r a d / h r  f o r  a 60-day 

decay p e r i o d  t o  about  3.7 r a d / h r  f o r  a 180-day decay. Because of t h e  h i g h  

gamma-ray a c t i v i t y  of  2 3 3 U  f u e l s  and t h e  i n c r e a s e  i n  t h i s  a c t i v i t y  w i t h  

t i m e  a f t e r  chemical  p r o c e s s i n g  , many c o n v e n t i o n a l  a s say  t echn iques  are not  

a p p l i c a b l e  t o  2 3 3 U  f u e l s .  

T h e  228Th i s o t o p e  has  a 1 .9-year  h a l f - l i f e  

The decay c h a i n  ends w i t h  t h e  s t a b l e  n u c l i d e  208Pb. The 

For  a n  i n i t i a l l y  

A more d e t a i l e d  d e s c r i p t i o n  of HTGR f u e l  and of HTGR f u e l  r e f a b r i c a -  

t i o n  f a c i l i t i e s  i s  g iven  i n  Ref. 2. 
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Fig.  1. Decay c h a i n s  of 232Th and 232U. 
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3.  SELECTION OF ASSAY METHOD 

A number of NnA methods were s t u d i e d  f o r  f i s s i l e  material measure- 

ment of r e f a b r i c a t e d  HTGR f u e l  rods.2 

us ing  gamma-ray d e t e c t i o n ,  a r e  not  a p p l i c a b l e  because of t h e  i n t e r f e r e n c e  

from t h e  i n t e n s e  gamma-ray background o r i g i n a t i n g  from 232U i n  t h e  f u e l .  

Because t h e  gamma-ray a c t i v i t y  of  2 3 3 U  f u e l s  i s  p r i m a r i l y  due t o  t h e  de- 

cay  p roduc t s  of 232U, gamma-ray measurements cannot  be  r e l a t e d  t o  f i s s i l e  

c o n t e n t  u n l e s s  p r e c i s e  d a t a  a re  a v a i l a b l e  on i s o t o p e  r a t i o s  and on t h e  

h i s t o r y  o f  chemica l  p r o c e s s i n g ,  which may p r e f e r e n t i a l l y  remove some 232U 

decay p roduc t s .  The a s s a y  t echn ique  chosen,  t h e r e f o r e ,  had t o  b e  rela- 

t i v e l y  i n s e n s i t i v e  t o  a h igh  gamma-ray background. Consequent ly ,  neu- 

tron-based a s s a y  methods w e r e  i n v e s t i g a t e d  f o r  t h i s  a p p l i c a t i o n .  The 

spontaneous  f i s s i o n  y i e l d s  of 233U and 235U a re  t o o  low t o  be  of prac-  

t i c a l  v a l u e ,  and t h e  y i e l d  of ( a , n )  neu t rons  i s  dependent  on t h e  concen- 

t r a t i o n  of 232U and i t s  decay products .  Thus, n e i t h e r  of t h e s e  p a s s i v e  

n e u t r o n  methods w a s  cons ide red  f e a s i b l e  f o r  f u e l  rod assay .  A d d i t i o n a l  

d e t a i l s  on gamma-ray and neu t ron  emiss ions  from 2 3 3 ~  f u e l s  are  g iven  i n  

Ref .  2. 

Many t echn iques ,  e s p e c i a l l y  t h o s e  

Major c o n s i d e r a t i o n  focused on (1) methods based on i n t e r r o g a t i o n  

of  f u e l  r o d s  w i t h  neu t rons  o r  gammas and ( 2 )  d e t e c t i o n  of prompt o r  de- 

layed  n e u t r o n s  from f i s s i o n s  induced i n  t h e  f u e l  m a t e r i a l s .  P h o t o f i s s i o n  

methods were no t  i n v e s t i g a t e d  i n  d e t a i l  because of t h e  complexi ty  of  t h e  

photon sources  r e q u i r e d  t o  d i s t i n g u i s h  f i s s i l e  from f e r t i l e  n u c l i d e s .  

The neu t ron  i n t e r r o g a t i o n  methods t h a t  were s t u d i e d  inc luded  t echn iques  

based on 252Cf, photoneut ron  s o u r c e s ,  and ( a , n >  sources .  

t he rma l  neu t ron  i r r a d i a t i o n  w a s  f e a s i b l e ;  however, a method based on t h e r -  

m a l  n e u t r o n  i r r a d i a t i o n  w a s  s e l e c t e d  f o r  t h e  fo l lowing  reasons .  

E i t h e r  f a s t  o r  

1. The f u e l  r o d s  c o n t a i n  hydrogen, and t h e  thermal  neu t ron  i r r a d i a t i o n  

minimizes  t h e  s e n s i t i v i t y  of t h e  method t o  v a r i a t i o n s  i n  hydrogen con- 

t e n t .  

2. The l a r g e  throughput  r a t e s  r e q u i r e d  of t h e  method l e a d  t o  a need f o r  

h igh  count  ra tes ,  which can  be achieved  most r e a d i l y  wi th  thermal  

n e u t r o n  sources .  
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3. The method was designed t o  determine f i s s i l e  c o n t e n t  of 2 3 3 U -  and 

235U-loaded f u e l  rods.  

t h e  f i s s i o n  t h r e s h o l d s  of 234U, 2 3 6 U ,  and 238U. 

s a t i s f y  t h i s  requirement .  

There i s  a c o n s i d e r a b l e  body of exper ience  w i t h  LWR f u e l  rod s c a n n e r s  

t h a t  a r e  based on thermal  neut ron  i r r a d i a t i o n .  

Thus, t h e  i r r a d i a t i n g  neut rons  must b e  below 

Thermal neut rons  

4.  

For  thermal  neut ron  i r r a d i a t i o n ,  t h e  d e t e c t e d  s i g n a l  could have been 

e i t h e r  delayed o r  prompt neutrons.  Prompt neut rons  were s e l e c t e d  because 

both  2 3 3 U  and 2 3 5 U  would t h e n  y i e l d  n e a r l y  equal response  and because t h e  

prompt neut rons  could  be d e t e c t e d  during t h e  i r r a d i a t i o n  w i t h  thermal  neu- 

t r o n s .  Thus, a cont inuous  neut ron  s o u r c e  could be used and t h e  mechani- 

c a l  complexity of t h e  technique  minimized by n o t  r e q u i r i n g  t h a t  t h e  

source  o r  sample b e  moved between i r r a d i a t i o n  and de layed  neut ron  count-  

ing .  The method s e l e c t e d  f o r  experimental  s t u d y  was based on a moderated 

252Cf s o u r c e  as t h e  neut ron  i r r a d i a t o r  and on f a s t - f i s s i o n  d e t e c t i o n  

u s i n g  p r o p o r t i o n a l  counters .  
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4. EXPERIMENTAL ASSAY DEVICE 

4.1 D e s c r i p t i o n  

4.1.1 Design 

An e x p e r i m e n t a l  a s s a y  d e v i c e ,  s i m i l a r  i n  s t r u c t u r e  t o  a n  a s s a y  de- 

v i c e  developed a t  Los Alamos S c i e n t i f i c  Labora tory  f o r  a s s a y  of  l i g h t -  

water r e a c t o r  (LWR) f u e l  r o d s , 3  w a s  des igned  and f a b r i c a t e d  based on 

thermal  n e u t r o n  i r r a d i a t i o n  and prompt f i s s i o n  n e u t r o n  d e t e c t i o n .  Sche- 

matic diagrams of t h e  e x p e r i m e n t a l  prompt n e u t r o n  a s s a y  d e v i c e  are g i v e n  

i n  F i g s .  2 and 3.  A 25%f n e u t r o n  source  i s  p o s i t i o n e d  i n  t h e  c e n t e r  of 

ORNL- DWG 77-42970 

NEUTRON 
DETECTORS 

\POLYETHYLENE REFLECTOR 0.2 0.3 
0.i 

METERS 

F i g .  2 .  C r o s s - s e c t i o n a l  view of t h e  HTGR f u e l  rod n o n d e s t r u c t i v e  
a s s a y  d e v i c e .  

c 
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ROD TRANSFER MECHANISM 

Fig .  3 .  HTGR f u e l  a s s a y  development d e v i c e  prompt f i s s i l e  n e u t r o n  
c o n f i g u r a t i o n .  

a c y l i n d r i c a l  drum about  0.6 m i n  d iameter  and 0.6 m long. Surrounding 

t h e  n e u t r o n  s o u r c e  are a n n u l a r  r e g i o n s  of 18.3- t u n g s t e n ,  23.4-m poly- 

e t h y l e n e ,  and 2501nm heavy water (D20), r e s p e c t i v e l y .  

g i o n  s h i e l d s  s o u r c e  gammas and moderates  t h e  high-energy s o u r c e  n e u t r o n s  

through i n e l a s t i c  s c a t t e r i n g .  The p o l y e t h y l e n e  and heavy water f u r t h e r  

t h e r m a l i z e  t h e  s o u r c e  neut rons .  The n e u t r o n  s o u r c e  c a n  be p o s i t i o n e d  

o f f - c e n t e r  t o  s t u d y  t h e  e f f e c t  o f  source-sample d i s t a n c e .  

photograph of  t h e  a s s a y  d e v i c e .  

The t u n g s t e n  re- 

F i g u r e  4 i s  a 

A p o l y e t h y l e n e  s h e l l  a t  t h e  drum s u r f a c e  c o n t a i n s  h o l e s  f o r  t h e  de- 

t e c t o r  t u b e s  and f u e l  rod  samples. The arrangement of  t h e s e  h o l e s  i s  
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shown i n  d e t a i l  i n  Fig.  5. In  t h e  exper imenta l  a s s a y  d e v i c e ,  o n l y  one 

se t  of such h o l e s  w a s  used ,  except  d u r i n g  exper iments  t o  s t u d y  i n t e r f e r -  

ence e f f e c t s  between f u e l  rod holes .  A p r o d u c t i o n  device  w i l l  have a 

series of such channels  a t  e q u a l  a n g u l a r  s p a c i n g s  around t h e  drum f o r  mul- 

t i p l e  f u e l  rod  a s s a y s .  Based on r e s u l t s  o f  m u l t i p l e ,  s imul taneous ,  f u e l  

rod a s s a y  experiments  ( t o  be d e s c r i b e d  l a t e r ) ,  estimates are  t h a t  10 t o  

12 f u e l  r o d s  c o u l d  be assayed  s imul taneous ly  w i t h  only  small c o r r e c t i o n s  

t o  be a p p l i e d  f o r  i n t e r f e r e n c e s  between a d j a c e n t  channels .  Thus, chan- 

n e l s  w i l l  be spaced about  30 t o  36" a p a r t  on a product ion  on- l ine  a s s a y  

device.  

Opera t ion  o f  t h e  exper imenta l  prompt n e u t r o n  a s s a y  d e v i c e  i s  rela- 

t i v e l y  s imple.  

i s  loaded i n t o  a grooved t r a c k  t h a t  l e a d s  t o  t h e  sample hole .  A t h r e a d e d  

rod d r i v e n  by a s t e p p i n g  motor advances t h e  sample,  which can  be p r e c i s e l y  

p o s i t i o n e d  ( t o  w i t h i n  25 pm) a t  any p o i n t  a long  t h e  t r a c k ,  t o  t h e  d e s i r e d  

p o s i t i o n  between t h e  d e t e c t o r s .  

rect  p o s i t i o n ,  c o u n t s  a re  accumulated f o r  a s p e c i f i e d  t i m e .  The sample 

i s  t h e n  t r a n s l a t e d  through t h e  d e v i c e  and t h e  next  sample loaded onto  t h e  

t r a c k .  For a sample c o n t a i n i n g  0.45 g 235U o r  233U, t h e  number of c o u n t s  

c o l l e c t e d  from d e t e c t i o n  of f i s s i o n  neut rons  r e l e a s e d  by t h e  sample i s  

approximately e q u a l  t o  t h e  number of background c o u n t s  c o l l e c t e d  from 

d e t e c t i o n  of 252Cf s o u r c e  neutrons.  

