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ABSTRACT 

The i n v e s t i g a t i o n was l i m i t e d m a i n l y t o 
+ + + + NaCl.Mn and NaCl.Ca , and was c o n c e r n e d w i t h 

c o l o u r c e n t r e s i n s i n g l e c r y s t a l s o f t h e s e m a t e r i a l s 
The c r y s t a l s w e r e g r o w n b y t h e K y r o p o u l i s t e c h n i q u e 
and o p t i c a l a b s o r p t i o n m e a s u r e m e n t s w e r e made w i t h 
a g r a t i n g s p e c t r o p h o t o m e t e r . The e m p h a s i s o f t h e 
w o r k was p l a c e d on t h e p r o d u c t i o n o f Z-bands i n 
N a C l . C a + + b u t t h e e f f e c t s o f o p t i c a l and t h e r m a l 
b l e a c h i n g and o f q u e n c h i n g w e r e i n v e s t i g a t e d i n a l l 
c r y s t a l s . 

+ + 
The r e s u l t s o f t h e w o r k on NaCl.Mn c o n f i r m e d 

t h e m o d e l o f S c h n e i d e r and C a f f y n ( 1 9 5 5 ) i n w h i c h 
t h e M n + + i o n s and p o s i t i v e i o n v a c a n c i e s a r e 
d e p o s i t e d a t d i s l o c a t i o n s and become more u n i f o r m l y 
d i s t r i b u t e d a f t e r q u e n c h i n g . I n p a r t i c u l a r , " i t 
was f o u n d t h a t q u e n c h e d c r y s t a l s w e r e l u m i n e s c e n t 
a f t e r b e i n g X - r a y e d , i n d i c a t i n g t h e p r e s e n c e o f 

+ + 
d i s p e r s e d Mn i o n s ; a s i m i l a r r e s u l t was f o u n d i n 

+ + 
N a C l . N i . A s h o r t s t u d y o f t h e d i s t r i b u t i o n o f 

+ + 
Mn i n c r y s t a l s was a l s o made. 

++ + + 
I t was f o u n d t h a t Mn and H i gave r i s e t o 

c h a r a c t e r i s t i c bands i n t h e u l t r a v i o l e t , a weak 
+ + 

b a n d a t 275 w i t h Mn , a s t r o n g band a t 247 mji 
+ + 

w i t h N i . The p r e s e n c e o f a band a t 255 nifi i n 
N a C l . C u + + was c o n f i r m e d . No e v i d e n c e was o b t a i n e d ++ ++ ++ f o r t h e f o r m a t i o n o f Z-bands b y Mn , N i o r Cu 



C a l c i u m was f o u n d t o be much more s o l u b l e i n 
NaCl t h a n manganese, and e n h a n c e d t h e c o l o u r i b i l i t y 
p r o p o r t i o n a t e l y l e s s , p o i n t i n g t o a c l o s e r e l a t i o n ­
s h i p b e t w e e n s o l u b i l i t y , m i s - m a t c h , and t h e p r o d u c t i o n 
o f n e g a t i v e i o n v a c a n c i e s . A n a l y s i s o f t h e F-band 
i n c o l o u r e d N a C l . C a + + c r y s t a l s i n d i c a t e d t h a t Z-
c e n t r e s w e r e f o r m e d by X - r a y s . Q u e n c h i n g e n h a n c e d 
t h e number o f Z - c e n t r e s , i n d i c a t i n g a d e p o s i t i o n a t 
d i s l o c a t i o n s s i m i l a r t o t h a t f o u n d f o r manganese. 
E v i d e n c e f o r t h e f o r m a t i o n o f b o t h Z^- and Z^-
o e n t r e s by X - i r r a d i a t i o n was f o u n d . I n c r y s t a l s 
c o n t a i n i n g a h i g h p r o p o r t i o n o f C a + + a b a n d a t 

++ 
345 , w h i c h i s p r o b a b l y t o be a s s o c i a t e d w i t h Ca 
p o s i t i v e i o n v a c a n c y c o m p l e x e s , was p r o m i n e n t . 

The r e s u l t s o f an i n v e s t i g a t i o n o f t h e e f f e c t 
+ + 

o f c o n c e n t r a t i o n o f Ca on t h e g r o w t h o f t h e F-
and Z-bands i n d i c a t e d t h a t a C a + + i o n i n t r o d u c e d 
a b o u t t e n n e g a t i v e i o n v a c a n c i e s i n t o t h e c r y s t a l . 
On t h e b a s i s o f a s t a t i s t i c a l m e c h a n i c a l m o d e l o f 
t h e f o r m a t i o n o f Z - c e n t r e s i t was i n f e r r e d t h a t o f 
t h e C a + + i o n s p r o d u c i n g Z - c e n t r e s no more t h a n 2$ 

w e r e a s s o c i a t e d w i t h p o s i t i v e i o n v a c a n c i e s , c o n f i r m ­
i n g t h e w o r k o f E t z e l ( 1 9 5 2 ) . I t was a l s o i n f e r r e d 
t h a t t h e a c t i v a t i o n e n e r g y a s s o c i a t e d w i t h t h e 

+ + 
l i b e r a t i o n o f Ca i o n s f r o m d i s l o c a t i o n s t o f o r m 
i n c i p i e n t Z - c e n t r e s was 1 . 9 eV, a v a l u e w h i c h a g r e e d 
w e l l w i t h an e s t i m a t e d v a l u e . 

F a c t o r s i n f l u e n c i n g t h e w i d t h o f t h e F-band 
a r e a l s o d i s c u s s e d . 
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1 INTRODUCTION 

1.1 I n t r o d u c t i o n 

Many o f t h e p r o p e r t i e s o f c e r t a i n s o l i d 
m a t e r i a l s w h i c h i n t h e p a s t have been t h o u g h t t o 
be i n t r i n s i c p r o p e r t i e s o f t h e p u r e m a t e r i a l a r e now 
r e g a r d e d as m a n i f e s t a t i o n s o f s m a l l q u a n t i t i e s o f 
i m p u r i t y r e s i d e n t i n t h e base m a t e r i a l . N o t a b l y , 
i t has been f o u n d t h a t many, b u t n o t a l l , s u b s t a n c e s 
owe t h e i r s e m i c o n d u c t i n g p r o p e r t i e s t o t h i s c a u s e , 
and t h e s e p r o p e r t i e s c a n be p r o f o u n d l y m o d i f i e d b y 
t h e c h o i c e o f i m p u r i t y a d d e d . F u r t h e r , i t has 
become e v i d e n t t h a t t h e e f f e c t o f an i m p u r i t y i s 
o u t o f a l l p r o p o r t i o n t o t h e q u a n t i t y p r e s e n t : 

5 

one i m p u r i t y a t o m f o r e v e r y 10 atoms o f t h e base 
m a t e r i a l i s ample t o p r o v i d e A o b s e r v a b l e e f f e c t . 
S i n c e i m p u r i t y c o n c e n t r a t i o n s o f t h i s o r d e r a r e 
p r e v a l e n t i n o r d i n a r y " p u r e " m a t e r i a l s m a n u f a c t u r e d 
i n b u l k i t becomes d i f f i c u l t , i f n o t i m p o s s i b l e , t o 
d i f f e r e n t i a t e b e t w e e n i n t r i n s i c p r o p e r t i e s and 
p r o p e r t i e s due t o i m p u r i t i e s ; and u n t i l p u r e r 
m a t e r i a l s a r e g e n e r a l l y a v a i l a b l e , t h i s d i f f i c u l t y 
w i l l n o t be r e s o l v e d . W h i l e a c l a i m t h a t a 
p a r t i c u l a r p r o p e r t y o f a s o l i d i s an i n t r i n s i c one 
must be v i e w e d w i t h c a u t i o n , t h e r e a r e many p r o p e r t i e s 
w h i c h a r e o b v i o u s l y n o t i n t r i n s i c b u t due t o 
i m p u r i t i e s , a n d i t i s w i t h t h e s e t h a t t h i s w o r k i s 
c o n c e r n e d i n t h e m a i n . 

