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ABSTRACT 

T h i s  i s  a  c o m b i n e d  s t u d y  o f  r e s o n a n t  pumped s o l i d  s t a t e  l a s e r s  

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

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

w i t h  1  a s e r  f u s i o n  r e s e a r c h .  

S o l i d  s t a t e  ( s t o r a g e )  1 a s e r s . r e p r e s e n t  t h e  m o s t  a d v a n c e d  

t e c h n o l o g y '  f o r  i n e r t i a l  c o n f i n e m e n t  f u s i o n ' e x p e r i m e n t s .  F l a s h l a m p  

pumped s o l i d  s t a t e  l a s e r s ,  h o w e v e r ,  e x h i b i t . s p e c i f i . c  d e f i c i e n c i e s  

( l o w  e f f i c i e n c y  a n d  h i g h  t h e r m a l  l o a d i n g )  w h i c h . c o n s t r a i n  t h e i r  

a p p l i c a t i o n  t o  v e r y  l o w  r e p e t i t i o n  r a t e s .  R e s o n a n t  pumped s o l i d  

s t a t e  l a s e r s  c a n  e x h i b i t  v e r y  h i g h  c o n v e r s i o n  e f f i c i e n c i e s  and  v e r y  

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

e f f i c i e n t  pump s o u r c e s .  

R a r e  gas  h a l i d e  l a s e r s  (RGH) show p r o m i s e  f o r  o p e r a t i n g  w i t h  

t h e  e n e r g y ,  PRF a n d . e f f i c i e n c y  r e q u i r e m e n t s  o f  a d v a n c e d  f u s i o n  d r i v e r s .  

RGH l . a s e r s ,  however.,  a r e  n o t  s t o r a g e  . d e v i c e s  and  o p e r a t e  w i t h  peak  

p o w e r s  w e l l  b e l o w  t h e  . r e q u i r e m e n t s  f o r  f u s i o n  d r i v e r s .  S t o r a g e  o f  

t h e  RGH e n e r g y  i n  s o l i d . s t a t e  l a s e r s  a p p e a r s .  a  v i a b l e  t e c h n i q u e  o f  

o v e r c o m i n g  t h e  . l i m i t a t i o n s  . o f  b o t h  m e d i a .  

D u r i n g  t h i s  p e r i o d  o f  s t u d y  t h e  c o n c e p t  o f  RGH/SS l a s e r s  was 

f i r s t  d e m o n s t r a t e d  b y  t h e  l a s i n e g  o f  Tm:YLF a t  453nm pumped b y  t h e  
1 8  353nm e n e r g y  o f  XeF. E x c i t e d  s t a t e  d e n s i t i e s  o f  5 x  1 0  cmm3 h a v e  

b e e n  a t t a i n e d  a n d  s p e c t r o s c o p i c  m e a s u r e m e n t s  show t h a t  up  t o  6 0 %  

o f  t h e  pump e n e r g y  c a n  b e  c o n v e r t e d  i n t o  u s e f u l  s t o r e d  e n e r g y .  

A l t e r n a t i v e  l a s e r s  and  p u m p i n g  schemes a r e  a l s o  d i s c u s s e d .  I n  a l l  

c a s e s  t h e  p o t e n t i a l  RGH/SS s y s t e m s  a r e  e v a l u a t e d  'n r e s p e c t  t o  

i n t e r n a l  e f f i c i e n c y  a n d  h e a t  l o a d i n g .  



The m a t e ' r i a l s  r e q u i r e m e n t s  f o r  advanced  . l a s e r  ' a p p l i c a t i o n s  w i l l  
i n c l u d e h i g h  peak a n d a v e r a g e  power p r o p a g a t i o n  t o g e t h e r  w i t h  mat .e r ia1  
a v a i l a b i l i t y  i n  l a r g e  (30cm) a - p e r t u r e s .  w i . t h  v e r y  h i g h  o p t i c a l  q u a l i t y .  
A p p l i c a t i o n s  ' f o r  m a t e r i a l s  i n c l u d e  a c t i v e  ( . l a s e r s ,  f a .vaday  r o t a t o r s )  
and p a s s i v e  ( w i n d o w s , . l e n s e s )  components .  

C r y s t a l l i n e  f l u o r i d e  m a t e r i a l s  e x h i b i t  c e r t a i n  g e n e r a l  and 
s p e c i f i c  p r o p e r t i e s  s u i t e d  t o  t h e s e  a p p l i c a t i o n s .  Some of t h e  
d e s i r a b l e  p r o p e r t i e s  o f  c e r t a i n  c r y s t a l  l i n e  f l u o r i d e  m a t e r i a l s  
i n c l u d e :  

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

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

c .  low growth  t e m p e r a t u r e  ( p e r m i t t i n g  e a s e  o f  g rowth  s c a l e )  

The m a t e r i a l s  deve lopmen t  e f f o r t  d e s c r i b e d  was d i r e c t e d  a t  
g rowth  i n v e s t i g a t i o n ,  and growth  s c a l e - u p  o f  c r y s t a l l i n e  f l u o r i d e  
m a t e r i a l s .  Most o f  t h e  work i n v o l v e d  t h e  h o s t  m a t e r i a l s  Y L F  ( L i Y F 4 )  

and K Y F  ( K Y 3 F 1 0 ) .  

-.The c r y s . t a 1  g rowth  p r o c e s s  was s c a ' l e d  t o  prod'uce IOcm d i a m e t e r  
c r y s t a l s  of  Y L F .  The i n v e s t i g a t i o n  incl .ud.ed c o n s t r u c . t i o n  o f  f u r n a c e  
h o t  z o n e s ,  t 'he  s t u d y  o f  t h e  a f f e c t s  .of  g rowth  p a r a m e t e r  v a r i a t i o n ,  
and c h a r a c t e r i z a t i o n  o f  f a b r i c a t e d  s a m p l e s .  

O t h e r  new m a t e r i a l s  t h a t a r e  d e s c r i b e d  a r e  K Y F ,  KTb3F10 and E u F 2 .  

Samples  o f  t h e s e '  m a t e r i a l s  were  gr0w.n and s e n t  t o  s p e c i f i c  D O E  l a b -  
0 r a t o r i . e ~  f o r  c h a r a c t e r i z a t i o n .  The r e s u l t s -  0.f t h e s e  t e s t s  a r e  . "  

p r e s e n t e d .  

Improvements  i n  t h e  g rowth  p r o c e s s  t h a t  were  done a r e  d e s c r i b e d  

I i n  r e s p e c t  t o  q u a l i t y  improvement  and c n s t  s a v i n g s .  . 



. F i n a l l y ,  t h e  t e c h n i c a l  m i l e s t o n e s  ach ieved  d u r i n g  t h i s  p e r i o d  
of s t u d y  a r e  a s 3 e s s e d  i n  r . e spec t  t o  t h e  f u t u r . e  o b j e c t i o n s  f o r  l a s e r  
f u s i o n  r e s e a r c h .  



PREFACE 

T h i s  i s  a  r e p o r t  o f .  an  i n v e s t i g a t i o n  o f  r e s o n a n t  pumped s o l i d  
. . 

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

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

peak p o w e r s  a s s o c i a t e d  w i t h  l a s e r  f u s i o n  r e s e a r c h .  The i n v e s t i d  

g a t i o n  was f u n d e d  b y  t h e  D e p a r t m e n t  o f  E n e r g y  u n d e r  c o n t r a c t  # D E - I  

AC08-78-DP40054, O f f i c e  o f  I n e r t i a l  F u s i o n .  The p e r i o d  c o v e r e d  

i n  t h i s  r e p o r t  i s  31 O c t o b e r  1 9 7 8  t o  28  J u l y  1979 .  

