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A T T E M P T E D P R E P A R A T I O N O F 
SINGLE CRYSTALS O F A L P H A P L U T O N I U M 

A P R O G R E S S R E P O R T 

by 

Alan F . Berndt 

A B S T R A C T 

The s t a n d a r d m e t h o d s of c r y s t a l g rowth a r e d i s 
c u s s e d m l ight of t h e i r a p p l i c a b i l i t y to the p r o b l e m of g r o w 
ing s ing le c r y s t a l s of a l p h a p l u t o n i u m . The r e s u l t s of s o m e 
e x p e r i m e n t s d e s i g n e d to p r e p a r e s ing le c r y s t a l s of a lpha p lu 
t o n i u m a r e p r e s e n t e d . T h e s e e x p e r i m e n t s inc lude a t t e m p t s 
a t c r y s t a l g r o w i n g by ( l ) s o l i d - s t a t e r e a c t i o n s , (2) e l e c t r o 
ly t ic r e d u c t i o n of p l u t o n i u m h a l i d e s , (3) p r e c i p i t a t i o n f r o m 
a l iqu id m e t a l in c o n v e c t i o n c e l l s , and (4) r e d u c t i o n of p lu 
t o n i u m h a l i d e s by l i t h i u m in n o n a q u e o u s s o l v e n t s . 

The index ing of p o w d e r p a t t e r n s and the d e t e r m i 
n a t i o n of the uni t c e l l of a l p h a plutoniumv-^'^^ w e r e p r o v e d 
by an X - r a y s tudy of a s m a l l s ing le c r y s t a l of a p l u t o n i u m -
n e p t u n i u m a l loy hav ing the a l p h a - p l u t o n i u m s t r u c t u r e . 

1. INTRODUCTION 

It i s e x t r e m e l y d e s i r a b l e , and often m a n d a t o r y , to u s e s ing le c r y s t a l s 
in c o n n e c t i o n with s t u d i e s of p h y s i c a l p r o p e r t i e s . Single c r y s t a l s a r e not r e 
q u i r e d for a l l t y p e s of m e a s u r e m e n t s on m a t e r i a l s with i s o t r o p i c c r y s t a l 
s t r u c t u r e s s i n c e m a n y p r o p e r t i e s a r e i n d e p e n d e n t of c r y s t a l l o g r a p h i c d i r e c 
t ion . S ingle c r y s t a l s a r e i m p o r t a n t , h o w e v e r , in s t u d i e s dea l ing with e l a s t i c 
and p l a s t i c p r o p e r t i e s and, a l s o , w h e r e the ef fects of g r a i n b o u n d a r i e s a r e 
s ign i f i can t . M o s t of the p r o p e r t i e s of m a t e r i a l s with a n i s o t r o p i c c r y s t a l 
s t r u c t u r e s a r e func t ions of c r y s t a l l o g r a p h i c d i r e c t i o n , and r e q u i r e s ing le 
c r y s t a l s for t h e i r m e a s u r e m e n t . 

The c r y s t a l s t r u c t u r e of a lpha p l u t o n i u m i s a n i s o t r o p i c ( m o n o -
cl in ic) .^ ' ' In v iew of the c u r r e n t ef for t to d e t e r m i n e the p r o p e r t i e s of 
t h i s m a t e r i a l , i t would be a d v a n t a g e o u s to have s ing le c r y s t a l s of a lpha 
p l u t o n i u m a v a i l a b l e . A p r o g r a m h a s b e e n i n i t i a t e d to a c h i e v e t h i s goa l . 
A m e t h o d for p r e p a r i n g s ing le c r y s t a l s of a lpha p l u t o n i u m is not i m m e d i a t e l y 



obvious for two r e a s o n s , ( l ) The s t a n d a r d s o l i d - s t a t e t e c h n i q u e s for g r o w 
ing c r y s t a l s of a m e t a l , such a s r e c r y s t a l l i z a t i o n and g r a i n g rowth , s t r a i n 
a n n e a l , e t c , a r e u n a t t r a c t i v e for the g r o w t h of a lpha p l u t o n i u m b e c a u s e of 
the low t e m p e r a t u r e of the a^^/3 t r a n s i t i o n , about 112°C. (2) P l u t o n i u m goes 
t h r o u g h five s o l i d - s t a t e t r a n s f o r m a t i o n s upon cool ing f r o m the l iquid to the 
t e m p e r a t u r e r a n g e of the a l p h a p h a s e . The p r o g r a m i s be ing p u r s u e d on the 
ph i lo sophy t h a t s ing le c r y s t a l s m i g h t be g r o w n by any m e t h o d c a p a b l e of 
y i e ld ing p l u t o n i u m a t a t e m p e r a t u r e wi th in the s t ab i l i ty r a n g e of the a lpha 
p h a s e . 