The a l k a l i h a l i d e s , w i t h t h e i r s i m p l e c u b i c 
l a t t i c e c r y s t a l s t r u c t u r e , make an i d e a l b ase 
m a t e r i a l n o t o n l y f o r t h i s t y p e o f s t u d y b u t f o r 

(f V 958 



2. 

the b r o a d e r s t u d y o f t h e s t r u c t u r e o f s o l i d s i n 
g e n e r a l . The model o f an i d e a l a l k a l i h a l i d e 
s i n g l e c r y s t a l i s t h e r e p e t i t i o n t h r o u g h o u t the 
volume of t h e c r y s t a l o f a cube w h i c h has a t i t s 
c o r n e r s a l t e r n a t e l y m e t a l and h a l o g e n i o n s . 
T h e r e i s e v e r y r e a s o n to suppo s e t h a t t h i s p i c t u r e 
i s a c o r r e c t one p r o v i d i n g t h e s i z e o f t h e c r y s t a l 
i s d r a s t i c a l l y l i m i t e d to t h e o r d e r o f 100°t cubed, 
but f o r s i z e s o f c r y s t a l s u s e d i n p r a c t i c e i t must 
be r e g a r d e d as o n l y a f i r s t a p p r o x i m a t i o n to t h e 
t r u t h , f o r d u r i n g growth i m p e r f e c t i o n s o f many 
t y p e s a r e formed and f r o z e n i n t o t h e c r y s t a l . 
N o t a b l e among t h e s e a r e d i s l o c a t i o n s , a r e a s o f 
s t r a i n w i t h i n t h e c r y s t a l , p r o d u c e d by t h e 
e x i s t e n c e o f e x t r a p l a n e s o f i o n s e a c h e x t r a p l a n e 
p r o d u c i n g an e d g e - d i s l o c a t i o n , or by t h e t w i s t i n g 
o f p l a n e s o f i o n s to g i v e s c r e w - d i s l o c a t i o n s ; and 
v a c a n c i e s i n t h e l a t t i c e , p r o d u c e d by i o n s m i g r a t i n g 
to t h e s u r f a c e g i v i n g S c h o t t k y d e f e c t s , or by i o n s 
m i g r a t i n g to i n t e r s t i t i a l p o s i t i o n s g i v i n g F r e n k e l 
d e f e c t s , ( s e e Wagner and S c h o t t k y , 1930, and 
F r e n k e l , 1 926). I n the c u r r e n t t h e o r y t h e s e 
i m p e r f e c t i o n s a r e r e s p o n s i b l e f o r many o f t h e 
p r o p e r t i e s o f the c r y s t a l . 

L a t t i c e d e f e c t s and a s s o c i a t i o n s of l a t t i c e 
d e f e c t s c a n form c o l o u r c e n t r e s u n d e r c o n d i t i o n s 
where f r e e e l e c t r o n s and h o l e s a r e p r e s e n t i n t h e 
c r y s t a l , and t h e s e g i v e r i s e to o p t i c a l a b s o r p t i o n 
bands i n t h e v i s i b l e and t h e n e a r u l t r a v i o l e t and 
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3 

i n f r a r e d j c o n s e q u e n t l y , measurement o f a b s o r p t i o n 
s p e c t r a has y i e l d e d much i n f o r m a t i o n about c o l o u r 
c e n t r e s . I m p u r i t y i o n s , t h e m s e l v e s i m p e r f e c t i o n s , 
a l s o m o d i f y the a b s o r p t i o n s p e c t r u m . I n p a r t i c u l a r , 
t he m o d i f i c a t i o n s p r o d u c e d by c e r t a i n d i v a l e n t 
i m p u r i t i e s i s the s u b j e c t o f t h i s r e s e a r c h . 

To a p p r e c i a t e the e f f e c t o f an i m p u r i t y on a 
p r o p e r t y i t i s e s s e n t i a l to know s o m e t h i n g about 
the p r o p e r t y i t i s m o d i f y i n g . B e f o r e r e v i e w i n g 
the work a l r e a d y done on a l k a l i h a l i d e s c o n t a i n i n g 
i m p u r i t i e s i t i s n e c e s s a r y , t h e r e f o r e , to o u t l i n e 
b r i e f l y t h e i n f o r m a t i o n r e g a r d i n g c o l o u r c e n t r e s . 

1.2 E l e c t r o n T r a p s i n t h e A l k a l i H a l i d e s . 

( a ) The N e g a t i v e I o n V a c a n c y . 

Many p o l a r s a l t s , when h e a t e d i n t h e v a p o u r 
o f one o f t h e i r c o n s t i t u e n t e l e m e n t s , a c q u i r e a 
s t o i c h i o m e t r i c e x c e s s o f t h a t component. I n t h e 
c a s e o f an a l k a l i h a l i d e c r y s t a l h e a t e d i n t h e 
va p o u r of t h e c o r r e s p o n d i n g m e t a l , the c r y s t a l 
a c q u i r e s a s t o i c h i o m e t r i c e x c e s s o f t h e m e t a l and 
a t t h e same time becomes d e e p l y c o l o u r e d -
y e l l o w i s h brown f o r N a C l , b l u e f o r K C l , and so on. 
Such c o l o u r e d c r y s t a l s a r e known as a d d i t i v e l y 
c o l o u r e d c r y s t a l s . S i n c e t h e i r d i s c o v e r y by 
G o l d s t e i n (1896) t h e p r o p e r t i e s o f c o l o u r e d c r y s t a l s 
have been s t u d i e d i n g r e a t d e t a i l by P o h l and h i s 



4. 

oo-workers ( s e e , f o r example R• W. P o h l , 1937, 
1938, 1952), whose r e s u l t s e n a b l e a f a i r l y -
c o m p l e t e p i c t u r e o f t h e s e phenomena to be b u i l t 
up. 

Measurements o f t h e a b s o r p t i o n o f c o l o u r e d 
a l k a l i h a l i d e s have r e v e a l e d t h a t the c o l o u r a t i o n 
i s due to an a b s o r p t i o n band whose peak w a v e l e n g t h 
i s c h a r a c t e r i s t i c o f t h e a l k a l i h a l i d e , moving 
from t h e b l u e to the r e d end o f t h e s p e c t r u m i n 
t h e s e r i e s L i C l , N a C l , K C 1 , R b C l , C s C l . T h i s 
band i s known as the F-band ( f r o m the German 
F a r b z e n t r e n , or c o l o u r c e n t r e s ) and t h e a b s o r b i n g 
c e n t r e s F - c e n t r e s . De B oer (1937) s u g g e s t e d 
t h a t F - c e n t r e s were e l e c t r o n s t r a p p e d a t n e g a t i v e 
i o n v a c a n c i e s , and t h e r e i s a p p r e c i a b l e e v i d e n c e 
to s u p p o r t t h i s model, n o t a b l y , t h e d e n s i t y 
measurements on c o l o u r e d c r y s t a l s made by 
E s t e r m a n n e t a l (l949)« 

The mechanism o f t h e f o r m a t i o n o f F - c e n t r e s 
i n a d d i t i v e l y c o l o u r e d c r y s t a l s i s p r o b a b l y a s 
f o l l o w s . The a l k a l i atoms o f the v a p o u r i o n i z e 
a t t h e s u r f a c e and become p a r t o f t h e l a t t i c e , 
f o r m i n g a c o m p l i m e n t a r y number o f n e g a t i v e i o n 
v a c a n c i e s and f r e e e l e c t r o n s . At t h e h i g h 
t e m p e r a t u r e o f t h e c r y s t a l t h e s e v a c a n c i e s c a n 
d i f f u s e i n t o the body o f t h e c r y s t a l and become 
u n i f o r m l y d i s p e r s e d . S i n c e e f f e c t i v e l y , t h e y a r e 
p o s i t i v e l y c h a r g e d , t h e y w i l l a t t r a c t and t r a p 
e l e c t r o n s from t h e i o n i z e d a l k a l i atoms, and so 
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become F - c e n t r e s . Quanta o f F - l i g h t ( l i g h t 
a b s o r b e d by t h e F - c e n t r e s ) c a n t h e n e n e r g i z e the 
t r a p p e d e l e c t r o n to t h e f i r s t e x c i t e d l e v e l o f t h e 
c e n t r e , and t h u s the c r y s t a l shows an a b s o r p t i o n 
band. 