D r . .  Owen L e w i s  a n d  D r .  P a u l  Ho f f y  O f f i c e  o f  I n e r t i a l  F u s i o n ,  

, w e r e  t e c h n i c a l  m o n i t o r s  t o  t h i s . p r o g r a m .  

T h e s e  s t u d i e s  w e r e  p e r f o r m e d  b y  t h e  Advanced  T e c h n o l o g y  

D e p a r t m e n t ,  ~ e f e n 4 i v e  Sys tems  D i v i s i o n  o f  ~ a n d e r s ~ ~ s s o c i ~ t e s ,  I 

I n c .  The C r y s t a l  P h y s i c s  L a b o r a t o r y ,  D e p a r t m e n t  o f  E l e c t r i c a l  

E n g i n e e r i n g  and  C e n t e r  f o r  M a t e r i a l s  S c i e n c e ,  M a s s a c h u s e t t s  

I n s t i t u t e  o f  T e c h n o l o g y  s e r v e d  a s  S u b c o n t r a c t o r .  The p r o g r a m  

F o l w e i  l e r  was p r i n c i p a l ,  i n v e s t i g a t o r .  a t  S a n d e r s  . a n d  t h e  p r o g r a m  
- . ~ 

managers  f o r  t h i s  p r o g r a m  w e r e  . M r .  R o b e r t  ~ o l w e i l e r  a n d  ~ r - .  Evan 

C h i c k l i s .  M r .  James Baey  a n d  M r .  Mark  K n i g h t s  c o n d u c t e d  t h e  s t u d y  
I 

o f  r a r e  gas  h a l i d e  pumped s o l i d  s t a t e  s t o r a g e  l a s e r s .  M r .  F o l w e i l e l r  I 
I 

was a s s i s t e d  b y . M r .  Thomas P o l l a k  i n  t h e  c r y s t a l  g r o w t h  d e v e l o p m e n t .  , 

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

a t  S a n d e r s  w e r e  d i n e  b y  P t i , i l i p  F u l e y  a n d  Leo  T e r r e n z i o .  

\ 

The w o r k  a t  t h e  C r y s t a l  P h y s i c s  L a b o r a t o r y  was u n d e r  t h e  

d i r e c t i o n  o f  D r .  A. L i n z ,  a n d  i n c l u d e s  g r o w t h  o f  new m a t e r i a l s ,  

f e e d  s y n t h e s i s  a n d  s p e c t r o s c o p y .  M r .  D a v i d  Gabbe p e r f o r m e d  t h e  

c r y s t a l  g r o w t h ,  a n d  t h e  f e e d  m a t e r i a l  p r o c e s s  d e v e l o p m e n t  and  

s y n t h e s i s .  D r .  Hans J e n s s e n  p e r f o r m e d  t h e  s p e c t r o s c o p i c  m e a s u r e -  

m e n t s .  
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Figure 26 
Tb:YLF Absorption,  3 5 3  nm Region 
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3 2  SIZE SCALING O P  CRYSTAL GROWTH OF RE:YLP 
- -  -- -. +t.-: 1 - 1  - 

-- 
- -  I - / - I ;  I - 

3.2.1 Summary- 1- - 
- -- 

t--- I 
- - - - 7 

I 
-7 -- - t -  

9 L 
- The scaling in fabrication of 'large crystaliine fluoride aper- 

development for the Advanded Laser programs. 
Crystalline fluorides, as a class, display certain generalized prop- 
erties - such as low n2 and high ultraviolet transmission - which 

r a r e  desirable for many laser applications. In addition to the appli- 
b c a t i o n  of this materials technology to sol id state storage lasers, 

scale of the growth of this class o f  materials has application to 

I 
- - 

Y -1- - z 

a. Nd:YLF has been identified as the most promising oscillator 
material for phosphate (' ) and f luoroberyl late (6) systems; 

Y -  , I I I -s - t-- V 

u! 1 ul 
-,+ a- 

W 
rL 

-b. KTb3Plo akd LiTbP4 Lave !he highest figures of merit for --: 
C7 

rL 
> 

iIfaraday rotator materials; I I -- P 

- - - - --+ -- +- 
c. Recent measurement U, of the two photon absorption coefficient 

k o f  YLP in the ultraviolet indicate that YLP is a candidate window 
F m a t e r i a l  for high power R G H  lasers and appears to be an excellent 

candidate uv coating material ( 8 ) .  - , -  - I- -- 1- --- 
d. KrP pumped C ~ ~ * : Y L P  has been lased 14) and provides a tunable 

coherent ultraviolet source [ ~ h f s  is a non-storage laser). P 
I 

The gnowth scaling experiment-s' resulted in growth of lOOmm 
ek&# stngle crystals of Er:YLP. The fi'rst 100mm crystal I"s 

Tllustrated in Pl'gure 38 taken durl'ng the growth process. The ex- 

, perimental approach taken consisted of a two-step scaling program. 
i a r ~ h e  initial scal ing experiment produced two 65mm dtameter crystals 
k o f  Tm:YLP. Modifications were made in the hot zone assembly, seed 
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MOLYBDENUM 

HEAT SHIELDS 

m 

F I G U R E  39 

LHOT Z O N E  F O R T C R Y S T A L  GROWTH, + A .  /A c -1- - - / 
O F " . ' 7 0 m m  F L U O y R I D E  C R Y S T A L S  

0 r ) a T -  \ .* \ ', 



EFFECT OF GROWTH PARAMETERS ON INTERFACE SI-IAPE A N D  CIRCULATION IN MELT 

SMkLLER CRYSTAL 
LOWER ROTAllON RATE 
IIIGI.IER THERMAL GRADIENT 

l NTERMEDlATE 
SIZE 
ROTATION RATE 
TIiERMAL GRADIENT 

LARGER CRYSTAL 
IiIGI.1ER ROTATION RAVE 
LOWER TIiERMAL GRADIENT 

F i g u r e  40 
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SANDERS 
c .  F U R N A C E ,  ARRANGEMENT FOR 

l ) : - i 3C  - :'L I 3 1  

100mmFLUORIDE CRYSTALS 

I 

210 mm 

MOLYBDENUM 
HEAT 'SHIELDS 

GRAPHITE 
HEATER 

- - - -  - 

WATER COOLED 
FURNACE 
WALL 

CRUCIBLE LIFT ROD 

I 

F i g u r e  4 3  
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t i I I 
p a r a m e t e r s  i n c l u d e  s e e d  , 

t - -  t 

9 

I t h e r m a l  g r a d i e n t ,  and 

10 + + a t  1.5m!/hr. 
R o t a t i ' o n - r a t e  o f  t'tie s e e d  rod  was f o r  t h f s  g rowth  run f rom I I 
6 . - t o  1 0 , ' ~ p m .  grown d u r i k g  t h e  
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3r - Growth r a t e  was mafntatned a t  1.5mm/hr. The r a t e  o f  diameter 
4 

. l o u t w a r d  movement was 3-5mm/hr. T h t s  r a t e  of diameter growth was 
I 

6 
7 k s l o ~ e d  consl'dera6ly from previous c r y s t a l  growth runs of l a r g e  - 4' 
8 1  c r y s t a l s .  As the  g r o w t h  parameters were developed, a  l a rge  thermal 
"-lag i n  t he  melt was oEiserved, wlfch was not constdered a t  the  beginning 
i n  

C of growtfi run 563a. As a  r e s u l t  di'ameter growth r a t e  averaged about 
15-2Qmmfhr f o r  Koule 536a ,  whereas the r a t e  was 3-5mm/hr f o r  boule 

h 563b.  I t  i s  genera l ly  d e s t r a b l e  t o  malntain a slower r a t e  of diameterr. 
enlargement t o  prevent de fec t  'formation caused by rapid growth i n  t h e  1 -  

r ad ia l  d i r e c t i o n ,  Boule 563b was pul led t o  develop about 15mm o f - ,  
s t r a i g h t  wall growth and terminated t o  evalua te  growth parameters. 

