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CHEMICAL FEASIBILITY OF FUELING 
MOLTEN SALT REACTORS WITH PuF, 

R. E. Thoma 

ABSTRACT 

The f e a s i b i l i t y  o f  s t a r t i n g  molten s a l t  reactors w i t h  

p l u t o n i u m  t r i f l u s r i d e  was e v a l u a t e d  w i t h  r e s p e c t  t o  c h e m i c a l  

c o m p a t i b i l i t y  w i t h i n  f u e l  s y s t e m s  and t o  r emova l  of  ~ ~ U ~ Q I I ~ U I I I  

f rom t h e  f u e l  by c h e m i c a l  r e p r o c e s s i n g  a f t e r  23"9u b u r n o u t .  

C o m p a t i b i l i t y  w i t h i n  r e a c t o r  c o n t a i n m e n t  s y s t e m s  is moderately 

w e l l - a s s u r e d  b u t  r e q u i r e s  c o n f i r m a t i o n  of PuF, s o l u b i l i t y  and  

oxide t o l e r a n c e  before t e s t s  c a n  be made u s i n g  t h e  MSRE, A I -  

t hough  s e p a r a t i o n  o f  p lu ton ium and protactin%~m i n  t h e  chemi- 

c a l  r e p r o c e s s i n g  p l a n t ,  as would be desirable  i n  a Pa rge  

breeder reactor, has n o t  y e t  been d e m o n s t r a t e d ,  c o n c e p t u a l  

d e s i g n s  of p r o c e s s e s  f o r  e f f e c t i n g  s u c h  s e p a r a t i o n s  are a v a i l -  

able for deve lopmen t .  
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HNCENTfVES FOR FUELING MOLTEN SALT REACTORS WITH PLUTONIUM 
FLUORIDE 

I n  a r e c e n t  r e p o r t ,  P. R .  K a s t e n  descr ibed t h e  economic  

a d v a n t a g e s  of u s i n g  p l u t o n i u m  as  a s t a r t u p  f u e l  i n  m o l t e n  s a l t  

reactors  The f o l l o w i n g  d i s c u s s i o n  summar izes  h i s  a p p r a i s a l  

of t h e  i n c e n t i v e s  which  a re  d e r i v e d  from t h e  u s e  of p l u t o n i u m  

i n  t h i s  manner .  It is a n t i c i p a t e d  t h a t  Parge q u a n t i t i e s  of 

p l u t o n i u m  w i l l  be p roduced  d u r i n g  t h e  f o l l o w i n g  d e c a d e s  by 

l i g h t  water reactors f u e l e d  w i t h  s l i g h l y  e n r i c h e d  u ran ium.  

S a l e  of t h e  p l u t o n i u m  p roduced  from t h e s e  reactors a t  $lO/g 

of f i s s i l e  mater ia l  is a n  i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  power 

cos t  of t h e s e  s y s t e m s .  R e c y c l e  of p l u t o n i u m  i n  l i g h t  water 

reactors  does n o t  l e a d  to a f u e l  v a l u e  of $10/g for f i s s i l e  

ma te r i a l  o v e r  many r e c y c l e s . '  

y e a r s  when t h e  f u e l  r e p r o c e s s i n g  i n d u s t r y  assoc ia ted  w i t h  t h e  

l i g h t  water reac tors  is d e v e l o p i n g ,  t h e  cos ts  of f a b r i c a t i n g  

p l u t o n i u m - f u e l e d  e l e m e n t s  w i l l  be d i s p r o p o r t i o n a t e l y  h i g h  i n  

c o m p a r i s o ~ ~  w i t h  c o s t  f o r  uranium f u e l e d  e l e m e n t s ,  and  t h i s  

w i l l  a l s o  %end t o  d i s c o u r a g e  r e c y c l e  of p l u t o n i u m .  Thus ,  i t  

a p p e a r s  t h a t  w i t h i n  t h e  n e x t  s e v e r a l  decades t h e  n e t  v a l u e  

of f i s s i l e  Pu r e l a t i v e  t o  i ts  u s e  i n  l i g h t  water  reac tors  w i l l  

be less t h a n  $lO/g, p r o b a b l y  a b o u t  $ 6 / g .  

1 

F u r t h e r ,  d u r i n g  the first f e w  

I n  m o l t e n  salt reactors  t h e  p e n a l t y  of p r e p a r i n g  p l u t o n i u m  

f u e l s  r a t h e r  t h a n  uranium f u e l s  d o e s  n o t  a p p e a r  t o  be economi- 

tally s i g n i f i c a n t .  Also a s  shown t h e  v a l u e  of p l u t o n i u m  i n  

MSBR s y s t e m s  is a b o u t  $ k Z / g .  Thus ,  t h e r e  is a d i f f e r e n t i a l  

o f  a p p r o x i m a t e l y  $6/g between t h e  v a l u e  of p l u t o n i u m  r e c y c l e d  

1 

.(........ . 



3 

i n  l i g h t  water r e a c t o r s  v e r s u s  i ts v a l u e  i n  MSBR's. W PO88 

MW(e> MSBR r e q u i r e s  a b o u t  1000 kg f i s s i l e  p lu ton ium d u r i n g  the 

s t a r t u p  p e r i o d .  A t  a d i f f e r e n t i a l  of  $ 6 / g ,  t h i s  c o r r e s p o n d s  

t o  $6  m i l l i o n .  Presumably  t h i s  6 m i l l i o n  a d v a n t a g e  f o r  a 

1 0 0 8  MW(e) reactor would n o t  be credited c o m p l e t e l y  t o  MSBR's 

b u t  would be s p l i t  w i t h  l i g h t  water reactors by u s i n g  an  i n t e r  

mediate Pu v a l u e .  

One o f  t h e  r e a s o n s  f o r  d e v e l o p i n g  Bast breeder reactors  

is t h a t  t h e y  can  a d v a n t a g e o u s l y  u t i l i z e  p lu ton ium as  a f u e l .  

I f  MSBR's are t o  s e r v e  as  an a l t e r n a t i v e  breeder s y s t e m ,  i t  

is desirable  t h a t  t h e y  a l so  u t i l i z e  p lu ton ium a d v a n t a g e o u s l y  

as a s t a r t u p  f u e l .  A s  i n d i c a t e d  above ,  t h i s  a p p e a r s  to be 

p o s s i b l e  if t h e  t e c h n o l o g y  is f a v o r a b l e .  F u r t h e r ,  t h e  %ow 

s p e c i f i c  i n v e n t o r y  i n  MS ' s  p e r m i t s  m o l t e n  s a l t  reactors t o  

be b u i l t  i n  r e l a t i v e l y  l a r g e  numbers u s i n g  plutomium p r o d u c t  

f u e l  f rom l i g h t  water reactors .  T h i s  f e a t u r e  p e r m i t s  MSBR's 

t o  c o n t r i b u t e  to improved f u e l  u t i l i z a t i o n  s i n c e  t h e i r  o p e r a -  

t i o n  would n o t  be l i m i t e d  by t h e  a v a i l a b i l i t y  o f  u r a n i f e r o u s  

f u e l s  

The a d v a n t a g e  of s t a r t i n g  u p  on p lu ton ium r a t h e r  t h a n  

2 3 5 ~  ar ises  from t h e  f a c t  t h a t  a lower c o n c e n t r a t i o n  o f  PU is 

r e q u i r e d  f o r  c r i t i c a l i t y  i n  t h e  f u e l ,  a n d  also b e c a u s e  a f t e r  

Pu b u r n o u t  , t h e  h i g h e r  p l u t o n i u m  i s o t o p e s  ( n e u t r o n  ~ O ~ S O ~ S )  

presumab ly  c a n  be separated from t h e  uranium.  T h i s  o p e r a t i o n  

leads t o  s l i g h t l y  better nuc lea r  pe r fo rmance  over a 30-year  

reactor l i f e  when p lu ton ium is t h e  s t a r t u p  f u e l  t h a n  when 
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2 3 5 U  is t h e  s t a r t u p  f u e l  and  t h e  h i g h e r  i s o t o p e s  c a n n o t  be 

d i s c a r d e d  ( i n c r e a s e  of about 0 . 0 1  i n  t h e  b r e e d i n g  r a t i o ) .  

The j n c e n t i v e s  described above  form t h e  bas i s  f o r  or  

j u s t i f y  e v a l u a t i o n s  of t h e  f e a s i b i l i t y  of i n c o r p o r a t i n g  

p l u t o n i u m  i n  m o l t e n  s a l t  reactors .  An a s s e s s m e n t  was made sf 

c u r r e n t  i n f o r m a t i o n  OBI c h e m i c a l  p r o p e r t i e s  of PuF, i n  order 

t o  Judge  t h e  f e a s i b i l i t y  of i ts  i n c o r p o r a t i o n  i n  MSR f u e l  

s a l t s ,  a n d  t o  estimate t h e  c h a r a c t e r  and  e x t e n t  of in fo rma-  

t i o n  which  may be r e q u i r e d  t o  d e m o n s t r a t e  c h e m i c a l  compa t i -  

b i l i t y  of PuF, i n  t h e  mul t i componen t  e n v i r o n m e n t  of f u e l -  

f e r t i l e  s a l t  s y s t e m s .  

PREVIOUS EVALUATIONS OF PLUTONIUM-FLUORIDE FUELED REACTORS 

D u r i n g  t h e  e a r l y  s tages  of t h e  Mol ten  S a l t  Reactor Program, 

t h e  f l u o r i d e s  of p l u t o n i u m  were c o n s i d e r e d  f o r  a p p l i c a t i o n  i n  

advanced  v e r s i o n s  of m o l t e n  s a l t  reactors .  The r e s u l t s  of one  

s t u d y 3  showed that a PuF, f u e l e d  two- reg ion  homogeneous f l u o r i d e  

s a l t  reactor  was operable ,  a l t h o u g h  i t s  p e r f o r m a n c e  was p o o r .  

F u r t h e r  deve lopmen t  was n o t  p u r s u e d  f o r  n e i t h e r  i ts c h e m i c a l  

f e a s i b i l i t y  n o r  methods  f o r  i m p r o v i n g  p e r f o r m a n c e  was o b v i o u s .  