T h i s r e p o r t d i s c u s s e s v a r i o u s m e t h o d s of c r y s t a l g rowth , and the 
a p p l i c a b i l i t y of t h e s e m e t h o d s to the p r o b l e m of p r e p a r i n g s ing le c r y s t a l s 
of a lpha p l u t o n i u m , t o g e t h e r wi th the r e s u l t s of s e v e r a l e x p e r i m e n t s . The 
v a r i o u s t e c h n i q u e s of c r y s t a l g r o w t h can be d iv ided into two m a j o r c a t e g o r i e s , 
b a s e d upon the s o u r c e of the m a t e r i a l be ing p r e p a r e d in the f o r m of a c r y s t a l . 
T h e s e c a t e g o r i e s a r e ( l ) h o m o g e n e o u s s y s t e m s , w h e r e i n the s o u r c e m a t e r i a l 
h a s the s a m e c o m p o s i t i o n a s the s ing le c r y s t a l , and (2) h e t e r o g e n e o u s s y s 
t e m s , w h e r e i n s ing le c r y s t a l s of a g iven c o m p o s i t i o n a r e g r o w n f r o m a 
s o u r c e m a t e r i a l tha t c o n t a i n s o t h e r e l e m e n t s o r c o m p o u n d s . Both c a t e g o r i e s 
inc lude t e c h n i q u e s i n v o l m g a g a s e o u s o r l iquid s o u r c e m a t e r i a l , and the f i r s t 
c a t e g o r y a l s o i n c l u d e s m e t h o d s tha t invo lve s o u r c e m a t e r i a l in the sol id s t a t e . 

II. GROWTH F R O M HOMOGENEOUS SYSTEMS 

A. G a s e o u s S o u r c e s 

Single c r y s t a l s of s o m e m a t e r i a l s can be g r o w n by d i r e c t c o n d e n s a 
t ion of the v a p o r . A m e t h o d b a s e d on t h i s p r i n c i p l e i s u n a t t r a c t i v e for a lpha 
p l u t o n i u m . The da t a for the v a p o r p r e s s u r e of p l u t o n i u m b e t w e e n 1100° and 
1500°Cw) e x t r a p o l a t e to 10"^^ a t m a t 112°C. E x t r e m e l y long p e r i o d s of t i m e 
would be r e q u i r e d to p r o d u c e an a p p r e c i a b l e d e p o s i t . S ince the l o w e s t p r e s 
s u r e s c o n v e n i e n t l y o b t a i n a b l e in v a c u u m s y s t e m s a r e of the o r d e r of 10 a t m , 
it would be p r a c t i c a l l y i m p o s s i b l e to p r e v e n t c o n t a m i n a t i o n of the d e p o s i t e d 
p l u t o n i u m by oxygen, n i t r o g e n , w a t e r v a p o r , a n d / o r o the r g a s e s . C r y s t a l s 
g r o w n a t t e m p e r a t u r e s above 112°C would not have the s t r u c t u r e of the a lpha 
p h a s e . 

B. L iqu id S o u r c e s 

The m o s t f r e q u e n t m e t h o d of p r e p a r i n g s ing le c r y s t a l s of m e t a l s d e 
p e n d s upon the so l i d i f i c a t i on of the l iquid u n d e r c o n t r o l l e d c o n d i t i o n s . At 
one a t m p r e s s u r e , s ing le c r y s t a l s of a lpha p l u t o n i u m cannot be p r e p a r e d in thi s 
m a n n e r b e c a u s e the e p s i l o n p h a s e is in e q u i l i b r i u m with the l iquid a t the 
m e l t i n g t e m p e r a t u r e . S t e p h e n s h a s shown tha t the n u m b e r of s t ab l e p h a s e s 
i s d e c r e a s e d if the p r e s s u r e i s i n c r e a s e d . ' / An e x t r a p o l a t i o n of h i s da t a 



i n d i c a t e s tha t the a lpha p h a s e m a y be in e q u i l i b r i u m with the l iquid a t p r e s 
s u r e s above 50 k i l o b a r s . T h e r e f o r e , i t m a y be p o s s i b l e to g r o w s ing le c r y s 
t a l s of a lpha p l u t o n i u m f r o m the l iqu id a t h igh p r e s s u r e s . 

C. Sol id S o u r c e s 

Single c r y s t a l s can be g r o w n wi th in the sol id s t a t e by s e v e r a l m e t h o d s , 
invo lv ing the m i g r a t i o n of a b o u n d a r y t h r o u g h the s p e c i m e n in a c o n t r o l l e d 
m a n n e r . In the mod i f i ed B r i d g e m a n , o r p h a s e - t r a n s f o r m a t i o n , m e t h o d th i s 
b o u n d a r y i s the i n t e r f a c e b e t w e e n the two p h a s e s . It m a y be p o s s i b l e to g r o w 
s ing le c r y s t a l s of a lpha p l u t o n i u m by p r o p e r l y c o n t r o l l i n g the cond i t ions of 
coo l ing r a t e and t e m p e r a t u r e g r a d i e n t for s a m p l e s coo led f r o m above 112°C. 
The s u c c e s s of th i s m e t h o d and the qua l i ty of the s ingle c r y s t a l s tha t m i g h t 
be ob t a ined a r e q u e s t i o n a b l e c o n s i d e r i n g s i m i l a r w o r k with u r a n i u m . L a r g e 
s i n g l e c r y s t a l s of a l p h a u r a n i u m can be g r o w n by th i s m e t h o d , but they con
t a i n s u b s t r u c t u r e which m a k e s t h e m u n d e s i r a b l e for m o s t i n v e s t i g a t i o n s . 
Two f a c t o r s wh ich in f luence the s u c c e s s of th i s m e t h o d a r e the v o l u m e change 
and the f r a c t i o n of the a b s o l u t e m e l t i n g t e m p e r a t u r e (a rough m e a s u r e of the 
m o b i l i t y of the a t o m s ) a t the p h a s e t r a n s f o r m a t i o n . F o r u r a n i u m , t h e s e 
v a l u e s a r e 1.1%(5) and 0 .667,^°/ r e s p e c t i v e l y ; for p lu ton ium, t h e s e v a l u e s 
a r e ~1 0%^-^ ' ^ ' ' ' ° / and 0 .43 . ' ° ) The v a l u e s for p lu ton ium, when c o m p a r e d 
with t hose for u r a n i u m , a r e in a d i r e c t i o n tha t i n d i c a t e s tha t s ing le c y r s t a l s 
g r o w n in th i s m a n n e r would be p o o r e r in qua l i ty . O the r i m p o r t a n t f a c t o r s 
a r e the r e l a t i v e s t r e n g t h s of the two p h a s e s and the m e c h a n i s m of the p h a s e 
t r a n s f o r m a t i o n . B e t a p l u t o n i u m d e f o r m s m o r e r e a d i l y than a lpha p l u t o n i u m , ' " ' 
which m e a n s tha t the s t r a i n s t ha t would r e s u l t f r o m the v o l u m e change a t the 
p h a s e t r a n s f o r m a t i o n m i g h t be r e l i e v e d by the be t a p h a s e , t h e r e b y m i n i m i z 
ing the l i n e a g e s t r u c t u r e in the a lpha p h a s e . The m e c h a n i s m of the b e t a - t o -
a lpha p h a s e t r a n s f o r m a t i o n i s no t ye t w e l l - u n d e r s t o o d . A d i f f u s i o n - c o n t r o l l e d 
m e c h a n i s m is m o r e a d v a n t a g e o u s than a s h e a r m e c h a n i s m when a t t e m p t i n g 
to g r o w s ing le c r y s t a l s by the p h a s e t r a n s f o r m a t i o n . Z a c h a r i a s e n and 
E l l i n g e r r e p o r t ^ ^ / tha t i t h a s not b e e n p o s s i b l e to find a s i m p l e s t r u c t u r a l 
r e l a t i o n s h i p b e t w e e n a lpha and b e t a p l u t o n i u m . Th is i n d i c a t e s that a m a j o r 
r e a r r a n g e m e n t of the a t o m s i s invo lved in the a =̂̂  3 t r a n s i t i o n . 