- -. - -- -. - 

%ou21e #5636 grew w t t h  a  concave f n t e r f a c e .  The fncreased r o t a -  
t b n  r a t e  of ttie s e e d  r o d ,  coupled w f t h  t h e  s i g n i f i c a n t l y  l a r g e r  

d-fameter, may tiave created too much cen t r i fuga l  fo rce  a1 t e r i n g  
t b e  melt thermal gradfent  such t h a t  t h e  cen te r  o f  the  c r y s t a l  melted. 
Minor cEianges i-n t h e  h o t  tone may have decreased the  r a d i a l  thermal 
gradtent .  Less severe gradtents wi l l  reduce the  c e n t r i p e t a l  fo rces  

r 

generathd 6y natural  convectSon t n  t h e  melt and r a t e  t6e  fo rces  -913~ 
crea ted  by t he  p u m p t n g  ac t lon  of t 6 e  6oule more dominate upon t h e  " 

meIt c i r c u l a t i o n  a t  e i t h e r  a  smaller  dfameter or lower angular _I 

ve loc i ty .  The machfned seed bolder displaced the  seed .75  inch from 
t h e  water cooled seed r o d .  I t  was observed, from melt back cond i t ions ,  
t h a t  the  seed holder acted as  a s i n k  ahd reduced the  cool ing of the  
seed. Some cor rec t ion  f o r  t h i s  a f f e c t  was accomplished by r a i s i n g  

40 
t he  c r u c i b l e  t o  a  higher leve l  and thus removed the  seed holder from 
t h e  hot zone. Further evaluat ion t o  fSna tune the  hot tone and I 
growth parameters f o r  growth of l a r g e  boules wi l l  be requi red .  

3-2 ;4  Discussion I 
1 :  ! 

sfI The growth o f  10hm c r y s t a l s  has demonstrated the  s i t e  sca l ing  
-aKt l t ty  ef SandersE technology t o  expand ttie process and f a b r f c a t e  

-1srge c r y s t a l s  o f  YLF.  The potentfa1 l a s e r  ape r tu re  has more than 



3 1  

4 t t n c r e a s e d  by  a  f a c t o r  o f  t 6 r e e  d u r t n g  t h e  p r e s e n t  program. F igure  47 

1 t i l l u s t r a t e ~  t h r e e  Sooles  of' Re:YLP grown f o r  th is  program. Future  
6 

? t s c a l  i n g  e x p e r h e a t s  t o  reach  t h e  goal of  40  cm a p e r t u r e s  wi l l  proceed 
t n  two deffned d t r ec tTons .  The PErst method w i l l  employ t b e  p r e s e n t  

l i L t e c h n a l o g y  a?  TSS c r y s t a l  g r o a t 6  and expand fu rnace  c a p a c i t y ;  t h e  - 1 3 ~  

second mettiad r P l l  e v a l u a t e  and develop a  new growt6 method, . &a*- - . .  
t a =  - 

seeded s o l u t f a n  [BSSI  grawtti. 1 , I 

- 

Expanding Le TSS. growth  tech, ,  , . - s q ~  . . - -.. . . 

, chamber. T h i s  new system would'be a  s c a l e d  ve r s ion  o f  the  e x i s t i n g  
I 

I system. Fu r the r  s c a l i n g  i s s u e s ,  i nc lud ing  seed rod mechanism, hot  
= 24 

I zone, and growth paramete rs ,  should  be s t r a i g h t - f o r w a r d  a s  a l l  t h e s e  
issu +-ated a s  s c a l a b l e  d u r i n g  t h i s  program. 

" 
$- Bottom seed solutr 'on CBSS] growth has s u b s t a n t i a l  p o t e n t i a l  f o r  

growth of very l a r g e  sTnglc  c r y s t a l s  o f  t h e  f l u o r i d e s  of i n t e r e s t  
Par 6 f g 6  paver l a s e r  f u s f o n ,  A major po in t  i s  t h e  economics involved 
t n  t b e  s c a l t n g  o f  growth, Top-seeded s o l u t i o n  (TSS) growth r e q u i r e s  
a fu rnace  hot  zone t o  accommodate a  c r u c i b l e  a t  l e a s t  twice  t h e - - 1  
d tamete r  of t h e  growing c r y s t a l ;  whereas i n  BSS growth, t h e  c r y s t a l d  
a c t u a l l y  ex tends  t o  t h e  c r u c i b l e  w a l l .  For t h e  same s i z e  c r u c i b l e ,  

TSS c r y s t a l .  I n  c o n t r a s t  t o  TSS growth, the  c r y s t a l  would be suppor te  
by t h e  c r u c i b l e  t h a t  c o n t a i n s  t h e  mel t  r a t h e r  t han  t h e  s ~ a l l e r  i r o s s  
s e c t f o n  of  t h e  seed a t  t h e  end of a r o t a t i n g  s h a f t .  For growth of 
very  l a r g e  c r y s t a l s ,  e . g . ,  f o r  c r y s t a l s  20cm d i ame te r ,  t h i s  change 
of suppor t  can be impor t an t ,  e s p e c i a l l y  i f  t h e  d e s i r e d  c r y s t a l  has 
poor mechanical p r o p e r t i e s ,  such a s  low s t r e n g t h  and c leavage .  

L--  1 
RSS grbwth bared on t h e  Schmid-Y i e c b n i c k i  t e chn ique t ?  ' 1  may be 

app l i ed  t o  t h e  growth of l a r g e  Y L P  c r y s t a l s .  The major d i f f e r e n c e ,  -im 
s a p p h i r e  me1 t s  congruen t ly  and YLF me1 t s  i ncongruen t ly ,  iarBBSz: 

I I- .i - - I 





growth i s  t h a t  t h e  mel t  w i l l  change i n  composit ion a s  t h e  c r y s t a l  
1 

grows. F igure  48  d i s ~ l a y s  a  p o s s i b l e  fu rnace  assembly f o r  BS! 
, . J i s  , ,ca,,d i n  , r e c e s s  a ,  ,,., aottom of t,, ,. - - .  -. - 

re beau i s  cooled by a hea t  exchanger e n t e r i n g  through the fu rnace  
bottom; t h e  hea t  exchange media being e i t h e r  gas o r  l i q u i d .  Tbe 
thermal g r a d i e n t  i n  BSS growth, u n l i k e  TSS,  i s  developed w i t h  t h e  
c e n t e r  of t h e  bottom o f  t h e  c r u c i b l e  t h e  c o l d e s t .  The mel t  is  con- 
t a ined  i n  t h e  remainder of t h e  c r u c i b l e  above t h e  seed.  The c r u c i b l e -  
heat  exchanger assembly i s  suppc-ted by a  r e f r a c t o r y  s t r u c t u r e ,  such 
a s  - r a p h i t e ,  which - -  2 -  by I - - l t i - - -  e l - - - - "  

~ M l i  F ~ Q  TEXT- *-. - - -- 





s l L I U l l S - _ ! .  -. - 

may a l s o  occur .  

