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A B S T R A C T  

P R O M E T H I U M  O X I D E  P R O P E R T I E S  

Phase S t u d i e s  

The h i g h  t e m p e r a t u r e  d i f f e r e n t i a l  t he rma l  a n a l y s i s  
a p p a r a t u s  f o r  per forming  phase  s t u d i e s  on t h e  Pm203 - Sm203 
sys tem was comple ted  and p l a c e d  i n  o p e r a t i o n .  A s e r i e s  of  
measurements on Sm203 showed t h r e e  endothermal  r e a c t i o n s  on 
h e a t i n g ,  a l l  o f  which were r e v e r s i b l e  on c o o l i n g  and q u i t e  
r e p r o d u c i b l e .  
of above 1 0  p, t h e  sample comple t e ly  v a p o r i z e d  d u r i n g  a few 
minu tes  a t  above 2 0 0 0  O C .  

During m e l t i n g  expe r imen t s  on Pm203 i n  a vacuum 

P r o p e r t y  Measurements 

Development of  t h e  Knudsen c e l l  vapor  p r e s s u r e  a p p a r a t u s  
c o n t i n u e d .  Tempera tures  a s  h i g h  a s  2 1 6 0  " C  were reached  i n  
t h e  c r u c i b l e  w h i l e  p r e s s u r e s  i n  t h e  1 0  t o r r  range  were 
m a i n t a i n e d .  

- 6  

P R O M E T H I U M  M E T A L  

P r e p a r a t i o n  of  Promethium Meta l  

A fo rma l  r e p o r t ,  " P r e p a r a t i o n  of 147Pm Meta l  and Determi-  
n a t i o n  of t h e  Dens i ty  and Mel t ing  P o i n t , "  by E .  J Wheelwright 
has  been i s s u e d .  

Phase S t u d i e s  

The s t r u c t u r e  of promethium m e t a l  a t  room t empera tu re  has  
been  s u c c e s s f u l l y  indexed  from 1 4  d i f f r a c t i o n  l i n e s  a s  double  
hexagonal .  

Me l t ing  P o i n t  Measurements 

The newly measured m e l t i n g  p o i n t  of  promethium m e t a l  
( 1 1 6 8  " C )  f i l l s  an i m p o r t a n t  vacancy i n  t h e  p e r i o d i c  c h a r t  and 
a i d s  i n  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n  of  t h e  m e l t i n g  p o i n t  
b e h a v i o r  of t h e  l a n t h a n i d e  e l e m e n t s .  
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Hardness  Measurements 

Hardness  measurements were made on a s - c a s t  promethium 
m e t a l .  An a v e r a g e  h a r d n e s s  v a l u e  o f  6 3  KHN was o b t a i n e d .  

P R O M E T H I U M  O X I D E  C O M P A T I B I L I T Y  

Promethium Oxide H y d r o l y s i s  

A minimum d i s s o l u t i o n  r a t e  i n  w a t e r  o f  8 pg/cm2-hr  was 
de te rmined  f o r  Pm203 powder f i r e d  a t  1 0 0 0  O C .  

P R O D U C T I O N  T E C H N O L O G Y  

Promethium P u r i f i c a t i o n  

The promethium b a t c h  s i z e  has  been i n c r e a s e d  from 240,000 

t o  3 5 0 , 0 0 0  C i  p e r  r u n .  

N O N D E S T R U C T I V E  T E S T I N G  

Advanced NDT Methods 

I n v e s t i g a t i o n  of  t h e  l o n g i t u d i n a l  and s h e a r  components of  
a c o u s t i c  e m i s s i o n s  t o  improve a c o u s t i c - e m i s s i o n  m o n i t o r i n g  
t e c h n i q u e s  was concluded .  The development of a p o r t a b l e  
a c o u s t i c - e m i s s i o n  m o n i t o r i n g  sys tem was i n i t i a t e d .  A f e a s i -  
b i l i t y  expe r imen t  was conducted  t o  i d e n t i f y  t h e  problems 
i n v o l v e d  i n  m o n i t o r i n g  a c o u s t i c  emis s ion  from a specimen a t  
h i g h  t e m p e r a t u r e .  

C I R C U L A T O R Y  S U P P O R T  S Y S T E M S  

Promethium Sys tems 

P e r t i n e n t  expe r imen t s  and t h e o r e t i c a l  d o s e - r a t e  d a t a  f o r  
comple t ing  t h e  f i n a l  r e p o r t  on promethium sys tems were compi led .  

Other  R a d i o i s o t o p e s  

A rev iew of t h e  l i t e r a t u r e  on f i s s i o n  n e u t r o n  d o s i m e t r y ,  
t o  b e t t e r  d e f i n e  t h e  problems e x p e c t e d  i n  t h e  238Pu d o s i m e t r y  
programs,  was c o n t i n u e d .  
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M o d i f i c a t i o n  of Promethium I s o t o D i c  ComDosition 

. 

. 

The 1 4 6 ~ m  t o  147Pm r a t i o s  f o r  t h r e e  Hanford t a r g e t s  
a n a l y z e d  t h u s  f a r  v a r i e d  from 0 . 1 4  x t o  0 . 1 9  x 

These r e s u l t s  i n d i c a t e  t h a t  some 146Pm b u r n o u t  has  o c c u r r e d  
b u t  n o t  a s  much a s  e x p e c t e d .  

P R O D U C T I O N  O F  T R A N S U R A N I U M  E L E M E N T S  I N  L I G H T  W A T E R  R E A C T O R S  

241Am and 'Pu Avai l a b  ili t v  

The 241Am and 238Pu a v a i l a b i l i t i e s  have been r e c a l c u l a t e d  
assuming t h e  a d d i t i o n a l  s i x  months 2 4 1 ~  accumula t ion  from 
241Pu decay .  The t o t a l  annua l  238Pu a v a i l a b i l i t y  from a l l  
s o u r c e s  i s  e s t i m a t e d  t o  be 1876 kg /y r  i n  1 9 9 0 .  

2 5 0 C f  and 252Cf A v a i l a b i l i  t v  

The c o n c e n t r a t i o n s  o f  a l l  o f  t h e  curium, b e r y l l i u m ,  and 
c a l i f o r n i u m  i s o t o p e s  i n v o l v e d  i n  t h e  252Cf p r o d u c t i o n  c h a i n  
have been c a l c u l a t e d  w i t h  t h e  ALTHAEA program f o r  b o t h  PWR and 
BWR e q u i l i b r i u m  f u e l  c y c l e s .  The a n n u a l  a v a i l a b i l i t y  of 2 5 2 c f  
i s  e s t i m a t e d  t o  be 2 9 1 . 0  p g / y r  i n  1 9 9 0 .  

N E P T U N I U M - 2 3 7  P R I C I N G  

2 3 7 ~ u  Cost C a l c u l a t i o n s  

The c o s t  o f  p roduc ing  238Pu by t a r g e t  i r r a d i a t i o n  of 
237Np i n  a PWR f o r  a range  of c o s t  p a r a m e t e r s  was c a l c u l a t e d  
w i t h  t h e  T A I R C O S T  program. 

2 3 6 ~ u  i n  2 3 8 ~ u  

An e v a l u a t i o n  o f  t h e  ALTHAEA p rogram ' s  a b i l i t y  t o  t r a c k  
e x p e r i m e n t a l  236Pu d a t a  was c a r r i e d  o u t .  

F I S S I O N  P R O D U C T  R H O D I U M  A N D  P A L L A D I U M  

R a d i a t i o n  C h a r a c t e r i s t i c s  of F i s s i o n  P roduc t  Rh and Pd 

Work has  been s t a r t e d  on t h e  e v a l u a t i o n  of t h e  r a d i a t i o n  
c h a r a c t e r i s t i c s  o f  f i s s i o n - p r o d u c t  rhodium and p a l l a d i u m  from 
power r e a c t o r s .  
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coup l ing  between t h e  s e n s o r s  and t h e  DCB specimen.  The c o u p l a n t  
used f o r  b o t h  s e n s o r s  was Eastman 910  P r e s s u r e  S e n s i t i v e  Cement. 
When p r e c a u t i o n s  were t a k e n  t o  o b t a i n  a v e r y  t h i n  l a y e r  o f  
c o u p l a n t  between t h e  s e n s o r  and t h e  specimen,  t h e  l o n g i t u d i n a l  
components of  t h e  e m i s s i o n s  appea red  t o  be abou t  tw ice  t h e  
ampl i tude  of t h e  s h e a r  component of t h e  same e m i s s i o n s .  F ig -  
u r e  6 shows two r e p r e s e n t a t i v e  examples comparing t h e  l o n g i -  
t u d i n a l  and s h e a r  components of i n d i v i d u a l  a c o u s t i c - e m i s s i o n  
s i g n a l s .  