O t h e r t e c h n i q u e s of p r e p a r i n g s ing le c r y s t a l s f r o m sol id s o u r c e s 
involve the m i g r a t i o n of g r a i n b o u n d a r i e s . The m o r e i m p o r t a n t m e t h o d s 
a r e : (1) s t r a i n - a n n e a l , (2) g r a i n g r o w t h , (3) s e c o n d a r y r e c r y s t a l l i z a t i o n , 
and (4) v a r i o u s c o m b i n a t i o n s of t h e s e . S ince l i t t l e is known about the d e 
f o r m a t i o n and r e c r y s t a l l i z a t i o n b e h a v i o r s of a lpha p lu ton ium, i t i s diff icul t 
to f o r e s e e , at t h i s t i m e , w h e t h e r any of t h e s e m e t h o d s wil l be s u c c e s s f u l . 

S e v e r a l a t t e m p t s have b e e n m a d e to g r o w l a r g e g r a i n s of the a lpha 
p h a s e by s lowly cool ing s a m p l e s f r o m above the t e m p e r a t u r e of the ct ^ 3 
t r a n s f o r m a t i o n . A l l of the s a m p l e s h a v e shown g r o s s c r a c k i n g , and none 
of t h e s e t e s t s h a s b e e n e n c o u r a g i n g . F i g u r e 1 shows the m i c r o s t r u c t u r e 



of a s p e c i m e n c o o l e d i n a c a r b u r i z e d t a n t a l u m c r u c i b l e in v a c u o f r o m 6 5 0 ° C 
( i n t h e l i q u i d p h a s e ) b y l o w e r i n g t h r o u g h a f u r n a c e a t t h e r a t e of 2 . 5 c m / d a y 
( t o t a l c o o l i n g t i m e f r o m 6 5 0 ° C t o r o o m t e m p e r a t u r e : a b o u t 6 d a y s ) . S p e c i -

of a b o u t l ° / h r w i t h s i m i l a r r e s u l t s . F i g u r e 2 i l l u s t r a t e s t h e s m a l l e r g r a i n 
s i z e of a s p e c i m e n q u e n c h e d f r o m 3 7 5 ° C ( in t h e d e l t a p h a s e ) i n t o O c t o i l - S . 
X - r a y , b a c k - r e f l e c t i o n , p i n h o l e p a t t e r n s ( p a t t e r n s m a d e w i t h m o n o c h r o m a t i c 
r a d i a t i o n i n a L a u e c a m e r a ) c o n f i r m t h e l a r g e r g r a i n s i z e in t h e s l o w l y 
c o o l e d s p e c i m e n . T h e g r a i n s i z e of t h e s l o w l y c o o l e d s p e c i m e n s , h o w e v e r , 
i s n o t m u c h l a r g e r t h a n t h a t of a s - c a s t m a t e r i a l ( no t i l l u s t r a t e d ) , a n d t h e 
q u a n t i t y of s u b g r a i n i n g h a s n o t b e e n d e c r e a s e d s i g n i f i c a n t l y . T h e e f f e c t s of 
t h e 10% v o l u m e c h a n g e d u r i n g t h e a ^ | 3 t r a n s f o r m a t i o n a p p e a r to m a k e t h i s 
a p p r o a c h i m p r a c t i c a l . 

35780 250X 36311 250X 

Figure 1. Plutonium Specimen Slowly Cooled by Figure 2. Plutonium Specimen Quenched from 
Lowering through a Furnace 2.5 cm/day. 375°C into Octoil-S. Polarized 
Cooling Time from 650°C to Room Light Illumination. 
Temperature was about 6 Days. Polar
ized Light Illumination. 