A f u e l  rod sample (49.3 mm long and  12.4 mm i n  d i a m e t e r )  

A f t e r  t h e  sample i s  l o c a t e d  i n  t h e  cor -  

The exper imenta l  assay  d e v i c e  i s  l o c a t e d  i n  t h e  Thorium-Uranium Re- 

c y c l e  F a c i l i t y  (TURF) a t  Oak Ridge Nat iona l  Laboratory (ORNL). 

i t a t e  d e s i g n  changes and t o  p r o t e c t  personnel  from t h e  unshie lded  252Cf 
n e u t r o n  s o u r c e  when experiments  are  b e i n g  conducted,  t h e  d e v i c e  i s  s i t u -  

a t e d  i n  an  uncontaminated s h i e l d e d  h o t  c e l l  (Hot C e l l  B ) .  When n o t  i n  

u s e ,  t h e  252Cf s o u r c e  can be removed from t h e  a s s a y  d e v i c e  and s t o r e d  i n  

a b i o l o g i c a l l y  s h i e l d e d  t a n k ,  t h u s  a l l o w i n g  s a f e  e n t r a n c e  t o  t h e  h o t  c e l l .  

To f a c i l -  

The 252Cf n e u t r o n  s o u r c e  i s  conta ined  w i t h i n  a 15.9-mm-OD by 375-mm- 

l o n g  s t a i n l e s s  s tee l  tube ,  which can  be p o s i t i o n e d  i n t o  t h e  prompt n e u t r o n  

a s s a y  device.  

i s  screwed t o  t h e  end of a p o l y e t h y l e n e  rod. The rod i s  s e a l e d  i n  t h e  

s t a i n l e s s  s t e e l  source  tube.  On J u l y  1, 1978, t h e  s o u r c e  had a n  a c t i v i t y  

The s o u r c e  i t s e l f  i s  s e a l e d  i n  a small metal c a p s u l e  t h a t  
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;KNESS 

Fig .  5. Sample and d e t e c t o r  p o s i t i o n s  i n  t h e  f u e l  rod  a s s a y  d e v i c e .  
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9 of about  1.4 X 10 neu t rons / sec .  

and i t s  s p e c i f i c  a c t i v i t y  i s  about  2.3 X 1015 neu t rons / sec - l  kg-’. 

The h a l f - l i f e  of 252Cf i s  2.63 y e a r s ,  

4.1.2 E l e c t r o n i c s  

The coun t ing  i n s t r u m e n t a t i o n  i s  l o c a t e d  o u t s i d e  t h e  hot  c e l l  and i s  

p i c t u r e d  i n  Fig.  6. A block  diagram of t h e  i n s t r u m e n t a t i o n  i s  g iven  i n  

Fig.  7. S i g n a l s  from t h e  d i s c r i m i n a t o r  can  be  s e n t  t o  a Tracor  Northern 

(TN-1700) mul t i channe l  a n a l y z e r .  

p u t e r  o p e r a t e s  t h e  TN-1700 and can be programmed t o  ana lyze  t h e  coun t ing  

d a t a .  

A Data General  Corpora t ion  NOVA com- 

4.1.3 D e t e c t o r s  

The f a s t  neu t ron  d e t e c t o r s  were manufactured by Reuter-Stokes.  They 

have a n  a c t i v e  l e n g t h  of 152.4 mm and a d iameter  of 38.1 mm and a re  f i l l e d  

w i t h  4 H e  gas  a t  1520-cm Hg a b s o l u t e  p re s su re .  

e te rs  of 25 and 50 pm were t e s t e d .  

D e t e c t o r s  w i th  anode diam- 

The two d e t e c t o r s  a t  each f u e l  rod channel  a re  coupled t o g e t h e r  a t  

t h e  d i s t r i h u t i o n  box and can  be  opera ted  o f f  one h igh-vol tage  supply .  

t h e  d i s t r i b u t i o n  box, t h e  neut ron  p u l s e  s i g n a l s  from both d e t e c t o r s  are  

connected t o g e t h e r  and ac coupled t o  a common p r e a m p l i f i e r .  The de tec -  

t o r s  c o n t a i n i n g  t h e  25-um-diam anode wires  w e r e  ope ra t ed  a t  2570 V ,  w h i l e  

t h e  l a r g e  anode d e t e c t o r s  r e q u i r e d  a h i g h e r  v o l t a g e  of 3550 t o  ach ieve  ap- 

proximate ly  t h e  same gas a m p l i f i c a t i o n .  

I n  

Experiments were performed t o  de te rmine  t h e  gamma s e n s i t i v i t y  of t h e  

d e t e c t o r s  a t  v a r i o u s  gamma-ray dose  l e v e l s .  P re sen ted  i n  F igs .  8 and 9 

a r e  exper imenta l  r e s u l t s  f o r  a r a d i a t i o n  l e v e l  of 10 r a d / h r  a t  t h e  de- 

t e c t o r s  f o r  25- and 50-pm anode d e t e c t o r s ,  r e s p e c t i v e l y .  The e l e c t r o n i c  

a m p l i f i e r  w a s  ope ra t ed  wi th  a very s h o r t  r e s o l v i n g  t i m e  c o n s t a n t  of 0.25 

psec and i n  a b i p o l a r  mode t o  reduce  t h e  gamma p u l s e  p i l e u p  problem. 

These parameters gave t h e  b e s t  r a t i o  of neu t ron  p u l s e  ampl i tude  t o  gamma 

p u l s e  p i l e u p  f o r  t h e  d e t e c t o r s  used. The gamma-ray source  was 6oCo, and 

t h e  neut ron  s o u r c e  w a s  252Cf. A t  h igh d i s c r i m i n a t o r  s e t t i n g s ,  no gamma 

r a y s  a re  being counted. However, t h e  count  ra te  from neu t rons  i s  lower  

when t h e  d e t e c t o r s  a r e  s imul t aneous ly  be ing  i r r a d i a t e d  w i t h  gamma rays .  

T h i s  e f f e c t  i s  caused by i n c r e a s e d  i o n i z a t i o n  i n  t h e  chamber; i o n s  tend  
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Fig. 6. Counting instrumen1 t a t i o n  f o r  experimental assay device. 
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Fig .  7 .  Block diagram of neu t ron  d e t e c t i o n  i n s t r u m e n t a t i o n  f o r  t h e  
n o n d e s t r u c t i v e  a s s a y  system. 

DlSCRlMl NATOR 
TC 44! 

t o  recombine be fo re  be ing  c o l l e c t e d ,  t h u s  lowering t h e  p u l s e  ampl i tude  

and,  t h e r e f o r e ,  t h e  count  ra te .  A s  seen  i n  F igs .  8 and 9 ,  t h e  smaller 

anode d e t e c t o r s  a r e  more s e n s i t i v e  t o  t h e  gamma-ray background t h a n  t h e  

50-pm anode d e t e c t o r s .  The 50-pm anode d e t e c t o r s  appeared t o  be rela- 

t i v e l y  i n s e n s i t i v e ,  even i n  a 10-rad/hr  gamma-ray background. However, 

i n  a 25-rad/hr gamma-ray background, t h e  gamma-ray s e n s i t i v i t y  of t h e s e  

d e t e c t o r s  i s  a p p r e c i a b l y  g r e a t e r ,  as i n d i c a t e d  by t h e  cu rves  i n  Fig.  10. 

As s t a t e d  p r e v i o u s l y ,  t h e  dose  r a t e  from 0.5 g 233U w i t h  1000 ppm 

232U a t  a d i s t a n c e  of 20 mm a f t e r  a 180-day decay i s  -3.7 r a d / h r .  Th i s  

i s  a c o n s e r v a t i v e  estimate of t h e  dose  a t  t h e  d e t e c t o r s  from gamma r a y s  

o r i g i n a t i n g  from t h e  f u e l  rods .  The product ion  a s s a y  d e v i c e  w i l l  be  

s h i e l d e d  w i t h  l e a d  t o  lower t h e  dose r a t e  from e x t e r n a l  sources .  The 

t o t a l  dose r a t e  a t  t h e  d e t e c t o r s  i s  expected t o  be less t h a n  10 r a d / h r .  

Based on t h e  p rev ious  exper iments ,  t h e  50-um-diam anode 4He d e t e c t o r s  w i l l  

TIMER 
TC 541 

~ SCALER 
TC 5 4 6 P  
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F i g .  8. 
gamma f i e l d .  

Gamma s e n s i t i v i t y  of 25-pm anode 4 H e  d e t e c t o r s  i n  10-rad/hr  
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Fig .  9 .  
gamma f i e l d .  

Gamma s e n s i t i v i t y  of 50-pm anode 4 H e  d e t e c t o r s  i n  10- rad /hr  
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Fig.  10. Gamma s e n s i t i v i t y  of 50-pm anode 4 H e  d e t e c t o r s  i n  25-rad/hr  
gamma f i e l d .  
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a p p a r e n t l y  give s a t i s f a c t o r y  performance i n  t h i s  gamma-ray background 

l e v e l .  

The 4 H e  d e t e c t o r s  are s l i g h t l y  a f f e c t e d  by changes i n  tempera ture .  

The count  r a t e  i n c r e a s e s  by about  0 . 2 %  p e r  degree  Cent igrade .  Rapid f l u c -  

t u a t i o n s  i n  d e t e c t o r  tempera ture  should  be l i m i t e d  by t h e  thermal  i n e r t i a  

o f  t h e  neut ron  moderator ,  and a n a l y s i s  procedures  have been developed t o  

c o r r e c t  f o r  s m a l l  d r i f t s  i n  count  ra te  w i t h  t i m e .  

4 . 2  P r e c i s i o n  and Accuracy 

4 .2 .1  P r e c i s i o n  

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  of a P o i s s o n  d i s t r i b u t i o n  i s  t h e  i n -  

v e r s e  of t h e  s q u a r e  r o o t  of t h e  mean of t h e  d i s t r i b u t i o n .  The p r e c i s i o n  

of t h e  measurement t h e r e f o r e  i s  l i m i t e d  by t h e  number of counts  o b t a i n e d  

d u r i n g  t h e  c o u n t i n g  i n t e r v a l .  

t o  a n a l y z e  t h e  c o u n t i n g  d a t a  o b t a i n e d  w i t h  t h e  a s s a y  d e v i c e .  

The f o l l o w i n g  r e l a t i o n s h i p s  can b e  a p p l i e d  

L e t  C e q u a l  t o t a l  c o u n t s ,  which i s  f u e l  rod  p l u s  background c o u n t s ,  

and l e t  B e q u a l  background c o u n t s ;  t h e n ,  C - B i s  background-corrected 

c o u n t s ,  

and t h e  r e l a t ive  s t a n d a r d  d e v i a t i o n  i s  m / ( C  - B ) .  

s o u r c e ,  0.45-g f i s s i l e  material  i n  t h e  f u e l  r o d ,  and a 10-sec count ing  

p e r i o d  on t h e  exper imenta l  a s s a y  d e v i c e ,  C i s  about  20,000 c o u n t s  and B 

i s  about  10,000 c o u n t s .  

ment i s  1 . 7 % .  

t r o n s  t h a t  have p e n e t r a t e d  t h e  moderator materials and are  d e t e c t e d  by 

t h e  4He d e t e c t o r s .  

The s t a n d a r d  d e v i a t i o n  i n  background-corrected c o u n t s  i s  m, 
With a 1-mg 252Cf 

The r e l a t ive  s t a n d a r d  d e v i a t i o n  i n  t h e  measure- 

The h i g h  background i s  caused by high-energy s o u r c e  neu- 

Throughout t h i s  work, a number of experiments  w e r e  performed w i t h  

v a r i o u s  f i s s i l e  p a r t i c l e  s i z e s  and d e n s i t i e s ,  f u e l  rod l o a d i n g s ,  and f i s -  

s i l e  i s o t o p i c  c o n t e n t s .  

e q u a t i o n  f i t s  each  set  of  count  r a t e  vs f i s s i l e  c o n t e n t  d a t a  v e r y  w e l l .  