There i s a c l o s e a n a l o g y between t h e F - c e n t r e 
and t h e hydrogen atom, s i n c e b o t h c o n t a i n an 
e l e c t r o n t r a p p e d i n a c e n t r a l Coulomb f i e l d , and 
t h i s has been u s e d to c a l c u l a t e the e n e r g y l e v e l 
scheme o f the F - c e n t r e by Simpson ( 1 9 4 9 ) , 
L e h o v a c ( 1 9 5 3 ) , and o t h e r s . The ground s t a t e 
o f the t r a p p e d e l e c t r o n ( t h e I s s t a t e ) i s about 
3.5 eV below the c o n d u c t i o n band minimum i n N a C l , 
w h i l e the f i r s t e x c i t e d s t a t e ( b y a n a l o g y w i t h the 
hydrogen atom, a 2p s t a t e ) i s about 1 eV below the 
c o n d u c t i o n band minimum. The t r a n s i t i o n I s to 2p 
i s r e s p o n s i b l e f o r t h e F-band. Mott and Gurney 
(194°) s u g g e s t e d t h a t t r a n s i t i o n s to h i g h e r l e v e l s 
were r e s p o n s i b l e f o r t h e s h o r t w a v e l e n g t h t a i l o f 
the F-band, o b s e r v e d by K l e i n s c h r o d ( 1 9 3 6 ) . 

F - c e n t r e s c a n a l s o be formed by e x p o s i n g t h e 
c r y s t a l to i o n i z i n g r a d i a t i o n , i n d i c a t i n g t h e 
e x i s t e n c e o f n e g a t i v e i o n v a c a n c i e s a l r e a d y p r e s e n t 
i n t h e c r y s t a l . The r a d i a t i o n l i b e r a t e s e l e c t r o n s 
and h o l e s w h i c h wander t h r o u g h t h e c r y s t a l u n t i l 
r e c o m b i n a t i o n or t r a p p i n g o c c u r s . The c o l o u r 
c e n t r e formed i n t h i s way i s much more u n s t a b l e 
than t h a t formed a d d i t i v e l y , p r o l o n g e d e x p o s u r e to 
F - l i g h t d e s t r o y i n g the c o l o u r c o m p l e t e l y , c o r r e s p o n d ­
i n g to t h e l i b e r a t i o n o f the t r a p p e d e l e c t r o n s by 
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the l i g h t and t h e i r s u b s e q u e n t r e c o m b i n a t i o n w i t h 
t r a p p e d h o l e s . 

I t i s p o s s i b l e f o r t h e F - c e n t r e to c a p t u r e a 
s e c o n d e l e c t r o n , and the r e s u l t i n g c e n t r e i s 
known as an P ' - c e n t r e , p r o d u c i n g a b r o a d a d s o r p t i o n 
band i n the n e a r i n f r a r e d . The F'-band i s 
formed o v e r a l i m i t e d t e m p e r a t u r e r a n g e when t h e 
F-band i s b l e a c h e d . I n t h e c a s e o f KC1 t h i s 
r a n g e i s from -130°C to -80°C. Above t h i s r a n g e 
the F ' - c e n t r e i s t h e r m a l l y u n s t a b l e ; below, t h e 
F - c e n t r e r e m a i n s u n i o n i z e d by t h e F - l i g h t . 
N o r m a l l y , a t room t e m p e r a t u r e s t h e P'-band i s not 
formed. 

The n e g a t i v e i o n v a c a n c y and t h e F - c e n t r e 
a l s o g i v e r i s e to bands i n t h e l o n g w a v e l e n g t h 
t a i l o f the f u n d a m e n t a l a b s o r p t i o n , a s s o c i a t e d 
w i t h t r a n s i t i o n s of e l e c t r o n s from n e i g h b o u r i n g 
h a l o g e n i o n s to l e v e l s c r e a t e d by the i m p e r f e c t i o n . 
These bands a r e known as a and 3 bands, the a-band 
b e i n g a s s o c i a t e d w i t h t h e v a c a n c y , and t h e 3-band 
b e i n g a s s o c i a t e d w i t h t h e F - c e n t r e ( s e e P r i n g s h e i m 
e t a l , 1950, 1953 and D u e r i g and Markham, 1952). 
I n O r t h e s e bands l i e beyond 2000A* and become 
r e s o l v a b l e o n l y a t low t e m p e r a t u r e s ( a b o u t - l 8 0 ° C ) . 

( b ) A s s o c i a t i o n s of V a c a n c i e s . 

When the F-band i s b l e a c h e d w i t h F - l i g h t a t 
room t e m p e r a t u r e t h e r e s u l t i n g a b s o r p t i o n s p e c t r u m , 
i f examined a t low t e m p e r a t u r e s where t h e r e s o l u t i o n 
i s i m p r o v e d due to low t e m p e r a t u r e n a r r o w i n g o f 
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bands, shows t h r e e bands on t h e l o n g w a v e l e n g t h 
s i d e o f the F-band ( i n t h e r e d and n e a r i n f r a r e d 
f o r N a C l ) . P r o c e e d i n g from t h e F-band t h e bands 
a r e d e s i g n a t e d R 1, R g, and M, r e s p e c t i v e l y . The 
R^-band i s t h o u g h t to be due to c e n t r e s o f t h e 
type e l e c t r o n + n e g a t i v e i o n v a c a n c y p a i r , w h i l e 
R ^ - c e n t r e s a r e n e g a t i v e i o n v a c a n c y p a i r s w h i c h 
have c a p t u r e d two e l e c t r o n s ( S e i t z , 1946). The 
M-centre i s b e l i e v e d to a r i s e from t h e c a p t u r e o f 
an e l e c t r o n by an a s s o c i a t i o n o f v a c a n c i e s 
c o n t a i n i n g two n e g a t i v e i o n v a c a n c i e s and one 
p o s i t i v e i o n v a c a n c y ( S e i t z , 1 9 46). On t h i s 
model, the ground s t a t e o f t h e M - c e n t r e has been 
computed to be 5•63 eV, and t h e f i r s t e x c i t e d 
s t a t e 3.90 eV, below t h e c o n d u c t i o n band minimum 
i n ITaCl ( i n u i e t a l , 1 9 52). The d i f f e r e n c e i n 
e n e r g y , 1.73 eV, a g r e e s w e l l w i t h the o p t i c a l d a t a . 
A f o u r t h band, the N-band, w h i c h a p p e a r s f u r t h e r 
i n t he i n f r a r e d , has a l s o been d i s c o v e r e d 
( P e t r o f f , 1950, and B u r s t e i n and O b e r l y , 1 9 5 0 ) . 
S e i t z (1954) nas s u g g e s t e d t h a t t h i s band i s a l s o 
due to a s s o c i a t i o n s o f v a c a n c i e s w h i c h have 
c a p t u r e d e l e c t r o n s . A l l t h e s e bands a p p e a r b o t h 
i n a d d i t i v e l y c o l o u r e d and X - r a y e d c r y s t a l s . 