A l though  t h e  the rmochemica l  p r o p e r t i e s  of %he p l u t o n i u m  f l u o r i d e s  

were n o t  w e l l  e s t a b l i s h e d  a t  t h a t  t i m e ,  i t  was c lear  t h a t  t h e  

most s o l u b l e  f l u o r i d e ,  PuF,, would be too s t r o n g  a n  o x i d a n t  

f o r  use w i t h  a v a i l a b l e  s t r u c t u r a l  a l l o y s .  The s o l u b i l i t y  sf 

PuF,, w h i l e  s u f f i c i e n t  f o r  c r i t i c a l i t y  e v e n  i n  the p r e s e n c e  

of f i s s i o n  f r a g m e n t s  and  n o n - f i s s i o n a b l e  i so topes  of Pu, was . . . . . . . /...._ ..~. 
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estimated t o  l i m i t  t h e  amount sf ThF, which  c o u l d  be added t o  

t h e  f u e l  s a l t . 4  

t h a t  t h e  c o n t i n u o u s  use of 239Pu as  a f u e l  would r e s u l t  i n  

poor n e u t r o n  economy i n  c s m p a r i s s n  w i t h  t h a t  of 3U-fue1ed 

reactors v i t i a t e d  f u r t h e r  e f f o r t s  t o  e x p l o i t  t h e  p lu ton ium 

f l u o r i d e s  for  MSBR a p p l i c a t i o n s ,  Recent deve lopmen t s  i n  f u e l  

r e p r o c e s s i n g  c h e m i s t r y  and  i n  reactor d e s i g n  have es tab l i s  Baed 

t h e  f e a s i b i l i t y  of a s i n g l e - f l u i d  MSBR. C o n s e q u e n t l y ,  i t  

now a p p e a r s  t h a t  i t  w i l l  be p o s s i b l e  to o p e r a t e  a LiF-BeF,- 

%hF4-PuF, s i n g l e - f l u i d  MSR w i t h  lower c o n c e n t r a t i o n s  of t h o r i u m  

a n d  p lu ton ium t h a n  ea r l i e r  c o n s i d e r a t i o n s  r e q u i r e d ,  e.g. w i t h  

T h i s  l i m i t a t i o n ,  c o u p l e d  w i t h  t h e  c o n d i t i o n  

thQriUm f l u o r i d e  c o n c e n t r a t i o n s  0% 8 t o  12 mole 70 and w i t h  8 

p l u t o n i u m  f l u o r i d e  c o n c e n t r a t i o n  of a p p r o x i m a t e l y  25% less 
5 t h a n  r e q u i r e d  f o r  2 3 1 ~  l o a d i n g ,  i e e 5 ,  iz 0.2 mole %. S i n c e  

t h e  i n c e n t i v e  t o  u s e  " ~ P u F ,  i n  m o l t e n  s a l t  reactors a p p l i e s  

e x c l u s i v e l y  t o  i t s  t empora ry  i n c l u s i o n  i n  t h e  f u e l  stream, 

p r i o r  l i m i t a t i o n s  c o n c e r n i n g  s a t u r a t i o n  sf t h e  f u e l  w i t h  

respect t o  t 4 1 P u ~ 3  and ""~uF, do not s e e m  to be relevant. 

If t h e  c h e m i c a l  p r o p e r t i e s  of p lu ton ium t r i f 1 u o r i . d e  p r o v e  

t h a t  i ts i n c l u s i o n  i n  m o l t e n  s a l t  reactor f u e l s  is e c o n o m i c a l l y  

a n d  t e c h n i c a l l y  f e a s i b l e ,  i ts e x p l o i t a t i o n  i n  t h i s  c o n n e c t i o n  

s h o u l d  be r e g a r d e d  as of s i g n i f i c a n t  a d v a n t a g e  t o  t h e  d e v e l o p -  

ment  of t h e  U n i t e d  S ta tes  AEC breeder reactor program. 

CHEMICAL PROPERTIES OF PLUTONIUM FLUORIDE 

One c h a r a c t e r i s t i c  of t h e  a c t i n i d e  e l e m e n t s  is that 

http://trif1uori.de
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i n c r e a s i n g  i n s t a b i l i t y  of t h e  h i g h e r  o x i d a t i o n  s t a t e s  is ob- 

s e r v e d  w i t h  i n c r e a s i n g  atomic number. T h i s  p r o p e r t y  is e v i -  

d e n t  among t h e  compounds of p l u t o n i u m ,  p a r t i c u l a r y  t h e  h a l i d e s .  

T h r e e  s t ab le  f l u o r i d e s  o f  p lu ton ium are known, whereas  among 

t h e  o t h e r  h a l i d e s ,  o n l y  t h e  t r i v a l e n t  o x i d a t i o n  s t a t e  is 

commonly e x h i b i t e d .  S i n c e  PuFh is a g a s ,  o n l y  PuF, and PuF, 

c a n  be c o n s i d e r e d  f o r  u s e  i n  m o l t e n  s a l t  f u e l  m i x t u r e s .  

P lu ton ium t e t r a f l u o r i d e  would e x h i b i t  h i g h e r  s o l u b i l i t y  t h a n  

PuF, i n  f l u o r i d e  s o l v e n t s ,  b u t  would p r o b a b l y  p r ~ v e  t o  be too 

s t r o n g l y  o x i d i z i n g  t o  be c o m p a t i b l e  w i t h  Bas t e l loy -N.  The 

f r e e  e n e r g y  f o r  t h e  f o l l o w i n g  c o r r o s i o n  r e a c t i o n  s t r o n g l y  

f a v o r s  o x i d a t i o n  of chromium c o n t a i n i n g  a l l o y s  : 

- 688 k c a l  = 148  kcal - 625 .8  k c a  

- 688 k c a l  - 7 3 3 . 8  k e a 1  
% I 0 0 @ K ~  L----...\. 

= -85 .8  k c a l  

The above  r e a c t i o n  a l s o  shows t h a t  i t  would n o t  be p o s s i b l e  

t o  i n c r e a s e  t h e  c o n c e n t r a t i o n  of p l u t o n i u m  i n  a f u e l  s a l t  

which  was a l r e a d y  s a t u r a t e d  w i t h  r e s p e c t  t o  PuF, by a d d i t i o n  

of PUP,, s i n c e  t h e  c o r r o s i o n  r e a c t i o n  would p r o c e e d  s t e a d i l y  

and  p roduce  a d d i t i o n a l  amounts  of PuF, . P l u t o n i u m  t r i f l u o r i d e  

is, t h e r e f o r e ,  r e g a r d e d  as t h e  o n l y  s u i t a b l e  f l u o r i d e  o f  Pu 

for a p p l i c a t i o n  as a m o l t e n  s a l t  reactor f u e l  c o n s t i t u e n t ,  

C u r r e n t  v a l u e s  of t h e  the rmochemica l  p r o p e r t i e s  s f  k F ,  and 

PuF, are compared w i t h  t h e i r  u ran ium a n a l o g s  and  w i t h  t h o r i u m  

t e t r a f l u o r i d e  and  c e r i u m  t r i f l u o r i d e  i n  T a b l e  1. The v a l u e s  . .. ~... . . ., Y 



2.p 

7 

l i s t e d  h e r e  show t h a t  BuF, is more s t ab le  t h a n  UP, ,  and s u g g e s t  

as w e l l  t h a t  t h e  s o l u b i l i t i e s  o f  PUP,, UF,, and &?F, i H 1  f l u o r i d e  

s o l v e n t s  migh t  be s imi la r .  

A .  S o l u b i l i t y  of PuF, i n  F l u o r i d e  S o l v e n t  M i x t u r e s  

1. LiF-BeF, : The s o l u b i l i t y  of PUP, i n  LiF- F, s o l v e n t s  
6 was measured  by B a r t o n  f o r  c o m p o s i t i o n s  r a n g i n g  i n  BeF, f rom 

2 8 . 7  t o  48.3 mole 70 and  from 4 5 0  t o  6 5 0 ° C .  S o l u b i l i t i e s  of 

PuF, i n  LiF-BeF2 s o l v e n t s  are compared w i t h  t h o s e  f o r  CeP, i n  

t h e  same c o m p o s i t i o n  r a n g e  i n  F i g u r e  1. These  r e s u l t s  imply 

t h a t  t h e  s o l u b i l i t y  of BqF, i n  LiF-BeF, s o l v e n t s  is marked ly  

t e m p e r a t u r e -  and composi t ion-dependent .  E x t r a p o l a t i o n  of t h e s e  

da ta  t o  t e m p e r a t u r e s  which  are r e a s o n a b l e  for t h e  p e r i t e e t i c  

i n v a r i a n t  p o i n t  i n v o l v i n g  L ~ P ,  L ~ , & F ~ ,  and PUF, ( ~ i g u r e  2 )  

i n d i c a t e s  t h a t  t h e  c o m p o s i t i o n  of the m i ~ t u r e s  a t  t h i s  i n v a r i a n t  

p o i n t  is %iF-kP2-PuF3 ( 6 3 - 3 7 - 0 . 0 6 8  mole 701, T = 455", and  

t h a t  t h e  Li2&F4-BeF2-BuF, e u t e c t i c  o c c u r s  a t  the c o m p o s i t i o n  

LiF-&F,-PuF, (48-52-0.01 male %), T = 3 5 8 O C .  The @ ~ m p ~ ~ i % i o n  

dependence  of s o l u b i l i t y  a p p e a r s  t o  be re la ted  t o  t h e  acid-base 

b a l a n c e  o f  the s o l v e n t ,  a s  is e v i d e n t  when t h e  da t a  are e x p r e s s e d  

as  a f u n c t i o n  of t h e  es t imated f r a c t i o n  o f  " f r e e "  f l u o r i d e s  as  

c o n t r a s t e d  to " b r i d g i n g "  f l u o r i d e s .  While  BuF, s o l u b i l i t y  seems 

t o  be minimal  i n  t h e  " n e u t r a l "  m e l t ,  LiF-BeP, ( 6 6 . 7 - 3 3 . 3  mole 

9%) t h e  minimum i n  t h e  CeP, s o l u b i l i t y  c u r v e s  seems t o  o c c u r  i n  

m i x t u r e s  which  are s l i g h t l y  r i c h e r  i n  BeFz (see F i g u r e  3 ) .  

..... .... .=.g B a r t o n  i n v e s t i g a t e d  the e f f e c t  sf additional s o l u t e s  on 



Table 1. Comparison of the Properties of PuF, with 
ThF,, IJF,, IJF,, and CeF,. 

:: 

Free energy of 
formation at 
1OOQOK 
(kcal/F atom) 

ThF, (s > UF, (s) 

-1QP -9mb 

PuF, (s > 

-86.QC 

UF, (s) 

-99*gb 

PuF, (s) 

-1Q4.3c 

m.p. (OC) 1111 1035 1037 1495 1425 1437 

Crystal 
Structure 

Density 
(g/cm' > 

Md Md Md He He He 

5.71 6.72 7.0 8.97 9.32 

"L. Brewer, "The Chemistry and Metallurgy of Miscellaneous Materials: 
Thermodynamics," L. L. Quill, ed., McGraw-Hill, New York, 1950, 76-192. 

bC. F. Baes, Jr., '"Thermodynamics," Vol. I, IAEA, Vienna, 1966, p. 409; 
and G. Long, QRNL-3789, January 31, 1965. 