III. GROWTH F R O M H E T E R O G E N E O U S SYSTEMS 

A. G a s e o u s S o u r c e s 

V a r i o u s m e t a l s can be ob t a ined by t h e r m a l d e c o m p o s i t i o n of vo la t i l e 
c o m p o u n d s . The c o m p o u n d i s u s u a l l y d e c o m p o s e d by a l o c a l i z e d hea t s o u r c e 
(e .g . , a hot w i r e which can a l s o a c t a s a seed) , and the m e t a l a t o m s a r e d e 
p o s i t e d on the hot s u r f a c e . U n d e r p r o p e r cond i t ions of h e a t input and flow 
r a t e , s ing le c r y s t a l s c a n be g rown . In the c a s e of a lpha p lu ton ium, the high 
t e m p e r a t u r e s r e q u i r e d to d e c o m p o s e p l u t o n i u m compounds would s e e m to be 
i n c o m p a t i b l e with the s t a b i l i t y of the a lpha p h a s e . 

B. L iquid S o u r c e s 

Single c r y s t a l s a r e p r e p a r e d f r o m h e t e r o g e n e o u s l iquid s y s t e m s by 
m a n y m e t h o d s . The t h r e e b a s i c m e t h o d s a r e ( l ) e l e c t r o l y t i c r e d u c t i o n of 
i o n s , (2) d e p o s i t i o n f r o m a s a t u r a t e d so lu t ion by slow r e m o v a l of the so lvent , 
or by t ak ing a d v a n t a g e of c h a n g e s in so lub i l i ty with t e m p e r a t u r e , and (3) p r e 
c i p i t a t i o n a s a r e s u l t of a c h e m i c a l r e a c t i o n . 

1. E l e c t r o d e p o s i t i o n . P l u t o n i u m m e t a l can be p r o d u c e d by e l e c t r o l 
y s i s of a p l u t o n i u m sa l t in a su i t ab l e so lven t . If the p r o d u c t i s to be a lpha 
p lu ton ium, the so lven t m u s t m e l t be low 112°C. F u s e d - s a l t so lven t s a r e un
a t t r a c t i v e b e c a u s e t h o s e tha t m e l t be low 112°C m u s t con ta in e i t h e r po ten t i a l ly 
e x p l o s i v e n i t r a t e s or l o w - m e l t i n g h a l i d e s , s u c h a s a l u m i n u m t r i c h l o r i d e , 
which a r e t h e r m o d y n a m i c a l l y u n s t a b l e with r e s p e c t to p l u t o n i u m metal.(^ '- ' ) 
A q u e o u s s o l v e n t s a p p e a r u n f a v o r a b l e b e c a u s e p lu ton ium r e a c t s r e a d i l y with 
w a t e r . 

E l e c t r o l y t i c d e p o s i t i o n e x p e r i m e n t s w e r e p e r f o r m e d in v a r i o u s 
o r g a n i c so lven t s us ing s e v e r a l p l u t o n i u m s a l t s a s e l e c t r o l y t e s . The ca thode 
w a s p l a t i n u m , and the anode c o n s i s t e d of a p i ece of f r e s h l y c l e a n e d (by filing) 
p l u t o n i u m w r a p p e d in a p l a t i n u m w i r e . A s i x - v o l t s t o r a g e b a t t e r y was u s e d 
a s a power supply . W h e r e conduc t iv i ty was o b s e r v e d , the c u r r e n t was a d 
j u s t e d with a r h e o s t a t to a m a x i m u m of 0.1 m a to p e r m i t s low depos i t i on . 
The r e s u l t s of s o m e of the e x p e r i m e n t s a r e s u m m a r i z e d in Tab le I. 

Table I 

SUMMARY OF ELECTROLYSIS EXPERIMENTS 

Solvent 

Ethanol 

Ethanol 

Ethanol 

n-Butanol 

Mineral Oil 

Pyridine 

Solute 

PuClj 

PuF4 

PuCs2Cl6 

PUCI3 

PUCI3 

PUCI3 

Is Salt 
Soluble' 

Yes 

Slightly 

Slightly 

Yes 

No 

Yes 

Does 
Solution 

Conduct' 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Was 
Cathode 
Deposit 
Formed' 

Yes 

No 

No-

Yes 

No 

No 

• A saturated solution of PuCs2Cl6 m ethanol gave no cathode deposit, but formed 
a precipitate of PuOp upon electrolysis. 



F r o m t h e s e e x p e r i m e n t s the fol lowing g e n e r a l i z a t i o n i s d r a w n . 
The m o r e p o l a r the so lven t , the g r e a t e r the so lub i l i t y of the p l u t o n i u m s a l t s 
and the g r e a t e r the conduc t iv i t y , and, u n f o r t u n a t e l y , the g r e a t e r the t e n d e n c y 
of the p l u t o n i u m to r e a c t with the s o l v e n t . 