S c o t t ( e . g . 1953) bas found t h a t when 
a d d i t i v e l y c o l o u r e d c r y s t a l s , w h i c h c o n t a i n R, M, 
and N, c e n t r e s , a r e h e a t e d a b r o a d , c o m p o s i t e 
band a p p e a r s i n t h e R-band r e g i o n . T h i s band, 
the R'-band, i s p r o b a b l y a c o m b i n a t i o n of t h e 
a f o r e m e n t i o n e d c e n t r e s t o g e t h e r w i t h o t h e r s i m i l a r 
a g g r e g a t e s , ( S e i t z , 1954)* F u r t h e r a n n e a l i n g 
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a t about 400 C p r o d u c e s the c o l l o i d hand i n the 
r e d or n e a r i n f r a r e d , due to the f o r m a t i o n o f 
c o l l o i d a l s p e c k s o f t h e e x c e s s a l k a l i m e t a l . 

1.3 Hole T r a p s i n the A l k a l i H a l i d e s . 

Mollwo (1937) found t h a t i t was p o s s i b l e f o r 
O r and K I to a c q u i r e a s t o i c h i o m e t r i c e x c e s s o f 
h a l o g e n , and t h a t c r y s t a l s so t r e a t e d showed a 
s e r i e s o f bands i n t h e u l t r a v i o l e t , now known a s 
the V-bands. These a r e due to p o s i t i v e i o n 
v a c a n c i e s w h i c h have c a p t u r e d h o l e s , f r e e d by t h e 
i o n i z a t i o n of the h a l o g e n atoms. T h e r e i s t h u s 
a c l o s e a n a l o g y to t h e f o r m a t i o n of F - c e n t r e s i n 
e x c e s s a l k a l i c r y s t a l s . However, t h e r e i s an 
i m p o r t a n t d i f f e r e n c e between t h e two p r o c e s s e s , 
f o r w h e r eas the c o n c e n t r a t i o n o f e x c e s s a l k a l i i s 
p r o p o r t i o n a l to t h e p a r t i a l p r e s s u r e o f t h e 
monatomic a l k a l i v a p o u r , Mollwo found t h a t t h e 
c o n c e n t r a t i o n of e x c e s s h a l o g e n was p r o p o r t i o n a l 
to the p a r t i a l p r e s s u r e o f t h e d i a t o m i o h a l o g e n 
g a s , i n d i c a t i n g t h a t t h e V-bands were a s s o c i a t e d 
w i t h p a i r s of p o s i t i v e i o n v a c a n c i e s . 

V-bands may a l s o be p r o d u c e d by i r r a d i a t i n g 
t he c r y s t a l s w i t h X - r a y s , i n d i c a t i n g t h a t p o s i t i v e , 
as w e l l as n e g a t i v e , i o n v a c a n c i e s a r e p r e s e n t 
n a t u r a l l y i n the c r y s t a l . I r r a d i a t i o n a t room 
t e m p e r a t u r e p r o d u c e s t h e V , and V , bands 
( s i t u a t e d a round 210 m p i n N a C l ) w h i c h a r e p o o r l y 
r e s o l v e d . A c c o r d i n g to S e i t z (1954) t h e Vg-band 
i s to be a s s o c i a t e d w i t h a p a i r of p o s i t i v e i o n 
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v a c a n c i e s w h i c h have c a p t u r e d two h o l e s ( t h e 
analogue o f t h e B ^ - c e n t r e ) . I r r a d i a t i o n a t 
l i q u i d n i t r o g e n t e m p e r a t u r e s p r oduces a l s o t h e 
V , and t h e V , hands, a s s o c i a t e d w i t h t h e 
analogues o f t h e F-, and M-, c e n t r e s r e s p e c t i v e l y . 
A f i f t h "band, t h e H-band, has a l s o "been d i s c o v e r e d , 
and may he due t o a c e n t r e c o n s i s t i n g o f a h o l e 
t r a p p e d a t a vacancy p a i r ( p o s i t i v e i o n v a c a ncy + 
n e g a t i v e i o n v a c a n c y ) . (See C a s l e r e t a l , 1950, 
and D o r e n d o r f , 1951). 

One p i e c e o f e v i d e n c e w h i c h s u p p o r t s t h e v i e w 
t h a t V - c e n t r e s c o n t a i n t r a p p e d h o l e s i s o b t a i n e d 
f r o m b l e a c h i n g e x p e r i m e n t s . When t h e F-band i s 
exposed t o F - l i g h t b l e a c h i n g o c c u r s , r a p i d l y a t 
f i r s t , t h e n more s l o w l y , and t h e V-band (V^ + V^) 
drops i n i n t e n s i t y . R and M - c e n t r e s a r e a l s o 
f o r m e d . The b l e a c h i n g o f t h e V-band i n d i c a t e s 
t h a t t h e V - c e n t r e s a c t as c e n t r e s o f r e c o m b i n a t i o n 
f o r t h e e l e c t r o n s f r e e d f r o m t h e F - c e n t r e s , and a r e 
t h e r e f o r e d e s t r o y e d by e l e c t r o n c a p t u r e . 

1.4 The E f f e c t o f I m p u r i t i e s . 

The F-type c e n t r e s and t h e V - t y p e c e n t r e s 
d e s c r i b e d above a r e f o u n d even i n t h e p u r e s t 
c r y s t a l s , and t h e r e f o r e t h e y may be r e g a r d e d , a t 
the p r e s e n t s t a g e o f our k n o w l e d g e , as i n t r i n s i c 
p r o p e r t i e s o f t h e a l k a l i h a l i d e s . I t i s known, 
however, t h a t t h e i r c o n c e n t r a t i o n s can be g r e a t l y 
i n c r e a s e d by t h e presence o f some i m p u r i t i e s . 
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Shulman (1953) nas s u g g e s t e d t h a t i m p u r i t i e s 
i n f l u e n c e t h e c o l o u r i h i 1 i t y o f c r y s t a l s "by 

( a ) a c c e n t u a t i n g mismatch i n t h e l a t t i c e 
and i n c r e a s i n g t h e d e n s i t y o f d i s ­
l o c a t i o n s , l e a d i n g t o an i n c r e a s e i n 
t h e vacancy c o n c e n t r a t i o n j 

(t>) d i r e c t l y e n h a n c i n g t h e d e n s i t y o f 
v a c a n c i e s , e.g. t h e p r e s e n c e o f 
a d i v a l e n t i m p u r i t y m e t a l e n h a n c i n g 
th e d e n s i t y o f p o s i t i v e i o n v a c a n c i e s ? 

( c ) a c t i n g as t r a p s . 

S e i t z (1954) has a l s o p o i n t e d o u t t h a t t h e 
e n h a n c i n g o f t h e p o s i t i v e i o n v a c a ncy c o n c e n t r a ­
t i o n "by d i v a l e n t m e t a l s w i l l , a t room t e m p e r a t u r e , 
a s s i s t t h e m i g r a t i o n o f t h e s l o w moving n e g a t i v e 
i o n v a c a n c i e s "by f o r m i n g m o t i l e v a c a ncy p a i r s . 
S i nce v a c a n c i e s p l a y an i m p o r t a n t r o l e i n t h e 
i o n i c c o n d u c t i v i t y i t may "be e x p e c t e d t h a t 
d i v a l e n t i m p u r i t i e s w o u l d have a marked e f f e c t , 
and, i n d e e d , i t has "been f o u n d t h a t t h e p r e s e n c e 
o f an a l k a l i n e e a r t h m e t a l i n c r e a s e s t h e i o n i c 
c o n d u c t i v i t y o f KC1 ( K e l t i n g and W i t t , 1949). 