'I!'. L, Oetting, Chem. Rev., 67, 61 (1967). - 

d Monoclinic, space group C2/c. 

6.16 ca 

eHexagonal, space group Pb/mcm. 
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Fig. 1. Comparison of CeF3 and PuF3 Solubility in LiF-BeF2 Solvent. 
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t h e  s o l u b i l i t y  of PuF, i n  LiF-EkP2 m i ~ t u s e s , ~  u s i n g  l o w  (s 1 

mole 70) c o n c e n t r a t i o n s  of ThF, BaF, and  CeF, and h i g h  COW- 

c e n t r a t i o n s  ( 2 0  mole 70) of UF4. H i s  r e s u l t s  showed t h a t  a t  1 

mole %, ThF4 had v e r y  l i t t l e  e f f e c t  on the s o l u b i l i t y  of PuF, 

i n  t h i s  s o l v e n t .  The same amount of BaF, d i m i n i s h e d  the solu- 

b i l i t y  of PuF, i n  a manner n o t  c l e a r l y  u n d e r s t o o d .  B a r t o n  

s p e c u l a t e d  t h a t  t h e  s a t u r a t i n g  phase  i n  t h e s e  e x p e r i m e n t s  was 

q u i t e  p o s s i b l y  n o t  p u r e  PuF,, b u t  r a t h e r  was a s o l i d  solution 

of BaF, and  BuF,. A s  t h e  molar r a t i o s  of BaFz and  PuF, were 

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

c i p i t a t i n g  phase  a l so  v a r i e d ,  s u c h  as t o  i n d i c a t e  t h a t  t h e  

s o l i d  phase  i n  e q u i l i b r i u m  w i t h  l i q u i d  was a BaF,-BuF, s o l i d  

s o l u t i o n .  The magni tude  of t h e  e f fec t  i n d i c a t e d  t h a t  t h e  con- 

c e n t r a t i o n  of d i v a l e n t  f i s s i o n  p r o d u c t s  a n t i c i p a t e d  i n  reactor 

o p e r a t i o n  would p r o b a b l y  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  s o l u b i l i t y  

of  BuF, * 

Data o b t a i n e d  w i t h  CeF,-WrF, s o l u t e  m i x t u r e s  i n  t h e  so l -  

v e n t  LiF-BeF, (63 -3 '5  m o l e  %) are shown in Figure 4 .  The t h e s -  

r e t i c a l  c u r v e s  for CeF,-PuF, m i x t u r e s  shown i n  F i g u r e  4 were 

c a l c u l a t e d  from t h e  e q u a t i o n  NpUF, (dl = %uF,NPuF, (ss) ,  where  

(d), is t h e  mole f r a c t i o n  of PuF, i n  s o l u t i o n  sbuF, t h e  NPuF, 
mole f r a c t i o n  ( s o l u b i l i t y )  of  PuF, i n  t h e  s o l v e n t  a t  a s p e c i f i e d  

t e m p e r a t u r e  (shown labeled "PuF3 o n l y "  i n  F i g u r e  4) w h i l e  

(ss) is t h e  mole f r a c t i o n  of PuF, i n  s o l i d  s o l u t i o n .  

Agreement between e x p e r i m e n t a l  a n d  c a l c u l a t e d  s o l u b i l i t y  v a l u e s  

i n d i c a t e s  t h a t  PuF, and  CeF, form s o l i d  s o l u t i o n s .  

%UF, 



1. 8 

1.6 

4.4 

4.2 

h 

$ 
Q) - 

1.0 - 
LL- 
a 

0 0.8 
Lrn 

3 

a 

B) u 

0.6 

0.4 

0.2 

0 

WRNL-WNG 68-7226 

- 50 - 40 -30 -20 -10 0 20  30 
FREE FLUORDE ION BALANCE 

P i g .  3 .  Effect of LiF-BeF2 Solvent  Composition 811 t he  S o l u b i l i t y  of 
CeP3 and BuP3. 



1 3  

ORML-LR-BWG 32944A 
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The s o l u t e s  were found  combined i n  s i n g l e - p h a s e  mater ia l s  w i t h  k.". 

o p t i c a l  p r o p e r t i e s  i n t e r m e d i a t e  between t h o s e  o f  CeF, and  PuF, 

2 L ~ F - B ~ F ~ - U F ~  : Barton '  measured  t h e  s o l u b i l i t y  of P ~ F ,  

i n  a LiF-BeF,-UF4 m e l t  of t h e  c o m p o s i t i o n  70-20-lC mole 70. The 

r e s u l t s  which  he o b t a i n e d  c o m p r i s e  t h e  o n l y  a v a i l a b l e  in fo rma-  

t i o n  on t h e  s o l u b i l i t y  of PuF, i n  mel ts  which  c o n t a i n  more t h a n  

1 mole 70 of metal t e t r a f l u o r i d e s ,  The v a l u e s  for t h e  s o l u b i l -  

i t y  of PuF, i n  t h e  LiF-€kF,-UF, s o l v e n t  f a l l  on a s t r a i g h t  l i n e  

when p l o t t e d  as l o g a r i t h m  of c o n c e n t r a t i o n  v s  e r e c i p r o c a l  t e m -  

p e r a t u r e  e C o n s i d e r e d  i n  terms of " f r e e  f l u o r i d e "  i o n s  a v a i l -  

a b l v e ,  t h e  i o n  b a l a n c e  i n  t h e  s o l v e n t  may v a r y  from - 1 0  t o  

-30 d e p e n d i n g  on  whe the r  one assumes  t h e  p redominan t  a n i o n i c  

a s s o c i a t i o n  of uran ium i o n s  t o  be UF, or  U F , ~ -  i n  t h e  m e l t .  

T e t r a v a l e n t  uran ium does n o t  form s t a b l e  p h a s e s  of t h e  s t o i c h i o -  

metries Li ,UF6 Ei,UF, o r  Li,UF, Of t h e s e ,  o n l y  ki4UF, 

e x i s t s  as an  e q u i l i b r i u m  c r y s t a l l i n e  p h a s e ,  and  its tempera-  

t u r e  r a n g e  of s t a b i l i t y  e x t e n d s  o n l y  o v e r  ~ O O C .  I t  seems most 

p r o b a b l e  t h a t  t h e  uranium i o n s  i n  t h e  s o l v e n t  e x i s t  p r i n c i -  

pally as UF, If s o ,  t h e  s o l u b i l i t y  da t a  f rom T a b l e  2 f i t  

~ l o s e l y  w i t h  t h o s e  shown i n  F i g u r e  3 .  S i n c e  7LiF-BeF,-ThF4- 

UF, s i n g l e  f l u i d  f u e l s  are l i k e l y  t o  be more n e u t r a l  on t h e  

n e g a t i v e  s i d e ,  w e  mus t  presume t h a t  t h e  s o l u b i l i t y  w i l l  be 

n e a r  t h e  lowest v a l u e s .  The r e s u l t s  of a11 t h e  measurements  

which  have been made s u g g e s t  however t h a t  t h e  s o l u b i l i t y  of 

PuF, i n  MSR s o l v e n t  s y s t e m s  will n o t  be lower t h a n  0 , 2 5  mole 70 

a t  t e m p e r a t u r e s  of 5 5 0 Q C  or h i g h e r ,  

- 

- 

. .. . . . . . . , e,. 
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Filtration 
T e m ~ e r  a ture 

Concentration of We 
in Filtrate 

558 

6 0 0  

6.58 

3 . 4 3  1 . 2 7  

4 . 5 7  1 . 7 0  

6 .50  2 . 4 8  
k, 

.. . . . . . . . . . <.m, 
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The data  i n  Figure 3 i n d i c a t e  t h a t  i f  t h e  “ f r e e  f l u o r i d e ”  L .- 

i o n  b a l a n c e  is n e g a t i v e ,  the d i f f e r e n c e s  i n  s o l u b i l i t i e s  of 

CeF, and  PuF, are e s s e n t i a l l y  c o n s t a n t .  T h e r e f o r e ,  t h e  so lu -  

b i l i t y  of PuF, i n  s o l v e n t s  s imi la r  i n  c o m p o s i t i o n  t o  t h e  MS 

car r ie r  and MSRE f e r t i l e  carr ier  s a l t  m i x t u r e s  c a n  be deduced  

from t h e  r e s u l t s  of CeF, s o l u b i l i t y  measu remen t s ,  which  i n  

r e s p e c t  t o  t h o s e  f o r  PuF,, c a n  be a c c o m p l i s h e d  w i t h  compara- 

t i v e  ease. 

B. S e g r e g a t i o n  of PuF, on C r y s t a l l i z a t i o n  of  F u e l  S a l t s  

The p r i n c i p a l .  components of MSR f u e l  m i x t u r e s  do n o t  form 

i n t e r m e d i a t e  compounds w i t h  PuF, e From the s o l u b i l i t y  data  

c i t e d  a b o v e ,  i t  c a n  be i n f e r r e d  t h a t  i f  i t  is employed i n  f u e l  

m i x t u r e s  a t  c o n c e n t r a t i o n s  o f  a few t e n t h s  mole p e r c e n t ,  WIF, 

w i l l  t e n d  t o  c r y s t a l l i z e  f rom s u c h  m i x t u r e s  as t h e  p r i m a r y  

p h a s e  and  i n  s o l i d  s o l u t i o n  w i t h  UF, and /o r  t h e  r a r e  e a r t h  

tr i f l u o r  i d e s .  The LiF/BeF, r a t i o  i n  ’ LiF-BeF, -ThF4 -PuF, 

f u e l  m i x t u r e s  c o u l d  be a d j u s t e d  t o  i n s u r e  t h a t  a t  s a t u r a t i o n  

o t h e r  f l u o r i d e s ,  s u c h  as  7Li , (Th ,U)F ,  would c o p r e c i p i t a t e  w i t h  

PuF, a t  t h e  l i q u i d u s .  I t  is a n t i c i p a t e d  t h e r e f o r e  t h a t  i n  

t h e  c o n c e n t r a t i o n s  a t  which  PuF, would p r o b a b l y  be employed ,  

i t  would n o t  be d e p o s i t e d  p r e f e r e n t i a l l y  f rom t h e  b u l k  s a l t  

d u r i n g  t h e  i n a d v e r t e n t  f r e e z i n g ,  n o r  a t  l o c a t i o n s  s u c h  as i n  

f r e e z e  v a l v e s  where r e p e a t e d  t h a w i n g  and  f r e e z i n g  would t a k e  

p l a c e  e 

6. Chemica l  C o m p a t i b i l i t y  w i t h  F u e l  C i r c u i t  Materials 

A c o n s i d e r a b l e  amount of t h e o r e t i c a l  and  e x p e r i m e n t a l  



.. . <.:.E' e v i d e n c e  e x i s t s  which  i n d i c a t e s  t h a t  as a component of f l u o r i d e  

f u e l  m i x t u r e s  PUP, w i l l  be c h e m i c a l l y  compatible w i t h  c o n t a i n e r  

a l l o y s  a n d  g r a p h i t e .  Of t h e  a c t i n i d e  f l u o r i d e s  which  may 

u s e d  t o  c o n s t i t u t e  mol t en  s a l t  reactor f u e l  m i x t u r e s ,  p l u t o n -  

ium t r i f l u o r i d e  is t h e  most c h e m i c a l l y  s t a b l e .  U n l i k e  UF,, 

i t  shows no  t e n d e n c y  t o  d i s p r o p o r t i o n a t e  t o  t h e  t e t r a f l u o r i d e  

a n d  metal. 