The a b i l i t y  t o  s i m u l t a n e o u s l y  r e c e i v e  and d i s p l a y  s e p a -  
r a t e l y  t h e  l o n g i t u d i n a l  and s h e a r  components of a c o u s t i c  emis-  
s i o n  makes p o s s i b l e  t h e  l o c a t i o n  of t h e  s o u r c e  of  t h a t  e m i s s i o n  
if i t  occur s  a long  a known l i n e ,  such  a s  t h e  l e n g t h w i s e  groove  
i n  t h e  DCB specimen used  i n  t h e s e  expe r  
seam. S i n c e  t h e  s h e a r  component of  t h e  
s l o w e r  t h a n  t h e  l o n g i t u d i n a l  component, 
a r r i v a l  of  t h e  l o n g i t u d i n a l  and s h e a r  c 

ments o r  a long  a weld 
emis s ion  s i g n a l  t r a v e l s  
t h e  time between t h e  
'mponents i s  a f u n c t i o n  

of t h e  d i s t a n c e  between t h e  s o u r c e  of  t h e  e m i s s i o n  and t h e  s e n -  
s o r s  r e c e i v i n g  t h e  s i g n a l .  The f o l l o w i n g  e q u a t i o n  demons t r a t e s  
t h i s  r e l a t i o n s h i p :  

t 
1 1 D =  

- -  
vS VL 

where D = d i s t a n c e  t o  c r a c k  t i p  
t = t i m e  between a r r i v a l  of l o n g i t u d i n a l  and s h e a r  

components 
Vs = s h e a r  v e l o c i t y  i n  m a t e r i a l  
VL = l o n g i t u d i n a l  v e l o c i t y  i n  m a t e r i a l .  

Th i s  r e l a t i o n s h i p  was a p p l i e d  t o  t h e  two s i g n a l  p a i r s  shown i n  
F i g u r e  6A and B t o  o b t a i n  t h e  r e s u l t s  shown d i r e c t l y  benea th  
each  pho tograph .  The s i g n a l s  shown were r e c o r d e d  on a d u a l  
beam o s c i l l o s c o p e .  The s i g n a l  p a i r  i n  F i g u r e  6A was r e c o r d e d  
by t r i g g e r i n g  t h e  o s c i l l o s c o p e  from a t h i r d  t r a n s d u c e r  mounted 

1 8  
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N O N D E S T R U C T I V E  T E S T I N G  

A D V A N C E D  N D T  M E T H O D S  

W .  D .  J o l l y  

I n v e s t i g a t i o n  of  t h e  l o n g i t u d i n a l  and s h e a r  components of  
a c o u s t i c  e m i s s i o n s  t o  improve a c o u s t i c - e m i s s i o n  m o n i t o r i n g  
t e c h n i q u e s  was concluded .  The a c o u s t i c - e m i s s i o n  a n a l y s i s  
sys tem was u s e d  i n  t h e s e  expe r imen t s  t o  e v a l u a t e  t h e  l i m i t a -  
t i o n s  on a c o u s t i c - e m i s s i o n  m o n i t o r i n g  imposed by m a t e r i a l  
p r o p e r t i e s ,  s e n s o r s ,  and s i g n a l  p r o c e s s i n g  e l e c t r o n i c s .  E x p e r i -  
ments per formed w i t h  t h e  sys tem showed t h a t  a c o u s t i c  e m i s s i o n s  
can be  a s  s h o r t  a s  0 . 2  p s e c  i n  d u r a t i o n  and c o n t a i n  f r e q u e n c i e s  
a s  h i g h  a s  3 0 . 0  MHz.  O the r  expe r imen t s  were per formed w i t h  
t h e  a n a l y s i s  sys tem t o  de t e rmine  t h e  v a r i a t i o n  of p o l a r i z a t i o n  
of t h e  s h e a r  component of  a c o u s t i c  emis s ions  and t o  compare 
t h e  s h e a r  component a m p l i t u d e  w i t h  t h e  l o n g i t u d i n a l  component 
a m p l i t u d e  of t h e  emis s ion  s i g n a l .  The sys tem was a l s o  u s e d  t o  
demons t r a t e  a method of l o c a t i n g  and f o l l o w i n g  t h e  p r o p a g a t i o n  
of a f r a c t u r e  a long  a p r e v i o u s l y  de t e rmined  l i n e .  

The v a r i a t i o n  of p o l a r i z a t i o n  of  t h e  s h e a r  component of 
a c o u s t i c  e m i s s i o n  from a double  c a n t i l e v e r  beam specimen o f  
A - 2 1 2 - B  was found t o  b e  p redominan t ly  p e r p e n d i c u l a r  t o  t h e  
spec imen ' s  s u r f a c e .  Two PZT-5 s h e a r  t r a n s d u c e r s  p o l a r i z e d  
m u t u a l l y  p e r p e n d i c u l a r  and mounted on t h e  f r e e  end of  t h e  DCB 
specimen were used  t o  compare t h e  ampl i tude  of t h e  two p o l a r i -  
z a t i o n s  f o r  i n d i v i d u a l  e m i s s i o n  s i g n a l s .  P o l a r i z a t i o n  o f  t h e  
a c o u s t i c  e m i s s i o n s  appea r  t o  v a r y  approx ima te ly  k 4 5 O .  

The predominant  p o l a r i z a t i o n  of  t h e  s h e a r  component was 
compared t o  t h e  l o n g i t u d i n a l  component of t h e  same s i g n a l s  by 
u s i n g  a 2 MHz P Z T - 5  l o n g i t u d i n a l  s e n s o r  mounted n e x t  t o  t h e  
s h e a r  s e n s o r s .  L o n g i t u d i n a l  s i g n a l s  were g e n e r a l l y  lower i n  
a m p l i t u d e  t h a n  t h e  v e r t i c a l l y  p o l a r i z e d  s h e a r  s i g n a l s .  The 
s i g n a l  a m p l i t u d e  from bo th  s e n s o r s  was found t o  depend on t h e  
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C r o s s - L i n k a g e  on R e s i n  C a p a c i t y .  
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P R O D U C T  I ON T E C H N O L O G Y  

P R O M E T H I U M  P U R I F I C A T I O N  - D. E .  D e o n i g i  

The p r i n c i p a l  e f f o r t  t o  improve t h e  promethium r e c o v e r y  

Because of t h e  h i g h  Na+ and H+ c o n t e n t  of t h e  c u r r e n t  
and p u r i f i c a t i o n  d u r i n g  t h i s  q u a r t e r  was t o  i n c r e a s e  t h e  b a t c h  
s i z e .  
c r u d e  f e e d ,  t h e  b a t c h  s i z e  was l i m i t e d  t o  2 4 0 , 0 0 0  C i  promethium 
p e r  run .  To comple te  t h e  p a r t i a l  p u r i f i c a t i o n  of a l l  t h e  c rude  
promethium on hand i n  F i s c a l  Year 1 9 6 9 ,  i t  i s  e s s e n t i a l  t h a t  
t h i s  be  i n c r e a s e d  t o  a t  l e a s t  300,000 C i / r u n .  

Our i n v e s t i g a t i o n  showed t h a t  t h e  b a t c h  s i z e  can be  
i n c r e a s e d  b o t h  by d i l u t i o n  of t h e  c rude  f e e d  w i t h  w a t e r  and by 
u s e  of higher .  c r o s s - l i n k e d  r e s i n  i n  t h e  f e e d  a b s o r p t i o n  column. 
The r e s u l t s  summarized i n  F i g u r e  5 were o b t a i n e d  by u s i n g  a 
s y n t h e t i c  f e e d  on a l a b o r a t o r y  s ca l e  column. 

The e f f e c t  of f e e d  d i l u t i o n  has  been t e s t e d  i n  f u l l  s ca l e  
r u n s  i n  t h e  Promethium Recovery F a c i l i t y  and a r e  i n  good a g r e e -  
ment w i t h  t h e  l a b o r a t o r y  t e s t s .  The r e s u l t s  of t h e  f u l l - s c a l e  
runs  a r e  shown i n  T a b l e  1. 

T A B L E  I .  E f f e c t  o f  Feed D i l u t i o n  on Promethium B a t c h  S i z e  

Feed D i l u t i o n  Promethium Recovered C i  

None 2 4 0 , 0 0 0  

1: 2 285,000 
1: 4 358,000 

Because of  t h e  l i m i t a t i o n s  of t h e  p r e s e n t  equipment ,  
d i l u t i o n s  g r e a t e r  t h a n  1 : 4  a r e  n o t  p o s s i b l e .  

F u l l  s c a l e  t e s t s  of  t h e  e f f e c t  of r e s i n  c r o s s - l i n k a g e  
w i l l  t a k e  p l a c e  e a r l y  i n  t h e  t h i r d  q u a r t e r  of  F i sca l  Year 1 9 6 9 .  

1 5  
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P R O M E T H  I UM O X 1  D E  C O M P A T I B I L I T Y  

P R O M E T H I U M  O X I D E  H Y D R O L Y S I S  

H .  T .  F u l l a m  a n d  F. P .  R o b e r t s  

An a t t e m p t  was made t o  measure t h e  d i s s o l u t i o n  r a t e  of 
Pm203 powder by coun t ing  t e c h n i q u e s .  
powder were p r e p a r e d  and c a l c i n e d  a t  700 O C ,  8 5 0  O C ,  and 
1 0 0 0  O C ,  r e s p e c t i v e l y .  X-ray d i f f r a c t i o n  shows a l l  t h r e e  
b a t c h e s  of o x i d e  had t h e  m o n o c l i n i c  s t r u c t u r e .  The p r o c e d u r e  
u s e d  i n  measur ing  t h e  d i s s o l u t i o n  r a t e  b e g i n s  w i t h  we igh ing  a 
c e r t a i n  amount of Pm203 and p l a c i n g  i t  i n  a measured volume 
of d i s t i l l e d  w a t e r  ( t h e r m o s t a t e d  b a t h ) .  The ox ide  s l u r r y  i s  
s t i r r e d  c o n t i n u o u s l y  w i t h  a magne t i c  s t i r r e r ,  and samples  a r e  
t a k e n  eve ry  h a l f  h o u r .  They a r e  t h e n  c e n t r i f u g e d  t o  remove 

Three b a t c h e s  of  o x i d e  

t h e  s o l i d s  and a sample of t h e  s u p e r n a t e  i s  t a k e n .  The concen-  
t r a t i o n  of  d i s s o l v e d  promethium i n  t h e  s u p e r n a t e  i s  de t e rmined  
by c o u n t i n g  t e c h n i q u e s .  