T h i s  c a l i b r a t i o n  e q u a t i o n  i s  given as 

For  a l l  exper iments ,  one form of c a l i b r a t i o n  



where 

C = background-corrected count rate, 

U = fissile content (either 2 3 3 U ,  235U, or a known mixture of 

the two), 

a and b = calibration constants (measured by means of calibration stan- 

dards). 

The inverse of E q .  (1) gives the fissile content as a function of 

count rate. 

(2) I U = - -  ln[l- (Cia)] , b 

The constant a is generally much larger than C, so E q .  (2 ;  can be 

approximated by 

U : Cfab . 
Then, because the calibration constants are fixed, 

The expressions 0 /U and o /C are relative standard deviations of fissile 

content and count rate, respectively. Therefore, a 1.7% relative standard 
deviation in count rate introduces a 1.7% relative standard deviation in 
fissile content. 

U e 

4.2.2 Accuracy 

The accuracy of a given measurement is influenced by random errors 

(a very precise measurement has small random errors) and by systematic 

errors. Reducing systematic errors t o  low values is important because 

systematic errors do not  diminish with the number of measurements. Con- 

versely, random errors are less important because they tend to decrease 

with the number of measurements. For example, assume that each fuel rod 

is measured with a relative standard deviation of 2.1% with a 2% contri- 

bution due to random errors and 0.1% due to systematic errors. 
ro.ds are assayed, the relative standard deviation in the total fissile 

content of the 10,000 rods is 0.12%. The relative standard deviation due 

If 10,000 
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to random errors has decreased by 

due to systematic errors remains unchanged (at 0.1%) by the number of 

measurements. 

ber of measurements, therefore, is limited primarily by systematic errors. 

to 0.02%, but the contribution 

The accuracy of the total fissile content of a large num- 

Systematic errors are mainly a result of the calibration standards 

not accurately representing the samples or fuel rods. 

equation is assumed to be exact and is based on measurements of the cali- 

bration standards. Any systematic deviation between samples and calibra- 

tion standards will result in higher or lower count rates, and use of the 

calibration equation will lead to systematic errors in the measurements. 

The calibration 

Through processing or feed material changes, small changes in the 

composition of the fuel rods will likely occur. In HTGR-refabricated 

fuel, the fissile particle size and density may vary slightly as feed 

material changes or as fabrication processes change with time. 

235U ratio will vary, depending on feed material composition. 

gen content of the fuel rods may vary, also. In addition, the fissile 

particles dispensed into the fuel rods may develop a regular nonuniform 

fissile material distribution. To minimize systematic errors, the fis- 

sile material measurements should be fairly insensitive to these small 

processing changes. 

The 233U/ 

The hydro- 

Several experiments were performed to determine the sensitivity of 

the measurements of the experimental assay device to the variations listed 

above. Descriptions of the experiments and the experimental results are 

covered in the remainder of this section. 

4.2.2.1 Effect of kernel size and density. Experiments were per- 

formed to evaluate the effect of fuel kernel size and density variations 

on the response of the experimental assay device. Calibrated fuel rod 

standards were fabricated with kernels of various densities and diameters, 

as specified in Table 1. The fuel rods had loadings ranging from 0.1 to 
0.5 g 2 3 5 U .  

fuel rods containing 0.25 g 2 3 5 U  are included in Table 1. 
For comparison purposes, the background-corrected counts for 

Each set of data fits the calibration equation [Eq. (l)] quite well. 

For the 235U kernel density of 2 . 2 3  mg/m3 and the 2 3 5 U  kernel density of 

8.34 mg/m3, the calibration constants a and b are 528,376 and 0.611348 
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Table  1. E f f e c t  of k e r n e l  d e n s i t y  and s i z e  on count  ra te  

~~ ~~ 

235U k e r n e l  235U k e r n e l  Background-corrected c o u n t s  p e r  
d e n s i t y  d i ame t e r  100 sec f o r  a f u e l  rod con- Kernel 

ba tch  (mg/m3) (wm) t a i n i n g  0.25 g 2 3 5 U  

1 2.23 352 
2 8.34 203 
3 1.63 375 
4 1.63 4 40 

74 ,887  
69 ,483  
75  , 0 0 8  
74 ,161  

Eor t h e  low-densi ty  k e r n e l s  and 440,456 and 0.686727 f o r  t h e  h i g h - d e n s i t y  

k e r n e l s .  The c a l i b r a t i o n  c u r v e s  f o r  t h e s e  two cases are  g iven  i n  F i g .  11. 

'9s expec ted ,  t h e  s t a n d a r d s  composed of h igh-dens i ty  k e r n e l s  gave a lower 

response t h a n  s t a n d a r d s  composed of low-densi ty  k e r n e l s .  This  i s  due t o  

t h e  h i g h e r  n e u t r o n  s e l f - s h i e l d i n g  p r o p e r t y  of t h e  h i g h - d e n s i t y  k e r n e l s .  

A l a r g e r  p a r t i c l e  s i z e  h a s  a s i m i l a r  e f f e c t .  

Two groups of f u e l  r o d s  w e r e  f a b r i c a t e d  u s i n g  235U k e r n e l s  w i t h  a 

d e n s i t y  of 1 . 6 3  mg/m3 b u t  w i t h  d i a m e t e r s  of Q375 and ~ 4 4 0  pm. 

: spec i f ied  i n  Table  1 a s  k e r n e l  b a t c h e s  3 and 4 ,  r e s p e c t i v e l y .  The measured 

n e t  c o u n t s  p e r  gram of 235U w e r e  ~ 1 %  less f o r  f u e l  r o d s  composed of t h e  

smaller k e r n e l s .  Thus a 17% change i n  average  f i s s i l e  k e r n e l  d iameter  

c a u s e s  a 1% e f f e c t  on a s s a y  accuracy  f o r  a g iven  c a l i b r a t i o n ,  

However, p r o d u c t i o n  v a r i a t i o n s  may c a u s e  d iameter  and d e n s i t y  t o  

v a r y  s i m u l t a n e o u s l y .  I f  d e n s i t y  d e c r e a s e s  and d iameter  increases ( o r  

v i c e  v e r s a ) ,  t h e  s e l f - s h i e l d i n g  e f f e c t s  w i l l  tend t o  c a n c e l .  I f  b o t h  

j -ncrease o r  d e c r e a s e  s i m u l t a n e o u s l y ,  t h e  s e l f - s h i e l d i n g  e f f e c t s  w i l l  b e  

a d d i t i v e .  For  t h e  g e n e r a l  s i t u a t i o n ,  keeping  t h e  t o t a l  f u e l  rod  f i s s i l e  

c o n t e n t  c o n s t a n t ,  t h e  count  ra te  p e r  gram of f i s s i l e  material  as a func- 

t i o n  of f i s s i l e  p a r t i c l e  d i a m e t e r  and d e n s i t y  can b e  expressed  as 

These are 

CIV = A - Bpd , 

where 

( 4 )  

A and B = c o n s t a n t s ,  

C/U = count  ra te  p e r  gram of f i s s i l e  material ,  
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ORNL-DWG 79-9218 
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Fig.  11. C a l i b r a t i o n  cu rves  f o r  f u e l  r o d s  composed of h igh  and l o w  
d e n s i t y  f u e l  k e r n e l s .  

p = 235U k e r n e l  d e n s i t y ,  

d = 235U k e r n e l  d i ame te r .  

Th i s  e q u a t i o n  can  b e  de r ived  from b a s i c  p h y s i c a l  c o n s i d e r a t i o n s  as 

fo l lows :  f o r  each  f i s s i l e  k e r n e l  i n  t h e  f u e l  rod ,  t h e  count  ra te  can 

b e  expressed  as 

c = a1U 3- , 

where 

(5) 

C = count  ra te  pe r  k e r n e l ,  

U = f i s s i l e  c o n t e n t  p e r  k e r n e l ,  
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a 1  = c o n s t a n t  , 
- 
$I = a v e r a g e  n e u t r o n  f l u x  i n  t h e  k e r n e l .  

Using Nisle's s e l f - s h i e l d i n g  formu1ay4 which assumes t h a t  t h e  k e r n e l  i s  

p u r e l y  a b s o r b i n g  and a l l  n e u t r o n s  p a s s i n g  through t h e  p a r t i c l e  traverse 

t h e  a v e r a g e  chord l e n g t h  of  t h e  k e r n e l ,  E q .  ( 6 )  i s  o b t a i n e d .  

where 

a2  and a 3  = c o n s t a n t s ,  

I $ ~  
= n e u t r o n  f l u x  i n  a nonabsorbing k e r n e l ,  

Rau = a v e r a g e  chord l e n g t h  = ( 2 / 3 ) d .  

S u b s t i t u t i n g  E q .  (6) i n t o  E q .  (5) and expanding t h e  e x p o n e n t i a l ,  E q .  (4) 

i s  r e a d i l y  o b t a i n e d .  [Note t h a t  E q .  (1) can be d e r i v e d  i n  a s i m i l a r  man- 

n e r  by u s i n g  count  ra te  p e r  f u e l  rod and average  f l u x  i n  t h e  f u e l  r o d . ]  

I n  E q .  ( 4 ) ,  t h e  c o n s t a n t  B i s  p o s i t i v e ;  t h u s ,  as pd i n c r e a s e s ,  t h e  

count  ra te  decreases due t o  i n c r e a s i n g  s e l f - a b s o r p t i o n  i n  t h e  f u e l  rod 

f o r  t h e  same uranium c o n t e n t  of t h e  f u e l  rod.  F i t t i n g  t h e  d a t a  g iven  i n  

Table  1 t o  E q .  ( 4 ) ,  A = 78,315, B = 5.1812, and t h e  c o e f f i c i e n t  of d e t e r -  

mina t ion  i s  0.97. For pd = 652, a 20% i n c r e a s e  o r  decrease i n  pd r e s u l t s  

i n  about  a 1% r e s p e c t i v e  d e c r e a s e  o r  i n c r e a s e  i n  count  ra te  p e r  gram of  

2 3 5 u .  

4 .2 .2 .2  E f f e c t  of 2 3 3 U / 2 3 5 U  i s o t o p i c  r a t i o .  Measured count  rates 

a re  expected t o  d i f f e r  f o r  f u e l  r o d s  having t h e  s a m e  f i s s i l e  c o n t e n t  b u t  

d i f f e r e n t  2 3 3 U / 2 3 5 U  f i s s i l e  i s o t o p i c  r a t i o s .  The i s o t o p e s  2 3 3 U  and 235U 

have d i f f e r e n t  f i s s i o n  c r o s s  s e c t i o n s ,  and t h e  number of  n e u t r o n s  r e l e a s e d  

p e r  f i s s i o n  are  d i f f e r e n t  f o r  t h e  two i s o t o p e s .  

e x p e r i m e n t a l  i n v e s t i g a t i o n  t o  de te rmine  an  NDA method f o r  f i s s i l e  i s o -  

t o p i c  measurement of 233U-235U f u e l s ,  t h e  count  rates o b t a i n e d  w i t h  t h e  

exper imenta l  a s s a y  d e v i c e  were found t o  b e  f a i r l y  i n s e n s i t i v e  t o  t h e  re- 

l a t i v e  amounts of t h e  two f i s s i l e  i s o t o p e s .  

2 3 5 U  r a t i o ,  about  a r a t i o  of  1 .0 ,  gave a p e r c e n t a g e  v a r i a t i o n  i n  e s t i m a t e d  

t o t a l  f i s s i l e  c o n t e n t  of only 0.05%. Count r a t e  d a t a  o b t a i n e d  f o r  v a r i o u s  

However, as p a r t  of an  

A 10% v a r i a t i o n  i n  t h e  2 3 3 U /  
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fuel rod loadings and 2 3 3 U / 2 3 5 U  ratios are plotted in Fig. 12. 

in the figure passes through the average of the points shown. Included 

for reference in Appendix A are experimental results of the investigation 

into the nondestructive fissile isotopic measurement of 2 3 3 U - 2 3 5 U  fuels. 