F l u o r i d e  melts c o n t a i n i n g  PuF, were c o n t a i n e d  i n  n i c k e l  

v e s s e l s  i n  many of t h e  e x p e r i m e n t s  c o n d u c t e d  by C. 9. B a r t o n  

and  eo-workers .  N i c k e l  p roved  t o  be a n  e n t i r e l y  s a t i s f a c t o r y  

c o n t a i n e r  material f a r  t h i s  use. I n  t h e  n i c k e l  based a l l o y ,  

HastelPoy-N,  t h e  c o r r o s i o n  r e a c t i o n  which  is i n t r i n s i c  t o  

u r a n i f e s o u s  f l u o r i d e  s a l t  s y s t e m s  is Crs + 2UF4 =s ZW, + C r F 2 ,  

a r e a c t i o n  which  h a s  n o  a n a l o g  i n  PuF, f u e l  s y s t e m s .  The role 

of PuF, i n  c o r r o s i o n  of B a s t e l l a y - N  c s n t a i n e r  v e s s e l s  may 

t h e r e f o r e  be n i l .  The p o s s i b i l i t y  t h a t  some u n i d e n t i f i e d  

r e a c t i o n  m i g h t  c a u s e  mass t r a n s f e r  i n  a t e m p e r a t u r e  g r a d i e n t  

c a n n o t  be ruled o u t .  S i n c e  suck corrosion is limited by the 

d i f f u s i o n  o f  chromium i n  Has te l loy -N t o  l i q u i d - s o l i d  bound' 

a r i e s F 7  t h e  ra te  of mass t r a n s f e r  could o n l y  be e x t r e m e l y  low. 

The c o m p a t i b i l i t y  of PceF, w i t h  MSR f u e l  c i r c u i t  e n v i r o n -  

ment h a s ,  t o  a n  e x t e n t ,  a l r e a d y  been  d e m o n s t r a t e d  i n  t h e  MSRE, 

where some 100 ppm of p lu ton ium was g e n e r a t e d  and  r ema ined  

e n t i r e l y  i n  t h e  f u e l  s a l t .  Its s t a b i l i t y  t h e r e  was estab- 

l i s h e d  by t h e  r e s u l t s  o f  r o u t i n e  c h e m i c a l  a n a l y s i s  which 

were i n  good ag reemen t  w i t h  t h e  a n t i c i p a t e d  va lues  d u r i n g  

3 S U  o p e r a t i o n s .  
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It a p p e a r s  h i g h l y  u n l i k e l y  t h a t  t h e  carbides  o f  p lu ton ium 

c a n  form i n  m o l t e n  s a l t  r e a c t o r s  wh ich  employ PuF, i n  t h e  f u e l  

stream. The f r e e  e n e r g y  of f o r m a t i o n  o f  t h e  p l u t o n i u m  carbides  

is q u i t e  low,  "20 kca l /mole  a t  1000°Ke8 While  t h e  uran ium car- 

bides have comparably  low f r e e  e n e r g i e s  o f  f o r m a t i o n ,  t h e  

p o s s i b i l i t y  of carbide f o r m a t i o n  w i t h  moderator g r a p h i t e  e x i s t s  

o n l y  i f  t h e  a c t i v i t y  o f  Uo, formed i n  d i s p r o p o r t i o n a t i o n ,  is 

p e r m i t t e d  t o  r i s e  2 5 x 1 0 ~ 7 .  

d o e s  n o t  o c c u r ,  t h e  d r i v i n g  f o r c e  f o r  t h e  f o r m a t i o n  of p l u t o n -  

ium carbides is e n t i r e l y  a b s e n t .  

S i n c e  d i s p r o p o r t i o n a t i o n  of PUF, 

Thermodynamic da t a  s u g g e s t  t h a t  i f  g r a p h i t e  were t o  react  

w i t h  MSR fuel m i x t u r e s  c o n t a i n i n g  UF,, t h e  most l i k e l y  r e a c t i o n  

would be 4UF4 + C * CF, i- 4 U F , ,  which  should  come t o  e q u i l i -  

br ium a t  CF, p r e s s u r e s  of or  below l o - *  atm. I t  h a s  been  shown 

by mass s p e c t r o m e t r i c  a n a l y s i s 9  t h a t  t h e  c o n c e n t r a t i o n s  of CF4 

o v e r  g r a p h i t e  s y s t e m s  which  were m a i n t a i n e d  f o r  l o n g  p e r i o d s  a t  

e l e v a t e d  t e m p e r a t u r e s  d i d  n o t  e x c e e d  t h e  lower  d e t e c t i o n  l i m i t s  

(<l ppm) for t h i s  c ~ m p o ~ n d .  R e d u c t i o n  o f  PuF, by a s i m i l a r  

r e a c t i o n  a p p e a r s  t o  be v e r y  i m p r o b a b l e .  

From c o n s i d e r a t i o n  o f  t h e  the rmochemica l  p r o p e r t i e s  of 

PuF, and  from i ts  c h e m i c a l  b e h a v i o r  i n  t h e  MSRE as  described 

a b o v e ,  w e  c a n  a n t i c i p a t e  t h a t  t h e  c o m p a t i b i l i t y  of PuF, w i t h  

MSR g r a p h i t e  moderator and  c o n t a i n m e n t  a l l o y s  w i l l  be e x c e l l e n t .  

. .. 

< ...... :. 
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D. S o l u b i l i t y  of  PuzO, i n  F l u o r i d e  M i x t u r e s  

I n i t i a l  d e m o n s t r a t i o n  of t h e  a p p l i c a t i o n  o f  Pup3 in m o l t e n  

s a l t  reactors would come a p p r o p r i a t e l y  f rom its i n c l u s i o n  i n  

MSRE f u e l  s a l t .  B e f o r e  embarking  on s u c h  a d e m o n s t r a t i o n ,  i t  

would be n e c e s s a r y  t o  have a c c u r a t e  i n f o r m a t i o n  a b o u t  t h e  s o l u -  

b i l i t y  of Pu28,  i n  t h e  MSRE f u e l  and  f l u s h  s a l t s .  C. F. Baes 

a p p r a i s e d  t h e  thermochemica l  d a t a  f o r  WIF, and Pu203 r e c e n t l y  

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

tating h z 0 3  i f  PuF, is i n t r o d u c e d  i n t o  t h e  MSRE f u e l  s a l t  a t  

a c o n c e n t r a t i o n  of as high as  8.2 mole 70 and i f  t h e  o x i d e  

l e v e l  s h o u l d  a p p r o a c h  t h e  v a l u e  f o r  Z r 0 2  s a t u r a t i o n  ("500 ppm). 

10 

In o u r  p r e v i o u s  e x p e r i e n c e  w i t h  t h e  MIISRE, t h e  t o t a l  c o n c e n t r a -  

t i o n  OB o x i d e  i n  t h e  f u e l  s a l t  has r ema ined  less t h a n  108 ppm. 

Al though i t  seems improbab le  t h a t  s a t u r a t i o n  of t h e  MSRE f u e l  

s a l t  w i t h  h z O ,  could o c c u r  a t  s u c h  low o x i d e  c o n c e n t r a t i o n s ,  

t h e  o x i d e  tolerance of s u c h  m i x t u r e s  is c u r r e n t l y  i n e s t i m a b l e  

b e c a u s e  of t h e  u n c e r t a i n t i e s  which may be p r e s e n t  i n  t h e  thermo- 

c h e m i c a l  d a t a .  L a b o r a t o r y  e x p e r i e n c e  w i t h  PuF, m e l t s  h a s  n o t  

s u g g e s t e d  t h a t  Pu2Q3 e x h i b i t s  u n u s u a l l y  l o w  s o l u b i l i t y  i n  

f l u o r i d e  m i x t u r e s ,  i . e .  t h a t  i ts s o l u b i l i t y  is lower  t h a n  

ZrOz o r  U02. However, s i n c e  t h e  p o s s i b i l i t y  e x i s t s  t h a t  Pu2Q, 

p r e c i p i t a t i o n  m i g h t  o c c u r ,  t h e  o x i d e  c h e m i s t r y  of Pu3 i n  

m o l t e n  f l u o r i d e s  s h o u l d  be determined e x p e r i m e n t a l l y  i f  t h e  

MSRE were t o  be u s e d  t o  d e m o n s t r a t e  t h e  p o t e n t i a l  a p p l i c a t i o n  

4- 

of FuF, -baaed f u e l s .  

. . . . . . . <.:*y 
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ESTIMATION OF EFFECTS OF CHEMICAL REPROCESSING 

One of t h e  a n t i c i p a t e d  a d v a n t a g e  of s t a r t i n g  mol t en  s a l t  

r e a c t o r s  on p lu ton ium r a t h e r  t h a n  on 2 3 5 U  is t h a t  s l i g h t l y  

improved n u c l e a r  pe r fo rmance  ( i n c r e a s e  of a b o u t  0 . 0 1  i n  t h e  

b r e e d i n g  r a t i o )  o v e r  a 30-year  reactor l i f e  would r e s u l t  from 

i ts  t empora ry  p r e s e n c e  i n  t h e  reac tor ,  The maximum economic 

a d v a n t a g e  would r e s u l t  f rom remova l  of t h e  h i g h e r  i s o t o p e s  of 

p lu ton ium ( n e u t r o n  p o i s o n s )  a f t e r  p l u t o n i u m  b u r n o u t  a The i n -  

c e n t i v e s  f o r  u s i n g  PuF, t o  s t a r t  u p  m o l t e n  s a l t  reactors are 

t o  some e x t e n t  enhanced  or d i m i n s h e d  r e l a t i v e  t o  t h e  s i m p l i c i t y  

(economy) of t h e  f u e l  r e p r o c e s s i n g  methods which  are employed 

i n  c o n j u n c t i o n  w i t h  i ts u s e .  For t h e  economic  a d v a n t a g e  of 

employ ing  p lu ton ium i n  t h e  f u e l - f e r t i l e  s a l t  t o  be v e r y  s i g n i f i -  

c a n t ,  t h e  r e p r o c e s s i n g  costs associated w i t h  r emova l  of 2 4 1 ~ u  

and  2 4 2 B ~  s h o u l d  n o t  add a p p r e c i a b l y  t o  t h e  f u e l  c y c l e  cos t s .  