A p a r t f r o m e n h a n c i n g t h e d e n s i t y o f c o l o u r 
c e n t r e s i m p u r i t i e s can e f f e c t t h e o p t i c a l 
a b s o r p t i o n i n t h r e e o t h e r ways: 

( a ) I f p r e s e n t i n s u f f i c i e n t c o n c e n t r a t i o n 
t h e i m p u r i t y w i l l p r e c i p i t a t e and 
r e n d e r t h e n o r m a l l y t r a n s p a r e n t 
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c r y s t a l opaque, o r m e r e l y c l o u d y ; 
or p roduce c o l l o i d bands. 

( b ) An enhancement o f t h e l o n g wave­
l e n g t h t a i l o f t h e f u n d a m e n t a l 
a b s o r p t i o n band may o c c u r . 

( c ) The i m p u r i t y may i n t r o d u c e a 
c h a r a c t e r i s t i c band i n t h e u l t r a 
v i o l e t . 

The f u n d a m e n t a l a b s o r p t i o n band may be 
r e g a r d e d as b e i n g due t o t r a n s i t i o n s o f e l e c t r o n s 
f r o m the h a l o g e n i o n s t o n e i g h b o u r i n g a l k a l i 
i o n s , t h e en e r g y i n v o l v e d i n t h e t r a n s i t i o n b e i n g 
a f u n c t i o n o f , among o t h e r t h i n g s , t h e i o n i z a t i o n 
p o t e n t i a l o f t h e a l k a l i atom. T r a n s i t i o n s t o an 
i m p u r i t y h a v i n g i o n i z a t i o n p o t e n t i a l o a o l l o r t h a n 
t h a t o f t h e a l k a l i m e t a l w i l l i n v o l v e l e s s e n e r g y , 
and t h i s w i l l r e s u l t i n an enhancement o f t h e 
l o n g w a v e l e n g t h t a i l o f t h e f u n d a m e n t a l a b s o r p t i o n 
( M o t t and Gurney, 1940). T h i s e f f e c t has been 
o b s e r v e d f o r many i m p u r i t i e s . 

The c h a r a c t e r i s t i c i m p u r i t y bands a r e 
a s s o c i a t e d w i t h t r a n s i t i o n s between l e v e l s w i t h i n 
th e i m p u r i t y i o n i t s e l f . Sometimes t h e s e l e v e l s 
are m e t a s t a b l e , an e x c i t e d e l e o t r o n r e m a i n i n g i n 
an e x c i t e d c o n d i t i o n f o r some t i m e a f t e r t h e 
e x c i t i n g s t i m u l u s has been removed b e f o r e f a l l i n g 
back t o t h e g r o u n d s t a t e . The c r y s t a l i s t h e n 
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l u m i n e s c e n t , e.g. KC1.T1 +, ( S e i t z , 1938). 
C h a r a c t e r i s t i c hands have been f o u n d i n t h e 
oases o f l e a d and t h a l l i u m ( H i l s c h , 1927, 1928; 
and A r s e n j e w a , 1929)* and s i l v e r and copper 
(Smakula, 1927). S i l v e r p r o d u c e s t h r e e bands, 
a s s o c i a t e d w i t h s i n g l e A g + c e n t r e s and complexes 
o f Ag + i o n s ( E t z e l e t a l , 1952)J and l e a d , i n 
UaCl, g i v e s two p o o r l y r e s o l v e d bands n e a r 280 mji 
(Shulman e t a l , 1950). A r s e n j e w a (1929) f o u n d 
t h a t X - i r r a d i a t i o n had a marked e f f e c t on t h e s e 
bands. E l e c t r o n s l i b e r a t e d by t h e X-rays may 
be t r a p p e d a t t h e monovalent i m p u r i t y c e n t r e , 
f o r m i n g an a t o m i c c e n t r e , t h u s d e s t r o y i n g t h e 
c h a r a c t e r i s t i c bands. R e d u c t i o n o f c h a r a c t e r i s t i c 
band i n t e n s i t y by X-rays has been n o t i c e d i n t h e 
cases o f l e a d (Shulman e t a l , 1950), s i l v e r 
( B u r s t e i n e t a l , 1952) and K a t s a , 1952), and 
copper ( K a t s \ 1952). Only i n t h e l a t t e r case 
was i t o b s e r v e d t h a t c o m p l e t e c o n v e r s i o n t o a t o m i c 
c e n t r e s was i m p o s s i b l e . 

C r y s t a l s c o n t a i n i n g t h e a l k a l i m e t a l h y d r i d e 
are p a r t i c u l a r l y i n t e r e s t i n g i n t h a t t h e y d i s p l a y 
a p r o m i n e n t band i n t h e u l t r a v i o l e t , a t t r i b u t e d 
t o t r a n s i t i o n s w i t h i n H i o n s w h i c h occupy 
s u b s t i t u t y i o n a l l y t h e h a l o g e n i o n p o s i t i o n s , 
( P o h l , 1938). The band i s known as t h e U-band, 
u n i q u e , a t p r e s e n t , as t h e o n l y c h a r a c t e r i s t i c 
i m p u r i t y band p r o d u c e d by an e l e c t r o - n e g a t i v e 
i m p u r i t y . 
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1.5 The Z-bands. 

The s t u d y o f c r y s t a l s c o n t a i n i n g d i v a l e n t 
i m p u r i t i e s has been o f immense i m p o r t a n c e t o t h e 
development o f our knowledge o f the p r o p e r t i e s 
o f t h e a l k a l i h a l i d e s . Of p a r t i c u l a r i n t e r e s t 
i s t h e i n f l u e n c e o f t h e a l k a l i n e e a r t h s on t h e 
o p t i c a l p r o p e r t i e s o f c o l o u r e d c r y s t a l s . S i n c e 
c a l c i u m and magnesium are o f t e n p r e s e n t as t h e 
pr e d o m i n a n t i m p u r i t i e s i n n o r m a l " p u r e " c r y s t a l s , 
t h e work i n t h i s sphere i s o f g r e a t v a l u e i n 
h e l p i n g t o answer t h e q u e s t i o n , w h i c h p r o p e r t i e s 
are i n t r i n s i c , and w h i c h are due t o i m p u r i t i e s ? 

I t has been f o u n d t h a t t h e i n t r o d u c t i o n o f 
a l k a l i n e e a r t h i o n s i n t o t h e a l k a l i h a l i d e s can 
g i v e r i s e t o a s e t o f a b s o r p t i o n peaks i n t h e 
v i s i b l e r e g i o n o f t h e s p e c t r u m , known as t h e 
Z-bands ( P i c k , 1939? H e i l a n d and K e l t i n g , 1949; 
S e i t z , 1951; Camagni e t a l , 1954). When a KC1 
c r y s t a l c o n t a i n i n g t h e s e i m p u r i t i e s i s c o l o u r e d , 
a d d i t i v e l y or X- r a y e d , o n l y t h e F-band a p p e a r s . 
I f t h e F-band i s now b l e a c h e d , a band appears on 
i t s l o n g w a v e l e n g t h s i d e ( a t 590 mp. i n KC1 a t 