The line 

ORNL- DWG 78-f 8386 

( x  405) 

4.0 

3.5 

3.0 

v) 
I- z 

O 

W 
I- 
O 
W 

0 
O 

z 
3 
0 

Y 
O 

2 2.5 
n 

E 2.0 

n 

% 4.5 

3 

4 .O 

0.5 

0 

e -  0.0 
0 -  0.5 
A -  4300 
A -  0.33 
0 -  3.0 

r 233U TO 235U RATIO 

/ 
I 
/ 

1' 

/ 
I 

/ 
/ 

/ 

i 

0 0. I 0.2 0.3 0.4 0.5 

TOTAL 233U + 235U CONTENT ( g  1 

F i g .  12. Prompt neutron counts vs sample fissile content. 



26 

4 . 2 . 2 . 3  E f f e c t  of f u e l  inhomogeneity.  I n a c c u r a t e  a s s a y  of  f i s s i l e  

c o n t e n t  i n  f u e l  r o d s  can a l s o  occur  i f  t h e  f i s s i l e  m a t e r i a l ,  t h a t  i s ,  

t h e  f i s s i l e  p a r t i c l e s ,  are p o o r l y  d i s t r i b u t e d  i n  t h e  rod .  The count  ra te  

p e r  u n i t  l e n g t h  varies a long  t h e  l e n g t h  of t h e  f u e l  rod due t o  source-de- 

t e c t o r  geometry e f f e c t s .  The count  r a t e  p e r  u n i t  l e n g t h  dependence on 

p o s i t i o n  can b e  c l o s e l y  d e s c r i b e d  by a c o s i n e  f u n c t i o n ,  as i n  E q .  (7). 

C ( x )  = A cos  ax , (7) 

where 

C(x)  = count  ra te  p e r  u n i t  l e n g t h  as a f u n c t i o n  of p o s i t i o n  5, 

a and A = c o n s t a n t s .  

The c o n s t a n t  a w a s  e x p e r i m e n t a l l y  determined t o  b e  ~O.O16/mm. For a 

62-mm-long f u e l  r o d ,  t h e  count  r a t e  p e r  u n i t  l e n g t h  i s  12% lower a t  t h e  

ends t h a n  a t  t h e  c e n t e r .  For a 5% l i n e a r  i n c r e a s e  o r  d e c r e a s e  i n  a x i a l  

f i s s i l e  c o n t e n t  from center t o  ends ,  t h e  r e s u l t  i s  a 0.06% e r r o r  i n  t h e  

e s t i m a t e d  f i s s i l e  c o n t e n t  of t h e  f u e l  r o d .  A p r o c e s s  v a r i a t i o n  of 2.5% 

l i n e a r  v a r i a t i o n  would produce a 0.03% e r r o r  i n  e s t i m a t e d  f i s s i l e  c o n t e n t .  

The magnitude of p r o c e s s  v a r i a t i o n s  i n  a x i a l  f i s s i l e  d i s t r i b u t i o n  i s  

dependent  on t h e  p a r t i c l e  b l e n d i n g  method used .  Several b l e n d i n g  methods 

i n v e s t i g a t e d  appeared t o  produce a homogeneous p a r t i c l e  d i s t r i b u t i o n  i n  

t h e  f u e l  r o d .  However, f o r  one b l e n d i n g  method i n v e s t i g a t e d ,  t h e  f i s s i l e  

p a r t i c l e s  w e r e  observed t o  d i s t r i b u t e  themselves  c o n s i s t e n t l y  i n  a par-  

t i c u l a r  nonuniform d i s t r i b u t i o n  i n  t h e  f u e l  r o d . 6  

t r i b u t e d  so that  t h e  r a t i o s  of f i s s i l e  d e n s i t y  p e r  u n i t  l e n g t h  t o  a v e r a g e  

f i s s i l e  d e n s i t y  p e r  u n i t  l e n g t h  from t o p  t o  bot tom of t h e  f u e l  rod  a t  

q u a r t e r  i n t e r v a l s  were 0.957, 0.991, 1.061, and 0.991. T h i s  f i s s i l e  par-  

t i c l e  d i s t r i b u t i o n  w i l l  b e  used t o  estimate conservatively t h e  r e s u l t i n g  

s y s t e m a t i c  e r r o r  i n  f i s s i l e  material measurements. Using Eq. ( 7 )  w i t h  

a = O.O16/mm, t h e  average  r e s p o n s e s  f o r  each  q u a r t e r  l e n g t h  of  a 62-mm- 

l o n g  f u e l  r o d  are 0.9292, 0.9898, 0.9898, and 0.9292. The re la t ive  count-  

i n g  rates f o r  a f u e l  rod  having  t h e  f i s s i l e  d i s t r i b u t i o n  d e s c r i b e d  above 

and a homogeneously d i s t r i b u t e d  s t a n d a r d  f u e l  rod are 0.9603 and 0.9595, 
r e s p e c t i v e l y .  Thus, a maximum s y s t e m a t i c  e r r o r  of 0.08% can  r e s u l t  from 

a nonhomogeneous a x i a l  f i s s i l e  d i s t r i b u t i o n .  

The p a r t i c l e s  w e r e  d i s -  
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4 .2 .2 .4  Effect of fuel rod hydrogen content. The fuel rods each 

contain ~0.23 g hydrogen before being carbonized in the fuel elements. 

The hydrogen content of the fuel rods during production is not expected 

to vary by more than 5%.7 A systematic variation in hydrogen content may 

introduce a systematic error in assay results due to several effects. An 

increase in hydrogen content can change the fission rate in the fuel rod 

by increasing the thermalization of source neutrons and by increasing the 

thermal neutron absorption rate in the fuel rod. In addition, fast-fis- 

sion neutrons produced in the fuel rod have a greater probability of 

scattering before leaving the fuel rod, thereby losing energy and not 

being detected by the fast neutron counters. 

Changes in fission rate and in nonscattering escape probabilities 

were calculated for a 5% increase in hydrogen content. Based on these 

calculations, the total change in count rate due to a 5% change in fuel 
rod hydrogen content is estimated to be 0.10%. 

4 .2 .2 .5  Summary of effects of product variability. Specifications 

on fissile kernel diameter and density for fuel refabrication are the 

following. 8 

1. The mean kernel diameter f o r  each fissile particle batch must be >340 

but <380 pm. 

The mean density for each batch must be >3.0 but <3.6 mg/m3. 

mean density of each kernel batch is sufficiently repeatable that the 

more stringent density specifications of - >3.15 but - <3.45 mg/m3 probably 

can be achieved easily.9 

- 
- 

2 .  The - - 

Based on this information, a summary of the different process vari- 

ations and the systematic errors that may be introduced into fissile ma- 

terial measurements of HTGR fuel rods is presented in Table 2. It is 

estimated that the 2 3 3 U / ( 2 3 3 U  + 235U)  or the 2 3 5 U / ( 2 3 3 U  + 2 3 5 U )  ratio, 

whichever is greater, may be in error by as much as 5%. Based on the 

work reported in Ref. 5, this is a conservative estimate. For a 2 3 3 U / 2 3 5 U  

ratio of 1 .0 ,  this corresponds to an error in the 2 3 3 U / 2 3 5 U  ratio of 10%. 

Based on the data in Table 2, the maximum systematic error (if all 
errors are positive or  negative) is 1.1%. 
matic error for accountability purposes; however, it is not as serious as 

This is a rather large syste- 
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Table  2.  Process  v a r i a t i o n s  and maximum s y s t e m a t i c  
e r r o r s  i n  a s s a y  r e s u l t s  ( i n  p e r c e n t )  

P r o c e s s  v a r i a b l e  
Maximum expected Maximum 

s y s t e m a t i c  v a r i a t i o n  s y s t e m a t i c  e r r o r  

Mean d iameter  of each ba tch  of 5.9 p e r  b a t c h  0.48 p e r  b a t c h  
f i s s i l e  p a r t i c l e s  
0 3 4 0  but  - <380 pm) 

f i s s i l e  p a r t i c l e s  
0 3 . 1 5  but  - (3.45 mg/m3) 

composi t ion  ( i . e . ,  2 3 3 U  and 
2 3 5~ compos i t  i o n )  

- 
Mean d e n s i t y  of each ba tch  of 4.8 per  ba tch  0.39 p e r  b a t c h  

- 
U n c e r t a i n t y  i n  f i s s i l e  i s o t o p i c  5a 0.05 

Inhomogeneous f i s s i l e  p a r t i c l e  
d i s t r i b u t i o n  i n  f u e l  rods  

0.08 

Fuel  rod hydrogen c o n t e n t  5.0 0.10 

a The 5% u n c e r t a i n t y  i n  f i s s i l e  i s o t o p i c  composi t ion r e f e r s  t o  a 5% 
u n c e r t a i n t y  i n  t h e  r a t i o  2 3 3 U / ( 2 3 3 U  + 2 3 5 U )  o r  2 3 5 U / ( 2 3 3 U  + 2 3 5 U ) ,  which- 
ever  i s  l a r g e r .  

i t  f i r s t  a p p e a r s .  The e r r o r  g iven  i n  Table  2 i s  f o r  f u e l  r o d s  produced 

from a g iven  b a t c h  of p a r t i c l e s .  I n  t h e  r e f a b r i c a t i o n  f a c i l i t y ,  every  24 

b a t c h e s  of p a r t i c l e s  w i l l  b e  blended t o g e t h e r .  Samples w i l l  b e  r o u t i n e l y  

drawn from each  blended b a t c h  and w i l l  then  b e  ana lyzed ,  and v a l u e s  w i l l  

b e  determined f o r  average  k e r n e l  d iameter  and d e n s i t y ,  2 3 3 U / 2 3 5 U  i s o t o p i c  

r a t i o ,  and f i s s i l e  c o n t e n t  p e r  gram. Although n o t  c o n s i d e r e d  i n  t h i s  re- 

p o r t ,  such v a l u e s  can  be used t o  c o r r e c t  t h e  a s s a y  r e s u l t s  f o r  p r o d u c t  

v a r i a b i l i t y .  The mean d i a m e t e r s  and d e n s i t i e s  of p a r t i c l e s  w i l l  v a r y  

w i t h i n  t h e  s p e c i f i c a t i o n s  from b a t c h  t o  b a t c h ;  t h e  mean d iameter  and den- 

s i t y  of p a r t i c l e s  f o r  24 b a t c h e s  blended t o g e t h e r  w i l l  b e  n e a r  t h e  c e n t e r s  

of t h e  r e s p e c t i v e  s p e c i f i c a t i o n  r a n g e s .  An e s t i m a t i o n  of t h e  t o t a l  f i s -  

s i l e  material  i n  a l l  t h e  f u e l  r o d s  produced from 24 b a t c h e s  blended to-  

g e t h e r  w i l l  have a much lower e r r o r  than  f o r  t h e  f i s s i l e  c o n t e n t  of f u e l  

r o d s  from a g iven  b a t c h  of p a r t i c l e s .  The e r r o r  i n  t h e  measured f i s s i l e  
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content of fuel rods from 24 batches of particles blended together is 

es t ima t ed be low. 

The particle diameters and densities are distributed within batches 

so that for each batch the mean diameter is - >340 and - <380 pm and the mean 

density is 2 3 . 1 5  and - <3.45 mg/m3. Errors in assay are only systematic 

for fuel rods composed of a single batch of particles. For assay of mul- 

tiple batches, the systematic error in one batch appears as a random er- 

ror when comparing several batches. Assume that the relative standard 

deviation in this random error is 0.20% due to variations in mean parti- 

cle density and 0.24% due to variations in mean particle diameter. (This 

is a reasonable assumption because these values are one-half the maximum 

expected systematic errors for any batch.) For 24 batches of particles 

that are blended together, the relative standard deviations in the total 

fissile material of all the fuel rods assayed are reduced by m. 
95% confidence interval in total fissile material is therefore k 2 . 0  

J[(0.0020)2 + (0.0024)2]/24 o r  20.12%. The three remaining systematic 

errors listed in Table 2 are added to this, and the 95% confidence in- 

terval in the total fissile material measurement of fuel rods produced 

from a blend of 24 batches is 50.35%. Note that this analysis assumed 

that the systematic errors are maximum and are either all positive or 

all negative; thus, the resulting value of 0 . 3 5 %  is conservative. 