I n  order t o  a c h i e v e  s u c h  economy, i t  w i l l  p r o b a b l y  be n e c e s s a r y  

t o  remove p l u t o n i ~ m  v i a  t h e  same c h e m i c a l  p r o c e s s e s  which  are 

to be employed f o r  t h e  2"3U-Th f u e l - f e r t i l e  stream. At t h e  

c u r r e n t  s t a g e  of MSBR f u e l  r e p r o c e s s i n g  d e v e l o p m e n t ,  i t  is 

a n t i c i p a t e d  t h a t  r e d u c t i v e  e x t r a c t i o n  methods  would be e m -  

p l o y e d .  A s  is shown below, t h e  a v a i l a b l e  e l e c t r o c h e m i c a l  da t a  

f o r  pPutonium and  p r o t a c t i n i u m  compounds d o  n o t  p e r m i t  u s  t o  

deduce  w h e t h e r  p r o t a c t i n i u m  is s e p a r a b l e  from p l u t o n i u m  on a 

s h o r t  c y c l e ,  " 3  d a y s ,  when p lu ton ium is t h e  f u e l .  F u r t h e r ,  

r emova l  of 2 4 B P u  and  z * a P u  a f t e r  239Ppar b u r n o u t  i n v o l v e s  s e p a r a -  

t i o n  of  p lu ton ium from t h o r i u m .  T h i s  s e p a r a t i o n  a p p e a r s  t o  
. .. . . . . . . . _..., 
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be more t ractable  t h a n  t h e  f o r m e r ,  b u t  a l s o  c a n n o t  be a s s u r e d  

a t  t h i s  p o i n t .  If s e p a r a t i o n  c o e f f i c i e n t s  f o r  p lu ton ium are 

found t o  l i e  between t h o s e  f o r  p r o t a c t i n i u m  and t h e  rare 

ear ths ,  l i t t l e  or n o  p lu ton ium would be removed c o n c u r r e n t  

w i t h  p r o t a c t i n i u m  

U n l i k e  t h e  l a n t h a n i d e s ,  t h e  a c t i n i d e s  e x h i b i t  t r e n d s  

i n  chemical p r o p e r t i e s  which  reach minimum 8%" maximum va lues  

among t h e  f irst  members of t h e  series. Such a trend is shown 

i n  Cunningham and ~ a ~ l t m a n ~ s  va lues"  of t h e  formal p o t e n t i a l s  

for t h e  r e a c t i o n  ~ ( s )  -e M S +  i n  aqueous s o l u t i o n .  (See  

F i g u r e  5) 

for ~ h 4 + $  US+, and  ~ u a +  i n  t h e  f l u s s i d e  s o l v e n t ,  LiF- 

( 6 6 - 3 4  mole Td ( F i g u r e  5 ) .  These  t r e n d s  m i g h t  imp ly  t h a t  the 

A similar  t r e n d  is s u g g e s t e d  i n  t h e  r e d u c t i o n  p o t e n t i a l s  

E o '  fo r  t h e  redekct ion O f  plu%Ol'libtm into a b i smuth  alloy W i l l  

be n e a r l y  i d e n t i c a l  to t h a t  f o r  p r o t a c t i n i u m .  We have  no  

means a v a i l a b l e  a t  p r e s e n t  %os e s t i m a t i n g  e o '  for p l u t o n i u m  

r e d u c t i o n  w i t h  t h e  a c c u r a c y  r e q u i r e d  t o  i n d i c a t e  i ts p s i -  

t i o n  i n  t h e  r e d u c t i o n  s e q u e n c e  of  t h e  a c t i n i d e s  Th t o  Pu. 

Moulton" has  r e c e n t l y  e v a l u a t e d  t h e  p o s s i b i l i t i e s  of 

removing  Pu from m o l t e n  s a l t  r e a c t o r  f fue ls  by r e d u c t i v e  

e x t r a c t i o n  i n t o  b i smuth .  H i s  c o n c l u s i o n s  are summarized 

as follows. The s t a b i l i t y  of Pu-Bi i n t e r m e t a l l i c  phases 

is n o t  p r e d i c t a b l e  q u a n t i t a t i v e l y .  The s imi l a r i t i e s  of t h e  

Th-Bi, U-Bi, a n d  Pu-Bi phase  d i a g r a m s  i n d i c a t e  t h a t  t h e  

a c t i v i t y  of plutonium w i l l  be s u b s t a n t i a l l y  lower  i n  bismuth. 
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The activity of a metal i n  b imsu th  c a n  be r e f e r r e d  t o  

t h e  p u r e  metal by t h e  u s e  of an  a c t i v i t y  c o e f f i c i e n t  yM 

which  is <<% and  more or less  c o n s t a n t  a t  t h i s  v a l u e  from 

i n f i n i t e  d i l u t i o n  u p  t o  s a t u r a t i o n  where t h e  s a t u r a t i n g  

phase  is t h e  solid i n t e r m e t a l l i c ,  Then E = E() 

(rsl t h e  i o n  activity c o e f f i c i e n t ,  goes  t o  1 a t  i n f i n i t e  

d i l u t i o n  and  can be c o n s i d e r e d  as l t o  a f i r s t  a p p r o x i m a t i o n . )  

- R'F I n  yM/ys. KIF 

- 4  (13,141 L i t e r a t u r e  v a l u e s  s f  "yTh and  yu are 5 17xB0-8 and 1 J X 1 0  

which  would g i v e  

t o  t h e  IHz-HF electrode a t  e ,  = 0 ,  The r e s u l t s  of e x p e r i m e n t s  

= -1 .58  and  eo; = -1*%7 w i t h  r e s p e c t  

c o n d u c t e d  by Moulton and  S h a f f e r  show that f o r  Pu is 

- about 0 . 0 5 V  more n e g a t i v e  t h a n  e o '  f o r  U s  If ypu - yThj 

= -1 .40 .  One c a n  - t h e n  E o (  = - 1 , 2 0 ,  w h i l e  i f  ypu - Tu, E& 

be r e a s o n a b l y  s u r e  t h a t  w i l l  f a l l  somewhere w i t h i n  

t h e s e  l i m i t s .  S i n c e  t z O p  f o r  t h e  rare e a r t h s  l i e  a b o u t  - % , 5 0 ,  

i t  is l i k e l y  t h a t  Par c a n  be separated from them and from 

t h o r i u m .  I ts  p o s i t i o n  r e l a t i v e  t o  U and  Pa is n o t  so c l e a r ,  

An argument  can be made t h a t  ypu w i l l  be n e a r l y  t h e  

same as  yM for e i t h e r  U or  the 

Bi is g r e a t e r  a t  any  t e m p e r a t u r e  t h a n  t h a t  of UBi, or  T h B i z ,  

and  its c o n g r u e n t  m e l t i n g  p o i n t  is Bower ( 8 3 0  v s ,  lo10 and 

1230 'C)  which  sugges t s  t h a t  ypu is n o t  v e r y  s m a l ~ ,  On the 

o t h e r  hand, t h e  metal itself melts lower ( 6 4 0  v s .  1132 a n d  

The s o l u b i l i t y  of PuBiz i n  

175Q'C) s o  t h a t  of t h e  th ree  s y s t e m s  o n l y  PuBiz mel ts  h i g h e r  

t h a n  t h e  metal ,  T h e r e  is some c o r r e l a t i o n  be tween electro- 

n e g a t i v i t y  and s t a b i s i i t y  of actinide intermetallic compounds , . . . . . . ,..... ~. . 
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w i t h  b i smuth .  P lu ton ium and tho r ium b o t h  have a v a l u e  of 1 . 3  

( B a u l i n g  sca le )  w h i l e  uranium is 1 . 7 .  %he Pu i n t e r m e t a l l i c  

w i l l  t h e r e f o r e  p r o b a b l y  e x h i b i t  comparable  s t a b i l i t y .  

If pPutsnium comes out b e f o r e  or w i t h  uranium i n  t h e  

r e d u c t i o n  e x t r a c t i o n  p r o c e s s ,  i t  can  be c o n c l u d e d  t h a t  t h e  

u t i l i z a t i o n  of PuF, i n  m o l t e n  s a l t  r e a c t o r s  would have l i t t l e  

or no  e f fec t  on f u e l  r e p r o c e s s i n g  c o s t s .  It would be n e c e s s a r y  

t o  s e p a r a t e  t h e  uran ium and  p l u t o n i u m ,  p r o b a b l y  by fluorina- 

t i o n ,  b u t  t h i s  s t e p  s h o u l d  n o t  i n c r e a s e  o v e r a l l  f u e l  p r o c e s s -  

i n g  costs a p p r e c i a b l y .  

If i t  is found t h a t  t h e  s e p a r a t i o n  c o e f f i c i e n t s  for  

p l u t o n i u m  i n  r e d u c t i v e  e x t r a c t i o n  p r o c e s s e s  are u n f a v o r a b l e ,  

a l t e r n a t i v e  methods for i ts  remova l  c o u l d  be d e v i s e d .  One 

p o s s i b l e  method would i n v o l v e  f l u o r i n a t i o n  of  t he  f u e l  f i r s t  

a t  5 5 0 ~ C  t o  remove uranium as u F ~  I t h e n  a t  higher  t e m p e r a t u r e s ,  

~ ~ O Q ~ C  t o  remove p lu ton ium as P U F ~ ,  l e a v i n g  any  undecayed  

p r o t a c t i n i u m  w i t h  t h e  carr ier  s a l t .  This p r o c e d u r e  would 

u t i l i z e  t h e  i n c r e a s e  i n  s t a b i l i t y  of PuF6 w i t h  i n c r e a s i n g  

t e m p e r a t u r e 1 5  and  t h e  f ac t  t h a t  p r o t a c t i n i u m  d o e s  n o t  form 

v o l a t i l e  f l u o r i d e s .  Such a method would ,  o f  c o u r s e ,  n o t  be 

a p p l i c a b l e  d u r i n g  o p e r a t i o n  of  a r e a c t o r  w i t h  PuF, f u e l ,  b u t  

ra ther  is a p o s s i b l e  means of  f i n a l  removal  of p l u t o n i u m .  