U n f o r t u n a t e l y ,  f o r  each  b a t c h  of  o x i d e ,  t h e  promethium 
c o n c e n t r a t i o n  i n  each  t i m e  sample was t h e  same w i t h i n  t h e  
e x p e r i m e n t a l  e r r o r  o f  t h e  method. T h i s  i n d i c a t e s  t h a t  t h e  
s o l u t i o n  had r eached  t h e  s o l u b i l i t y  l i m i t  of  promethium w i t h i n  
t h e  f i r s t  h a l f  hour .  From t h e  measured promethium c o n c e n t r a -  
t i o n  and an assumed maximum time of 0 . 5  h r  t o  r e a c h  t h e  s o l u -  
b i l i t y  l i m i t ,  a minimum d i s s o l u t i o n  r a t e  of approx ima te ly  
8 pg/cmZ-hr  can be  e s t i m a t e d  f o r  t h e  o x i d e .  
s o l u t i o n  r a t e  c o u l d  be  much g r e a t e r  t h a n  t h i s  s i n c e  t h e  s o l u -  
b i l i t y  l i m i t  may have been r eached  i n  l ess  t h a n  0 . 5  h r .  

However, t h e  d i s -  

1 3  
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c o n f i g u r a t i o n .  Samarium and,  t o  a l e s s e r  d e g r e e ,  lanthanum, 
e x h i b i t  a s t a t i s t i c a l  t endency  t o  y i e l d  t o  a s i m i l a r  s h i f t ,  
and t h e y  melt  2 2 3  and 6 5  " C  lower ,  r e s p e c t i v e l y ,  t h a n  t h e y  
would w i t h o u t  such  a t r a n s i t i o n .  

Assuming a l l  t h e  l a n t h a n i d e s  were "normal ,"  t h e r e  appea r s  
t o  be two l i n e a r  r e l a t e d  s e r i e s ,  cer ium th rough  europium and 
gado l in ium th rough  l u t e c i u m .  Pe rhaps ,  as t h e  f i r s t  s i x  
u n p a i r e d  4 f  e l e c t r o n s  a r e  added,  t h e  s h i e l d i n g  of t h e  bonding 
e l e c t r o n s  v a r i e s  i n  a l i n e a r  f a s h i o n  and m e l t i n g  p o i n t s  r e f l e c t  
t h i s  change.  A t  gadol in ium,  t h e  f i n a l  u n p a i r e d  e l e c t r o n  com- 
p l e t e s  t h e  l e v e l  and i n i t i a t e s  a new s e r i e s  w i t h  a d i f f e r e n t  
s h i e l d i n g  p a t t e r n  f o r  t h e  bonding e l e c t r o n s ;  however, t h i s  
does  n o t  e x p l a i n  t h e  b e h a v i o r  of  lanthanum. The c r y s t a l  f i e l d  
e f f e c t s  upon t h e  bonding e l e c t r o n s  may be  more pronounced i n  
t h e  absence  of  a 4 f  e l e c t r o n  ( F i g u r e  4 ) .  The measured v a l u e s  
a r e  shown a s  s o l i d  d a t a  p o i n t s ,  w i t h  t h e  s h i f t s  t o  h y p o t h e t i c a l  
"normal" p o s i t i o n s  shown by t h e  dashed l i n e s .  

H A R D N E S S  M E A S U R E M E N T S  

T .  D .  C h i k a l l a  

Hardness  measurements were made on a s - c a s t  promethium 
m e t a l .  The m e t a l  d i s c  was c u t  from a c a s t  r o d  and m e t a l l o -  
g r a p h i c a l l y  p o l i s h e d .  A t h i n  f i l m  o f  s i l i c o n e  o i l  was p l a c e d  
ove r  t h e  m e t a l  s u r f a c e  t o  p r e v e n t  o x i d a t i o n  from t h e  a i r  
environment  i n  t h e  c e l l  c o n t a i n i n g  t h e  h a r d n e s s  t e s t e r .  Seven- 
t e e n  i n d e n t s  were made by u s i n g  a s t a n d a r d  Knoop h a r d n e s s  
t e s t e r  w i t h  a 5 0 0  g l o a d ,  and an ave rage  h a r d n e s s  v a l u e  of 
6 3  KHN was o b t a i n e d .  A s i m i l a r  t e s t  was made on an as-cast  
r o d  of samarium m e t a l ;  i t  y i e l d e d  a h a r d n e s s  of  45 K H N .  

10 
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7 . 2 2  k 0 . 0 2  g/cm3 measured e x p e r i m e n t a l l y .  
was made abou t  two months a f t e r  t h e  m e t a l  w a s  p r e p a r e d  t o  look 
a t  t h e  e f f e c t  of samarium f o r m a t i o n .  The extreme darkening  of  
t h e  f i l m  by sample r a d i a t i o n  makes i d e n t i f i c a t i o n  of  secondary  
phases  e f f e c t i v e l y  i m p o s s i b l e  a t  p r e s e n t .  Any change i n  l a t -  
t i c e  p a r a m e t e r s  w i l l  t h e r e f o r e  be t h e  f i r s t  i n d i c a t i o n  of t h e  
i n c r e a s i n g  c o n c e n t r a t i o n  of  samarium, and e f f e c t s  of s e l f -  
r a d i a t i o n  damage from t h e  samarium in -g rowth .  

Another  exposure  

Photomicrographs were t a k e n  from an a s - c a s t  rod  of p r o -  
methium m e t a l .  Me ta l log raphy  i s  ex t r eme ly  d i f f i c u l t  on p r o -  
methium m e t a l  because  t h e  s e l f - h e a t  g e n e r a t e d  i n c r e a s e s  s u r f a c e  
t e m p e r a t u r e s  t o  t h e  p o i n t  where o x i d a t i o n  o c c u r s .  The t e c h -  
n i q u e  adopted  i n v o l v e d  c o n v e n t i o n a l  p o l i s h i n g  fo l lowed  by 
e t c h i n g  w i t h  4 %  H N 0 3  i n  e t h y l  a l c o h o l  f o r  1 t o  3 sec and exami- 
n a t i o n  on t h e  m e t a l l o g r a p h  w i t h  a g l a s s  s l i d e  and immersion 
o i l  t o  minimize o x i d a t i o n .  The m i c r o s t r u c t u r e  of t h e  a s - c a s t  
rod  i s  c h a r a c t e r i z e d  by a f a i r l y  l a r g e  g r a i n  s i z e  w i t h  i n c l u -  
s i o n s  (presumably ox ide )  a t  t h e  g r a i n  b o u n d a r i e s ,  

M E L T I N G  P O I N T  M E A S U R E M E N T S  - E .  J W h e e l w r i g h t  

The measurement of  t h e  promethium metal m e l t i n g  p o i n t ,  

1168 O C ,  was r e p o r t e d  i n  t h e  p r e v i o u s  q u a r t e r l y  and a 
formal  r e p o r t .  (31 

t h o s e  of  t h e  o t h e r  l a n t h a n i d e  m e t a l s  ( F i g u r e  4) s u g g e s t s  some 
r e l a t i o n s h i p s  n o t  p r e v i o u s l y  d i s c e r n i b l e .  A s  w i t h  such  o t h e r  
p r o p e r t i e s  a s  t h e  b o i l i n g  p o i n t ,  h e a t  of v a p o r i z a t i o n  and 
a tomic  volume, t h e  m e l t i n g  p o i n t s  of  lanthanum, samarium, 
europium, and y t t e r b i u m  m e t a l  a r e  n o t  "normal ,"  b u t  t h e  
b e h a v i o r  c a n ,  p e r h a p s ,  be  r e l a t e d  t o  t h e  occupancy of  t h e  4 f  
and 5d energy  l e v e l s .  With b o t h  europium and y t t e r b i u m ,  t h e  
5d bonding e l e c t r o n  v a c a t e s  t h a t  l e v e l  and moves i n t o  t h e  4 f  
l e v e l .  A s  a r e s u l t  europium and y t t e r b i u m  m e l t  590  and 768 O C  

lower  t h a n  t h e y  would i f  t h e y  r e t a i n e d  t h e  "normal" 6s 5d 

The a d d i t i o n  of  t h i s  m e l t i n g  p o i n t  w i t h  

2 1  
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P R O M E T H I U M  M E T A L  P R O P E R T I E S  

P R E P A R A T I O N  OF P m  M E T A L  

E .  J W h e e l w r i g h t  

The i n i t i a l  phase  of t h i s  work has  been comple ted .  P r e p a r a -  
t i o n  by ca l c ium r e d u c t i o n  of anhydrous P m C 1 3  has  been shown t o  
be f e a s i b l e ,  and i n  e x c e s s  o f  1 0 0  g of m e t a l  ( p u r i t y  >99%) have 
been p r e p a r e d  and r e p o r t e d  p r e v i o u s l y .  (2 ,3 )  

The promethium m e t a l  was found t o  be  h i g h l y  r e a c t i v e  t o  
i m p u r i t i e s  i n  t h e  p r o t e c t i v e  a rgon  a tmosphere .  Work w i t h  t h e  
o t h e r  l a n t h a n i d e  m e t a l s  has  shown t h a t  t h e  r a r e - e a r t h  m e t a l s  
a r e  milch l e s s  r e a c t i v e  and a r e  more d u c t i l e  when t h e  i m p u r i t y  
l e v e l  ( p a r t i c u l a r l y  oxygen) i s  reduced  t o  1 t o  1 0  ppm. Work 
on development  o f  a method of p r e p a r a t i o n  of u l t r a - p u r e  p r o -  
methium m e t a l  by t h e  d i r e c t  r e d u c t i o n  of Pm203 w i t h  h i g h l y  p u r i -  
f i e d  lanthanum o r  thor ium m e t a l  f o l l o w e d  by d i s t i l l a t i o n  of t h e  
promethium m e t a l ,  must be pos tponed  u n t i l  a d d i t i o n a l  funds  
become a v a i l a b l e .  