The 

4.2.2.6 Comparison of assay and chemical analysis. The ORNL staff 

had an opportunity to check the accuracy of the fissile material measure- 

ments through participation in an assay comparison program between ORNL 
and General Atomic Company (GAC) in San Diego, California. The GAC staff 

sent 36 fuel rods of 3 uranium-thorium particle blends to ORNL for compari- 

son of assay and chemical analysis measurements. 

and 232Th Compositions of the particle blends are given in Table 3 .  In 

addition to the fuel rods, the GAC staff also provided particles of the 

same batch from which the ORNL staff could fabricate standard rods. 

The approximate 235U 

Several standard (well-characterized) fuel rods were fabricated, and 

these were assayed in the experimental NDA device. The results were fit 

to a calibration equation similar to Eq.  (1). The 36 unknown fuel rods 

were then assayed in the experimental assay device - that is, a delayed 
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Table  3. Approximate composi t ions 
of p a r t i c l e  b lends  ( i n  grams) 

Blend 2 3 5 ~  c o n t e n t  Thorium c o n t e n t  

1 0.16 
2 0.12 
3 0.29 

3.5 
4.7 
3.6 

n e u t r o n  a s s a y  d e v i c e '  and, a f t e r w a r d s ,  chemica l ly  ana lyzed .  The r e s u l t s  

are p r e s e n t e d  i n  Table  4 .  

D e s p i t e  t h e  wide range  of l o a d i n g s  and p o s s i b l e  e r r o r s  i n t r o d u c e d  

by f u e l  rod h a n d l i n g  due t o  p a r t i c l e  l o s s  from t h e  edges of t h e  r o d s ,  o n l y  

seven  measurements w e r e  o u t s i d e  t h e  95% conf idence  i n t e r v a l  of t h e  e x p e r i -  

menta l  a s s a y  d e v i c e  i n  comparison w i t h  t h e  chemical  a n a l y s i s  r e s u l t s .  ( N o  

estimate of t h e  measurement e r r o r  i n  t h e  chemical  a n a l y s i s  r e s u l t s  w a s  

a v a i l a b l e . )  I f  t h e  e s t i m a t e d  235U c o n t e n t s  are  summed, t h e  t o t a l s  are 

i d e n t i c a l  f o r  a s s a y  and chemical  a n a l y s i s :  6.9127 g .  N o  i n d i c a t i o n  of 

a s y s t e m a t i c  e r r o r  w a s  s e e n  i n  t h i s  experiment .  

S i m i l a r  e v a l u a t i o n s  w e r e  performed i n  c o n j u n c t i o n  w i t h  t h e  F o r t  S t .  

' J ra in  E a r l y  V a l i d a t i o n  I r r a d i a t i o n  Experiment;  t h e s e  had s i m i l a r  r e s u l t s .  

4 .3  Opera t ion  

4 .3 .1  S t a t i o n a r y  o r  moving s c a n s  

I n  t h e  e x p e r i m e n t a l  a s s a y  d e v i c e ,  f u e l  r o d s  could  e i t h e r  b e  p l a c e d  

i n  a s t a t i o n a r y  p o s i t i o n  between t h e  d e t e c t o r s  o r  b e  moved p a s t  t h e  de- 

' t e c t o r s  a t  a c o n s t a n t  speed.  A s  mentioned i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  

count  ra te  p e r  u n i t  f u e l  rod l e n g t h  is dependent on p o s i t i o n  between t h e  

d e t e c t o r s .  

t h a t ,  by moving t h e  f u e l  rod  w h i l e  a s s a y i n g ,  t h e  count  ra te  p e r  u n i t  f u e l  

:rod l e n g t h  would b e  smoothed o u t  t o  reduce  o r  e l i m i n a t e  t h i s  e f f e c t  on 

a s s a y  accuracy .  

T h i s  h a s  a s l i g h t  e f f e c t  on a s s a y  accuracy .  It w a s  thought  

The count  ra te  p e r  u n i t  f u e l  rod l e n g t h  i s  d e s c r i b e d  f a i r l y  a c c u r a t e l y  

by Eq. ( 7 ) .  The c o n s t a n t  a i n  Eq. (7) w a s  determined t o  b e  0.016/mm. 
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T a b l e  4. Assay a n d  c h e m i c a l  a n a l y s i s  r e s u l t s  of  36 unknown f u e l  r o d s  

2 3 5 ~  estimate ( 8 )  

Delayed n e u t r o n  Chemica l  a n a l y s i s  
E x p e r i m e n t a l  a s s a y  
d e v i c e  r e s u l t s  w i t h  

95% c o n f i d e n c e  i n t e r v a l  

F u e l  r o d  
i d e n t i f i c a t i o n  N o .  

a s s a y  r e s u l t s  r e s u l t s  

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

+ O .  0024 

0.1647 
0.1615 
0.1628 
0.1645 
0.1606 
0.1644 
0.1632 

0.1632 
0.1592 
0.1649 
0.1589 

n. 1620 

+o.  0022 

0.1172 
0.1299 
0.1208 
0.1209 
0.1252 
0.1238 
0.1292 
0.1216 
0.1291 
0.1252 
0.1303 
0.1227 

t_O. 0015 
0.2871 
0.2960 
0.2884 
0.2873 

0.2878 
0.2857 
0.2830 
0.2865 
0.2864 
0.2916 
0.2910 

0.2961 

0.1645 
0.1622 
0.1644 
0.1619 
0.1621 
0.1627 
0.1665 
0.1627 
0.1644 
0.1607 
0.1658 
0.1596 

0.1197 
0.1288 
0.1215 
0.1221 
0.1262 
0.1217 
0.1278 
0.1224 
0.1289 
0.1245 
0.1295 
0.1233 

0.2840 
0.2939 
0.2859 
0.2852 
0.2937 
0.2858 
0.2871 
0.281 3 
0.2849 
0.2852 
0.2904 
0.2866 

0.1623 
0.1631 
0.1651 
0.1621 
0.1628 
0.1646 
0.1645 
0.1617 
0.1638 
0.1597 
0.1666 
0.1589 

0.1195 
0.1280 
0.1221 
0.1206 
0.1272 
0.1210 
0.1283 
0.1223 
0.1289 
0.1251 
0.1231 
0.1258 

0.2850 
0.2931 
0.2899 
0.2867 
0.2954 
0.2870 
0.2879 
0.2873 
0.2855 
0.2871 
0.2907 
0.2900 
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T h e r e f o r e ,  f o r  a 50-mm-long f u e l  r o d ,  t h e  c o u n t s  o b t a i n e d  p e r  u n i t  l e n g t h  

a t  t h e  ends of t h e  rod are  ~ 8 %  lower t h a n  a t  t h e  c e n t e r .  I f  t h e  f u e l  rod 

i s  s t a r t e d  somewhat b e f o r e  t h e  c e n t e r l i n e  of t h e  d e t e c t o r s  and moved a t  a 

uniform speed t o  a n  e q u a l  d i s t a n c e  beyond t h e  c e n t e r l i n e ,  t h e  r e s u l t  i s  

ichat t h e  count  r a t e  p e r  u n i t  f u e l  rod l e n g t h  has  an  i d e n t i c a l  d i s t r i b u t i o n  

as given  by E q .  ( 7 ) ,  b u t  t h e  c o n s t a n t  A i s  of lower magnitude. There- 

f o r e ,  from t h i s  r e s u l t ,  u s i n g  a s t a t i o n a r y  s c a n  appears  advantageous.  

6 . 3 . 2  M u l t i p l e  f u e l  rod a s s a y  

I n t e r f e r e n c e  e f f e c t s  ( f o r  m u l t i p l e  s imul taneous  f u e l  rod a s s a y )  be- 

tween f u e l  rod channels  l o c a t e d  a long  t h e  p e r i p h e r y  of  t h e  machine w e r e  

e x p e r i m e n t a l l y  determined.  The i n t e r f e r e n c e s  are caused by d e t e c t i o n  of 

n e u t r o n s  (from f i s s i o n s  induced i n  a f u e l  rod i n  a d j a c e n t  f u e l  rod chan- 

n e l s )  i n  a r e f e r e n c e  f u e l  rod channel .  F r a c t i o n a l  i n t e r f e r e n c e s  are cal- 

c u l a t e d  by d i v i d i n g  t h e  number of f i s s i o n  n e u t r o n s  d e t e c t e d  from a f u e l  

rod i n  a n  a d j a c e n t  channel  by t h e  number of f i s s i o n  n e u t r o n s  d e t e c t e d  from 

t h e  same f u e l  rod i n  t h e  r e f e r e n c e  channel .  Another s o u r c e  of  i n t e r f e r e n c e  

a r i s e s  from f i s s i o n  n e u t r o n s  r e l e a s e d  from a d j a c e n t  channels  t h e r m a l i z i n g  

and c a u s i n g  f i s s i o n s  i n  a f u e l  rod i n  t h e  r e f e r e n c e  channel .  However, 

t h i s  s o u r c e  o f  i n t e r f e r e n c e  was s m a l l  compared w i t h  t h e  f i r s t  s o u r c e  of 

i n t e r f e r e n c e  mentioned, which may p a r t l y  b e  because of t h e  t y p i c a l l y  low 

inass of f i s s i l e  mater ia l  assayed  a t  any one t i m e .  

Exper imenta l ly  determined v a l u e s  of  f r a c t i o n a l  i n t e r f e r e n c e  vs sepa-  

r a t i o n  a n g l e  between f u e l  rod h o l e s  of a d j a c e n t  f u e l  rod channels  are 

p l o t t e d  i n  F i g .  13.  An i n t e r f e r e n c e  o f  1% is  a r e a s o n a b l e  d e s i g n  c r i -  

t e r i a .  I n  t h i s  case, i f  t h e  f i s s i l e  c o n t e n t  of a f u e l  rod  i n  one channel  

d i f f e r s  by as much as 10% from t h e  f i s s i l e  c o n t e n t s  of f u e l  r o d s  i n  a d j a -  

c e n t  c h a n n e l s ,  t h e  e f f e c t  on a s s a y  r e s u l t s  i n  a d j a c e n t  channels  w i l l  b e  

QO.l%. A l s o ,  such e f f e c t s  can a p p r o p r i a t e l y  be c o r r e c t e d  n u m e r i c a l l y .  

An i n t e r f e r e n c e  of less t h a n  1% r e q u i r e s  t h a t  t h e  s e p a r a t i o n  between f u e l  

rod  channels  b e  a t  least  30" f o r  p o l y e t h y l e n e  channels  and a t  l eas t  35" 

f o r  g r a p h i t e  channels .  ( S e p a r a t i o n  b l o c k s  composed of p o l y e t h y l e n e  are 

p laced  between t h e  channels  t o  reduce  i n t e r f e r e n c e  e f f e c t s .  A channel  

composed of e i t h e r  p o l y e t h y l e n e  o r  g r a p h i t e  i s  %20° i n  arc l e n g t h  u s i n g  

a 0.30-m-diam tank;  t h u s ,  t h e  c l o s e s t  approach of f u e l  rod h o l e s  is 20".)  
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Fractional interferences between adjacent fuel rod channels. 

Based on these data, a production device reasonably will have 10 or 12 

channels for graphite or polyethylene channels, respectively. 

Detector sample holders or channels composed of graphite experience 

an increase of about 30% in detection of both source background and sam- 

ple fission counts. 

using graphite rather than polyethylene channels, and the number of fuel 

rods assayed within a given time using 10 graphite channels will be ap- 

proximately the same as that using 12 polyethylene channels. 

tion, the fuel rod loading mechanism will be simpler for 10 channels than 

for 12 channels; however, the mechanical design and fabrication will be 
more complicated for the irradiator. The decision of whether to use gra- 

phite or polyethylene channels depends on the overall design of the assay 

device. 