3 
Limited growth development bas been performed o n  KYP p r f o r  t o  

i s  i n v e s t i g a t i o n .  R e s u l t s  of two prev ious  growth a t t e m p t s  a r e  
known. A i r t r o n  has i n v e s t i g a t e d  growth of KYF employing an  ncffve 
atmosphere,  H . P .  - C r y s t a l s  grown d i sp l ayed  a  hazy appearance.  
employing 

~t4.h~ 
argon a l s o  grew c r y s t a l s  con ta in ing  what appeared t o  

be a  secon e .  The s c a t t e r  c e n t e r s  appeared i n c o n s i s t e n t l y  i n  
t h e  c r y s t a l s  and were r e l a t e d  t o  oxygen con tamina t ion .  Sec t ions  of  
very  c l e a r  m a t e r i a l  were ob ta ined  from t h e s e  c r y s t a l s .  As a  r e s u l t  
of i n c o n s i s t e n t  d a t a  concerning growth of KYF, f u r t h e r  i n v e s t i g a t i o n  

-z- m rn 
The process  development f o r  P a b r t c a t t o n  of new tna te r fa la  such 

. a 3  U P  r e q u t r e  e x t e n s t v e  I 'nvest igatl 'on i-nvol v t n g  raw m a t e ~ t a l  sel e c t t o n  
and f n i  t t a l  p rocess ing  , proces s  a tmesphere ,  and feed  compost t ion,  a s  
well a s  qrowth thermal ~ r a d i e n t  and o t h e r  arowth ~ a r a m e t e r s .  These 



!- s e p a r a t e  v a r i a b l e s  should  be '  concbnt ra ted  upon ind iv ldua l  l y  t o  op t imize  
t h e  t o t a l  p rocess .  T h i s  was c a r r i e d  o u t  through growth experfments .  
I n i t i a l  growth runs and growth parameter  development wer pePformed 

7 4 B i n  Sanders '  exper imental  f l u o r i d e  growth system (Figure  (9 49). The & 
manually opera ted  fu rnace  i s  a s c a l e d  down ve r s ion  of t h e  automated 

7 

l n 1  growth f u r n a c e ,  wi thout  t h e  computer automated c o n t r o l .  Manual opera -  
- t i o n  and con t ro l  by a  h igh ly  q u a l i f i e d  t e c h n i c i a n  has been advantageous 

I i n  t h e  e a r l y  s t a g e s  of  growtb development t o  optimfte growtb para -  
meters .  The hot  zone a l lows  growth of boules 25mm i n  dfameter .  H i g h  
p u r i t y  argon atmospheres,  O2 < <1 ppm, a r e  ob t a ined  w l t h  t h e  t i tanturn  

I g e t t e r  system purchased on t h i s  p re sen t  c o n t r a c t .  TCIn raw m a t e r t a l s ,  
C o x i d e s  and c a r b o n a t e s ,  were conver ted t o  f l u o r i d e s  i n 1  

" r e a c t o r .  I I 

3 . 3 . 2  Mater la l  Prhpara t ion  f o r  c r y s t a l  Growth 

I 
3.3.2.1 Powders 

rn I;-. 
4-14 

'--- 
I 

The powders processed f o r  f eed  were c a r e f u l l y  chosen t o  avoid 
contaminat ion due t o  handl ing.  A s  such,  t h e  y t t r t u m  oxtde  and potassium 
ca rbona t e "  employed were of t h e  h i g h e s t  p u r i t y  m a t e r i a l s  commercial ly 
a v a i l a b l e .  Y Z O J .  purchased fvcm Research Chemicals ,  con ta ined  a t  t h e  
most l g q m  - r a r e  ear-th ion i m p u r i t i e s .  C ~ n c ~ e n t r a ~ i o n - o f  alkal f and 
2" ---- 

2- 

r fkklul d r i  1  evan t  
_._" . I  - - I  

I U l  t r e x  g rade  K2C03 was supp l i ed  by J .  I .  " -*-- ~ a k e r  . +  omp pan- ' a n a l y s i s  of t h e  K2C03 i s  l i s t e d  i n  TabFe I, ' *@ l 
&-- - . - 

Yttrfum oxide was conver ted t o  y t t r i u m  Q l u o r t d e  i n  t h e  hydro- 
f l u o r i n a t i o n  system p r i o r  t o  mixlng a l t h  K2CQ3. The conver%fon r a t e  
was i n i t i a l l y  monitored by weight change of t h e  m a t e r f a l .  L a t e r ,  
a  t ime- temperature  c y c l e  was developed. YF3 and K2C03 were mixed i n  
s p e c i f i c  r a t i o s  and processed f o r  t h e  f i n a l  f l u o r i d e  convers ion .  - I "' KP was not  added d i r e c t l y  a s  t h i s  ma te r i a l  d i s p l a y s  d e l t q u e s c e n t  i 
t endenc i e s .  

I 





TABLE CQ 

POTASSIUM CARBONATE, ULTREX 

For  App l i ca t ion  i n  F ibe r  Op t i c s  Manufacture 

COMMODITY NO. 5157 
LOT NUMBER:-- -51 2 5  6 1 
DATE OF ANALYSIS?.  5 / 2 / 7 5  
DATE PACKAGED: 8/14/78 

FORMULA: K 2 C 0 3  
FW: 138.21 ACTUAL ANALYSIS 

ASSAY ( K  CO ) (by acid-base  t i t r a t i o n ,  1 0 0 . 0 0  %d 
a f t e r  ary?ng a t  285O~ f o r  4 hours )  

Loss on d ry ing  a t  2 8 5 O ~  f o r  4 hours  0 . 4 0  % 
P a r t i c u l a t e  ma t t e r  ( a f t e r  s o l u t i o n  i n  wate r )  ' 0.001% 

NON-METALLIC IMPURITIES 
I n  p a r t s  per  m i l l i o n  (ppm) 

b  ARSENIC (AS) - 
HALIDES ( a s  C 1 )  

Nitrogen Compounds ( a s  N )  
Phosphate (PO4) 

C S u l f e r  Compounds ( a s  SO4)- 
2 

TRANSITION ELEMENTS= 
I n  p a r t s  per  m i l l i o n  (ppm) 

CHROMIUM ( C r  ) 
COBALT (Co) 
COPPER (Cu) 

I R O N  
MANEANESE (Mn) 
NICKEL ( N i )  
VANADIUM (V) 

a  - Based o n . 3  d e t e r m i n a t i o n s :  99.99%, 99.99%, and 1 0 0 . 6 2 %  - 

b - By e v o l u t i o n  and s i l v e r  d i e t h y l d i t h i o c a r b a m a t e  photometry. - 
c  - By barium s u l f a t e  t u r b i d i m e t r y  i n  methanol-water. 

d  - Average v a l u e s  f o r  d u p l i c a t e  samples analyzed by - 
dc-arc spec t rography  ( a f t e r  c o l l e c t i o n  v i a  c o p r e c i p i t a t i o n  
wi th  indium us ing  8-quino l ino l - tann ic  a c i d - t h i o n a l i d e  and 
i g n i t i o n  t o  ox ides  a g a i n s t  commercial s t a n d a r d s  i n  indium 
oxide ,  r ead ing  of  l i n e s  i n  2450-3875 A r e g i o n ) ;  key 
elements found a t  o r  below a s i g n i f i c a n t  b lank va lue  a r e  
reported as  < (equa l  t o  o r  less t han )  one - th i rd  of  t h e  
b lank ,  key e lements  found a t  o r  below a  b lank  near  t h e  
d e t e c t i o n  l i m i t  a r e  r e p o r t e d  a s  < ( l e s s  t h a n )  t h e  
d e t e c t i o n  l i r i l i t ,  t he  blank va lues  found have been deducted 
i n  a l l  of t h e  r e p o r t e d  va lues .  

e - By atomic a b s o r p t i o n  spectrophotometry .  - 
T n  

4- 101  
1 
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T a b l e  5  

S U M ~ ~ R Y  O F  CRYSTAL G R O U T M  OF KY3F1, 

CRYSTAL 
G.R.  - I10 . COMPOSITIOtI  

GROI,ITH FEED 
PARAMETERS CO!4POSITION EXPERIMEIIT RESULTS 

4 . 5n1n1/ h r  . 5 %  E x c e s s  G r o w  s e e d  m a t e r i a l  M a t e r i a l  c o n t a i n e d  u n i f o r m  h a z e ,  co ln -  
3 0 r  ~ n l  KF S e e d e d  o n  m o l y b d e n u m  p o s e d  o f  t w i n  c r y s t a l s .  S e e d  m a t ' l  

w i r e  f a b r i c a t e d  i n  1 0 0  o r i e n t a t i o n  l a s e r  
s a m p l e  f a b r i c a t e d  

R e s i d u a l  f r o m  E v a l u a t e  h o t  z o n e  S e v e r e  t h e r m a l  g r a d i e n t  d e v e l o p e d  d r i v i n g  
5 5 6  KF r i c h  & g r o w t h  p a r a m e t e r s  c r y s t a l  i n t e r f a c e  d e e p  i n t o  t h e  m e l t .  