P H A S E  S T U D I E S  
P .  G .  P a l l m e r  a n d  T .  D. C h i k a l l a  

The s t r u c t u r e  of promethium m e t a l  a t  room t e m p e r a t u r e  has  
been s u c c e s s f u l l y  indexed  from 1 4  d i f f r a c t i o n  l i n e s  as  double  
hexagona l .  To a v o i d  o x i d a t i o n ,  t h e  m e t a l  f i l i n g s  were o b t a i n e d  
under  a f l u o r i n a t e d  s o l v e n t  which p r o v i d e d  c o o l i n g .  The f i l i n g s  
w i l l  be a n n e a l e d  when a s u i t a b l y  h i g h - p u r i t y  a tmosphere  can  be  
p r o v i d e d .  The l a t t i c e  p a r a m e t e r s  of  t h e  hexagonal  u n i t  c e l l  
were c a l c u l a t e d  by a b e s t - f i t  t o  obse rved  r e f l e c t i o n s  indexed  
a c c o r d i n g  t o  t h e  p a t t e r n  of neodymium. The p a r a m e t e r s  of  t h e  
double  hexagonal  c e l l  were a = 3 . 6 8  A and c = 11.75  A .  The 
a x i a l  r a t i o  of  neodymium i s  1 . 6 1 4  f o r  c / 2 a .  The v a l u e s  f o r  
promethium were comparable ,  be ing  1 . 6 0  L 0 . 0 1 ,  and 1 . 6 2  _+ 0 . 0 1 5  

a month l a t e r .  Based on f o u r  atoms i n  t h e  u n i t  c e l l ,  t h e  c a l -  

c u l a t e d  d e n s i t y  i s  7 .31  g/cm3 which a g r e e s  v e r y  w e l l  w i t h  t h e  

0 0 
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The new h i g h  t e m p e r a t u r e  t h e r m a l  d i f f u s i v i t y  a p p a r a t u s  
was i n s t a l l e d  i n  a g love-box d u r i n g  t h e  p a s t  month. Debugging 
and c a l i b r a t i o n  t e s t s  w i l l  s t a r t  as soon as i n s t a l l a t i o n  of  
t h e  f u r n a c e  power s u p p l y  and c o n t r o l  sys tem a r e  completed.  

6 
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. 

a l l  o f  which were r e v e r s i b l e  on c o o l i n g  and q u i t e  r e p r o d u c i b l e .  
The f i r s t  o c c u r r e d  a t  1 9 1 5  O C  and r e p r e s e n t s  t h e  m o n o c l i n i c  t o  
hexagonal  t r a n s f o r m a t i o n ;  t h e  second a t  2 1 6 5  O C  i s  p r o b a b l y  

r e l a t e d  t o  t h e  p r e s e n c e  of  a n o t h e r  h i g h  t e m p e r a t u r e  phase  
r e c e n t l y  r e p o r t e d  by t h e  French.  The m e l t i n g  p o i n t  was i n d i -  
c a t e d  a t  2340 O C  and a g r e e s  v e r y  w e l l  w i t h  t h e  2350 O C  p r e -  
v i o u s l y  r e p o r t e d ,  a s  de t e rmined  by t h e  f i l a m e n t  method. 

M e l t i n g  expe r imen t s  were a t t e m p t e d  on Pm 0 i n  a vacuum 2 3  
of a b o u t  1 0  1-1. The p h o t o - d i o d e  d e t e c t i o n  sys tem showed no  e v i -  
dence of m e l t i n g  i n  t h e  v i c i n i t y  of 2300 O C  and,  a f t e r w a r d s ,  
v i s u a l  examina t ion  i n d i c a t e d  t h e  300 mg sample had c o m p l e t e l y  
v a p o r i z e d  d u r i n g  t h e  few minu tes  above 2 0 0 0  O C ,  which s u g g e s t s  
a q u i t e  h i g h  v a p o r  p r e s s u r e  f o r  Pm203. I t  i s  no tewor thy  t h a t  
i n  t h e  expe r imen t s  u s i n g  Sm203, under  t h e  same c o n d i t i o n s ,  no  
p rob 1 ems w i t h vap o r  i z a t i o n  oc c u r  r e d . 
PROPERTY MEASUREMENTS 

R .  L .  G i b b y ,  R .  P .  N e l s o n ,  a n d  H.  T .  B l a i r  

Development of  t h e  Knudsen c e l l  vapor  p r e s s u r e  a p p a r a t u s  
has  c o n t i n u e d .  Tempera tures  a s  h i g h  a s  2 1 6 0  O C  have been  
r e a c h e d  i n  t h e  c r u c i b l e  w h i l e  p r e s s u r e s  i n  t h e  1 0  t o r r  r ange  
were m a i n t a i n e d .  Redesign of  t h e  r - f  f e e d t h r o u g h  t o  e l i m i n a t e  
u n d e s i r e d  c o u p l i n g  has  been found n e c e s s a r y .  C a l i b r a t i o n  of 
t h e  o p t i c a l - t e m p e r a t u r e  m o n i t o r i n g  sys tem t o  e l i m i n a t e  a b s o r p -  
t i o n  e f f e c t s  i n  t h e  p r i sm and s i g h t  window was completed.  

- 6  

L i q u i d  s u r f a c e  t e n s i o n  v a l u e s  a r e  r e q u i r e d  f o r  an a d e q u a t e  
s a f e t y  a n a l y s i s  of  t h e  u s e  o f  Pm203 i s o t o p i c  f u e l s  i n  e a r t h  
o r b i t a l  s p a c e  m i s s i o n s ,  and development of a s u i t a b l e  measure-  
ment t e c h n i q u e  has  been i n i t i a t e d .  A p p l i c a b i l i t y  of  conven- 
t i o n a l  pendan t  and s e s s i l e - d r o p  t e c h n i q u e s  i s  be ing  i n v e s t i g a t e d  
w h i l e  a method based  on e q u i l i b r i u m  meniscus shape  a s  obse rved  
by X- rad iog raphy  i s  a l s o  u n d e r  c o n s i d e r a t i o n .  
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A f e a s i b i l i t y  exper iment  was conducted  t o  i d e n t i f y  t h e  
problems i n v o l v e d  i n  mon i to r ing  a c o u s t i c  emis s ion  from a s p e c i -  
men a t  h igh  t e m p e r a t u r e .  A weld coupon of 316  SS was c y c l e d  
r e p e a t e d l y  t o  1 0 0 0  " C  w h i l e  t h e  r a t e  of a c o u s t i c  emis s ion  was 
mon i to red .  The a c o u s t i c - e m i s s i o n  s o u r c e  was coupled  t o  t h e  
specimen by a s t r i p  of 304L SS which ex tended  through t h e  oven 
w a l l  t o  a l l o w  t h e  s e n s o r  t o  remain o u t s i d e  t h e  oven. (PZT t y p e  
s e n s o r s  cannot  be  o p e r a t e d  a t  t e m p e r a t u r e s  above 3 2 0  "C.) For 
t h i s  exper iment  a s u r f a c e  wave s e n s o r  s e n s i t i v e  t o  f r e q u e n c i e s  
between 0 . 2  MHz and 0 . 6  MHz was used .  F i g u r e  7 shows t h e  
arrangement  of t h e  s e n s o r ,  t h e  a c o u s t i c  c o u p l e r ,  and t h e  weld 
coupon. The weld  coupon used  i n  t h i s  t e s t  was a weld i n  3 1 6  SS 

t h a t  had been con tamina ted  w i t h  t i t a n i u m  t o  produce c r a c k i n g  i n  
t h e  weld.  The a c o u s t i c  c o u p l e r  was b o l t e d  d i r e c t l y  t o  t h e  weld 
coupon, and s u r f a c e  waves produced  by t h e  a c o u s t i c  emis s ions  
were coupled  r e a d i l y  from t h e  weld coupon t o  t h e  a c o u s t i c  
c o u p l e r  and,  hence ,  t o  t h e  s e n s o r .  A i r  f low from an e l e c t r i c  
f a n  m a i n t a i n e d  t h e  s e n s o r  a t  a t e m p e r a t u r e  v e r y  n e a r  room tem- 
p e r a t u r e .  A c o u s t i c - e m i s s i o n  r a t e  a s  a f u n c t i o n  of t e m p e r a t u r e  
f o r  b o t h  t h e  h e a t i n g  and c o o l i n g  c y c l e s  d u r i n g  t h i s  exper iment  
i s  shown i n  F i g u r e  8 .  The r e s u l t s  of c y c l i n g  t h e  weld coupon 
between 5 0 0  and 1 0 0 0  O C  r e p e a t e d l y  i s  shown i n  F i g u r e  8 .  No 
a t t e m p t  was made t o  r e l a t e  t h e  f e a t u r e s  of  t h i s  a c o u s t i c -  
emis s ion  r a t e  graph  t o  phase  t r a n s f o r m a t i o n s  i n  t h e  m a t e r i a l  
s i n c e  s e v e r a l  m a t e r i a l s  were invo lved :  t h e  304L coup l ing  rod ,  
t h e  3 1 6  weld coupon, t h e  3 0 8  SS f i l l e r  m e t a l ,  and t h e  contami-  
n a t i n g  t i t a n i u m  i n  t h e  weld.  To v e r i f y  t h a t  t h e  emis s ion  s i g -  
n a l s  a c t u a l l y  came from t h e  weld  coupon and n o t  from t h e  
a c o u s t i c  c o u p l i n g  s t r i p ,  t h e  weld coupon was removed and t h e  
a c o u s t i c  c o u p l e r  was c y c l e d  from room t e m p e r a t u r e  t o  1 1 0 0  O C .  