A s  a result, fuel rods can be assayed more rapidly 

In addi- 
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4.3.3 Long-term o p e r a t i o n  

A long-term s t a b i l i t y  experiment  on t h e  e x p e r i m e n t a l  a s s a y  machine 

w a s  performed. 

a lmost  2000 t i m e s  o v e r  a 12-day p e r i o d .  S t a b i l i t y  of long-term o p e r a t i o n  

and t h e  a b i l i t y  of a s s a y  a n a l y s i s  procedures  t o  c o r r e c t  f o r  long-term 

d r i f t s  w e r e  t e s t e d .  Only s m a l l  long-term v a r i a t i o n s  ( ~ 0 . 3 % )  i n  c o u n t i n g  

rate were observed beyond t h a t  produced by s o u r c e  decay;  t h e  s o u r c e  decayed 

~ 0 . 8 %  over  t h e  12-day p e r i o d .  The a n a l y s i s  procedure  s u c c e s s f u l l y  cor -  

r e c t e d  f o r  d r i f t s  i n  t h e  count ing  ra te .  

A f u e l  rod c o n t a i n i n g  ~ 0 . 3  g 235U w a s  r e p e a t e d l y  assayed  

Count ra tes  o b t a i n e d  d u r i n g  t h e  experiment  are  g iven  i n  F i g .  1 4 .  A s  

can b e  seen ,  t h e  count  rates f o l l o w  t h e  s o u r c e  decay q u i t e  w e l l ,  which i n -  

d i c a t e s  good s t a b i l i t y .  The h i g h - i n t e n s i t y  h o t  c e l l  l i g h t s  s l i g h t l y  in-  

c r e a s e d  t h e  d e t e c t o r  t e m p e r a t u r e ,  t h u s  i n c r e a s i n g  t h e  count  ra te  by %0.3%. 

ORNL-DWG 79-9522 

0 28 56 84 112 440 168 196 224 252 280 
TIME (hr) 

Fig.  1 4 .  R e s u l t s  of long-term s t a b i l i t y  experiment .  
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Each p o i n t  i n  t h e  f i g u r e  r e p r e s e n t s  t h e  average  of 10  s u c c e s s i v e  100-sec 

t o t a l  f u e l  rod counts .  

Although t h e  s o u r c e  decayed 0.8% d u r i n g  t h e  experiment  and d r i f t s  of 

0.3% due t o  tempera ture  v a r i a t i o n s  w e r e  observed,  e s t i m a t e d  2 3 5 U  c o n t e n t s  

u s i n g  t h e  d r i f t - c o r r e c t i n g  a n a l y s i s  procedure  were i n s e n s i t i v e  t o  count  

ra te  changes.  The a n a l y s i s  procedure  u s e s  t h e  s o u r c e  count  ra te ,  which 

i s  measured a t  r e g u l a r  i n t e r v a l s ,  t o  c o r r e c t  f o r  changes i n  sample count  

ra te .  The c a l i b r a t i o n  e q u a t i o n  i s  normalized t o  sample count  rates a t  a 

p a r t i c u l a r  t i m e  ( e . g . ,  a t  t i m e  z e r o ) .  However, a t  any t i m e ,  t h e  s o u r c e  

count  rate i s  p r o p o r t i o n a l  t o  sample count  ra te ,  and t h e  fo l lowing  rela- 

t i o n s h i p  c a n  b e  a p p l i e d :  CO = Ct So/St, where CO i s  t h e  count  r a t e  cor -  

r e c t e d  t o  t i m e  z e r o ,  C i s  t h e  measured count  ra te  a t  t i m e  t, SO i s  t h e  

s o u r c e  count ra te  a t  t i m e  z e r o ,  and S i s  t h e  measured s o u r c e  count  r a t e  

a t  t i m e  t. By a p p l y i n g  t h i s  e q u a t i o n ,  count  rates c o r r e c t e d  t o  t i m e  z e r o  

can b e  used i n  t h e  c a l i b r a t i o n  e q u a t i o n  t o  estimate f i s s i l e  c o n t e n t .  

t 
t 

This  e q u a t i o n  assumes t h a t  t h e  r a t i o  of f u e l  rod c o u n t s  t o  s o u r c e  

c o u n t s  i s  c o n s t a n t  c i t h  t i m e .  This  w a s  v e r i f i e d  i n  t h e  long-term a s s a y  

experiment .  F i g u r e  15  i s  a p l o t  of  t h i s  r a t i o  vs t i m e  f o r  t h e  long-term 

experiment .  Each p o i n t  r e p r e s e n t s  t h e  average  r a t i o  of t e n  s u c c e s s i v e  

f u e l  rod and background counts .  The s t a n d a r d  d e v i a t i o n  about  t h e  average  

r a t i o  w a s  c a l c u l a t e d  u s i n g  propagat ion-of -er ror  t e c h n i q u e s  and assuming 

t h a t  t h e  c o u n t s  w e r e  Poisson  d i s t r i b u t e d .  The d a t a  i n d i c a t e  t h a t  t h e  

r a t i o  i s  c o n s t a n t  d e s p i t e  s o u r c e  decay and long-term d r i f t s .  

By a p p l y i n g  t h i s  a n a l y s i s  procedure ,  count  rates c o r r e c t e d  t o  t i m e  

z e r o  can be used in t h e  calibration equation t o  estimate 235U content. 

Average e s t i m a t e d  235U c o n t e n t  f o r  10  s u c c e s s i v e  a s s a y s  u s i n g  t h e  ana l -  

y s i s  procedure t o  c o r r e c t  f o r  d r i f t s  a t  t i m e s  6 ,  78, and 240  h r  w e r e  

0.29718, 0 . 2 9 7 4 2 ,  and 0.29657 g ,  r e s p e c t i v e l y .  The measurements w e r e  

d i s t r i b u t e d  w i t h  a s t a n d a r d  d e v i a t i o n  of ~ 0 . 0 0 2  g ,  and t h e  p r e c i s i o n  w a s  

p r i m a r i l y  l i m i t e d  by count  rate.  

To o b t a i n  a good estimate of S a weighted-average method i s  used.  t’ 
A t  s p e c i f i e d  t i m e  i n t e r v a l s ,  t h e  s o u r c e  count  ra te  i s  measured. 

estimate of t h e  c u r r e n t  s o u r c e  count  rate i s  g iven  by a weighted average  

of a l l  p r e v i o u s  source  count  ra te  measurements. 

A good 
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Fig. 15. Ratios of fuel rods to background counts in long-term 
stability experiment. 
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5. PRODUCTION ASSAY DEVICE 

5.1 Performance Cr i te r ia  

I n  an HTGR f u e l  r e c y c l e  f a c i l i t y ,  t h e  f u e l  rod ou tpu t  from two 20,000- 

rod/day f u e l  rod molding machines w i l l  be  rou ted  t o  one a s s a y  d e v i c e ,  re- 

s u l t i n g  i n  one rod be ing  assayed  every 2 .2  sec. Criteria have been devel -  

oped f o r  f u e l  rod a s s a y  and are p resen ted  i n  t h i s  s e c t i o n .  

The f u n c t i o n  of t h e  f u e l  rod a s s a y  system i s  t o  measure t h e  t o t a l  

f i s s i l e  con ten t  of uncarbonized HTGR f u e l  rods  immediately a f t e r  rod 

f a b r i c a t i o n  f o r  t h e  purposes  of (1) ensur ing  t h a t  f i s s i l e  l o a d i n g s  m e e t  

s p e c i f i c a t i o n s  and ( 2 )  measuring t h e  t o t a l  q u a n t i t y  of f i s s i l e  material 

t h a t  i s  con ta ined  i n  f a b r i c a t e d  rods .  The l a t t e r  purpose i s  r e q u i r e d  t o  

m e e t  material ba l ance  area a c c o u n t a b i l i t y  r equ i r emen t s .  S p e c i f i c  f u e l  

rod  a s s a y  performance c r i t e r i a  are g iven  below. 

1. 

2 .  

3 .  

4 .  

5. 

6. 

7. 

The rod a s s a y  system w i l l  measure t h e  t o t a l  f i s s i l e  c o n t e n t  of 100% 

of f a b r i c a t e d  r o d s .  

The a s s a y  system must have an  average  throughput  of one f u e l  rod 

every  2.16 sec (40,00O/day). 

The s i n g l e  measurement p r e c i s i o n  (I 0 )  must be 0.5% o r  less (random 

e r r o r )  f o r  a 15-rod column o r  2% o r  less f o r  a s i n g l e  rod .  

The s y s t e m a t i c  e r r o r  i n  t o t a l  f i s s i l e  material must be less than  0.3% 

over  a two-month o p e r a t i n g  pe r iod .  

The f u e l  rod  hand l ing  must be des igned  s o  t h a t  less t h a n  1 rod p e r  

1000 i s  chipped o r  ab ra ided  t o  t h e  e x t e n t  t h a t  more t h a n  1 f u e l  par -  

t i c l e  i s  removed from t h e  rod .  

The a s s a y  system must be  modular ized s o  t h a t  i t  can  be  remote ly  main- 

t a i n e d  by s u b s t i t u t i o n a l  maintenance.  

The a s s a y  system must be equipped w i t h  hardware f o r  p e r i o d i c  c a l i b r a -  

t i o n .  

r e c a l i b r a t e  t h e  system. 

p laced  t o  r e f l e c t  changes i n  t h e  l o a d i n g s  of t h e  f u e l  rods  t h a t  a r e  

be ing  assayed .  The c a l i b r a t i o n  system must be  des igned  s o  t h a t  a l l  

s t a n d a r d s  i n  u s e  a t  one t i m e  are s t o r e d  i n  a magazine t h a t  can  be  

remote ly  connected and d i sconnec ted  t o  t h e  a s s a y  system. A subsystem 

Standards  must be  assayed  a f t e r  eve ry  2 4  h r  of o p e r a t i o n  t o  

These s t a n d a r d s  must be p e r i o d i c a l l y  re- 



to automatically unload rods from the magazine, move the calibration 

rods to the normal rod channels, and return the standards to the maga- 

zine will be provided. A temporary storage area can be included. 

5.2 Design and ODeration 

Many designs have been studied for the on-line assay device, and 

many of them appear to satisfy the criteria given in the last section. 

One such design, which the authors believe offers the advantage of sim- 

plicity in fuel rod handling, is presented in this section. 

The nondestructive assay system determines the fissile material load- 

ing in individual HTGR fuel rods by measuring the intensity of prompt fis- 

sion neutrons emitted from the rod during irradiation with thermal neu- 

trons. The assay system consists of four subsystems: an irradiator, a 

fuel rod positioning/translating mechanism, a neutron detector subsystem, 

and a control and data acquisition subsystem. A description of each com- 

ponent is given below. 

The fuel rod irradiator consists of a 252C€ neutron source surrounded 

by a moderator assembly that produces a neutron flux with a high ratio of 

thermal to fast neutrons. The thermal neutrons induce fissions in fissile 

materials ( 2 3 5 U ,  2 3 3 U ,  239Pu, 241Pu) so that no signal is produced from 

thorium, 234U, 236U, or 2 3 8 U .  

containing D20 that surrounds an inner moderator thimble containing poly- 

ethylene, tungsten, and the 252Cf source. The irradiator tank with the 

surrounding detector assemblies is shown in Fig. 16. 

The moderator assembly is a Zircaloy tank 

F u e l  rod loading and unloading is relatively simple. A fuel rod 
carousel has 12 fuel rod positions at 30" intervals. At 10 of these 12 

fuel rod positions within the carousel, the fuel rods are being irradiated 

and counted. 

and, at the adjacent position, a fuel rod is being loaded. After a speci- 

fied time, long enough to permit unloading and loading to occur, the 

carousel rotates to allow the next fuel rods to be unloaded and loaded. 

The advantage of this design is the simplicity in the fuel rod handling. 