R o t a t i o n  o f  c r y s t a l  i n c r e a s e d  t o  com-  
p e n s a t e .  T h e  c r y s t a l  was  c l o u d y ,  r e -  
l a t e d  t o  e i t h e r  t o o  r a p i d  g r o w t h  r a t e .  
e x c e s s  KF i n  m e l t .  o r  i m p u r i t y .  

. 5 %  E x c e s s  
K  F  

E v a l u a t e  g r o w t h  . r a t e  T h e  c r y s t a l  g r e w  w i t h  a  s m o o t h  s u r -  
d e p e n d e n c e  f a c e .  b u t  c l o u d y  m a t r i x .  T h e  s c a t t e r  

a p p e a r s  t o  b e  r e l a t e d  t o  a  s e c o n d  
p h a s e .  T h e  s c a t t e r  i s  c o n c e n t r a t e d  
i n  l o w e r  s e c t i o n s ;  g r o w t h  r a t e  n o t  . 
a  f a c t o r .  

T h e  c r y s t a l  g r o w n  f r o m  1 1 1 a t e r i a 1  p r o -  
c e s s e d  d u r i n g  t h e  t e s t  was c l o u d y .  
A l e a k  was  d i s c o v e r e d  i n  t h e  s e e d  
r o d ,  p o s s i b l y  c o n t a m i n a t i n g  t h e  me1 t. 

. 5 %  E x c e s s  
KF 

l l y d r o f l u o r i n a t i n g  
s y s t e m  e v a l u a t e d  
f o r  c o n t a m i n a t i o n  
( o x y g e n  1 

R e e v a l u a t e d  H . F .  
P r o c e s s  

T h e  c r y s t a l  was c l o u d y ,  i n d i c a t i n g  
t h a t  o x y g e n  c o n t a m i n a t i o n  d u r i n g  t h e  
H . F .  p r o c e s s  was n o t  a  p r o b l e m .  

1 .  Emm/hr  S t o i c h i o m e t r i c  G r o w t h  I n  l a r g e  T h e  c r y s t a l  was  g r o w n  fro111 m e l t  i n  
1  Orpm . f u r n a c e  O 2  m o n i t o r e d  p l a t i n u m  c r u c i b l e ,  o x y g e n  m a i n t a i n e d  

< l p p o i .  T h e  c r y s t a l  d i s p l a y e d  a  
f r o s t e d  s u r f a c e  . A n ~ u l  t i t u d e  o f  
t w i n  g r a i n s  d e v e l o p e d .  P r e c i p i t a t e  

was  o b s e r v e d  p a r a 1  l e l  t o  t w i n  g r a i n s  
a n d  v e r y  d e n s e  i n  t h e  l o w e r  s e c t i o n  
o f  t h e  h o u l e .  C l e a r  s a m p l e s  
1On1n1 x  lOnlm x  5nl111 w e r e  o b t a i n e d   fro^;^ 
t h e  t o p  o f  t h e  c r y s t a l .  

1  . 5n1n1/ h r  1 . 0 2  E x c e s s  YF r i c h  m - e l t  - 
3  C r y s t a l  was  c l o u d y ,  e x c e s s  YF3 i n  10rp111 Y F 3  t o  o b s e r v e  c r y s t a l -  me1 t d i d  n o t  a f f e c t  g r o w t h .  

l i z a t i o n  p a t h .  









8 

9 -f~@-~mfN, one-half  t h  Tie 
10 was grown dur ing  t h i s  exp n t .  

c r y s t a l  -weigh-e3P*l05gm~- - - I F - - 
1 - 

, - . .  
- 1  

1 -  

a rk-P-educe t h e  s c a t t e r  in t h e  mater 
seem t o  b i  i e j + t e d  t o  a second phase p r e c i p l t a t  

i n  t h e  n b t f i x  o f  X F F .  Siml lh r  eu tiavle X557, t h e  d e n s i t y  of sca-tte$ 
s i t e s  inl_boule#h6~-increased.aq fhp c r y s t a l  was pu l l ed  from t h e  

: ~ m i n a t i  du r ing  bra-cesstlrgi #f& hydrofl uor ina t ion  r e a c t o r  was 
aoo - ' z- ,, tes-ted f ,  poss ib lg  leakskduhing  t h e  proaess .  . S i m i l a r  g r o w t h  - U 

ters--wer ~~ptoyedks-irn--the-pre;v~o,us run, pul l  r a t e  - 1.5nm/hr, an 
Eht . t iO&ctre  ' n ~ p d ~ 8 0 ~ / ! 5 6 ] i  Vds grown d u r i n g  t h i s  run, F igu re4  

uJ -exs . i : na t ion  of 561, -fb wrs-determined t h a t  t h i s  
%4ta t e r i a l  m n - W d ! ~ g r ~ ~ c b n c ~ ~ . r * _ ~ t i ~ n  o f s c a t t e r  s i t e s .  Feed c 0 q r o  

eaves  thebe deidlts!  inconc lus ive  a s  introduction 
i n  oxygen c~ni tamina t ion  o f  t h e  







gain- .  Due t o  t h e  f u  

o  t h i s  t e s t  

ow th  r u n  as 

n a t i o n  mechanisb 
r n a c e  l e a k  d i ~ - ~  

3 

he fu rnace was ,, 

. The same 

u s e  i n  t h e  3 
i n d i c a t e d  t h e r e  1 p r e i l o u s l  runs-.-- ~ h b  resul ts-++-  t h e  growth ,  b o u l e  562,  

s  t h e  m a t r i x  c o n t a i n e d  t h e  c l o u d  
I I I/" 

? - . l t  

he' au tomated g r o w t h  furnace& Ian .. 
o u l d  be compared t o  r e s s  t s  t 

f u r n a c e  l e a k s  wascei l l  hg- , 

ed and t h e  oxygen 
be low t h e  l r p p m  l e v e l .  
m a  s t o i c h i o m e t r i c  
s t o i c h i o m e t r i c  composi-  

sub -so l  i dus p r e c j p i  t a t i o n  
F grown f rom KF' r l ch  

3 18  
m~~-t -&fng p-&ocessing was p r e v e n t e d  by d e t a f l d  

1 .  . 
hydro- f -1-uor inat ing r e a c t o r  and c r y s t a l  ' furnace 4 

s d f  t h e  trykrai - c l e a r ,  t h e  p r e c i p i t a t e  contend- 
inc reaked ,  t h e b o t t o m  o f  t h e  c r y s t a l  was opaque. The-1 

, , + -E c r y s t a l  p p p e a r + t b  t o n 1 ( 1 7 * ~ e r l e s - - o f  - - -  t w i n  boundar ies ,  a t  ~ h i ~ h J *  
'' 4 - 1  t h e  p r e c l i p i  t a t e d  phase conce / l t ra ted .  The c h a r a c t e r i s t i c  wps n o t  . 