o \ -215 C compared w i t h t h e F-band a t 540 mji) . 
T h i s i s de n o t e d t h e Z^-band, and S e i t z has p r o p o s e d 
t h a t i t i s due t o t h e c e n t r e f o r m e d when a d i v a l e n t 
i o n , o c c u p y i n g s u b s t i t u t i o n a l l y a p o s i t i v e i o n 
p o s i t i o n , c a p t u r e s an e l e c t r o n . The e f f i c i e n c y o f 
F-Z-j^ c o n v e r s i o n i s v e r y l o w , and B a s s a n i and Fumi 
(1954) have s u g g e s t e d t h a t t h i s i s due t o t h e 
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presence o f an excess number o f n e g a t i v e i o n 
v a c a n c i e s . The non-appearance o f t h e band 
d u r i n g t h e i n i t i a l c o l o u r i n g i s p r e s u m a b l y due 
t o t h e r e l a t i v e l y low c o n c e n t r a t i o n o f t h e 
d i v a l e n t i o n s . A H e a t i n g t h e a d d i t i v e l y c o l o u r e d 
c r y s t a l t o 110°C c o n v e r t s t h e Z-^-band i n t o t h e 
Z^-band, whose peak i s a t 610 mjji, w h i c h , S e i t z 
s u g g e s t s , i s a s s o c i a t e d w i t h t h e c e n t r e f o r m e d 
by t h e c a p t u r e o f a vacancy p a i r by a Z ^ - c e n t r e . 
F u r t h e r h e a t i n g o f t h e a d d i t i v e l y c o l o u r e d c r y s t a l 
( o v e r 200°C) d e s t r o y s t h e Z-bands, and t h e F-band 
re-emerges. B o t h bands d i m i n i s h i f e i t h e r are 
o p t i c a l l y b l e a c h e d a t -90°C and a b r o a d band 
appears on t h e s h o r t w a v e l e n g t h s i d e o f t h e Ẑ-
band. S e i t z s u g g e s t s t h a t t h i s band, t h e Z^-
band, i s analogous t o t h e F'-band, i . e . a s s o c i a t e d 
w i t h a n e g a t i v e l y c h a r g e d c e n t r e , and p r oposes t h a t 
t h e Z ^ - c e n t r e i s a Z ^ - o e n t r e w h i c h has c a p t u r e d a 
second e l e c t r o n . NaCl, c o n t a i n i n g s t r o n t i u m or 
c a l c i u m , behaves i n a s l i g h t l y d i f f e r e n t way, i n 
t h a t a d d i t i v e l y c o l o u r e d c r y s t a l s show t h e Z^-
band as w e l l as t h e F-band. Subsequent b l e a c h i n g 
o f t h e Zg-band g i v e s t h e Z ^ b a n d . The Z^-band 
i s n o t s t a b l e a t room t e m p e r a t u r e . X-rayed 
NaCl.Ca o r NaCl.Sr behaves i n t h e same way as t h e 
KC1 c r y s t a l s c o n t a i n i n g a l k a l i n e e a r t h s . 
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1,6 C o n c l u s i o n 

The p r e s e n t work on t h e o p t i c a l p r o p e r t i e s 
o f t h e a l k a l i h a l i d e s c o n t a i n i n g d i v a l e n t 
i m p u r i t i e s d e r i v e d much o f i t s s t i m u l u s f r o m t h e 
s t u d y o f t h e Z - c e n t r e s , v e r y b r i e f l y d e s c r i b e d 
above, s i n c e s e v e r a l q u e s t i o n s seemed t o be 
unanswered, e.g. 

( 1 ) Z - c e n t r e s s h o u l d be f ormed d u r i n g t h e 
c o l o u r i n g p r o c e s s . Why are t h e y 
a bsent i n KC1 and X-rayed NaCl? I f 
t h i s i s due t o t h e l o w c o n c e n t r a t i o n 
o f d i v a l e n t i o n s making t h e bands 
u n d e t e c t a b l e , i s i t p o s s i b l e t o 
i n c r e a s e t h i s c o n c e n t r a t i o n u n t i l Z-
bands o f d e t e c t a b l e i n t e n s i t y a r e 
formed? 

(2) The low P-Z^ c o n v e r s i o n e f f i c i e n c y 
has been p u t down t o t h e p r e s e n c e o f 
an excess number o f n e g a t i v e i o n 
v a c a n c i e s i n t h e a d d i t i v e l y c o l o u r e d 
c r y s t a l , p r o d u c e d by t h e d i v a l e n t 
c h l o r i d e . I f t h i s i s t h e case, how 
e f f i c i e n t a r e t h e d i v a l e n t c h l o r i d e s 
i n p r o d u c i n g v a c a n c i e s ; i n f a c t , can 
t h i s excess number be measured; and 
can l i g h t be t h r o w n on t h e mechanism 
i n v o l v e d ? 



16. 

(3) Only t h e d i v a l e n t i o n s o f t h e 
a l k a l i n e e a r t h s have g i v e n Z-
bands. Do o t h e r d i v a l e n t i o n s , 
such as M n + +, C u + + and N i + + , 
produce Z-type bands, and i f 
n o t , why? 

The q u e s t i o n o f t h e p r o d u c t i o n o f n e g a t i v e 
i o n v a c a n c i e s by t h e i m p u r i t y i s a p a r t i c u l a r l y 
i n t e r e s t i n g one, s i n c e i t probes i n t o t h e whole 
q u e s t i o n o f i n t r i n s i c and e x t r i n s i c p r o p e r t i e s . 
What p r o p o r t i o n o f v a c a n c i e s p r e s e n t i n a n o r m a l 
" p u r e " c r y s t a l a r e due t o i m p u r i t i e s ? Would an 
a b s o l u t e l y pure c r y s t a l c o l o u r a t a l l under X-
i r r a d i a t i o n ? Above a b s o l u t e z e r o i t a l m o s t 
c e r t a i n l y w o u l d ; i t i s most u n l i k e l y t h a t 
i m p u r i t i e s a c c o u n t f o r a l l v a c a n c i e s p r o d u c e d . 
I n t h i s r e s p e c t , c o l o u r a t i o n , a t l e a s t some o f 
i t , i s an i n t r i n s i c p r o p e r t y o f t h e a l k a l i h a l i d e . 
But u n t i l p u r e r c r y s t a l s are a v a i l a b l e i t w i l l be 
i m p o s s i b l e t o d e c i d e t h e degree t o w h i o h i m p u r i t i e s 
a f f e c t t h e p r o p e r t i e s , t o any g r e a t a c c u r a c y , t h a t 
i s . We know t h e y have an i m p o r t a n t e f f e c t . How 
deep t h i s e f f e c t i s r e m a i n s t o be answered w i t h 
c o n f i dene e. 
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2 THE ABSORPTION SPECTROPHOTOMETER 

2.1 Thomas's g r a t i n g S p e c t r o p h o t o m e t e r . 

Through t h e k i n d n e s s o f P r o f e s s o r W. E. 
C u r t i s and Dr. E. E. S c h n e i d e r o f t h e P h y s i c s 
Department, K i n g ' s C o l l e g e , N e w c a s t l e , a 
g r a t i n g s p e c t r o p h o t o m e t e r , made by T. B. Thomas 
and d e s c r i b e d i n h i s M.Sc. t h e s i s (1952) was 
made a v a i l a b l e . I t c o n s i s t e d e s s e n t i a l l y o f a 
heavy i r o n b a s e p l a t e on w h i c h was mounted t h e 
monochromator h o u s i n g and a mumetal box c o n t a i n ­
i n g t h e e l e c t r i c a l d e t e c t i o n u n i t , and t h e r e was 
p r o v i s i o n made f o r m o u n t i n g a t u n g s t e n lamp o r a 
hydrogen lamp near a c o n d e n s i n g m i r r o r . E x t e r n a l 
elements n e c e s s a r y f o r o p e r a t i o n were power 
s u p p l i e s f o r t h e d e t e c t i o n u n i t and lamps, and a 
s e n s i t i v e g a l v a n o m e t e r . The i n s t r u m e n t was 
d e s i g n e d f o r use i n t h e w a v e l e n g t h range 200 mji 
t o 600 mji, i . e . o v e r t h e n e a r u l t r a v i o l e t and 
most o f t h e v i s i b l e r e g i o n , w i t h a b a n d w i d t h o f 
l o i w h i c h was c o n s t a n t over t h e whole r a n g e . 