At one of these positions, a fuel rod is being unloaded, 

The design of the fuel rod positioningltranslating system is rela- 

tively straightforward. Two push rods are used - one for the unloader 
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Fig .  16 .  Carouse l  f u e l  rod a s s a y  machine. 

and t h e  o t h e r  f o r  t h e  l o a d e r .  A t  t h e  l o a d e r ,  a f u e l  rod i s  p laced  i n  t h e  

t r a c k ;  t h e  push rod moves forward,  p l a c i n g  t h e  f u e l  rod i n t o  t h e  c a r o u s e l ;  

and t h e  push rod retracts.  A s imi la r  o p e r a t i o n  o c c u r s  s imul taneous ly  a t  

t h e  unloader .  T h i s  unloading-loading o p e r a t i o n  should  t a k e  no more t h a n  

1 sec. The r o t a t i o n  of t h e  c a r o u s e l  through each 30" should a l s o  t a k e  

no more t h a n  1 sec. Therefore ,  one rod w i l l  b e  loaded and unloaded ap- 

proximate ly  every  2 sec, and each rod w i l l  b e  i r r a d i a t e d  and counted ap- 

proximate ly  e v e r y  10 sec. 
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Ten modular detector assemblies are positioned on the surface of the 

Zircaloy irradiator tank, as shown in Fig. 16. Each detector assembly 

contains two 4He-filled fast-neutron proportional counters. 

positions of the counters and fuel rods are shown in Fig. 17. These de- 

tectors are relatively insensitive to gamma rays. However, to protect 

t'iem from large variations in the gamma background around the assay de- 

vice, they are shielded with lead. The two detectors and a common pre- 

amplifier are contained in a module that can be replaced rapidly. 

The relative 

The sequencing of rod-handling operations and neutron counting is 

performed by a sequence controller such as a programmable logic control- 

ler. The signals from the neutron detectors must be amplified, shaped, 

tested, and counted relative to precise timers. The neutron ccunts must 

be corrected for background and converted to fissile mass values by means 

oE calibration data. These data must be stored and transferred to perma- 

nent records. A different sequencing, data collection, and analysis 

ORNL--DWG 79-13313R 

LEAD-  

Fig. 17. Detector module. 
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f u n c t i o n  must be performed f o r  p e r i o d i c  c a l i b r a t i o n  of t h e  system. I n  

a d d i t i o n ,  t h e  subsystem must perform real-time f a u l t  d e t e c t i o n  t o  a l e r t  

t h e  o p e r a t o r  t o  abnormal o p e r a t i o n s  o r  occur rences .  

A schemat ic  rod f low diagram i s  shown i n  F ig .  18 and a t iming  d i a -  

gram i n  F i g .  1 9 .  

z i n e  and loaded i n t o  t h e  a s s a y  machine i f  t h e  system i s  i n  t h e  c a l i b r a t i o n  

mode. R e j e c t  rods  are  d i v e r t e d  t o  a temporary s t o r a g e  area f o r  a s s a y  a t  

a l a c e r  t i m e .  I f  r e j e c t e d  twice,  t h e  rod w i l l  b e  s e n t  t o  a re ject  rod 

s t o r a g e  a r e a .  

Fue l  rod s t a n d a r d s  are removed from t h e  s t a n d a r d  maga- 

A d e t a i l e d  d e s c r i p t i o n  of t h e  i r r a d i a t o r  and t h e  d e t e c t o r  modules 

i s  p r e s e n t e d  i n  Table  5. 

Table  5. D e t a i l s  o f  i r r a d i a t o r  and d e t e c t o r  modules 

I r r a d i a t o r  

Z i r ca loy  t ank  

Diameter = 55 cm 
Length = 42 t o  50 cm 
Wall t h i ckness  = s i d e  w a l l s  ( i r r a d i a t i o n  p o s i t i o n )  0 . 6 4  cm 

Source i n s e r t  

Polyethylene (high d e n s i t y )  
OD = 9 . 7  cm 
I D  = 5.08 cm 
Length = 10.0 cm 

OD = 5.08 cm 
I D  = <2 cm 
Length = 5 cm 

Tungsten a l l o y  = >94% t ungs t en  

Remaider of i n s e r t  f i l l e d  w i t h  g r a p h i t e  

252cf neu t ron  source = ~ 1 . 7  mg - r e p l a c e  every 2 yea r s  

D 2 0  moderator = 50.5% H 2 0  

Detector  modules 

De tec to r s  = 4He-f i l l e d  p ropor t iona l  coun te r s  

20 atm 4He 
S t a i n l e s s  s teel  cathode 
Anode diameter  = 0.0025 cm 
Cathode diameter  = 3.81 cm 
Ac t ive  l eng th  = 15.2  cm 

Fuel  rod tube = Zircaloy 

Wall t h i ckness  = 0 . 1 6  cm a t  a s say  p o s i t i o n  

Module 

Should c o n t a i n  two d e t e c t o r s ,  p reampl i f i e r ,  and 1.5-cm-thick l ead  s h i e l d  
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O P E R A T I O N  

U N L O A D  
C A R O U S E L  A-1 1-1 
LOAD 
C A R O U S E L  1-1 1-L 

ROTATE 
C A R O U S E L  lIrl 
N E U T R O N  
C O U N T  I - 4 ,,,-I u CYCLE L E N G T H  

- 2  sec 

TIME - 
Fig .  19 .  Timing sequence.  
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6.  ANALYSIS PROCEDURES 

The assay data are analyzed to provide estimates for the (1) fissile 

content of each fuel rod and (2) average fissile content of currently 

produced fuel rods. 

The fissile content of each fuel rod will be measured with a random 

error (relative standard deviation) of 2% and with a maximum systematic 

error of less than 1%. For a given batch of fissile particles, the mea- 

sured fissile contents of the fuel rods produced will be randomly distrib- 

uted with a relative standard deviation of 2% about the mean which may 

be in error by as much as 1%. If the fissile content of a particular 

fuel rod differs by more than a certain amount from the specified fis- 

sile content, that fuel rod is rejected. Such a specification has not 

yet been developed. However, a rejection criterion is assumed where fuel 

rods with a measured fissile content differing by more than 15% from the 

required fissile content are rejected with a 99.5% probability and good 

rods are rejected with a 1% probability. To satisfy this criterion, a 

15% deviation must represent approximately five relative standard devia- 
tions. With a 2% relative standard deviation in the measurements, this 

is easily achieved. The rejected rods will be sent to a temporary stor- 

age area and later assayed again. To be considered bad, a fuel rod must 

be rejected twice so that only %0.01% of the good rods and %99% of the 

bad rods are ultimately rejected. 

The estimates of the average fissile content of currently produced 

rods ,  as measured by the assay machine, will be used through appropriate 

computer-controlled actions to change the fissile particle dispenser set- 

ting of the fuel rod fabrication machine. A schematic of such a control 

system is shown in Fig. 20. If the assay results indicate that the aver- 
age fissile content is significantly less than or greater than the speci- 

fied content, the dispensers will be changed to allow more o r  less fissile 

particles into the fuel rod mold. An investigation of mathematical analy- 

sis procedures for use in controlling fissile content of fuel rods was 

undertaken. 

content of fuel rods for use in controlling the dispensers. A brief 

mathematical description of this procedure is given below. 

One technique considered uses a weighted-average fissile 
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Fig .  20. NDA and p r o d u c t i o n  c o n t r o l  f o r  f u e l  rod f a b r i c a t i o n .  

The estimate of average  f i s s i l e  c o n t e n t  of c u r r e n t l y  produced f u e l  

r o d s  is  g iven  as 

n 1 - w  n-i n 

i i  i i  

where 
- 
X = Nth estimate of average  f i s s i l e  c o n t e n t ,  n 
w = weight  (<1.0> , 
X. = measured f i s s i l e  c o n t e n t  of i t h  f u e l  rod s i n c e  l a s t  d i s p e n s e r  

2 
s e t t i n g  change. 
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Equation (8) can be expressed as E q .  (9) for easy implementation on 

a computer. 

and (9) 

The variance of x is readily derived and is given as Eq. (10). n 

(10) n 

where 

V(yn) = variance of estimated average fissile content, 

V ( X )  = variance of fissile content measurement of individual fuel rod. 

A s  N goes to infinity, Eq. (10) reduces to 

for large N .  

Therefore, from Eq. (ll), the variance of the average estimated fis- 

sile content for a large number of measurements decreases as the weight w 
approaches 1.0. However, as the weight w increases, the influence in the 
estimated average due to previous measurements increases and that due to 

more current measurements decreases. To detect a relatively large step 

change rapidly, a weight somewhat less than 1 (such as 0.9) would be use- 
ful, To detect small drifts in fissile content, a weight closer to 1 
(e.g., 0.99) may be more useful. Therefore, having two estimates of 

the average fissile content may be best, one using a weight of ~0.9 and 

another using a weight of ~0.99 for detecting step changes and small 

drifts, respectively. 

A s  an example, let w = 0.9 and N = 10; thus, the estimated variance 
in average fissile content is 0.11 V ( X ) .  The standard deviation in the 



46 

ave rage  f i s s i l e  c o n t e n t  h a s  dec reased  t o  one - th i rd  t h a t  of an i n d i v i d u a l  

measurement. The pe rcen tage  c o n t r i b u t i o n s  t o  t h e  e s t ima ted  ave rage  from 

t:he 10  f u e l  rods  i n  t h e i r  assayed  o r d e r  are:  5 .9 ,  6 .6 ,  7 . 3 ,  8 . 2 ,  9 .1 ,  

1.0.1, 1 1 . 2 ,  1 2 . 4 ,  13.8,  and 15 .4 .  The f i r s t  measurement c o n t r i b u t e s  ap-  

p rox ima te ly  one - th i rd  as much t o  t h e  ave rage  as t h e  las t  measurement. 

C o n t r o l  of  t h e  f i s s i l e  c o n t e n t  of t h e  f u e l  rods  can  be  o b t a i n e d  i n  

a manner s i m i l a r  t o  t h a t  exp la ined  i n  t h e  paragraph .  When t h e  weighted-  

ave rage  measured f i s s i l e  c o n t e n t  f a l l s  tw ice  s u c c e s s i v e l y  o u t s i d e  t h e  95% 

c.onfidence i n t e r v a l s  of t h e  s p e c i f i e d  f i s s i l e  c o n t e n t ,  t h e  f i s s i l e  p a r t i -  

c l e  d i s p e n s e r s  a r e  a p p r o p r i a t e l y  a d j u s t e d .  The weighted-average summation 

i s  reset t o  i=1 f o r  t h e  a d j u s t e d  f u e l  r o d s .  For example, i f  t h e  r e l a t i v e  

s t a n d a r d  d e v i a t i o n  i s  2% f o r  a s i n g l e  measurement, t h e  r e l a t i v e  s t a n d a r d  

d e v i a t i o n  i n  t h e  weighted ave rage  a f t e r  measuring a l a r g e  number of r o d s  

u s i n g  a weight  of 0 .9  w i l l  b e  %0.5%. 

%l%. I f  t h e  weighted ave rage  d i f f e r s  from t h e  s p e c i f i e d  c o n t e n t  by more 

t:han 1% t w i c e  i n  a row, a c o n t r o l  a c t i o n  i s  t aken  by a d j u s t i n g  t h e  f i s s i l e  

par t ic le  d i s p e n s e r s .  

Two s t a n d a r d  d e v i a t i o n s  would be  

The f i s s i l e  c o n t e n t  of each  f u e l  e lement  w i l l  be  known from t h e  m e a -  

surements  made on t h e  f u e l  r o d s  b e f o r e  l o a d i n g  t h e  f u e l  r o d s  i n t o  t h e  

f u e l  e lements .  The random e r r o r s  i n  t h e  measurements tend  t o  c a n c e l  and 

t h e  re la t ive  s t a n d a r d  d e v i a t i o n  of t h e  t o t a l  f i s s i l e  c o n t e n t  d e c r e a s e s  

w i t h  t h e  s q u a r e  r o o t  of t h e  number of measurements,  

s t a n d a r d  d e v i a t i o n  i n  a n  i n d i v i d u a l  f u e l  rod  measurement, as 1600 f u e l  

r o d s  are loaded  i n t o  a f u e l  e lement ,  t h e  r e l a t i v e  s t a n d a r d  d e v i a t i o n  i n  

t h e  t o t a l  f i s s i l e  c o n t e n t  of t h e  f u e l  e lement  i s  0.05% due t o  random er- 

r o r .  The s p e c i f i c a t i o n  f o r  uranium l o a d i n g s  of t h e  f u e l  e lement  i s  as 

f o l l o w s :  no more t h a n  1% of f u e l  e lements  s h a l l  have a uranium l o a d i n g  

which varies by more t h a n  2% from t h e  s p e c i f i e d  v a l u e .  Based on t h e  

above a n a l y s i s ,  s a t i s f a c t i o n  of t h i s  s p e c i f i c a t i o n  should  n o t  p r e s e n t  a 

problem. Material a c c o u n t a b i l i t y  c o n s i d e r a t i o n s  are addres sed  i n  t h e  

nex t  s e c t i o n .  