r n p l e ~ ; ~ :  s'icah s e c k t o n  1  o m  x lorn. 71,  mrn w a n - y  
I used- tambasJr /  thei.u.v. edge o f  KYF. 







drowth R u n  - - .  I 1  
I 

The crystallization path was again the maln interest in the 
growth experiment. Feed prepared with excess Y P 3  was used f o r  this '1 
experiment. Boule #569 was pulled during this growth Pun, Figure 
Again the matrix of the crystal contained the precipitate. The high 
concentration of twinning and preferenkial segregation o f  precipitate. 
to these are w a e  aqai.. noted, similar to Growth Run VI. 1 

2 le reftning experlments were performed to identify to a greater 

, ... detail the crystallization characteristics of KYF. Specifically, the 
I L 

-1 phase cont-t o f  the ck,,, a n A  the solid state reactions was observdd. 
E - -  - 

I t- t 
J - "70 g charge I o f KY3Fl0 melted in HP at Salders war zone re- 
r 

I$:fi-ned i n b m  18" long vitreouf carbon boat. The experiments confirm 
t h a t  KY3PIO is congruently melting. Even after extensive processin 

I- 

+-traces of a second piiase remained i n  the charge. Other work 30 O_ 

y/i-ha indicated that the-u-itregus rtrbon boat may contribute innmm 
L~c-the charge. Zone refining wa's lcontinued in a 20" long Pt  oat I 

t I- and there appears to have been an bmprovement in the quality of the 

- - purified material. Further experiments will be needed to observe 
- the degree process. 
- 7 -  

- -- - -  I- 
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The p u r i t y  l e v e l  of m a t e r i a l s  t r e a t e d  i n  S a n d e r s '  h y d r o f l u o r i n -  
a t i o n  system has improved by . f u r t h e r  o p t i m i z i n g  p rocess  pa ramete r s .  
The improvements i n  t h e  r e a c t i o n  c y c l e  f o r  p r o c e s s i n g  has a l s o  
reduced t h e  f u r n a c e , t i m e  f o r  each ba tch  from 48 t o  24 hours .  

The h y d r o f l u o r i n a t i o n  system c o n s i s t s  of a  p la t inum l i 'ned  
ceramic  t u b e , .  s e a l e d .  a t  each end*wi. th  . t e f l o n  . capsm,  s i t u a t e d  i n  a  

. Kanthal . c o i l  hea ted  f u r n a c e . .  The feed  i s -  u s u a l l y  purchased,  as  
e i t h e r .  ox ide  o r  c a r b o n a t e  powder, and, conver t ed  t o  ' t h e  f l u o r i d e ' a t  

a  t empera tu re  be1o.w th.e me1 t i n g ,  p o i n t ,  us ing  f lowing anhydrous 
hydrogen f l u o r i d e  g a s .  The conver t ed  f l u o r i d e  powder i s  then  

r-.d 
me1 ted  under hydrogen f l u o r i d e  i n  t h e  c y c l e  t o  comple te  Lonver<K? 
and reduce t h e  bulk s u r f a c e  volume of t h e  b a t c h .  The powders a r e  
p l aced  i n  a  r e c t a n g u l a r  p la t inum c r u c i b l e ,  which i n  t u r n  i s  p l aced  
on a  g r a p h i t e  s a g g e r . ,  The g r a p h i t e  s a g g e r  p r e v e n t s  pas-sible welding 
of  t h e  p la t inum - c r u c i b l e  t o  t h e  p la t inum t u b e .  

S u r f a c e  con tamina t ion  of  me l t s  has been a  con t inuous  problem 
i n  c r y s t a l  growth.  S u r f a c e  examinat ion  of sample me l t s  by Auger 
s p e c t r o s c o p y ,  made dur ing  t h i s  program, i d e n t i f i e d  t h e  con- 
t aminan t s  p r i m a r i l y  a s  a  mix tu re  of carbon and o x i d e s .  Carbon 
con tamina t ion  probably  occur s  du r ing  t h e  h y d r o f l u o r i n a t i o n  p r o c e s s ,  
i n  which t h e  r e a c t i o n  by-p roduc t ,  s t eam,  a t t a c k s  t h e  g r a p h i t e  
s a g g e r .  Rare e a r t h  o x i d e s  r e a c t  with hydrogen f l u o r i d e  i n  t h e  
f o l l o w i n g  manner: 

The by-p roduc t ,  wa te r  vapor ,  wi 11 a t t a c . k  t h e  g r a p h i t e  s a g g e r .  

Two approaches  have been taken  t o  reduce  and e v e n t u a l l y  e l i m i n a t e  
t h e  . . .  a t t a c k  . .. on graphit;? . - ,  .,,. .The i n i t . i a l  a c t i o n .  was t o  . d e ~ o s i t  a  . .  
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t h i n  l a y e r  o f  p y r o l y t i c  g r a p h i t e  o n t o  t h e  g r a p h i t e  s a g g e r s .  The 
a n i s o t r o p i c  c o a t i n g  a c t s  a s  a  k i n e t i c  b a r r i e r  t o  r educe .  t h e  
r a t e  o f  a t t a c k .  The r e a c t i o n  t e m p e r a t u r e s  have a l s o  been 
lowered  -to . r educe  t h e  a c t i v i t y - o f  t h e  w a t e r  b y - p r o d u c t .  The m a j o r i t y  

o f  t h e  r e a c t i o n  u s u s a l l y  o c c u r r e d . a t  1 2 0 0 ~ ~ ~ .  c l o s e  t o  t h e  me1 t i n g  
p o i n t  o f  most r a r e  e a r t h s .  .The r e a c t i o n  t e m p e r a t u r e  'was r educed  t o  
7 0 0 ' ~  t o  p r e v e n t  t h e  a t t a c k  and t h e  r e a c t i o n  t i m e  was e x t e n d e d  t o  
48 h o u r s .  Both p a r a m e t e r  changes  have r educed  t h e  ca rbon  c o n t a m i n a n t  
produced by t h e  f l u o r i n a t i o n  r e a c t i o n .  Furnace  c y c l e  t r i a l s  were  
t h e n  r u n ,  employing t h e  mass f low m e t e r  and f l ow  c o n t r o l l e r  p u r c h a s e d '  
on t h i s  c o n t r a c t , - t o  o p t i m i z e  t h e  c y c l e  t i m e .  Given t h e  amount o f  
r a r e  e a r t h  o x i d e  t o  * c o n v e r t v  t o  f l u o r i d e ,  t h e  minimum amount o f  
hydrogen f l u o r i d e  g a s  needed f o r  c o n v e r s i o n  can be c a l c u l a t e d .  For 

500 g o f  y t t r i u m  o x i d e ,  a  minimum o f  266 g  o f  H F  i s  n e e d e d ;  
f l o w i n g  a t  509 Yhr, a  minimum t i m e  o f  5 . 3  h r s  i s  r e q u i r e d  f o r  comp le t e  
r e a c t i o n .  The r e s u l t s  o f  t h e  e x p e r i m e n t s  i s  t h a t  t h e  f l u o r i d e  
c o n v e r s i o n  p r o c e s s  a t  7 0 0 ' ~  i s  c l o s e  t o  s t o i . c h i o m e t r i c ,  t h a t  i s ,  
o n l y  10-20% e x c e s s  H F  i s  needed f o r  - t h e . r e a c t i o n ,  and t h e  c y c l e  
t i m e  f o r  each  b a t c h  has  been r educed  t o  2 4 h r s .  