The a c o u s t i c  emis s ion  o b t a i n e d  i n  t h i s  t e s t  was less  t h a n  1 0 %  
of t h e  a c o u s t i c  e m i s s i o n  o b t a i n e d  i n  t h e  one w i t h  t h e  weld 
coupon a t t a c h e d .  However, i n  b o t h  t e s t s  i t  was found t h a t  t h e  

2 1  
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a c o u s t i c  e m i s s i o n  dropped t o  n e a r  z e r o  when t h e  t e m p e r a t u r e  
approached  1 0 0 0  O C .  I n  an a d d i t i o n a l  t e s t ,  a s i g n a l  was i n t r o -  
duced a t  t h e  s e n s o r  by means of  an u l t r a s o n i c  p u l s i n g  u n i t  
( F i g u r e  9 ) .  The g raph  r e p r e s e n t s  t h e  r e l a t i v e  a m p l i t u d e  of t h e  
s i g n a l  r e f l e c t e d  from t h e  end of  t h e  a c o u s t i c  c o u p l e r  i n  t h e  
oven. I t  shows a l s o  t h a t  s u r f a c e  wave t r a n s m i s s i o n  a t  t h e  end 
of t h e  c o u p l e r  i s  a s t r o n g  f u n c t i o n  of  t e m p e r a t u r e .  The s i g n a l  
r e f l e c t e d  from t h e  h o t  ( 1 1 0 0  " C )  end of t h e  a c o u s t i c  c o u p l e r  
was r educed  t o  l e s s  t h a n  1 0 %  of t h e  v a l u e  o b t a i n e d  a t  room 
t e m p e r a t u r e .  

I t  may be concluded  from t h i s  t e s t  t h a t  a c o u s t i c - e m i s s i o n  
d a t a  can  be  r e a d i l y  o b t a i n e d  from m a t e r i a l  h e a t e d  t o  t empera -  
t u r e s  w e l l  above t h a t  which an a c o u s t i c - e m i s s i o n  s e n s o r  can  
t o l e r a t e .  Type 304L SS i s  n o t  a good a c o u s t i c  c o u p l e r  f o r  
t e m p e r a t u r e s  above 6 0 0  O C  because  of t h e  a t t e n u a t i o n  of  t h e  
s u r f a c e  wave s i g n a l ;  however, o t h e r  m a t e r i a l s  t h a t  can  s t a n d  
h i g h e r  t e m p e r a t u r e s  such  a s  t a n t a l u m ,  molybdenum, f u s e d  q u a r t z ,  
o r  s a p p h i r e  c o u l d  be used  t o  e x t e n d  t h e  h i g h  t e m p e r a t u r e  r ange  
t o  w e l l  above 1 5 0 0  O C .  A d d i t i o n a l  expe r imen t s  of  t h i s  t y p e  
w i l l  be pe r fo rmed  by u s i n g  t h e  p o r t a b l e  a c o u s t i c - e m i s s i o n  moni- 
t o r i n g  sys tem now be ing  developed .  

2 4  
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C I R C U L A T O R Y  S U P P O R T  S Y S T E M S  

. 

P R O M E T H I U M  S Y S T E M S  

F. T .  C r o s s  a n d  J .  C .  S h e p p a r d  

The major  e f f o r t  a p p l i e d  t o  t h i s  a r e a  was t h e  c o m p i l a t i o n  
of t h e  p e r t i n e n t  e x p e r i m e n t a l  and t h e o r e t i c a l  d o s e - r a t e  d a t a  
f o r  comple t ing  t h e  f i n a l  r e p o r t  on promethium sys t ems .  
P r e s e n t l y ,  t h e  r e p o r t  i s  i n  rough d r a f t  form. 

O T H E R  R A D I O I S O T O P E S  

F. T .  C r o s s  a n d  J .  C .  S h e p p a r d  

A review o f  t h e  l i t e r a t u r e  on f i s s i o n  n e u t r o n  d o s i m e t r y ,  
t o  b e t t e r  d e f i n e  t h e  problems expec ted  i n  t h e  238Pu dos ime t ry  
programs,  was c o n t i n u e d .  Some c a l c u l a t i o n s  o f  in-phantom 

n e u t r o n  d o s e - r a t e s  f o r  a p r o t o t y p i c  30  W 2 3 8 ~ u  s o u r c e  a r e  a s  

T i s s u e  Th ickness ,  Dose-Rate,  
f 0 11 ows : 

cm rem/hr  

2 

4 
6 
8 

1 0  

0 . 4 2  
0.087 
0 . 0 3 1  

0 . 0 1 4  
0.0073 

These d o s e - r a t e  v a l u e s  a r e  t h e  ave rage  of t h r e e  c o m p u t a t i o n a l  
s o u r c e s ;  t h e  v a r i a b i l i t y  be ing  l a r g e s t  i n  t h e  f i r s t  few c e n t i -  
me te r s  of t i s s u e .  

The complex subsys tem d e s i g n s  ( h e a t  s o u r c e  and b lood  pump) 
of  Donald W .  Douglas Labs and A e r o j e t - G e n e r a l  have been r educed  
f o r  computa t ion  by t h e  QAD-P5A code ,  and r e p r e s e n t a t i v e  dose -  
r a t e  v a l u e s  have been c a l c u l a t e d .  

2 7  
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M O D I F I C A T I O N  OF P R O M E T H I U M  I S O T O P I C  C O M P O S I T I O N  
J. C. S h e p p a r d  

Hanford R e a c t o r  were ana lyzed  f o r  t h e i r  146Pm c o n t e n t .  
f i n a l  147Pm203 t a r g e t  a s  w e l l  a s  t h e  Nd203 t a r g e t  a r e  now 

Three o f  t h e  147Pm203 t a r g e t  e l emen t s  i r r a d i a t e d  i n  a 
The 

b e i n g  a n a l y z e d .  These t a r g e t s ,  which c o n s i s t e d  of two p a r t s  
(an a n n u l a r  o r  o u t e r  p a r t ,  and an i n n e r  c o r e )  had been i r r a -  
d i a t e d  t o  v a r i o u s  e x p o s u r e s ,  and a l l  had been i n  s t o r a g e  a b o u t  
one y e a r .  The p e r i o d  of  t ime a l lowed  most of t h e  42-day 
148mPm t o  decay away. 

The 146Pm c o n t e n t  of  t h e s e  samples  was de t e rmined  i n  t h e  
p r e s e n c e  of a l a r g e  148mPm background by t h e  u s e  of an 
a n t i c o i n c i d e n c e - s h i e l d e d  Ge(1 i )  gamma-ray s p e c t r o m e t e r .  For  
t h e s e  samples  t h e  1 4 8 m ~ m  t o  146Pm r a t i o  v a r i e d  between 1 2 0  and 
1 9 6 0 .  

The 1 4 6 ~ m  t o  147Pm r a t i o s  f o r  t h e  t h r e e  Hanford t a r g e t s  
( s e e  t a b l e  below) i n d i c a t e d  t h a t  t h e  146Pm b u r n - o u t  was t h e  
same f o r  t h e  i n n e r  and o u t e r  t a r g e t  m a t e r i a l .  

1 4 6 ~ m  t o  147Pm R a t i o s  f o r  Pm203 I r r a d i a t e d  
i n  a Hanford Reac to r  

T a r g e t  6 ~ m /  l4 7 ~ m  

0 . 1 6  t o  0 . 1 9  x 

0 . 1 4  t o  0 . 1 5  x l o m 6  
0 . 1 4  x 

These r e s u l t s  i n d i c a t e  t h a t  some 146Pm b u r n - o u t  has  o c c u r r e d  

b u t  n o t  a s  much a s  e x p e c t e d .  Once t h e  r e s u l t s  a r e  a v a i l a b l e  f o r  
t h e  l a s t  Hanford i r r a d i a t i o n ,  c r o s s - s e c t i o n s  w i l l  be c a l c u l a t e d  
f o r  t h e  a p p r o p r i a t e  n e u t r o n s  c a p t u r e  r e a c t i o n s .  

Two promethium t a r g e t s  s h i p p e d  t o  Savannah R i v e r  have been 
i r r a d i a t e d  i n  one of t h e i r  r e a c t o r s  and w i l l  be  a n a l y z e d  i n  May. 

2 8  
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P R O D U C T I O N  O F  T R A N S U R A N I U M  E L E M E N T S  I N  L W R ' S  

24 'A rn  A N D  238Pu A V A I L A B I L I T Y  - D. E -  D e o n i g i  

A r e c e n t l y  p u b l i s h e d  r e p o r t  ( l)  i n c l u d e d  a v a i l a b i l i t y  p r o -  
j e c t i o n s  f o r  2 4 1 ~  r e c o v e r a b l e  from s p e n t  n u c l e a r  power f u e l  
r e p r o c e s s i n g  and  p r o j e c t i o n s  o f  238Pu t h a t  c o u l d  be  produced  
from t h i s  241Am by t a r g e t  i r r a d i a t i o n  ( t h e  r e p o r t  a l s o  i n c l u d e d  
p r o j e c t i o n s  of a number of o t h e r  i m p o r t a n t  t r ansu ran ium and 
f i s s i o n  p r o d u c t  i s o t o p e s  a s  w e l l ) .  