With a 2% r e l a t i v e  

A mathemat ica l  d e s c r i p t i o n  of a n  a n a l y s i s  procedure  f o r  a s s a y  of 

IITGR f u e l  r o d s  i s  p r e s e n t e d  i n  Appendix B.  
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7 .  COMPLIANCE WITH MATERIAL ACCOUNTABILITY REQUIREMENTS 

The material control and accountability aspects of a 233U/Th re- 

cycle facility continue to be in~estigated.’~ One of the material ac- 

countability requirements, as given in Part 20 of Title 10 of the Code 

of Federal Regulations, specifies that the limit of error (95% confidence 
interval) of material unaccounted for (MUF) must be kept to within 0.5% 

for total plant in-process material balance for two months, To satisfy 

this requirement, the systematic errors in the measurements must be kept 

as low as practicable, 

The maximum systematic error in fissile material measurements for 

fuel rods produced from a given batch of particles is ~1%. A large part 
of this systematic error, 0 .9%,  appears as a random error when comparing 

fissile content measurements of fuel rods produced from different batches 

of particles. Only %0.2% appears as a systematic error, which is the 

same for fissile material measurements from fuel rods produced from dif- 

ferent batches. 

the estimated 95% confidence interval for total fissile material measured 

of the blended batch is less than 0.35%. Over a two-month period, several 

hundred batches of particles may be produced, and the maximum systematic 

error in total fissile material measured should be close to 0.2%. Based 

on this result, it appears that the material accountability requirements 

can be satisfied. 

Because 24 batches of particles will be blended together, 
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8. SUMMARY AND CONCLUSIONS 

A nondestructive assay device, which uses a thermal neutron irra- 

diation and fast-fission neutron detection method, was designed and fabri- 

cated. 

a similar device could adequately satisfy quality control and material 

accountability requirements for assay of fuel rods produced in an HTGR 

fuel recycle facility. In these experiments, accuracy, precision, and 

operating procedures were thoroughly tested using the experimental assay 

device. Based on the results of these experiments, a preliminary design 

of an on-line assay machine was made, and this design is described in the 

report. In addition, analysis procedures useful for on-line assay of HTGR 

fuel rods were identified. 

Experiments were performed with the device to determine whether 

Such an NDA machine will be capable of satisfying quality control 

and material accountability requirements. It is estimated that a fuel 

rod can be assayed in the on-line assay machine every 2 sec. The rela- 

tive standard deviation in the fissile material measurement of each fuel 

rod due to random errors is 2%, and the maximum systematic error due to 

process variations is %0.35%. Over a two-month period, the maximum sys- 

tematic error in fissile material measurements of total fuel rod produc- 

tion approaches 1.0.2%. 
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Appendix A 

NONDESTRUCTIVE FISSILE ISOTOPIC MEASUREMENT OF 
233U-235U FUELS USING PROMPT AND DELAYED 

FISSION NEUTRON COUNTING 

Presented in this appendix are the results of a 2 3 3 U - 2 3 5 U  assay ex- 

periment to determine whether assay techniques employing active neutron 

interrogation with prompt and delayed neutron detection could be used 

successfully to determine fissile isotopic ratios as well as total fis- 

sile content of fuel samples. (The number of delayed neutrons is signifi- 

cantly less for 2 3 3 U  than for 2 3 5 U .  

prompt neutrons, an estimate of the fraction of 2 3 3 L J  and 235U can be ob- 

tained.) 

tion and neutron detection techniques for determination of fissile iso- 

topic content in 2 3 3 ~ - 2 3 5 ~  fuel samples. 

By measuring both the delayed and 

This was possibly the first experiment to use neutron interroga- 

Eleven aluminum test capsules were filled with specified amounts of 

3U-loaded resin kernels, 35U-loaded resin kernels, and glass beads. 

The glass beads were used as filler material and blended in t o  obtain the 

same volume o f  mixture in each capsule. The masses of 2 3 3 U  and 235U in 

each capsule are given in Table A.l, which also gives background-corrected 

counts obtained by assaying each sample in the prompt and delayed neutron 

assay machines. 

An equation was derived from basic physical considerations relating 

This relation is as follows: measured counts to 2 3 3 U  and 235U contents. 

A 5  U5 + U 3 + R x U 5  U 3 + R x U 5  
A 3  x U 3  c =  

{I - exp[-D(U3 + R x u5)]} , (A-1) 

where 

c =  
u3 = 

u5 = 

A3, A5, R, and D = 

counts (delayed or prompt), 

3 3~ content, 

2 3 5 ~  content, 

constants that are different for delayed and prompt 

neutron counting. 
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Table  A . l .  T e s t  c a p s u l e  l o a d i n g s  and 
background-corrected coun t s  

Content  (g ) Neutron coun t s  

2 3 3 u  2 3 5 U  Delayed Prompt 
Capsule  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

0 
0.1500 
0.3000 
0 
0.1000 
0.2000 
0.3000 
0.4000 
0 
0.2500 
0.5000 

0.3000 
0.1500 
0.0002 
0.4000 
0.3000 
0.2000 
0.1000 
0.0003 
0.5000 
0.2500 
0.0004 

86 ,033  
6 8 , 2 1 8  
50,604 

110,940 
9 8 , 3 7 1  
89,306 
7 7 , 8 2 3  
63,285 

127 ,491 
105,960 

80,055 

224,485 
219,721 
217,678 
287,064 
281,788 
286,284 
284,259 
276,866 
335,350 
341,024 
340,286 

The c o n s t a n t s  i n  Eq, (A-1 )  w e r e  determined u s i n g  a n o n l i n e a r  l eas t  

s q u a r e s  f i t  t o  t h e  d a t a  g iven  i n  Tab le  A . l ,  exc lud ing  t h e  measured c o u n t s  

f o r  c a p s u l e s  5 and 7 .  These c a p s u l e s  w e r e  assumed t o  have unknown uranium 

c o n t e n t s .  The c a l c u l a t e d  c o n s t a n t s  a re  g iven  i n  Table  A.2.  

The 2 3 3 U  and 235U c o n t e n t s  i n  c a p s u l e s  5 and 7 w e r e  c a l c u l a t e d  u s i n g  

t h e  f i t t e d  e q u a t i o n s  f o r  t h e  prompt and de layed  neu t ron  coun t s .  For  cap- 

s u l e  5 ,  t h e  2 3 3 U  and 2 3 5 U  c a l c u l a t e d  masses w e r e  0.0991 and 0.2967 g,  

r e s p e c t i v e l y .  For  c a p s u l e  7 ,  t h e  2 3 3 U  and 235U c a l c u l a t e d  masses were 

Table A.2.  Constan ts  f o r  Eq. (A-1) ob ta ined  by 
n o n l i n e a r  least  squa res  f i t  t o  d a t a  i n  Table  

A . l ,  exc lud ing  d a t a  of c a p s u l e s  5 and 7 

Neutrons 
Cons tan t  

Prompt Delayed 

A3 1 ,388 ,356  380,922 
A5 1 , 5 9 5 , 8 6 2  748,838 
R 2.1315 2.7672 
D 0.56247 0.46518 
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0.3046 and 0.1000 g ,  r e s p e c t i v e l y .  Each of t h e s e  v a l u e s  i s  w i t h i n  1.5% 

of t h e  r e s p e c t i v e  measured m a s s  of material. These r e s u l t s  i n d i c a t e  t h a t  

t h e  2 3 3 U  and 2 3 5 U  c o n t e n t s  of an  unknown sample  can  be  a c c u r a t e l y  d e t e r -  

mined by neu t ron  i n t e r r o g a t i o n  w i t h  prompt and de layed  neu t ron  d e t e c t i o n  

over  a wide r ange  of 2 3 3 U  t o  235U r a t i o s .  

More in fo rma t ion  about  t h i s  work i s  g iven  i n  Ref.  5. A d e t a i l e d  

d e s c r i p t i o n  of t h e  de layed  neu t ron  a s s a y  machine i s  g iven  i n  Ref. 8. 
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Appendix B 

DATA ANALYSIS PROCEDURE FOR ASSAY 
OF HTGR FUEL RODS 

The analysis procedure for assay of HTGR fuel rods can be divided 

into four steps: 

1. from total counts, subtract source or background counts to obtain 

background-corrected counts; 

2. correct background-corrected counts to time zero (correcting f o r  

source decay and electronic drifts); 

3 .  calculate uranium content from the calibration equation; 

4 .  calculate weighted-average uranium content of a series of fuel rods. 

These four steps are described mathematically below. An example 

follows 

Step 1. Obtaining background-corrected counts 

c = c . - s  e z t y  

where 

Ci = total counts (fuel rod plus source counts) for the ith fuel rod, 

S = current estimated source counts, 

SO = source counts at time zero, 

C = background-corrected counts. 

t 

e 

s =  t 

where 

x = source weighting factor (r~0.81, 

3 
S. = jth source count of m source measurements. 
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Step 2. Correcting background-corrected counts to time zero 

where 

CO = background-corrected counts corrected to time zero. 

where 

V(C0) = variance in Co, 

V(Ci) = Ci = variance in C. 

l i (S t )  = + s = variance in s 
2’ 

t’ t l + x  1 - x  

Theref ore, 

V ( C 0 )  ci [1+: (E)( 1 + xm 4 . l + x  1 - - 2  

Step 3 .  Calculating fissile content from calibration equation 

-b Co = a ( 1 -  e U.) = calibration equation , 
2 

where 

a and b = calibration constants, 

CO = background-corrected counts corrected to time zero, 

U. = estimated fissile content of ith fuel rod. 
2 

Inversion of the calibration equation yields 



T h e  variance 

V(Ui> 

The est 

V(Ui> can be 

criteria. 
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of U. can be estimated using the following equation: 
2 

mated fissile content U .  with the correspond 
used to determine whether the fuel rod meets 

2 
ng variance 

accep t ance 

Step 4 .  Calculating a weighted-average fissile content 

where 
- 
U = weighted-average fissile content, 

w = 0.9 to 0.99, 

V ( v >  = variance of weighted-average fissile content. 

For example, using a 10-sec counting period and 1 mg 252Cf, assume 
that the following counts are obtained for the hundredth fuel rod: 

ClOO = 20,000 

so = St = 10,000 

M = 100 

x = 0.8 . 
The calibration equation constants a and b are 4 2 , 2 6 2  and 0.600, re- 

spectively. 

tion in this estimate. Using the appropriate equations, one obtains 

Estimate the 235E content of this rod and the standard devia- 

co = 10,000, 

V(C0) = 24 ,444 ,  



U l o o  = 0.4500,  

V ( U l o o )  = 6 .524  x 

~(Uloo) = 0.00808. 

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  hundredth measurement i s  

t h e r e f o r e  1.8%. For 100 f u e l  r o d s  and u s i n g  a weight  zd of 0 .9 ,  t h e  rela- 

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  weighted-average f i s s i l e  c o n t e n t  i s  %0.4%. 

Note t h a t ,  i n  t h e  above a n a l y s i s  procedure ,  c o r r e c t i o n s  f o r  i n t e r -  

f e r e n c e  e f f e c t s  between f u e l  rod  channe l s  and f o r  v a r i a t i o n s  i n  233U-235U 

composi t ion  w e r e  n o t  i nc luded .  For on - l ine  a s s a y ,  such c o r r e c t i o n s  need 

t o  be  a p p l i e d .  
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