The chemical f e a s i b i l i t y  of  i n c o r p o r a t i n g  PuF, i n  m o l t e n  

s a l t  reactor f u e l s ,  as  d e m o n s t r a t e d  by o p e r a t i n g  t h e  MSRE 

w i t h  a PuF, f u e l ,  would n o t  be i m p a i r e d  by t h e  i n c o m p l e t e  

deve lopment  of  a chemical p r o c e s s  f o r  i ts s e p a r a t i o n  from 
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p r o t a c t i n i u m .  I t  s h o u l d  be i n f e r r e d  t h e r e f o r e  t h a t  w h i l e  a 

f l o w s h e e t  f o r  its s e p a r a t i o n  c a n n o t  now be d e v i s e d ,  t h e  

r e s e a r c h  and  development  e f f o r t s  are r e a d i l y  i d e n t i f i a b l e  

and  are e x p e r i m e n t a l l y  t r a c t a  

FISSION PRODUCTS 

I n  one  sf t h e  i m p o r t a n t  c o n t i n u i n g  i n v e s t i g a t i o n s  with- 

i n  t h e  MSRP, w e  are a t t e m p t i n g  t o  e s t a b l i s h  e x p e r i m e n t a l l y  

t h e  c h e m i c a l  i d e n t i t i e s  and  modes by which a number of t h e  

f i s s i o n  products ,  n o t a b l y  t h o s e  of t h e  n e a r  noble metals,  a re  

d i s t r i b u t e d ,  p a r t l y  its a means for p r e d i c t i n g  t h e  b e h a v i o r  

of s p e n t  f u e l  i n  t h e  c h e m i c a l  r e p r o c e s s i n g  p l a n t  and  p a r t l y  

to e s t a b l i s h  i ts c o r r o s i o n  p o t e n t i a l  a c c u r a t e l y  w i t h  i n e r e a s -  

f n g  burnup. No s i g n i f i c a n t  d i f f e r e n c e s  are b e l i e v e d  t o  e x i s t  

i n  t h e  y i e l d s  or c h e m i s t r y  sf  t h e  p r i n c i p a l  s p e c i e s  of f i s s i o n  

p r o d u c t s  wh ich  would r e s u l t  from i n c o r p o r a t i o n  of PuF, i n  

MSR f u e l s .  The f e a s i b i l i t y  of u s i n g  PuF, i n  s t a r t u p  o p e r a -  

t i o n s  of an  MSR does n o t  t h e r e f o r e  a p p e a r  t o  r e q u i r e  8 

s e p a r a t e  r e s e a r c h  program r e l a t i v e  t o  f i s s i o n  products from 

p l u t o n i u m .  

With z35UF4 fuel, t h e  f i s s i o n  r e a c t i o n  is m i l d l y  s x i -  

d i z i n g ,  r e s u l t i n g  i n  t h e  o x i d a t i o n  of Y I . ~  e q u i v a l e n t 4  of 

UF, p e r  gram atom of f i s s i o n e d  u ran ium.  The o x i d a t i o n  

p o t e n t i a l  r e s u l t s  from t h e  a n i o n - c a t i o n  imbalance Which 

d e v e l o p s  as t h e  f i s s i o n  p r o d u c t s  r e a c h  thermodynamic e q u i l i -  

brium. With UF4 as t h e  fissile s o l u t e ,  a s l i g h t  excess of 



f l u o r i d e  ions  d e v e l o p s .  Use o f  a t r i f l u o r i d e  s o l u t e ,  how- 

e v e r ,  s h o u l d  r e s u l t  i n  a c a t i o n  e x c e s s ,  a n d  s h o u l d  c a u s e  t h e  

f u e l  s o l u t i o n  t o  g e n e r a t e  a m i l d  r e d u c i n g  p o t e n t i a l .  

The y i e l d  of 1 3 5 X e  f rom p l u t o n i u m  f i s s i o n  is somewhat 

g r e a t e r  t h a n  from 23513, and  i n  t u r n ,  is less t h a n  from 233U. 

The r e l a t i v e  p o i s o n  f r a c t i o n  o f  I s 5 X e  i n  t h e  f u e l  would be 

a t  a minimum a t  i n i t i a t i o n  of power o p e r a t i o n s  w i t h  PuF, 

f u e l  and  would i n c r e a s e  as a 3 s U  was g e n e r a t e d  w i t h i n  t h e  

s y s t e m .  

USE OF THE M§RE TO DEMONSTRATE FEASIBILITY OF OPERATION OF 
MSR'S WITH PuF, 

C o n s i d e r a t i o n  of  s e v e r a l  deve lopmen t s  i n  m o l t e n  s a l t  

reactor c h e m i s t r y  w i t h i n  r e c e n t  y e a r s  s u g g e s t s  t h a t  t h e  most 

a p p r o p r i a t e  and  e a r l i e s t  d e m o n s t r a t i o n  of t h e  a p p l i c a b i l i t y  

of  PuF, i n  m o l t e n  s a l t  reactors would come from its u s e  i n  

t h e  MSRE. S u f f i c i e n t  basic c h e m i c a l  i n f o r m a t i o n  e x i s t s  t o  

c o n c l u d e  t h a t  i t  is n e i t h e r  n e c e s s a r y  n o r  i m p o r t a n t  t o  

demonstrate c h e m i c a l  c o m p a t i b i l i t y  w i t h  metal a l l o y s  i n  

e n g i n e e r i n g  l a b o r a t o r y  sca le  tests a L a b o r a t o r y  scale tests 

w i t h  p l u t o n i u m  s h o u l d  be res t r ic ted  t o  t h e  minimum number 

n e c e s s a r y  t o  e s t a b l i s h  s t a b i l i t i e s  b e c a u s e  of t h e  i n h a l a -  

t i o n  h a z a r d  of  plutonium-233 e Plutonium-239 i s ,  i n  f a c t ,  

r e g a r d e d  as  one of t h e  most t o x i c  s u b s t a n c e s  known t o  t h e  

e x p e r i m e n t a l  is t a 

The f a c t  t h a t  p l u t o n i u m - b e r y l l i u m  m i x t u r e s  are  n e u t r o n  
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s o u r c e s  a l so  c o m p l i c a t e s  l a b o r a t o r y  and  e n g i n e e r i n g  scale 

e x p e r i m e n t s  i n  which  7 L i ~ - B e ~ z  - P ~ F ,  m i x t u r e s  are u s e d .  some 

t y p i c a l  v a l u e s  16-18 of t h e  n e u t r o n  e n e r g i e s  produced from 

a c t i n i d e - b e r y l l i u m  @,n reac t ions  are l i s t e d  i n  T a b l e  3 .  

Tate and  C o f f i n b e r r y "  have computed t h e o r e t i c a l  n e u t r o n  

y i e l d s  of  p l u t o n i u m - b e r y l l i u m  a l l o y s  employing  c a l c u l a t i o n s  

which  i n c l u d e  a term from the e x p e r i m e n t a l  s t o p p i n g  power 

of t h e  m a t r i x  e l e m e n t s  for a l p h a  p a r t i c l e s .  The a v a i l a b l e  

data  s u g g e s t  t h a t  i n  a d i l u t e  2 +  s o l u t i o n ,  such  as i n  a 

M$RE f u e l  m i x t u r e ,  e . g . ,  T%iF-BeF,-ZrF4-ghF,-BuF, (64-28-5-  

3 - 0 . 2  mole 70) t h e  n e u t r o n  y i e l d  would not be s o  great  as t o  

r e q u i r e  s p e c i a l  s h i e l d i n g  of s a l t  l i n e s ,  d r a i n  t a n k s ,  or 

f u e l  s ample  t r a n s p o r t  c o n t a i n e r s  e 

The p o s s i b l e  c r i t i c a l i t y  problems associated w i t h  

s t o r a g e  of h F , - b e a r i n g  f u e l  s a l t  have been  c o n s i d e r e d  

q u a l i t a t i v e l y  and do n o t  seem t o  be ominous.  Whereas f i s s i o n  

m u l t i p I i c a t i o n  fac tors  hold for 2 3 3 ~  into the e p i t h e r m a l  

n e u t r o n  r a n g e ,  t h e y  do n o t  do s o  i n  t h e  case o f  p lu t sn iu tn .  

F u r t h e r ,  more e n e r g e t i c  a , n  r e a c t i o n s  w i l l  accompany 2 3 3 ~  

OperZltiQn of t h e  MSRE2' than are likely With PUF,, p r i m a r i l y  

b e c a u s e  of t h e  p r e s e n c e  of 'S2u i n  t h e  c h a r g e  which is t o  

be u s e d .  A c c o r d i n g l y ,  t h e  p o t e n t i a l  r a d i a t i o n  problems 

associated w i t h  &r,n r e a c t i o n s  i n  f u e l  s a l t  w i l l  have been  

faced b e f o r e  PUF, is u s e d  i n  t h e  MSRE. ~ i t h s u g h  radiation 

from fUel-%e.T?tile Salt in stOaPag@ t anks  does n Q t  Seem t o  

be s e r i o u s ,  detai led s c r u t i n y  of t h e  p o s s i b l e  problems which 



Table 30 Typical Values of Neutron Energies Produced 
Prstn Aetinide-Beryllium @,n Reactions 

a Source 

Nf?Ut~O~ 

Energy Neutron yield/lo4 

(Mevl 
disintegrations 

21 OPU 138.4d 5.3 511, av. 4 80 

222Rn 3.83d 5.48 111 460 

226Ra 1.62x103y 5.65 513 460 

233u 1.63xlO"y 4,82 

235-(p 7. 07x108y 4.80 

239Pu 2.43x104 5.15 210, av. 4 
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yr m i g h t  ar ise  from a , n  r e a c t i o n s  would be n e c e s s a r y  b e f o r e  t h e  

PuPa were t o  be u s e d  i n  t h e  MSRE. 

E x c e p t  for a few da ta  on s o l u b i l i t y  o f  t h e  f l u o r i d e s  

and  o x i d e s  which  are o b t a i n a b l e  i n  l a b o r a t o r y  measurements  

c h e m i c a l  c o m p a t i b i l i t y  i n  reactor c o n t a i n m e n t  s y s t e m s  is 

r e a s o n a b l y  a s s u r e d .  If t h e  s o l u b i l i t i e s  of PUZO, and PuF3 

i n  LiF-%F2-ZrF4 m e l t s  are found t o  be i n  excess of 300-400 

ppm and 0 . 2  mole 70, r e s p e c t i v e l y ,  a t es t  i n  the MSRE would 

be v i r t u a l l y  assured of success w i t h  respect to t h e  c h e m i c a l  

b e h a v i o r  o f  t h e  p l u t p n i u m - b e a r i n g  s a l t .  