D e p o s i t s w e r e p l a c e d in t h i n - w a l l e d q u a r t z c a p i l l a r i e s and e x 
a m i n e d by the D e b y e - S c h e r r e r t e c h n i q u e . The d e p o s i t s ob ta ined f r o m the 
e l e c t r o l y s e s of PUCI3 in e thano l and n~bu tano l c o n s i s t e d m a i n l y of P u O j ; how
e v e r , t h e r e w e r e s e v e r a l spo t s on the D e b y e - S c h e r r e r p a t t e r n s a t p o s i t i o n s 
w h e r e l i n e s f r o m a l p h a p l u t o n i u m shou ld b e . T h i s s u g g e s t e d the e x i s t e n c e 
of l a r g e g r a i n s of a l p h a p l u t o n i u m in the c a p i l l a r y . One such c a p i l l a r y was 
b r o k e n ; the l a r g e s t p i e c e in the d e p o s i t w a s i s o l a t e d and m o u n t e d . The 
D e b y e - S c h e r r e r p a t t e r n of t h i s p a r t i c l e c o n s i s t e d only of about two dozen 
spo t s a t p o s i t i o n s c o r r e s p o n d i n g to a l p h a - p l u t o n i u m l i n e s . T h i s p a r t i c l e 
(about 0.1 X 0.1 x 0.01 m m ) cou ld p o s s i b l y have b e e n a s ingle c r y s t a l of a lpha 
p l u t o n i u m . A t t e m p t s to p r o v e t h i s c o n j e c t u r e by o r i e n t i n g th i s c r y s t a l on a 
W e i s s e n b e r g c a m e r a w e r e u n s u c c e s s f u l when the spo t s b e c a m e i n d i s t i n c t , 
p r o b a b l y b e c a u s e of the d e s t r u c t i o n of the c r y s t a l by ox ida t ion , 

2. C o n v e c t i o n C e l l s . M e t h o d s b a s e d upon the so lub i l i t y of a m a t e r i a l 
in a so lven t a r e n o r m a l l y u s e d to p r e p a r e s ing le c r y s t a l s of c o m p o u n d s . 
E w a l d and Tufte'^-^) have u s e d the t e m p e r a t u r e d e p e n d e n c e of the so lub i l i ty 
of t in in m e r c u r y to p r e p a r e s i ng l e c r y s t a l s of a lpha t in ( g r ay t in) , which 
t r a n s f o r m s to be t a t in (white t in) a t 13.2°C,(1^) T h e i r m e t h o d u s e s a c o n v e c 
t ion c e l l t h r o u g h which m e r c u r y f lows u n d e r the in f luence of a t h e r m a l 
g r a d i e n t . T in i s d i s s o l v e d a t the h o t t e r p o r t i o n of the ce l l and p r e c i p i t a t e s 
a t the c o l d e r p o r t i o n . C r y s t a l s abou t 1 c m in s i ze have b e e n g r o w n in a 
m o n t h u s ing a d i f f e r e n c e m so lub i l i t y of the o r d e r of 0.08 a / o . 

The s u c c e s s of t h i s nnethod d e p e n d s upon the a v a i l a b i l i t y of a 
so lven t for the p h a s e w h o s e c r y s t a l i s to be g rown . F o r a lpha p lu ton ium, 
a l l o y s of l iqu id a l k a l i m e t a l s a p p e a r to be the m o s t su i t ab l e s o l v e n t s , b e 
c a u s e they a r e the only known l iqu id m e t a l s in which a lpha p l u t o n i u m can 
be the so l id p h a s e m e q u i l i b r i u m with the l iquid , a l though the s o l u b i l i t i e s 
m a y be e x t r e m e l y sima.llA^-'' ^^' ^-'1 The m a g n i t u d e of the so lub i l i ty i s not 
a s i m p o r t a n t a s the d i f f e r e n c e s in so lub i l i t y wi th t e m p e r a t u r e . The p r i m a r y 
di f f icul ty would a p p e a r to be a s s o c i a t e d with c o n t a m i n a t i o n by oxygen. Th i s 
c a n be k e p t to a m i n i m u m by c o n t r o l l i n g the p u r i t y of the a lka l i m e t a l s , and 
by add ing l i t h i u m , which f o r m s a m o r e s t ab l e oxide than d o e s p l u t o n i u m . ' ^ 0) 

To i n v e s t i g a t e the p o s s i b i l i t y of app ly ing th i s m e t h o d to a lpha 
p l u t o n i u m , c o n v e c t i o n c e l l s have b e e n c o n s t r u c t e d . T h e s e c e l l s a r e of 
two t y p e s . One is e s s e n t i a l l y i d e n t i c a l to tha t d e s c r i b e d by E w a l d and 
T u f t e , ( l l ) and the o t h e r i s the " h a r p " d e s i g n shown in F i g u r e 3. In a l l s y s 
t e m s i n v e s t i g a t e d to da t e , the s o l v e n t h a s b e e n a e u t e c t i c a l loy of s o d i u m and 
p o t a s s i u m (NaK) a l l oyed with a b o u t 1 a / o l i t h i u m and s m a l l add i t i ons of o t h e r 
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e l e m e n t s , in an a t t e m p t to i n c r e a s e the so lub i l i ty of the p lu ton ium without 
d e s t r o y i n g the f a v o r a b l e p h a s e e q u i l i b r i u m . S p e c t r o g r a p h i c a n a l y s i s of the 
NaK is p r e s e n t e d in Tab le II. The p u r i t y of the a l loy ing e l e m e n t s is p r e 
s e n t e d in Tab le III. The m e t a l l i c p l u t o n i u m w a s f r o m A r g o n n e ba t ch C M - 8 , 
wi th a n a l y s i s a s g iven in Tab le IV. 

Figure 3 
Convection Cell 

38420 

Tab le U 

S P E C T R O G R A P H I C ANALYSIS 
OF NaK 

E l e m e n t 

Al, Rb, Si 

Li , Mg 

A s , Hg, P , 
Sr , Zn 

B, Ba, Bi, Ca, 
Co, C r , F e , Mn, 
Mo, Ni , P b , Sb, 
Sn, Ti , V, Zr 

Ag, Be, Cu 

C o n c e n t r a t i o n 

0.01% - 0.001% 

0.001% - 0 .0001% 

< 0 . 1 % 

< 0 . 0 1 % 

<o.ooi% 1 

Table III 

ANALYSIS O F 
ALLOYING E L E M E N T S 

E l e m e n t 

Hg 
In 
Tl 

P u r i t y , 
by Weight 

99.9999+% 
99.9996% 
99.977%* 

''Impurities, 200 ppm Pb, 
30 ppm Cu. 