Oxide i n c l u s i o n s  have . a l s o  been i d e n t t f i e d  a s  a  p a r t  o f  t h e  
s u r f a c e  c o n t a m i n a n t .  The a rgon  used i n  t h e  h y d r o f l u o r i n a t i o n  
p r o c e s s  a s  we l l  a s  f o r  c r y s t a l  growth I s  p r e s e n t l y  b e i n g  s c r u b b e d  

- and m o n i t o r e d  on t h e  C e n t o r r  g e t t e r  f u r n a c e  pu rchased  f o r  th?s,program. - Oxygen c o n t e n t  i n  - t h e  b e l o w  1 p t m ;  
7 --- I " -- - 

1 
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- - --a\ S y n t h e s i s  - o f  Europium D i f l u o r i d e  /rr 

Europium t r i f l u o r i d e  o b t a i n e d  f rom R e s e a r c h  C h e m i c a l s  was 

h y d r o f l u o r i n a t e d  a t  7 5 0 0 ~  i n  a n  Idnconel r e a c t o r  p r i o r  t o  r e d u c t i o n .  

S o l i d  E u F 3  was r e d u c e d  t o  E u F 2  w i t h  hyd rogen  a c c o r d i n g  t o  t h e  

r e a c t i o n :  

The c h a r g e  was c o n t a i n e d  i n  a  v i t r e o u s  c a r b o n  b o a t  i n  t h e  

same a p p a r a t u s  a s  was used  f o r  h y d r o f l u o r i n a t i o n .  In t h e  f i r s t  

e x p e r i m e n t s ,  f o r m i n g  g a s  ,, a r g o n  - '  5% h y d r o g e n ,  was t h e  , r e d u c t a n t .  

A t  8 0 0 ° c ,  v e r y  l i t t l e  r e a c t i o n  t o o k  p l a c e  o v e r  a  s e v e r a l  hour  p e r i o d .  
1 0 

i 'Nhen t h e  , r e d u - c t i o n  was c a r r i e d  o u t  a t  1000  C ,  howeve r ,  t h e  y i e l d  o f  ' 

E u F  r o s e  t o ' a b o u t  50% f o r  a b o u t  a  f o u r  and a  h a l f  h o u r  r e a c t i o n  t i m e .  1 2  . . . . . .  
''9 , - . .- i - - - - - - . . . - - . - . . - . , . -- 

? ' -  . -- A - * t h i r d  r e d u c t i o n  o f  t h e  s z i e  c h a r g e  was c a r r i e d  o u t  i n  p u r 2 - - %  Y I -- '\ ; 
i hydrogen  i t  ~ O O O ~ C ,  r e s u l t i n g  i n  a b o u t  an  80% y i e l d  o f  E u F 2  a s  f . ~ -  

I 
. i j u d g e d  f rom the.- - x - r a y  powder p a t t e r n .  Some s i n t e r i n g  o c c u r r e d  d u r i n g  

-.__ i 
i t h e  hydrogen  r e d u c t i o n  p r o c e s s ,  which may have p r e v e n t e d  c o m p l e t e  
I 

! : r e a c t i o n  o f  E u F 3  w i t h  hydrogen t o  form E u F 2  
t 

h ! 

. . 
I 

E x p e r i m e n t s  i n v o l v i n g  r e d u c t i o n  o f  m o l t e n  L i F - E u F 3  w i t h  

4 

: 

1 I 

s i m i l a r  r a t i o .  Brown c r y s t a l s  we re  a l s o  i s o l a t e d  f rom t h e  f r o z e n  

m e l t ,  which  a r e  p r o b a b l y  an E u F 2 - E u F 3  s o l  i d  s o l u t i o n .  I t  has  n o t  y e t  

been d e t e r m i n e d  w h e t h e r  i n c o m p l e t e  r e d u c t i o n  i s  s i m p l y  a  r e s u l t  o f  
: t o o  s h o r f  a  r e a c i i o n  t ime  o r  w h e t h e r  formation o f  i u F 2  r a i s e d  t h e  

$ .  
, I m e l t i n g  p o i n t  o f  t h e  s y s t e m  t o  above  1 0 0 0 ' ~  t h u s  c a u s i n g  s o l i d i f i c a t i o n .  ' L " j- .-*- - 

4 -  
, - '  a * .  - - - C -._ . . -' - - -  --- 

, -  . -  + . . --, 1 3 0 ' 1  . 7 
+I . .- - - . .  + ? \  

4 . .  '.' - 

! hyd rogen  we re  c o n d u c t e d  i n  o r d e r  t o  d e v e l o p  a means o f  a v o i d i n g  a  
I .  

s l u g g i s h  s o l i d  s t a t e  r e a c t i o n .  A mo l t en  m i x t u r e  o f  50 mole % L i F ,  

50 mole % E u F 3  was t r e a t e d  i n  hydrogen  a t  1 0 0 0 ~ ~  f o r  a b o u t  t h r e e  h o u r s .  

The u n r e d u c e d  m i x t u r e  m e l t s  a t  a b o u t  7 0 0 ' ~  and i t  i s  f e l t  t h a t  t h e  - 
f u l l y  r e d u c e d  m i x t u r e  s h o u l d  m e l t  i n  t h e  v i c i n i t y  o f  9 0 0 ~ ~ .  Assay  

by w e i g h t  l o s s  o f  t h e  p r o d u c t  o f  t h i s  r e d u c t i o n  e x p e r i m e n t  i n d i c a t e d  
2 +  o n l y  a  .36% y i e l d o f  E u  . The x - r a y  powder p a t t e r n  o f  t h e  m a t e r i a l  

shows t h e  p r e s & c e  df  E u F 3 ,  a s  w e l l  a s  o f  E u F 2 ,  and s u g g e s t e d  a  

I .  . . 
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T h e r e  i s  no  q u e s t i o n  a b o u t  t h e  a b i l i t y  o f  h y d r o g e n  t o  r e d u c e  

E U ~ +  t o  EU". The p r o b l e m s  e n c o u n t e r e d  h e r e  a r e  u n d o u b t e d l y  d u e  t o  
L 
I ! 

k i n e t i c  f a c t o r s  and  c a n  be s o l v e d  e i t h e r  t h r o u g h  l o n g e r  r e d u c t i o n  

li - 

t i m e s  o r  h i g h e r  t e m p e r a t u r e s ,  o r  b o t h .  
- .  - - -.. . . 

7.-. - -  - ' - t -  - A+-- - -  -. - - -  - -. - - .- -. ----. -.- . -- - 
' , C r y s t a l  G r o w t h  o f  EuF2 

__c. 
--r.----. 

U s i n g  t h e  f e e d  p r e p a r e d  b y  h y d r o g e n  r e d u c t i o n  o f  s o l i d  EuF3, I 

c r y s t a l  g r o w t h  r u n s  were  c a r r i e d  o u t  f r o m  EuF2,  EuF2 c o n t a i n i n g  1 0  

m o l e  % MgF2, and  EuF2 c o n t a i n i n g  50 m o l e  % L i F .  C r y s t a l l i z a t i o n  i n  

t h e  u n f l u x e d  EuF2 r u n  was n u c l e a t e d  on  a  p l a t i n u m  w i r e  a t  a b o u t  

1 5 7 0 ' ~ .  A b r o w n ,  n o n - c u b i c ,  EuF2 s o l i d  s o l u t i o n  was o b t a i n e d .  The 

/ 1 p o w d e r  p a t t e r n  i n d i c a t e s  some d i s t o r t i o n i f r o m  c u b i c  EuF2, b u t  
L ,  . . . .  - -  4-- - ,! 