I t  a p p e a r s  t h a t  t h e  c h e m i c a l  f e a s i b i l i t y  of employ ing  

PuF, i n  m o l t e n  s a l t  reactors w i l l  be assured i f  t w o  g e n e r a l  

p r o p e r t i e s ,  s o l u b i l i t y  sf t h e  o x i d e s  and  fluorides i n  EIF- 

BeP2-ZrF,-ThF4 s o l v e n t s  are s u i t a b l y  h i g h ,  and  t h e  extract-  

a b i l i t y  o f  Pu metal from f l u o r i d e  melts i n t o  b i smuth  amal- 

gams is sufficiently discrete to be economic, As noted 

above ,  o n l y  t h e  a b s e n c e  of s o l u b i l i t y  d a t a  obviates  t h e  

c o n c l u s i o n  that h F ,  c o u l d  be i n c o r p o r a t e d  i n  t h e  MSRE f u e l  

s a l t  a t  o u r  ea r l ies t  c o n v e n i e n c e .  

I n  order t o  e s t a b l i s h  t h a t  it is c h e m i c a l l y  f e a s i b l e  

t o  f u e l  m o l t e n  s a l t  reactors w i t h  PUP,, a program o f  chemi- 

ca l  development  s h o u l d  i n c l u d e  t h e  f o l l o w i n g  i t e m s :  

. . . . :.., >:.:.y 
.... 
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D e t e r m i n a t i o n  of t h e  s o l u b i l i t y  of PuF, i n  LiF-BeF, -ZrF, 

and  LiF-BeF,-ZrF,-ThF, s o l v e n t s  It s h o u l d  be a d e q u a t e  

t o  c a r r y  o u t  most of t h e  n e c e s s a r y  measurements  w i t h  

CeF, as a p roxy  for PuF, e T h e r e a f t e r ,  o n l y  a f e w  e x p e r i -  

ments  w i t h  PuF, would be r e q u i r e d  t o  c o n f i r m  the c o n c l u -  

s i o n s  b a s e d  on  CeF, s o l u b i l i t i e s .  

D e t e r m i n a t i o n  of t h e  s o l u b i l i t y  of Bu28, i n  LIF-BeF, -ZrF,-- 

ThF,-UF, s o l v e n t s .  The l a n t h a n i d e  oxides  d o  n o t  s e r v e  

a d e q u a t e l y  as p r o x i e s  for e s t i m a t i o n  of a c t i n i d e  o x i d e  

s o l u b i l i t i e s .  I t  w i l l  be n e c e s s a r y  t h e r e f o r e  t o  d e t e r m i n e  

t h e  oxide t o l e r a n c e  of f u e l  s a l t s  d i r e c t l y  w i t h  p l u t o n i u m  

oxide i n  a l p h a - l a b o r a t o r y  f a c i l i t i e s  I 

E s t a b l i s h m e n t  sf t h e  s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  and  

s e p a r a t i o n  c o e f f i c i e n t s  f ~ r  p l u t o n i u m  i n  Bi-Th a l l o y s .  

S o l u b i l i t y  of Pu i n  Bi-Th a l l o y s ,  

Items c .  a n d  d. s h o u l d  become a p a r t  of t h e  e x i s t i n g  

programs i n  c h e m i c a l  and  c h e m i c a l  e n g i n e e r i n g  deve lopmen t  e 

I t  may be u n n e c e s s a r y  t o  i n i t i a t e  e x p e r i m e n t a l  work i n  t h i s  

p a r t  of t h e  program u n t i l  i t  is f irst  d e m o n s t r a t e d  t h a t  PuF, 

f u e l s  perform s a t i s f a c t o r i l y  i n  a m o l t e n  s a l t  reactor.  

I t  is l i k e l y  t h a t  some 1 5  t o  2 0  y e a r s  will pass before 

p l u t o n i u m  t r i f l u o r i d e  is i n c o r p o r a t e d  i n  a f u l l  scale  power 

reactor .  If a d e m o n s t r a t i o n  t h a t  m o l t e n  s a l t  reactors are 

operable w i t h  PuF, f u e l s  is r e g a r d e d  as des i rab le ,  i t  c a n  

p r o b a b l y  be rea l ized  w i t h  t h e  MSRE. S i n c e  m o l t e n  s a l t  f u e l  

p r o c e s s i n g  t e c h n o l o g y  w i l l  r e q u i r e  a p e r i o d  of y e a r s  t o  e v o l v e ,  
l d  
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t h e  ambiguous f a t e  of plutomium i n  f u e l  reprocess ing  should 

not  a t  t h i s  po in t  ke considered a d e t e r r e n t  t o  a cont inuing  

eva lua t ion  of the chemical f e a s i b i l i t y  of employing PuF, a s  

an  MSR f u e l .  

SUMMARY 

A d e f i n i t e  economic advantage is as soc ia t ed  with s t a r t u p  

of molten s a l t  breeder r e a c t o r s  with PUB',-based f u e l .  If t h e  

s o l u b i l i t i e s  of plutonium oxide and plutonium t r i f l u s r i d e  are 

confirmed as  exceeding a few hundred ppm and - 8 . 2  mol %, 

r e s p e c t i v e l y ,  the chemical f e a s i b i l i t y  of f u e l i n g  molten s a l t  

r e a c t o r s  w i t h  PuF, w i l l  be e s s e n t i a l l y  assured .  Separa t ion  

of protact inium and plutonium dur ing  opera t ion  of a PuF3 - 
fue l ed  r e a c t o r  and removal of 24p BU and "$"Pu a f t e r  two 

years  of ope ra t ion ,  as would be d e s i r a b l e  i n  a large breeder 

r e a c t o r  f r ~ m  a n  economic s t andpo in t ,  has not  y e t  been demon- 

s t r a t e d ,  a l though conceptual designs of processes  for e f f e c t i n g  

s u c h  separations are available f ~ r  development e 

. . . . . . . zx.>- 
. . . . . . . . 



3 2  

1. 

2 .  

3 .  

4. 

5 .  

6 .  

a .  

8 .  

9 .  

PO. 

REFERENCES 

P. R .  K a s t e n ,  Reactor D i v i s i o n  - ORNL, p e r s o n a l  communi- 

c a t i o n ,  1968 .  

P. R .  K a s t e n ,  J. A .  Lane ,  and  E. L .  B e n n e t t ,  ' 'Fue l  Value  

S t u d i e s  of P lu ton ium and  U-233  g ' '  u n p u b l i s h e d  work, 1 9 6 2 ,  

D .  B. G r i m e s ,  Mol ten  S a l t  Reactor Program Q u a r t e r l y  

Progress R e p o r t  €or Period End ing  J u n e  3 0 ,  1958 ,  ORNL- 

2551,  p .  13 .  

J. A .  Lane ,  R. G. MacPherson,  and F .  Mas lan ,  F l u i d  F u e l  

Reactors, (Addison-Wesley P u b l i s h i n g  C o .  I n e .  , R e a d i n g ,  

M a s s . ) ,  p .  656 .  

8. L. S m i t h ,  Reactor D i v i s i o n  - ORNL, p e r s o n a l  communi- 

c a t i o n .  

C. J. B a r t o n ,  J. P h y s ,  @hem.,  - 64 ,  306 ( 1 9 6 0 ) .  

J. W. DeVan a n d  R .  €3. E v a n s ,  111, " C o r r o s i o n  B e h a v i o r  of 

Reactor Materials i n  F l u o r i d e  S a l t  M i x t u r e s  ," ORNE-TM-328, 
September  1 9 ,  1 9 6 2 .  

W .  M. Olson a n d  N .  R .  Mulford, P r o c e e d i n g s  of Symposium on  

Thermodynamics of N u c l e a r  Materials, IAEA, September  1 9 6 7 ,  

Paper N o .  SM-98-46. 

W. R .  G r i m e s ,  " R a d i a t i o n  C h e m i s t r y  of t h e  MSRE Sys tem,"  

OR,NL- TM-500, March 3 1 ,  1 9 6 3 ,  

6 .  F. B a e s ,  Jr., Reactor C h e m i s t r y  D i v i s i o n  - O K " ,  

p e r s o n a l  communica t ion ,  1 9 6 8 .  



11. B. B. Cunningham and  9. C .  Wallman, i n  The Chemis t ry  of 

t h e  A c t i n i d e  E l e m e n t s ,  J .  3 .  Katz and  G. T. S e a b o r g ,  ed., 

( John  Wiley ,  N e w  York, 1 9 5 7 ) ,  p .  412. 

12. D. M .  Moulton, Reactor C h e m i s t r y  D i v i s i o n  - ORNL, p e r s o n a l  

communica t ion ,  1968.  

1 3 .  R. H. W i s w a l l  a n d  J. J. E g a n ,  P r o c e e d i n g s  of Symposium on 

14. 

15. 

1 6 .  

1 7 .  

18. 

1 9  - 

20 .  

Thermodynamics of  Nuc lea r  Materials,  IAEA, May 1 9 6 2 ,  

Vienna ,  p.  345. 

%. C.  T i e n  e t  a l .  " T h e r m ~ d y n a m i ~ ~ ~ "  V o P .  1, I n t e r n a t i o n a l  

A t o m i c  Energy  Agency, Vienna ,  1 9 6 6 ,  pp. 501-514. 

B. Weins tock ,  ~ e c .  Ckem. l?roge, - 2 3 ,  2 3  ( 1 9 6 2 ) .  

Nat iona:b Bureau  of S t a n d a r d s  Handbook 72 "Measurement 

0% Neutron  F l u x  and  S p e c t r a  fo r  Physical and Biological 

A p p l i c a  t i o n s  '' l9 6 0  e 

G. E .  Darwin a n d  6. H. Buddery,  k r y l 1 i u r n ,  ( B u t t e r w o r t h s ,  

London, l 9 6 0 ) ,  p. 362 .  

G. F r i e d l a n d e r  and  J, W. Kennedy, Nuclear and Radioekemi-  

s t r y ,  ( John  Wi ley ,  N e w  York, 1 9 5 5 ) .  

R. E .  T a t e  and  A .  %. C o f f i n b e r r y ,  P r o c e e d s i n g s  of Second 

U n i t e d  N a t i o n s  C o n f e r e n c e  on t h e  P e a c e f u l  U s e s  of Atomic 

Energy ,  Geneva,  1958 ,  Pape r  7 8 0 .  