Table IV 

ANALYSIS OF PLUTONIUM BATCH CM-8 
(Expressed as Number of Impurity 
Atoms per Million Plutonium Atoms) 

Element 

C 
H 
N 
O 
Si 

Concentration 

141 
4 0 8 
242 
151 

60 

Element 

A m 
Cr 
F e 
Ga 
Li 
Mn 
Ni 
U 

w 

Concentration 

9* 
5 

30 
3 
0.3 
1 
4 

29 
7 

Element 

A l 
Co 
K 
Mo 
Na 
P b 

Concentration 

< 4 5 
< 4 
< 6 
< 5 
< 2 1 

< 1 

* Extrapolated to da te of e l e c t r o l y s i s . 

The c o n v e c t i o n - c e l l e x p e r i m e n t s a r e s u m m a r i z e d in Table V. 
In a l l c a s e s ( excep t ce l l 4) the p l u t o n i u m c h a r g e , a f t e r be ing c l e a n e d by 
f i l ing, w a s b r o k e n u n d e r NaK to p r o v i d e f r e s h s u r f a c e s to f ac i l i t a t e so lu t ion . 
T h e s e s u r f a c e s w e r e wet ted , and they r e m a i n e d c l e a n unde r una l loyed NaK 
for ex t ended p e r i o d s of t i m e . A s a c h e c k on the so lubi l i ty , s m a l l a m o u n t s 
of two so lu t i ons w e r e w i t h d r a w n with a m e d i c i n e d r o p p e r , p a s s e d t h rough a 
s i n t e r e d g l a s s f i l t e r a t r o o m t e m p e r a t u r e , and a n a l y z e d for p lu ton ium. The 
r e s u l t s w e r e a s fo l lows: 

0.44 jUg/cc in NaK 

0.50 jiig/cc in NaK 1 w / o Hg. 

Unfo r tuna te ly , i t i s not known w h e t h e r t h e s e v a l u e s a r e t r u e i nd i ca t ions of 
so lub i l i ty , a s opposed to e n t r a p p e d so l id p a r t i c l e s , n o r i s the t e m p e r a t u r e 
known. 

Table V 

SUMMARY OF CONVECTION CELL EXPERIMENTS 

Cell 

1 
2 
3 
4 
5 
6 

Type 

Ewald 
Ewald 
Harp 
Harp 
Harp 
Harp 

Charge 

Pu 
Pu 
Pu 

Pu-82 w/o Tl 
Pu 
Pu 

Solvent(a) 

NaK 
NaK 1 w/o Hg 
NaK l /z w/o Tl 

NaK 
NaK 5 w/o In 
NaK 5 w/o In 

Temp (°C) 

Hot 

68 
114 
150 
116 
(b) 
159 

Cold 

58 
77 
90 
73 
98 
94 

Time 
(days) 

26 
60 

102 
49 
63 

195 

Appearance 
of Charge 

at End 

Shiny 
Dull black 

Shiny 
Broken up 
Dull black 

(c) 

^ In all cases , small amounts of lithium have been added to getter oxygen, 
b Thernnocouple failed 
'- Currently in operation. 



The c h a r g e f r o m c e l l 4 w a s b r o k e n up but did not go into so lu t ion . 
The c h a r g e s f r o m c e l l s 1, 2, and 5 showed no ev idence of a t t ack , o t h e r than 
the o b s e r v e d b l a c k e n i n g of the c h a r g e s f r o m ce l l s 2 and 5. The c h a r g e f r o m 
c e l l 3 a p p e a r e d to have b e e n s l igh t ly r o u n d e d a t the b r o k e n f a c e s , s u g g e s t i n g 
s o m e so lub i l i t y . The s o l v e n t f r o m ce l l 3, a f t e r d e c o m p o s i t i o n by e thano l , 
p r o d u c e d a r e s i d u e con ta in ing t h a l l i u m and any p l u t o n i u m tha t went into s o l u 
t ion . T h i s r e s i d u e was e x a m i n e d by the D e b y e - S c h e r r e r m e t h o d . In add i t i on 
to a lpha t h a l l i u m , t h e r e w a s a t r a c e of a p h a s e which, if p l u t o n i u m - c o n t a i n i n g , 
could be iden t i f i ed only a s PuB^,. The b o r o n m a y have o r i g i n a t e d in the p y r e x 
w a l l s of the ce l l , o r in the e thano l u s e d to d e c o m p o s e the NaK. 

A t t e m p t s a t g r o w i n g s ing le c r y s t a l s of a lpha p l u t o n i u m by us ing 
c o n v e c t i o n c e l l s a r e be ing con t inued even though the above r e s u l t s a r e not 
e n c o u r a g i n g . No c o n c r e t e e v i d e n c e of so lu t ion of the c h a r g e or p r e c i p i t a t i o n 
of c r y s t a l s h a s b e e n ob t a ined . T h i s m e t h o d is t h e o r e t i c a l l y f ea s ib l e when 
e v e r t h e r e i s a t e m p e r a t u r e d e p e n d e n c e of so lub i l i ty , a l though the l eng th of 
t i m e r e q u i r e d m a y be p r o h i b i t i v e b e c a u s e of the low s o l u b i l i t i e s e n c o u n t e r e d . 