The 241Am c a l c u l a t i o n s  were b a s e d  on t h e  q u a n t i t i e s  of  
241Am p r e s e n t  i n  s p e n t  f u e l  a t  r e a c t o r  d i s c h a r g e .  However, 
due t o  t h e  c o n t i n u i n g  decay of  241Pu (13.2 y e a r  h a l f - l i f e ) ,  
t h e  241Am c o n t e n t  i n  t h e  s p e n t  f u e l  w i l l  c o n t i n u e  t o  i n c r e a s e  
a f t e r  r e a c t o r  d i s c h a r g e  up u n t i l  t h e  t ime of  r e p r o c e s s i n g .  
Reprocess ing  w i l l  n o t  t a k e  p l a c e  f o r  a t  l e a s t  t h r e e  o r  f o u r  
months a f t e r  r e a c t o r  d i s c h a r g e  because  of t h e  n e c e s s i t y  f o r  a 
"cool ing"  p e r i o d  p r i o r  t o  r e p r o c e s s i n g .  I t  might  c o n c e i v a b l y  
be  d e l a y e d  up t o  a y e a r ,  b u t  s ix -mon ths  ave rage  d e l a y  i s  more 
r e a l i s t i c .  

The 241Am and 238Pu a v a i l a b i l i t i e s  have been r e c a l c u l a t e d  
(ISOPRO program) by assuming t h e  a d d i t i o n a l  s ix -mon ths  241Am 

accumula t ion  from 241Pu decay .  The r e s u l t i n g  c o r r e c t e d  a v a i l -  - 
, 2 3 8 ~ u  from 241Am, and t o t a l  2 3 8 ~ u  from a l l  2 4 1 h  a b i l i t i e s  of 

s o u r c e s  (237Np t a r g e t  i r r a d i a t i o n ,  americium t a r g e t  i r r a d i a t i o n ,  
and decay of  2 4 2 C m  r e c o v e r e d  d i r e c t l y  from s p e n t  f u e l )  a r e  
shown i n  Tab le  2 f o r  t h r e e  c a s e s  from B N W L - 7 1 6 :  ( l) 

Reac to r s  w i t h  no f u e l  r e c y c l e ,  L i g h t  Water Reac to r s  w i t h  maxi- 
mum plu tonium r e c y c l e ,  and uranium and p lu ton ium r e c y c l e  w i t h  
F a s t  Breede r  Reac to r  i n t r o d u c t i o n  s t a r t i n g  i n  1980. The quan- 
t i t y  of 241Am a v a i l a b l e  i s  n e a r l y  double  t h e  q u a n t i t i e s  
r e p o r t e d  p r e v i o u s l y ,  and t h e  238Pu from t h e  241Am i s  

L i g h t  Water 

i n c r e a s e d  a p r o p o r t i o n a l  amount. However, t h e  t o t a l  238Pu 
a v a i l a b i l i t y  i s  i n c r e a s e d  on ly  5 t o  1 0 %  s i n c e  t h e  p r imary  

2 9  
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T A B L E  2 .  Annual  A v a i l a b i l i t y  of 2 4 1 A m  and 2 3 8 P u  

Annua 1 41Am Avai l a b  i 1 i t y  , kg /y r  (a )  

1 9 7 0  
1 9 7 5  
1 9 8 0  
1 9 8 5  
1 9 9 0  

1 9 7 0  
1 9 7 5  
1 9 8 0  
1 9 8 5  
1 9 9 0  

1 9 7 0  
1 9  75 
1 9  80 
1 9 8 5  
1 9 9 0  

LWRs LWRS - PU 
3 

7 1  
2 1 4  
449  
796  

3 
7 1  

349  
1 0 8 1  
2414  

LWRs-U/Pu and FBRs 
3 

72 
3 3 9  
879  

1 3 9 8  

Annual 238Pu A v a i l a b i l i t y  from 
Americium T a r g e t  I r r a d i a t i o n ,  k g / y r  
1 1 1 
4 4 4 

46 5 6  5 4  
131  249 2 4 1  
281 7 0 7  5 4 7  

T o t a l  Annual 238Pu A v a i l a b l e  from 
a l l  S o u r c e s ,  kg /y r  

6 6 6 
79 79 76 

532  5 2 7  520  
725  8 0 8  8 5 3  

1 4 8 9  1 8 1 7  1 8 7 6  

a .  2 4 1 A m  i s  a v a i l a b l e  o n l y  a s  a m i x t u r e  of 241Arn w i t h  
2 4 3 A m .  

P u  (237Np t a r g e t  i r r a d i a t i o n )  i s  n o t  a f f e c t e d .  2 3 8  s o u r c e  of  
The 238Pu a v a i l a b i l i t y  from decay of  2 4 2 C m  r e c o v e r e d  d i r e c t l y  
from s p e n t  f u e l  i s  e q u i v a l e n t  t o  abou t  5 t o  1 0 %  of t h e  8Pu 
from americium i r r a d i a t i o n  shown i n  Tab le  2 .  

250Cf A N D  2 5 2 C f  A V A I L A B I L I T Y  - D. E. D e o n i g i  

The c o n c e n t r a t i o n s  of  a l l  of t h e  cur ium,  be rk l ium,  and 
c a l i f o r n i u m  i s o t o p e s  i n v o l v e d  i n  t h e  C f p r o d u c t  i o n  c h a i n  

have been  c a l c u l a t e d  w i t h  t h e  ALTHAEA program f o r  b o t h  PWR and 
BWR e q u i l i b r i u m  f u e l  c y c l e s  (Tab le  3 ) .  The c r o s s  s e c t i o n  d a t a  
f o r  t h e s e  c a l c u l a t i o n s  a r e  b e s t  e s t i m a t e s  and i n v o l v e  s u b s t a n t i a l  
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I s o t o p i c  C o n c e n t r a t i o n s  i n  Power R e a c t o r  F u e l s  T A B L E  3 .  

PWR BWR 
U Enr iched  Pu Enr i ched  U Enr i ched  Pu E n r i c h e d  

249Bk ,  pg/MT 
2 4 9 C f ,  pg/MT 

0 . 3 3 8  
0 . 0 5 5  
0 . 0 7 5  
0 . 0 1 9  
0 . 0 0 6  

1 6 . 2 7  0 . 2 3 3  8 . 5 0  
3 . 8 3  
3 . 1 4  
0 . 8 9  

0 . 0 5 7  3 . 0 2  - 

" 'Cf ,  pg/MT 
2 5 1 C f ,  pg/MT 

0 . 0 5 1  
0 . 0 1 3  
0 . 0 0 4  

1 . 5 5  
0 . 4 3  
0 . 0 9 4  

- 

252 
C f ,  pg/MT 

. 
0 . 2 2  

2 4 2 C m ,  gm/MT 
2 4 3 C m ,  gm/MT 
2 4 4 C m ,  gm/MT 

1 5 . 0 7  
0 . 1 3  

1 7 . 3 4  

0 . 8 4  
0 . 1 0 2  
0 . 0 0 1 0  
0 . 0 0 0 0 4 6  

1 3 2 . 5 4  
1 . 1 6  

3 3 8 . 8 5  
2 5 . 9 1  

3 . 5 1  
0 . 0 4 8  
0 . 0 0 1 9  

1 4 . 8 3  
0 . 1 2  

1 4 . 5 6  
0 . 7 0  
0 . 0 8 1  
0 . 0 0 0 8  
0 . 0 0 0 0 3 5  

1 1 4 . 5 8  
0 . 9 5  

2 6 5 . 0 0  
2 0 . 1 7  

2 . 4 6  
0 . 0 3 2  
0 . 0 0 1 1  

- 

2 4 5 C m ,  gm/MT 
2 4 6 C m ,  gm/MT 

2 4 7 C m ,  gm/MT 
2 4 8 C m ,  gm/MT 

E x p o s u r e  3 3 , 0 0 0  3 3 , 0 0 0  2 7 , 5 0 0  2 7 , 5 0 0  

u n c e r t a i n t i e s .  Because o f  t h e  s u c c e s s i v e  n e u t r o n  cap tu res  
i n v o l v e d  i n  f o r m i n g  t h e s e  h i g h e r  i s o t o p e s ,  t h e r e  i s  a s i g n i f i -  
c a n t  i n d u c t i o n  p e r i o d  and t h e  c o m p o s i t i o n  o f  l o w e r - e x p o s u r e  
s t a r t u p - c y c l e  f u e l  w o u l d  b e  much l o w e r  than t h e  e q u i l i b r i u m  
c y c l e  c o m p o s i t i o n s  i n  T a b l e  3 .  

An a p p r o x i m a t i o n  o f  2 5 0 C f  a n d  2 5 2 C f  a v a i l a b i l i t y  has  b e e n  
p r e p a r e d  b y  a p p l y i n g  t h e  C f / C m  r a t i o s  f r o m  T a b l e  3 t o  t h e  
c u r i u m  a v a i l a b i l i t y  f r o m  BNWL-716 ( T a b l e  4 ) .  T h e s e  d a t a  s h o u l d  
b e  c o n s i d e r e d  as h i g h - s i d e  es t imates  s i n c e  t h e r e  i s  n o  a d j u s t -  
m e n t  h e r e  f o r  t h e  l o w - e x p o s u r e  s t a r t u p - c y c l e  e f f e c t s .  
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2 5 2  
T A B L E  4 .  Annual  A v a i Z a b i Z i t y  of “*Cf and Cf, w / y r .  