, ,  I f T r s t h e r  c h a r a c t e r i z a t i o n  n<tt p o s s i b l e .  I 'f c r y s t a l  g r o w t h  i s  50 7 i I I 
I '  1 ,  be  c a 7 r i e d  o u t  f r o m  t h e  s t o i c h i - o m e t r i c  m e l t ,  a  s i g n i f i c a n t l y  m o r e  i .. I 

1 p u r e  EuF2 w i l l  - b e  r e q u i r e d .  I i  I - - _ _  

F l u x  g r o w t h  o f  EuF2 c a n  a s s i s t  b y  d i m i n i s h i n g  t h e  v a r i o u s  I I p r o b l e m s  p r e s e n t e d  b y  g r o w t h  f r o m  t h e  s t o i c h i o m e t r i c  m e l t .  F o r  o n e ,  i 
I / t e m p e r a t u r e s  w i l l  b e  l o w e r ,  a n d  p o s s i b l y  i n c o r p o r a t i o n  i n  t h e  

' c r y s t a l  o f  EuF3 w i l l  a l s o  b e  d i m i n i s h e d  a s  a  r e s u l t  o f  t h e  l o w e r  t 
' t e m p e r a t u r e s .  D i v a 1  e n t  e u r o p i u m  i s  c h e m i c a l l y  s i m i l a r  t o  b a r i u m ;  1 
1 t h e r e f o r e ,  i n i t i a l  c h o i c e s  o f  f l u x  w e r e  made o n  t h e  b a s i s  o f  p u b l i s h e d  I 

I 
1 b a r i u m  f l u o r i d e  p h a s e  d i a g r a m s ,  w i t h  MgF2 and  L i F  a s  t h e  t w o  i n i t i a l  I 

f l u x  c h o i c e s .  S m a l l  a m o u n t s  o f  MgF2 g r e a t l y  l o w e r  t h e  m e l t i n g  p o i n t  I 
1 .  A' second '  c r y s t a l  g r o w t h  e x p e r i m e n t  was c a r r i e d  o u t  u s i n g  t h e  1 

: EuF2 p r e p a r e d  b y  s o l i d  s t a t e  r e d u c t i o n  o f  EuF3 f l u x e d  w i t h  1 0  m o l e  I 

' MgF,,' a g a i n  n u c l e a t e d  o n a  p l a t i n u m  w i r e ,  b u t  a t  1 2 7 5 ' ~ ~  t h r e e .  
C 

I + h u n d r e d  d e g r e e s  l o w e r  t h a n  i n  t h e  u n f l u x e d  s y s t e m .  F a i l u r e  o f  t h e  

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

I e x p e r i m e n t .  A s m a l l  p i e c e  o f  c r y s t a l ?  i n e  m a t e r i a l  was r e c o v e r e d  a n d  

f o u n d  t o  be  b r c w n  a n d  non_r_cyi i -c.  . ..-..- - - -.- ------' ,---- 

.. 
I 
. .. 
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T h i s  and t h e  p r e v i o u s  m e l t  was opaque a t  t h e  r e s p e c t i v e  

c r y s t a l  growth  t e m p e r a t u r e s ,  a  f a c t o r  which works a g a i n s t  growth o f  
i 

i good q u a l i t y  c r y s t a l s .  R a d i a t i o n  from t h e  m e l t  s u r f a c e  changes t h e  
I 
i 

i t he rma l  c o n d i t i o n  of  t h e  m e l t  such  t h a t  t h e  c r y s t a l  m e l t  i n t e r f a c e  
. '  

I 
becomes c o n c a v e ,  i n t r o d u c i n g  problems r a n g i n g ' f r o m  grown-in s t r a i n  
t o  d i f f i c u l t y  i n  c o n t r o l  o f  t h e  c r y s t a l  d i a m e t e r .  The c o n c a v i t y  

1 ' j ca.n be l e s s e n e d ,  and even r e v e r s e d ,  by d e c r e a s i n g  t h e  r o t a t i o n  r a t e  1 

I I a t .  which - t h e  c r y s t a l  i s  grown. However, i n  t h e s e  e x p e r i m e n t s ,  a  
r o t a t i o n  r a t e  o f  10 rpm was s t i l l  no t  s u f f i c i e n t  t o  e f f e c t  t h i s  $!- r e v e r s a l .  I t  was f e l t ,  t h e n ,  t h a t  an even lower  me1 t i n g  p o i n t  sys t em 
s h o u l d  be s o u g h t  o u t .  - - - -... - - - - --- - + _, _ -  -c-._-- --- -. .- 

- - - - -  - - . - - - . - - .  - -_ _ _ _ - _ 

1 i'---- P r o j e c t i n g  f rom t h e  BaF2-LiF s y s t e m ,  L i F  s h o u l d  l o w e r  

I / p u r i f y i n g  E u F 2  w i t h  r e s p e c t  t o  t r i v a l e n t  e u r o p i u m .  T h i s  compound 1 ;  i" 

/ 
: 
! 

- 

may be i n t e r e s t i n g  i t s e l f ,  o r ,  i n  i n c o n g r u e n t l y , m e l t i n g ,  c o u l d  be 

i r e c r y s t a l l i z e d  t o  y i e l d  a  h i g h  p u r i t y  E u F 2  For a  t h i r d  c r y s t a l  

s i g n i f i c a n t l y  t h e  m e l t i n g  p o i n t  of  E u F 2  A n  a d d i t i o n a l  i n t e r e s t i n g  
P 

and  p o t e n t i a l l y  v e r y  u s e f u l  f e a t u r e  o f  t h e  LiF-EuF2 s y s t e m  i s  t h e  

p o s s i b i l i t y  o f  t h e  e x i s t e n c e  o f  LiEuF3,  w h i c h ,  i f  s i m i l a r  t o  t h e  

I g r o w t h  e x p e r i m e n t ,  a  m e l t  c o n t a i n i n g  50 mole % LiF  was p r e p a r e d ,  I I 

i b a r i  j u m  compound,  w i  11 be c u b i c  and incongk;entd'y +me1 t i n g .  Growth 
I 

! o f  t h i s  h y p o t h e t i c a l  LiEuF3 s h o u l d  p r o v i d e  an e x c e l l e n t  means o f  

' u s i n g  E u F 2  p r e p a r e d  by hydrogen  r e d u c t i o n  and n e g l e c t i n g  t h e  E u i 3  

; c o n t e n t .  T h i s  m i x t u r e  me1 t e d  a t  a r o u n d  1 0 5 0 ~ ~ ,  and c r y s t a l  g rowth  1 1 
i 

, -  was  grown and was found  a g a i n  t o  be an E u F 2  s o l i d  s o l u t i o n .  The 
] m a t e r i a l  i s  s t i l l  n o n - c u b i c ,  b u t  t h e  s p l i t t i n g s  shown i n  t h e  x - r a y  

I ' d i f f r a c t i o n  p a t t e r n  a r e  s m a l l e r  t h a n  f o r  t h e  c r y s t a l  o b t a i n e d  from I I 
I ( t h e  p u r e  and magnesium f l u x e d  e x p e r i m e n t s .  The m a t e r i a l  r e m a i n i n g  I I 
I i n  t h e  c r u c i b l e  a f t e r  removal  o f  t h e  s m a l l  c r y s t a l  was examined I I 
( b y  x - r a y  d i f f r a c t i o n  and f o u n d  t o  c o n t a i n ,  i n  a d d i t i o n  t o  t h l s  1 I 
I ' E U F ~  s o l i d ~ ~ . i o l u t i o n ,  a  s m a l l  amount o f  LiEuF4.  So f a r  t h e  p r e s e n c e  I I 

' o f  LiEuF3 h a s  n o t  been d e t e c t e d  i n  e i t h e r  p r e p a r a t i o n  or i n  
i ' 7  

t h e  LiF-EuF3 me1 t d i r e c t l y  r e d u c e d  by Use o f  an L i F  f l u x  

a p p e a r s  q u i t e  p r o m i s i n g ,  b u t  p r o p e r  have t o  a w a i t  

I t h e  p r e p a r a t i o n .  o f  a  c o m p l e t e l y  r e d u c e d  melt. I . -.- 

- d' - - 
. -- 
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