3, R e d u c t i o n of P l u t o n i u m H a l i d e s , A c c o r d i n g to the v a l u e s of the 
p u b l i s h e d f r e e e n e r g i e s of f o r m a t i o n , ( 1 0 ) the a l k a l i m e t a l s a r e c a p a b l e of 
r e d u c i n g p l u t o n i u m f l u o r i d e s o r c h l o r i d e s to m e t a l l i c p l u t o n i u m . If an i n e r t 
s o l v e n t for both a p l u t o n i u m ha l i de and an a l k a l i m e t a l can be found, t hen the 
r e d u c t i o n can be m a d e to p r o c e e d in so lu t ion a t t e m p e r a t u r e s be low the a ^ /3 
t r a n s i t i o n with the p r e c i p i t a t i o n of p l u t o n i u m m e t a l . In a su i t ab ly d e s i g n e d 
c o n t a i n e r the r e a c t i o n m a y p r o c e e d s lowly , t h r o u g h diffusion, with the g r o w t h 
of c r y s t a l s . 

A s u i t a b l e so lven t m a y be e i t h e r l iqu id a m m o n i a or a so lu t ion of 
t r i p h e n y l b o r o n ( T P B ) in d i e thy l e t h e r . Unfo r tuna te ly , a m m o n i a , which i s 
g a s e o u s a t r o o m t e m p e r a t u r e , m u s t be coo led o r p r e s s u r i z e d to l iquify. T P B 
h a s the a d v a n t a g e t h a t i t i s l iqu id a t r o o m t e m p e r a t u r e and a t m o s p h e r i c 
p r e s s u r e . 

L i t h i u m d i s s o l v e s m T P B to p r o d u c e a b l a c k so lu t ion which r e 
a c t s wi th p l u t o n i u m s a l t s . One such r e a c t i o n p r o d u c t was a b l a c k powde r 
which t u r n e d g r e e n on e x p o s u r e to the box a t m o s p h e r e . The D e b y e - S c h e r r e r 
p a t t e r n of the g r e e n m a t e r i a l w a s tha t of PUO2, s u g g e s t i n g tha t the o r i g i n a l 
r e a c t i o n p r o d u c t m a y h a v e b e e n f inely d iv ided m e t a l l i c p l u t o n i u m . 

F u r t h e r e x p e r i m e n t s , d i f f u s i o n - c o n t r o l l e d , a r e in p r o g r e s s . The 
p l u t o n i u m h a l i d e s c u r r e n t l y be ing i n v e s t i g a t e d a r e PUCI3, PUF4, and PuCs2Cl6. 
S e v e r a l r e a c t i o n p r o d u c t s f r o m t h e s e t e s t s have y i e l d e d c o m p l e x D e b y e -
S c h e r r e r p a t t e r n s wh ich h a v e not b e e n c o m p l e t e l y a n a l y z e d . Two of t h e s e 
p a t t e r n s showed s p o t s a t p o s i t i o n s w h e r e l i n e s f r o m a lpha p lu ton ium should 
be , and w e r e a l m o s t i d e n t i c a l m a p p e a r a n c e to p a t t e r n s ob ta ined f r o m s o m e 
e l e c t r o l y t i c r e s i d u e s ( s e e Sec t i on I I I - B - 1 , page 8), 
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IV. P L U T O N I U M - N E P T U N I U M ALLOY STUDIES 

T h e f e a s i b i l i t y of g rowing s ing l e c r y s t a l s of a lpha p l u t o n i u m by 
s o l i d - s t a t e r e a c t i o n s c a n be e n h a n c e d if the n u m b e r of so l id p h a s e s 
b e t w e e n the l iquid and the a lpha p h a s e can be r e d u c e d . Th i s m a y be 
a c c o m p l i s h e d e i t h e r by apply ing p r e s s u r e , ( 4 ) o r by a l loying with nep tun 
i u m . U^) In the l a t t e r c a s e , the p h a s e ob ta ined wi l l not be p u r e a lpha 
p l u t o n i u m , bu t i t can h a v e the a l p h a - p l u t o n i u m s t r u c t u r e . In v iew of the 
e x p e c t e d g r e a t e r e a s e of p r e p a r i n g s ing l e c r y s t a l s of t h i s a l loy , th i s l ine 
of i n v e s t i g a t i o n h a s b e e n p u r s u e d . T h i s a l loy m a y be c o n s i d e r e d to be 
h o m o g e n e o u s in the s e n s e t h a t any c r y s t a l s g r o w n wi l l h a v e the s a m e 
c o m p o s i t i o n a s the bulk m e l t . 

The e q u i l i b r i u m p h a s e d i a g r a m for the p l u t o n i u m - n e p t u n i u m s y s 
t e m , a c c o r d i n g to M a r d o n et a l . , ( l 6 ) i s shown in F i g u r e 4. Al loys of p l u 

t on ium and n e p t u n i u m having a 
c o m p o s i t i o n of m o r e than 24 a / o P u 
e x i s t a s the a l p h a - p l u t o n i u m s t r u c 
t u r e a t r o o m t e m p e r a t u r e (~25°C), 
wi th l a t t i c e c o n s t a n t s only s l igh t ly 
s m a l l e r ( -0 .7% at 24 a / o Pu) t han 
t h o s e o b s e r v e d for p u r e a lpha p l u 
ton ium. U^) F o r c o m p o s i t i o n s b e 
t w e e n about 39 a / o P u and 48 a / o P u , 
the only so l id p h a s e s t ha t a r e r e 
p o r t e d to ex i s t a r e the eps i lon 
p l u t o n i u m ( g a m m a nep tun ium) , b e t a 
p l u t o n i u m , and a lpha p lu ton ium 
p h a s e s , and the t e m p e r a t u r e of the 
a ^ ^ t r a n s i t i o n is r a i s e d to about 270°C. 