LWRs LWRS-PU L W R s - U / P u  and F B R s  

250cf 
1 9  70 0 . 0  0 . 0  

1 9 7 5  1 5 . 0  1 5 . 0  
1 9 8 0  1 2 0 . 0  2 6 0 . 0  
1 9 8 5  2 6 5 . 0  1 4 0 5 . 0  
1 9 9 0  3 3 0 . 0  3 6 1 0 . 0  

252cf  
1 9 7 0  0 . 0  0 . 0  
1 9 7 5  1 . 2  1 . 2  
1 9  80 9 . 6  2 0 . 8  
1 9 8 5  2 1 . 2  1 1 2 . 4  
1 9 9 0  2 6 . 4  2 8 9 . 0  

0 . 0  
1 5 . 0  

2 4 0 . 0  
1 3 2 0 . 0  
1 1 3 5 . 0  

0 . 0  
1 . 2  

1 9 . 2  
1 0 5 . 5  

9 1 . 0  

R E F E R E N C E S  

1 .  D .  E .  D e o n i g i ,  R .  W .  McKee, and D .  R .  H a f f n e r .  I s o t o p e  
P r o d u c t i o n  and A v a i Z a b i Z i t y  f r o m  Power R e a c t o r s ,  BNWL-716. 
B a t t e Z Z e - N o r t h w e s t ,  R i c h l a n d ,  Wash ing ton ,  J u Z y  1968. 
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2 3 7 N p  P R I C I N G  

A s  p a r t  o f  a c o n t i n u i n g  s t u d y  t o  
8Pu 237 e s t a b l i s h i n g  a p r i c e  f o r  Np, 

deve lop  a r a t i o n a l e  f o r  
p r o d u c t i o n  c o s t s  were 

deve loped  f o r  a r ange  of  c o s t  p a r a m e t e r s ,  and t h e  c o n c e n t r a t i o n  
of  236Pu i n  238Pu from power r e a c t o r  i r r a d i a t e d  neptunium t a r -  
g e t s  were i n v e s t i g a t e d .  

2 3 8 P u  C O S T  C A L C U L A T I O N S  - D. E .  Deonigi 

The c o s t  o f  p roduc ing  238Pu by t a r g e t  i r r a d i a t i o n  o f  237Np 
i n  a PWR ( f o r  a r ange  o f  c o s t  p a r a m e t e r s )  was c a l c u l a t e d  w i t h  
t h e  TAIRCOST program. The range  o f  c o s t s  was i n t e n d e d  t o  r e p r e -  
s e n t  e s t i m a t e d  maximum and minimum c o s t  components. The 
TAIRCOST program c a l c u l a t e s  a minimum 238Pu p r o d u c t i o n  c o s t  a t  
an optimum i r r a d i a t i o n  time f o r  a g i v e n  s e t  o f  c o s t  i n p u t s .  

T a r g e t  i r r a d i a t i o n  y i e l d s  were c a l c u l a t e d  wi th  t h e  ALTHAEA 
program. The maximum c o s t  o f  n e u t r o n s  was based  on t h e  a d d i -  
t i o n a l  en r i chmen t  r e q u i r e d  ( a s  c a l c u l a t e d  by ALTHAEA) t o  main- 
t a i n  r e a c t i v i t y  w i t h  t h e  t a r g e t  e l emen t s  i n  t h e  r e a c t o r .  The 
t a r g e t  e l emen t s  were assumed t o  b e  p l a c e d  i n  unused c o n t r o l  r o d  
l o c a t i o n s .  
ave rage  n e u t r o n  f l u x  a t  t h e  t a r g e t s  was de t e rmined  t o  b e  1 . 5 5  x 

A t a r g e t  d e n s i t y  o f  1 . 5  g/cm3 was used ,  and t h e  

2 n/cm / s e c .  

The r e s u l t s  o f  t h e  TAIRCOST c a l c u l a t i o n s  a r e  p r e s e n t e d  
h e r e  t o  show t h e  e f f e c t  o f  v a r i a t i o n s  i n  t h e  i n p u t  c o s t s  from 
a low and h i g h  s e t  o f  b a s e  c o s t s .  The low and h i g h  b a s e  c o s t  
s e t s  a r e  shown i n  Table  5 ,  and t h e  238Pu p r o d u c t i o n  c o s t s  a r e  
t a b u l a t e d  i n  Tab le  6 f o r  237Np v a l u e s  r ang ing  from $ 2 5  t o  

$100/&. 

Np 2 37 The 238Pu c o s t  i s  shown t o  be  h i g h l y  s e n s i t i v e  t o  
v a l u e s ,  i n v e n t o r y  c h a r g e s ,  l o s s e s  and r e p r o c e s s i n g  c h a r g e s .  
The c o s t  appea r s  r e l a t i v e l y  i n s e n s i t i v e  t o  r e p r o c e s s i n g  t ime 
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T A B L E  5. Base C o s t  S e t s  for 238Pu P r o d u c t i o n  
C o s t  CaZcuZa t ions  

I n v e n t o r y  Charge,  % / y r  
E n c a p s u l a t i o n  and Reprocess ing  

E n c a p s u l a t i o n  C o s t ,  $ /kg  
Reprocess ing  C o s t ,  $ /kg  
I r r a d i a t i o n  C o s t s  

Handling, $/cm 
N e u t r o n s ,  $ / g  
Revenue Loss ,  $ / c m  - y r  

Reprocess ing  Time, months 

L o s s e s ,  % each  

3 

3 

Low Base Cos t s  High Base Cos t s  
1 0  1 0  

2 

4 0 0  
2 0 0 0  

0 . 1  

2 7 0 0  
0 

4 

2 
2 , 5 0 0  

1 5 , 0 0 0  

0 .30  
2 7 0 0  

3 .5  
4 

and n e u t r o n  c o s t s .  
t i o n  t ime i s  q u i t e  f l a t  ( f o r  t h e  PWR i r r a d i a t i o n )  n e a r  t h e  
optimum, and a s h i f t  o f  two o r  f o u r  months t o  c o i n c i d e  w i t h  a 
r e g u l a r  annua l  r e f u e l i n g  would n o t  i n c r e a s e  t h e  c o s t  more than  
1% f o r  t h e  c o n d i t i o n  examined h e r e .  

The v a r i a t i o n  o f  238Pu c o s t  w i t h  i r r a d i a -  

2 3 c P u  I N  238Pu - D. E. Deonigi 

For t h e  i n v e s t i g a t i o n  o f  t h e  2 3 6 ~ u  c o n t e n t  i n  2 3 8 ~ u ,  an 
e v a l u a t i o n  o f  t h e  ALTHAEA program's  a b i l i t y  t o  t r a c k  exper imen-  
t a l  236Pu d a t a  was f i r s t  c a r r i e d  o u t .  
Yankee e x p e r i m e n t a l  d a t a  (l) w i t h  c a l c u l a t e d  r e s u l t s  by u s e  o f  
t h e  ALTHAEA burnup code .  I t  shows good agreement  ove r  a wide 
r ange  of  f u e l  e x p o s u r e s .  

Table  7 compares t h e  

The 236Pu c o n t e n t  i n  238Pu produced by 237~4p t a r g e t  i r r a -  

d i a t i o n  i i i  a PWR were c a l c u l a t e d  n e x t .  The c a l c u l a t i o n  was 
b a s e d  on t h e  assumpt ion  t h a t  t a r g e t  e l emen t s  would b e  i n s e r t e d  
i n  unused c o n t r o l  rod  l o c a t i o n s .  Although t h e  p r o d u c t i o n  of  h i g h  
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nJP 
2 3 7  

T A B L E  6. V a r i a t i o n  o f  238Pu P r o d u c t i o n  Cos t  w i t h  
T a r g e t  I r r a d i a t i o n  Cos t  Parame ter s  

237~dp Base Cos t  Component Optimum T o t a l  Cos t  
Value ,  C o s t  Changed from New I r r a d i a t i o n  of  238pu, 

2 5  Low - - -  - - -  23.3 1 1 0  

I n v e n t o r y  Charge 1 5 %  22.5 129 
Reprocess ing  T i m e  8 mo. 25.5 116 

High - - -  - - -  36.0 2 30 
I n v e n t o r y  Charge 5 %  36.0 2 0 7  
I n v e n t o r y  Charge 1 5 %  34.5 253 
Reprocess ing  T i m e  5 mo. 36 .4  234 
Neut ron  Cost  $1350/g 37 .5  2 19 

so Low - - -  - - -  21.6 186 
Inven to ry  Charge 5 %  22.9 148  
Inven to ry  Charge 1 5 %  20.6 223 
Reprocess ing  T i m e  8 mo. 23.6 197 
Neutron Cos t  $135O/g 22.5 1 7 7  
Losses  1% 20.3  1 7 7  
Losses  5 %  2 5 . 1  2 1 1  

- - -  32.4 310 
I n v e n t o r y  Charge 5% 34.9 268 
I n v e n t o r y  Charge 1 5 %  30.8 352 
Reprocess ing  T i m e  8 mo. 33 .3  319 
Neutron Cost  $135O/g 33.0 300 
Losses  1% 31.9 302 

$ / g  

Inven to ry  Charge 5% 24.8  9 1  

Neutron Cos t  $1350/g 24.8 1 0 1  

Base S e t  Value Time, months $ / g  S e t  

iii gh - - -  

- - -  7 5  Low 

1 0 0  Low 

High - - -  

- - -  
I n v e n t o r y  Charge 
I n v e n t o r y  Charge 
Reprocess ing  T i m e  
Neutron Cos t  
Losses  

I n v e n t o r y  Charge 
I n v e n t o r y  Charge 
Reprocess ing  T i m e  
Neutron Cos t  

High - - -  

- - -  
5% 
1 5 %  
8 mo. 