The o p t i c a l system i s shown d i a g r a m m a t i c a l l y 
i n f i g u r e 2. L i g h t f r o m t h e s o u r c e i s condensed 
by a concave m i r r o r on t o t h e s l i t and r e n d e r e d 
p a r a l l e l by t h e c o l l i m a t i n g m i r r o r , a concave 
m i r r o r o f f o c a l l e n g t h 25 cm and d i a m e t e r 6 cm, 
mounted so t h a t i t s p o s i t i o n can be a d j u s t e d by 
th e m a n i p u l a t i o n o f t h r e e s c r e w s . S i n c e i t i s 
n e c e s s a r y t o use t h e m i r r o r i n an o f f - a x i s 
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p o s i t i o n a c e r t a i n amount o f s p h e r i c a l a b e r r a t i o n 
i s i n e v i t a b l e . A s i n g l e s l i t , d i v i d e d i n t h e 
m i d d l e , f o r m s t h e e x i t and e n t r a n c e s l i t s , and 
i s o f w i d t h 0.007 cm. The p a r a l l e l l i g h t f r o m 
t h e c o l l i m a t o r f a l l s on a 4 cm x 3 cm r e p l i c a 
r e f l e c t i o n g r a t i n g h a v i n g 5,709 l i n e s per cm. 
The g r a t i n g m o u n t i n g i s shown i n f i g u r e 3» 
Screws A, B and C are l e v e l l i n g s c r e w s . By them 
th e s m a l l t i l t t o t h e v e r t i c a l r e q u i r e d t o r e t u r n 
t h e d i f f r a c t e d beam t o t h e e x i t s l i t , and t h e 
s m a l l t i l t n e c e s s a r y f o r r e n d e r i n g p a r a l l e l t h e 
d i r e c t i o n o f t h e r u l i n g s t o t h e s l i t s , can be 
a c h i e v e d . Once l e v e l l e d , t h e p l a t f o r m i s 
clamped by screws A 1, B* and C*. L o o s e n i n g t h e 
w i n g - n u t s a l l o w s t h e g r a t i n g t o be r o t a t e d f o r 
z e r o w a v e l e n g t h a d j u s t m e n t s . The p l a t f o r m can 
r o t a t e about a v e r t i c a l a x i s , c o n t r o l l e d r o t a t i o n 
b e i n g e f f e c t e d by a m i c r o m e t e r p r e s s i n g a g a i n s t a 
s p r i n g e d b r a s s r o d r i g i d l y f i x e d t o t h e p l a t f o r m . 
Readings o f t h e m i c r o m e t e r can t h e r e f o r e be 
s t r i c t l y c o r r e l a t e d w i t h t h e w a v e l e n g t h s o f t h e 
l i g h t p a s s i n g t h r o u g h t h e e x i t s l i t . The ze r o 
o r d e r r e f l e c t e d beam f r o m t h e g r a t i n g can be a 
s e r i o u s source o f s c a t t e r e d l i g h t f o r i t may r e a c h 
t h e g r a t i n g a g a i n f r o m t h e c o l l i m a t o r when t h e 
g r a t i n g i s w o r k i n g a t near n o r m a l i n c i d e n c e ; 
c o n s e q u e n t l y , a s u i t a b l y piace<A d i a p h r a g m i s 
n e c e s s a r y t o e l i m i n a t e t h i s e f f e c t . A f u r t h e r 
s o u r c e o f s c a t t e r e d l i g h t i s t he l i g h t o f l o n g e r 
w a v e l e n g t h t h a n t h e chosen s p e c t r a l band i m p i n g i n g 
on t h e a r e a o f t h e g r a t i n g n e a r t h e s l i t w h i l e 
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c o n v e r g i n g f r o m t h e c o l l i m a t o r t o t h e f o c a l p l a n e . 
T h i s "beam con v e r g e s t o a t h i n h o r i z o n t a l s t r i p as 
f a r i n f r o n t o f t h e g r a t i n g as t h e s l i t s a r e 
b e h i n d , and a b a f f l e s t r i p i s p l a c e d i n t h i s 
p o s i t i o n t o e l i m i n a t e t h i s unwanted r a d i a t i o n . 

The monochromator system j u s t d e s c r i b e d was 
f o u n d t o be q u i t e s a t i s f a c t o r y and was used t h r o u g h ­
o u t w i t h o u t any m o d i f i c a t i o n s . The r e m a i n i n g 
elements o f t h e s p e c t r o p h o t o m e t e r , however, 
s u f f e r e d some m o d i f i c a t i o n i n t h e development o f 
the i n s t r u m e n t . These m o d i f i c a t i o n s w i l l be 
d e a l t w i t h l a t e r i n t h i s c h a p t e r . 

The s e l e c t e d s p e c t r a l band i s s u i n g t h r o u g h 
the e x i t s l i t i n t h e o r i g i n a l i n s t r u m e n t i s 
d e f l e c t e d by a p l a n e m i r r o r upwards i n t o t h e 
specimen chamber w h i c h c o n t a i n s a s l i d i n g t r a y 
h o l d i n g t h e specimen c r y s t a l . The t r a y pushed i n , 
a l l o w s t h e e x i t beam t o pass t h r o u g h t h e specimen; 
when p u l l e d o u t t h e t r a y i s c o m p l e t e l y o u t s i d e t h e 
beam. The box c o n t a i n i n g t h e d e t e c t i o n u n i t i s 
c o n n e c t e d t o t h e specimen chamber by c l o s e - f i t t i n g 
b r a s s r i n g s t h r o u g h w h i c h t h e l i g h t passes t o f a l l 
on t o t h e cathode o f t h e p h o t o e l e c t r i c c e l l . 

To c o m p l e t e t h e d e s c r i p t i o n o f t h e o p t i c a l 
e l e m e n t s , t h e so u r c e s o f l i g h t used may be 
m e n t i o n e d . For v i s i b l e r a d i a t i o n a 24 w a t t 
t u n g s t e n i n c a n d e s c e n t lamp w i t h a s t r a i g h t 
v e r t i c a l f i l a m e n t i s used. T h i s p r o v i d e s l i g h t 
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f r o m about 360 mji upwards. The u l t r a v i o l e t 
s o u rce i s a " P o i n t Source" H.F.5 hydrogen arc 
o f t h e M a n u f a c t u r e r ' s S u p p l y Co. T h i s lamp 
p r o v i d e s a c o n t i n u o u s s p e c t r u m f r o m 185 ^ f i "to 
350 m j L t . 

The e l e c t r i c a l d e t e c t i o n and m e a s u r i n g c i r c u i t 
i s shown i n f i g u r e 4» The p h o t o e l e c t r i c c e l l i s 
an Osram Q.V.A. 39 w i t h a b l u e - s e n s i t i v e c a t h o d e 
o f c a e s i u m - s i l v e r o x i d e and a q u a r t z e n v e l o p e . 
The w o r k i n g p o t e n t i a l d i f f e r e n c e a c r o s s t h e c e l l 
i s d e r i v e d f r o m a 100 v o l t h i g h t e n s i o n b a t t e r y . 
The o u t p u t c u r r e n t f r o m t h e c e l l f l o w s t h r o u g h 
t h e 25 Kilomegohm r e s i s t o r , w h i c h a l s o s e r v e s as 
a g r i d l e a k f o r t h e e l e c t r o m e t e r v a l v e . The h i g h 
r e s i s t o r can be s h o r t c i r c u i t e d by a s w i t c h 
c o n s i s t i n g o f a w i r e w h i c h can be r o t a t e d f r e e l y 
i n a i r t o make c o n t a c t w i t h t h e g r i d l e a d o f t h e 
v a l v e , so t h a t when t h e s w i t c h i s open t h e 
r e s i s t a n c e between t h e w i r e and t h e g r i d i s t h a t 
o f about a c e n t i m e t r e o f a i r . An o r d i n a r y t o g g l e 
s w i t c h used here w o u l d shunt t h e h i g h r e s i s t a n c e 
a p p r e c i a b l y i n t h e "open" p o s i t i o n . 