-S-Pu 

- y - P u 

30 40 50 60 70 

WEIGHT PERCENT Pu 

38630 

Figure 4. Plutonium-Neptunium Constitution 
Diagram[From Mardon et al.̂ -'-̂ )] 

A m e l t of 43 .4 w / o P u - 5 6 . 6 w / o Np w a s p r e p a r e d in vacuo in a 
c a r b u r i z e d tan ta luna c r u c i b l e , coo led a t l / 2 ° / h r f r o m the l iquid to 265°C, 
he ld for five w e e k s , coo led at l ° / h r to 70°C, and fu rnace cooled. B a c k -
r e f l e c t i o n p inho le p a t t e r n s of t h i s m e l t showed i t to c o n s i s t of e x t r e m e l y 
l a r g e g r a i n s , in fact the l a r g e s t g r a i n s of any s a m p l e i n v e s t i g a t e d . Th i s i s 
c o n f i r m e d by the m e t a l l o g r a p h i c e v i d e n c e p r e s e n t e d in F i g u r e 5. 

F i g u r e 6 i s a b a c k - r e f l e c t i o n L a u e p a t t e r n of t h i s s p e c i m e n t a k e n 
wi th a 1 0 - m i l c o l l i m a t o r c e n t e r e d n e a r the p o s i t i o n of the a r r o w on F i g 
u r e 5a, n e a r the c e n t e r of an a p p a r e n t g r a in . T h i s i s a s i n g l e - c r y s t a l 
p a t t e r n , -with l i n e a g e s t r u c t u r e c l e a r l y evident . 

T h e c r y s t a l s t r u c t u r e of a lpha p l u t o n i u m m e t a l h a s b e e n d e t e r m i n e d 
e n t i r e l y f r o m X - r a y p o w d e r - d i f f r a c t i o n da ta . (1,2) B e c a u s e of the low s y m 
m e t r y of t h i s s t r u c t u r e ( s p a c e g r o u p , P2 / m ) and the r e s u l t i n g c o m p l e x i t y 
of the p o w d e r p a t t e r n s , i t would be of v a l u e to have s i n g l e - c r y s t a l v e r i f i c a 
t ion of the u n i t - c e l l d i m e n s i o n s . 
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a. 0° rotation of stage. The arrow indicates the 
area examined by the X-ray, back-reflection, 
Laue technique. 

b. 45° rotation of stage. 

Figure 5. Microstructures of Pu-56.6 w/o Np Alloy Electropolished in a Bath of 32 Parts Orthophosphoric Acid, 
Nine Parts Water, and 59 Parts Ethoxy-Ethanol. Polarized Light Illumination. 

Figure 6 

Back-reflecuon Laue Pattern 
of Pu-56.6 w/o Np Alloy 

38488 



Since this ingot was br i t t le , a s ingle-gra in par t ic le (about 0,0Z x 
0,02 X 0,01 mm) was f rac tured from it, isolated, and raounted for X- r ay 
examination. This c rys ta l "was or iented by means of oscil lat ion photo
graphs to ro ta te abput a 19.37 A axis. Rotation and Weissenberg photo
graphs showed that the unit cell was monoclinic (Laue symmetry , Cjj^) 
with 

ao = 6.12 ± 0.02 A, bg = 4.80 I 0.01 A, 

c^ = 19.37 t 0.026 A, |3' = 146.39+0.13° . 

By a t rans format ion of axes these can become 

ao = 6.12 + 0.02 A, bo = 4.80 + 0.01 A, 

Co = 10.95 I 0.04 A, ^ = 101.74 + 0.23°. 

Considering shrinkage due to alloying, these a re the same (within exper i -
miental e r r o r ) as the published uni t -ce l l dimensions of alpha plutonium.Us^) 
The observed in tensi t ies a r e in good qualitative agreement with those cal 
culated from the published atomic posit ions, (l^) 

This resu l t the re fore provides s ing le -c rys ta l proof of the indexing 
of the powder data and de terminat ion of the unit cell of alpha plutonium, 
so ingeniously perfornaed by Zachar i a sen and EUinger. 

To look for c rys ta l lographic evidence of a l ow- tempera tu re phase 
t rans format ion , this c rys ta l was held for 67 hours at l iquid-hel ium tem
p e r a t u r e . No change in the diffraction pa t t e rn was observed after warming 
to room temperature^ 

V. CONCLUSIONS 

Var ious methods for s ing le -c rys t a l p repara t ion as applied to the 
p rob lem of growing single c ry s t a l s of alpha plutonium have been discussed. 
The mos t p romis ing methods seem to be those based upon growth from a 
heterogeneous liquid sys tem at t e m p e r a t u r e s -within the stabili ty range of 
the alpha phase . 

The mos t encouraging r e su l t s have been from exper iments in the 
plutonium-neptunium sys tem, which show that la rge grains having the alpha-
plutonium s t ruc tu r e can be produced. A small pa r t i c le f ractured from one o 
these gra ins has been used to provide s ing le -c rys ta l proof of the indexing 
of the powder data, and de termina t ion of the unit cell of alpha plutonium. 
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