20.6 
29.8 
2 0 . 4  
21.6 
1 9 . 7  
23.3 
20.6 
24 .8  
27.6 
30.8 
2 6 . 3  
29.6 
27.5 

261 
389 
336 
261 
4 1 1  
359 
328 
386 
467 
386 
546 
486 
458 
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d e n s i t y  NpOZ t a r g e t  e l emen t s  was p o s s i b l e  , t h e  i n c r e a s e d  e n r i c h -  
ment and f l u x  d i s t o r t i o n  i n  t h e  a s s e m b l i e s  c o n t a i n i n g  t a r g e t  
e l emen t s  would have  been u n d e s i r a b l e .  Thus,  i t  was assumed 
t h a t  an i n e r t  d i l u e n t  would b e  added t o  r educe  t h e  t a r g e t  
dens i t y  . 

T A B L E  7 .  Comparison of A L T H A E A  C a l c u l a t i o n s  w i t h  Yankee  
E x p e r i m e n t a l  Data o n  2 3 6 P u / 2 3 8 P u  C o m p o s i t i o n s  

Yankee Exper imen ta l  Data  la )  ALTHAEA C a l c u l a t e d  Da ta  
238Pu 236Pu/ 238Pu 236Pu/ 

Exposure , n u c l e i /  238Pu,  Exposure , n u c l e i /  2 38Pu , 
MWD/tonne barn-cm ppm MWD/tonne barn-cm ppm 

7 , 0 2 0  0 . 1 2  x 9 . 2 5  

0 . 1 4  x 9.28  
0 . 2 9  x 

0 . 4 6  x 

8,080 

13,370 
13,510 
13,630 

1 0  , 260 
1 2 , 6 4 0  

0 . 4 7  x 9.36  
0 . 5 1  x 9 . 2 2  
0 . 4 8  x 9 . 1 7  

1 5  , 2 1 0  

1 7 , 1 0 0  0 . 9 7  x 8.04 
1 8 , 8 6 0  1 . 2 8  x 8 . 1 2  

2 2  , 660 
23,770 2 . 0 8  x 7.88 

0 . 7 1  x 

9 . 2 4  
9 . 1 4  

9 . 0 1  

1 . 7 9  x 8 . 4 9  

a .  C o r r e c t e d  t o  r e a c t o r  d i s c h a r g e  d a t e .  

A t  a t a r g e t  d e n s i t y  of 1 g Np/cm 3 , t h e  2 3 6 ~ u / 2 3 8 ~ u  r a t i o  
was c a l c u l a t e d  t o  be  7 t o  8 ppm. By r e d u c i n g  t h e  d e n s i t y  t o  

236Pu/238Pu r a t i o  c o u l d  be reduced  t o  5 t o  0 . 2  g Np/cm , t h e  
6 ppm. A s econdary  advantage  f o r  t h e  lower d e n s i t y  i s  an 
approximate  30% i n c r e a s e  i n  t h e  t a r g e t  c o n v e r s i o n  r a t e .  
F u r t h e r  d e n s i t y  r e d u c t i o n  r e s u l t e d  i n  no more t h a n  1 0 %  improve-  
ment i n  236Pu c o n t a m i n a t i o n  and  d i d  n o t  appea r  a t t r a c t i v e .  

3 

36 



BNWL- 1 0 1 0  

I f  o n e - h a l f  o f  t h e  f u e l  a s sembl i e s  can be  used t o  a c c e p t  
neptunium t a r g e t  r o d s ,  a l l  o f  t h e  neptunium from one r e a c t o r  
cou ld  be r e c y c l e d  t o  t h e  same r e a c t o r  a t  a t a r g e t  d e n s i t y  o f  

0 . 2  g Np/cm . T h i s  appea r s  a r e a s o n a b l e  p o s s i b i l i t y  because  
on ly  abou t  o n e - f o u r t h  o f  t h e  f u e l  a s s e m b l i e s  a r e  l o c a t e d  t o  
a c c e p t  a c o n t r o l  assembly a t  any one t ime .  

3 

F u r t h e r  c a l c u l a t i o n s  examining t h e  f l u x  shape  i n  a PWR 

have i n d i c a t e d  t h a t  t h e  236Pu/238Pu r a t i o  cou ld  be  reduced t o  
about  1 ppm by p l a c i n g  t a r g e t  e l emen t s  i n  t h e  w a t e r  r e f l e c t o r  
s u r r o u n d i n g  t h e  c o r e .  T h i s  i s  p o s s i b l e  because  of  t h e  the rma l  
f l u x  peak 1 o r  2 i n .  away from t h e  o u t e r  e l e m e n t ,  and because  
o f  t h e  d e c r e a s e  i n  f a s t  f l u x  (6  MeV) i n  t h e  r e f l e c t o r .  The 
f e a s i b i l i t y  and p o s s i b l e  a d d i t i o n a l  c o s t s  i nvo lved  i n  l o c a t i n g  
t a r g e t  e l emen t s  i n  t h e s e  p o s i t i o n s  have n o t  been i n v e s t i g a t e d ,  
b u t  any i n c r e a s e d  c o s t  would have t o  be  ba l anced  o f f  by an 
i n c r e a s e  i n  238Pu v a l u e  w i t h  t h e  lower 2 3 6 ~ u  c o n t e n t .  

R E  F E R E N C E 

1. R .  C. Smith. Unpublished Data (Private communication), 
1968. 
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. 

F I S S I O N  P R O D U C T  R H O D I U M  A N D  P A L L A D I U M  

R A D 1 A T I O : I  C H A R A C T E R I S T I C S  O F  F I S S I O N  P R O D U C T  Rh and Pd 
F. P .  Rober ts  

Th i s  new program h a s  t h e  o b j e c t i v e  t o  de t e rmine  t h e  r a d i a -  
t i o n  c h a r a c t e r i s  t i c s  o f  rhodium and p a l l a d i u m  formed i n  power 
r e a c t o r s .  The r e s u l t s  o f  t h i s  s t u d y  w i l l  a l l ow an e v a l u a t i o n  
o f  t h e  u s e f u l n e s s  o f  t h e s e  e l emen t s  a s  i n d u s t r i a l  m a t e r i a l s  
and, t h e r e f o r e ,  a s s i s t  i n  d e c i d i n g  whe the r  t h e i r  r ecove ry  
d e s e r v e s  s e r i o u s  c o n s i d e r a t i o n .  

I n  an e a r l i e r  i n v e s t i g a t i o n :  a s m a l l  q u a n t i t y  o f  rhodium 
from 9 - y r  o l d  Hanford w a s t e s  was i s o l a t e d  and p u r i f i e d .  This  
r e v e a l e d  t h e  p r e s e n c e  of  loZmRh (2 .9  y r  h a l f - l i f e )  w i t h  a n  

abundance o f  5 t o  1 0  p C i / g .  These f i n d i n g s  were more r e c e n t l y  
s u b s t a n t i a t e d  when AKHCO i s o l a t e d  approx ima te ly  6 g Rh. T h i s  
m a t e r i a l  c o n t a i n e d  3 . 2  V C i  

from l o n g - c o o l e d  w a s t e s  (9 y r  and 11 y r  from r e a c t o r  d i s c h a r g e ) .  
I t  i s  b e l i e v e d  t h a t  s h o r t - c o o l e d  rhodium w i l l  a l s o  c o n t a i n  
lo2Rh ( 2 0 0  days h a l f - l i f e )  as  w e l l  a s  l e s s e r  amounts of lolRh 
( 3 . 1  y r  h a l f - l i f e ) .  A l l  t h e s e  i s o t o p e s  a r e  gamma e m i t t e r s  and ,  
i f  p r e s e n t  i n  l a r g e  q u a n t i t i e s ,  cou ld  g i v e  r i s e  t o  s e r i o u s  dose  
r a t e s .  

Rh/g.  Both t h e s e  samples  were 1 0  2m 

F i s s i o n  p r o d u c t  p a l l a d i u m  c o n t a i n s  2 0 %  I o 7 P d  which decays  
6 by e m i s s i o n  of  a 0 . 0 3 5  MeV b e t a  w i t h  a h a l f - l i f e  o f  7 x 1 0  y r .  

Because o f  t h e  low energy  o f  decay and t h e  long  h a l f - l i f e ,  i t  
i s  b e l i e v e d  t h a t  problems caused by r a d i o a c t i v i t y  w i l l  n o t  
r e s t r i c t  i t s  u s e .  However, t h i s  must be  v e r i f i e d .  

A 1 0  kg  sample of i r r a d i a t e d ,  Yankee Reac to r  f u e l  i s  on 
s i t e  and a v a i l a b l e  t o  t h i s  program. D i s s o l u t i o n  o f  t h i s  f u e l  
has  been s t a r t e d ,  and p o t e n t i a l  rhodium and p a l l a d i u m  s e p a r a -  
t i o n  methods a r e  b e i n g  t e s t e d  i n  t h e  l a b o r a t o r y .  

* Funded by  t h e  D i v i s i o n  o f  P r o d u c t i o n .  
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