R .  C .  S t e f f y ,  " I n h e r e n t  Neu t ron  S o u r c e  i n  MSRE w i t h  C l e a n  

2 a 3 U  F u e l  S a l t  M i x t u r e , "  ORNL-Technical Memorandum ( I n  

p r e p a r a t i o n )  





35  

ORNL-TM-2256 

INTERNAL DISTRIBUTION 

.:. . . . . .; 
~ .... ...... ..%+ 

1. R. K .  A d a m s  
2 .  G. M. Adams~n 
3 .  R .  G .  A f f e l  
4 .  L .  G. Alexander  
5.  J. L. Anderson 

7. C. F. Baes  
8 .  J. M a  Baker  
9 .  S .  J. B a l l  

1 0 .  C. E. Bamberger 
11. C .  J. B a r t o n  
12. H. F. Bauman 
13. S.  E. Beall 
1 4 .  R .  L .  B e a t t y  
15 .  M .  J. B e l l  
l 6 ,  M. Bender 
17. C. E.  B e t t i s  
18. E.  S.  B e t t i s  
1 9 .  D .  S. B i l l i b g t o n  
2 0 .  R.  E .  B l a n c o  
21.  F. F. B l a n k e n s h i p  
2 2 .  J. 8. Blomeke 
2 3 .  R. Blumberg 
2 4 .  E .  6 .  Bohlmann 
2 5 .  c .  6. Bsrkowski 
2 6 .  G. E .  Boyd 
2 7 .  @. A .  Brandon 
28 .  M .  A .  B r e d i g  
29.  R .  B. Br iggs  
3 0 .  H. R .  B r o n s t e i n  
31.  G. D. B r u n t s n  
3 2 .  D.  .A. Canon ico  
3 3 .  S .  C a n t o r  
34 .  W .  L. Carter 
3 5 .  G. I .  Cathers  
3 6 .  0. B. Cav in  
3 7 .  A.  Cepolino 
38.  W .  R .  Cobb 
39.  C .  w. C o l l i n s  
40.  E.  L. Compere 

43 .  L. T. Corbin 
44 .  B. Cox 
45 .  J. L .  Crowley 
46 .  F. E.  C u l l e r  

6. R .  F. Apple 

41 .  K. V. Cook 
42.  w. M. Cook 

4 7 .  D. R .  Cuneo 
48 .  J. M e  Bale 
49. B. G. D a v i s  
50 .  R .  J. BeBakker 
51.  J. He BeVan 
5 2 .  s. J. D i t t o  
5 3 .  A .  %. Dworkin 
54.  I .  T. Dudley  
55.  0. 8. pys11n 
56 .  W .  P. E a t h e r P y  
5 7 .  J. R .  E n g e l  
58 .  E. P. E p l e r  
59.  D. E .  Ferguson  
60.  L. M. Ferris 
61 .  A .  19. Fsaas 
6 2 .  H. A .  Friedman 
6 3 .  J, H. F r y e ,  Jr. 
64.  c .  H. Gabbard 
65.  R. B. Gallaher 
6 6 .  R .  E .  GePbach 
6 7 .  J. €I. Gibbons 
68.  L.  0. G i l p a t r i e k  
69.  H. E .  Goeller 
70. W. R .  G r i m e s  
7 1 .  A .  @. G r i n d e l l  
7 2 .  R. W. Gunkel  
73. E .  D. Gupton 
74. R .  H. Guymon 
7 5 .  s. P .  Hammond 
7 6 .  B. A .  Hannaford 
7 7 .  P. H. H a r l e y  
78 .  D. G. Harman 
79. W. 0. W a r m s  
80 .  C. S. Harrill 
$1. Po N .  Haubenre i ek  
82 .  R .  E .  H e l m s  
83 .  P. G .  Herndon 
84 .  D. N. H e s s  
85 .  J .  R .  Hightower  
86.  M. R. Hill 
8 7 .  H. W. Hoffman 
88. D .  K.  H o l m e s  
89 .  P. P. Holz 
9 0 .  It. W. H o r t a n  
9 1 .  9'. L. Mudson 
9%.  H. Inoraye 



36 

93  e 

94 0 

95 * 
9 6 .  
97 .  
9 8 .  
9 9 .  

1 0 6  e 

1 0 1 .  
1 0 2 .  
1 0 3 .  
1 0 4 .  
1 0 5 .  
1 0 6  
107 .  
1 0 8 .  
1 0 9 .  
110  * 
111. 
112 
11% ' 
114.  
115 0 

1 1 6 .  
117 .  
118 .  
I 1 9  * 
1 2 0 .  
1 2 1 .  
1 2 2 .  
1 2 3  * 
1 2 4 .  
1 2 5 .  
126 .  
1 2 7 .  
1 2 8 .  
a 2 9  * 
1 3 0 .  
1 3 1 .  
132  * 
1 3 3 .  
1 3 4  0 

135 .  
136 .  
1 3 7 .  
138 .  
1 3 9 .  
1 4 0  a 

1 4 1  e 

E42 m 

143  e 

W. H. Jordan 
P. R .  K a s t e n  
R. J. Ked1 
0 .  L Ke11er 
M. T. K e l l e y  
M .  J. Kelly 
e.  R .  Kennedy 
T. W .  K e r l i n  
H. T. K e r r  
S. S, K i r s l i s  
J. W. Koger 
A .  I .  K r a k s v i a k  
T. S.  Kress 
J. W. Krewson 
e. E .  Lamb 
J. A .  Lane 
J. J.  Lawrence 
M. S. L i n  
R .  B. L i n d a u e r  
A .  P. Li tman 
G .  H. L l e w e l l y n  
E .  E.  Long 
M .  I .  Lundin  
R .  N .  Lyon 
R .  L.  Mack l in  
M. G. MacPherssn 
R .  E .  MacPerson 
J. C. Mai len  
D.  L .  Manning 
C. D.  Martin 
T.  H.  Mauney 
H.  McClain 
a .  w .  McClung 
H.  E .  McCoy 
H.  F.  McDuffie 
C .  K .  McGlothlan 
C .  J .  McHargue 
L .  E .  McNeese 
J. R. McWherter 
H. J.  Metz 
A .  S. Meyer 
R. L .  Moore 
D. M. Msul ton  
T.  R. Mueller 
H. A ,  N e l m s  
J. P.  N i c h o l s  
E .  L .  N i c h o l s o n  
E .  D. Nagueira 
L. 6 .  Oakes 
P. Patr iarea 
A .  M .  P e r r y  

1 4 4 ,  T ,  B V 0  P i c k e l  
145 .  H. B o  P i p e r  
1 4 6 .  B. E .  P r i n c e  
1 4 7 .  6, L. Ragan 
1 4 8 .  J ,  E .  Redford 
1 4 9 .  M 0  R i c h a r d s o n  
1 5 0 .  6 .  D. Robb ins  
1 5 1 .  R .  e .  R o b e r t s o n  
1 5 2 .  W. @. Robinson 
1 5 3 .  H .  @ .  Rol le r  
1 5 4 .  K .  A .  Romberger 
1 5 5 ,  M *  W .  Wosen tha l  

1 5 7 .  H. c .  Savage  
1 5 8 .  W. F. Schaffer 
1 5 9 .  C .  E .  S h i l l i n g  
1 6 0 .  Dun lap  Sco t t  
1 6 1 .  6. L. Sco t t  
1 6 2 ,  €3. E .  Seagren 
1 6 3 .  C. E .  S e s s i o n s  
1 6 4 .  J. H. S h a f f e r  
1 6 5 .  W. I%. S i d e s  
1 6 6 ,  M .  J, S k i n n e r  
1 6 7 .  G .  M. S l a u g h t e r  
f 6 8 .  A .  N .  Smith  
1 6 9 .  F. J .  Smi th  
1 7 0 ,  G. P e  S m i t h  
1 7 1 .  0 .  L .  S m i t h  
1 7 2 .  P. 6;. Smi th  
1 7 3 .  I .  Spiewak 
1 7 4 ,  a .  e.  S t e f f y  
1 7 5 .  W. C .  Stoddard 
1 7 6 .  H. H. S t o n e  
1 7 9 .  R .  A .  S t r e h l o w  
178 .  J ,  8. ' P a l l a c k s o n  
1 7 9 .  E .  M. T a y l o r  
1&0. W .  T e r r y  

1 8 l - I 9 0 .  R .  E .  Thoma 
191. P. F a  Thomason 
192 .  L .  M. T o t h  
193. D. B. Trauger 
1 9 4 .  6. S .  Watson 
1 9 5 .  H, E. Watts 
1 9 6 .  C. F. Weaver 
1 9 7 .  Bo H .  Webster 
1 9 8 .  A ,  M. Weinberg 
1 9 9 .  J. R .  Weir 
2 0 0 .  W. 9. Werner 
2 0 1 .  K, W .  West 
2 0 2 .  M e  E .  What ley  
203 .  J .  C. White  

156 .  R .  G. Ross 

. .. j . .  . . . __ 

. .. 



3 7  

204 .  
205 .  
206 .  
2 0 7 .  
20%.  
2 0 9 .  

2lQ-2lP. 
2 1 2 - 2 1 3 .  
214-238 D 

2 3 9 .  

240-241. 
242. 
243 
244. 
245 
246  e 

241-248. 
249 c 
2 5 8 .  
25%.  
2 5 2 .  
253 .  
25%. 

255-269.  

E .  V. W i l s o n  
Gale Young 
H. 6 .  Young 
J. P. Young 
E.  L. Youngblood 
P. 6. Zapp 
C e n t r a l  R e s e a r c h  L i b r a r y  
Document R e f e r e n c e  Sec t ion  
Laboratory Records (LRD) 
L a b o r a t o r y  Records - Record c o p y  (LRD-RC) 

EXTERNAL DISTRIBUTION 

D. F. Cope, AEC-QRNL R.D.T. S i t e  O f f i c e  
J. W. Crawford, AEC-RDT, W a s h i n g t o n  
C .  B. D e e r i n g ,  AEC-OR0 

W e  J. L a r k i n ,  AEC-OR0 
C .  E.  M a t t h e w s ,  AEC-QRO 
T.  W .  M c I n t o s h ,  AEC, W a s h i n g t o n  
C a  E.  Miller, J r . ,  AEC, Washington 
B. T. R e s n i c h ,  AEC, Waskin 

Milton Shaw, AEC, W a s h i n g t o n  
W. %. Smal l ey ,  AEC-OR0 
R .  F .  Sweek, BE@-Washington 
~ i v i s i o n  of T e c h n i c a l  I n f o r m a t i o n  E x t e n s i o n  (DTIE)  

A. G ~ Z I I I I ~ U S ~ ~ ,  AEC-Washington 

H. M. R o t h ,  AEC-OR0 


	home: 
	HELP: 