The e l e c t r o m e t e r v a l v e i s a G e n e r al E l e c t r i c 
Co. E . T . I , a t r i o d e , whose c h a r a c t e r i s t i c s are 
c i t e d e l s e w h e r e . I t i s s u p p o r t e d on sponge r u b b e r 
i n o r d e r t o r e d u c e m i c r o p h o n i c s , d e r i v e s i t s anode 
p o t e n t i a l f r o m t h r e e 2 v o l t a c c u m u l a t o r s , i t s 
f i l a m e n t c u r r e n t o f 100 mA f r o m one 2 v o l t 
a c c u m u l a t o r , and i t s g r i d b i a s o f 2 v o l t s f r o m 
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Weston Cadmium S t a n d a r d C e l l s . S i n c e t h e change 
i n anode c u r r e n t t o he measured, about 4 |iA, i s 
two o r d e r s o f magnitude s m a l l e r t h a n t h e anode 
c u r r e n t i t s e l f a b a c k i n g - o f f c i r c u i t i s employed 
t o c o u n t e r - b a l a n c e e x a c t l y t h e q u i e s c e n t anode 
c u r r e n t , i . e . t h e c u r r e n t w i t h t h e g r i d l e a k 
s h o r t e d o u t . A T i n s l e y g a l v a n o m e t e r , s e n s i t i v i t y 
85 mm/uA a t 1 m, the n measures t h e change i n anode 
c u r r e n t when t h e s h o r t i n g s w i t c h i s opened, and t h e 
d e f l e c t i o n i s d i r e c t l y p r o p o r t i o n a l t o t h e i n t e n s i t y 
o f l i g h t f a l l i n g on t o t h e p h o t o c e l l s i n c e t h e E.T.I 
i s used i n c o n d i t i o n s where i t s c h a r a c t e r i s t i c s a r e 
s t r a i g h t . 

T h i s c i r c u i t i s an e x t r e m e l y s i m p l e one b u t i s 
open t o t h e s e r i o u s c r i t i c i s m o f b e i n g s u b j e c t t o 
b a t t e r y d r i f t , t h e main s o u r c e o f zero d r i f t i n 
D.C. a m p l i f i e r s , a l t h o u g h t h i s i s k e p t as l o w as 
p o s s i b l e by u s i n g h i g h c a p a c i t y a c c u m u l a t o r s . 
Even so f o r an 80 ampere-hour b a t t e r y s u p p l y i n g 
100 mA t h e v o l t a g e d r i f t i s o f t h e o r d e r o f 0.5 mV 
per hour i f t h e b a t t e r y i s new, b u t can be t e n 
t i m e s t h i s and more f o r o l d e r c e l l s , and t h i s 
e f f e c t i s s e r i o u s i n a c i r c u i t b u i l t t o measure 

-12 
d i r e c t c u r r e n t s o f 10 A and l e s s . C o n s e q u e n t l y , 
a new m e a s u r i n g c i r c u i t was d e s i g n e d t o c o u n t e r a c t 
t h i s e f f e c t and was s u b s e q u e n t l y b u i l t . 
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2.2 The N o - D r i f t C i r c u i t 

The c i r c u i t f i n a l l y d e s i g n e d was b a s e d on a 
c i r c u i t u s e d "by Morton ( 1 9 3 2 ) w h i c h i s shown i n 
f i g u r e 5* E s s e n t i a l l y i t i s a Wheatstone Net 
whose arms a r e r e s p e c t i v e l y R^ + r ^ , the anode 
s l o p e r e s i s t a n c e , R̂ ., R^ and Rg + R^, the 
r e s i s t a n c e of t h e f i l a m e n t . The p o t e n t i a l drop 
a c r o s s R^ p r o v i d e s t h e g r i d b i a s , and i t may he 
o b s e r v e d t h a t t h e r e i s o n l y one s o u r c e o f power, 
p r o v i d i n g , a s w e l l as the g r i d b i a s , the f i l a m e n t 
o u r r e n t and t h e p o t e n t i a l d i f f e r e n c e a c r o s s t he 
v a l v e . B a t t e r y d r i f t i s t h u s c o n f i n e d to one 
s o u r c e and not t h r e e as i n Thomas's c i r c u i t and 
can be e l i m i n a t e d by s u i t a b l e c h o i c e of r e s i s t a n c e s , 
i f t h e d r i f t i s n o t v a r i a b l e . D i s c h a r g e c u r v e s 
quoted by m a n u f a c t u r e r s of a c c u m u l a t o r s , and 
p e r s o n a l e x p e r i m e n t s on the b a t t e r i e s a c t u a l l y 
u s e d i n t h e a p p a r a t u s , show t h a t t h e r a t e o f drop 
of v o l t a g e i s c o n s t a n t a p a r t from s h o r t p e r i o d s 
a t t he b e g i n n i n g and a s i m i l a r p e r i o d a t t h e end 
of the d i s c h a r g e l i f e o f the b a t t e r y . 

Morton's t r e a t m e n t of the t h e o r y s t a r t s w i t h 
t h e a s s u m p t i o n t h a t 1̂ , i s v e r y much g r e a t e r t h a n 
I o r i ^ , , w h i c h i s u s u a l l y t he c a s e . The 
c o n d i t i o n f o r b a l a n c e , i . e . no c u r r e n t t h r o u g h 
the g a l v a n o m e t e r , may be o b t a i n e d by a p p l y i n g 
Kirchhoff»s Law 



0 . H ? I f + ^ 8 - H 5 ( l a - i G ) 

H I 
i 0 = 0 when ^ = ^ 

T h i s c o n d i t i o n c o r r e s p o n d s to t h e h a c k i n g - o f f i n 
Thomas's c i r c u i t . E q u a t i o n ( l ) may he w r i t t e n 

U 5
 + G ) 6 i

G - R
5

6 l
a ~ R

7
6 I

f 

The c o n d i t i o n f o r z e r o d r i f t i s t h e n 

6 i & . 0 

The prohlem now i s to f i n d t h e change i n anode 
c u r r e n t f o r a g i v e n change i n f i l a m e n t c u r r e n t , 
due to " b a t t e r y d r i f t . 

Morton t a k e s 61 to he made up o f two 
a 

components: 

( a ) Change i n p o t e n t i a l d i f f e r e n c e a c r o s s 
anode l o a d and v a l v e , 

R f + R 6 + R 
whence 6I» « 6 I _ a R. + R_ + r f 4 5 a 
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( b ) Change i n g r i d M a s a c t i n g a s a 
s i g n a l of v o l t s to the g r i d . 

To e s t i m a t e the l a t t e r c o n t r i b u t i o n l e t V be 
s 

the r e s u l t i n g s i g n a l to the g r i d ; t h i s w i l l be 
composed o f t h e i n i t i a l s i g n a l p l u s f e e d - b a c k . 
Thus t h e a m p l i f i e d s i g n a l i s H v

s * where ji i s 
the a m p l i f i c a t i o n f a c t o r , and a f r a c t i o n 0 i s 
f e d back, where 

R 4 

R 
+ R + r a 

7 
s 

7 g - M 0 T s 

or s 
V 
S 

i + n3 

The r e s u l t a n t o u t p u t , V, i s t h e n 

1 + H0 

i + j i P 
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Now 61 = — = 
4 5 a 

6 1 = p T 5 \ ; o i . . ( 5 ) 
4 5 a 

The t o t a l change i s o b t a i n e d by a d d i n g 4 and 5-

I f R^ i s n e g l e c t e d i n t h e d e n o m i n a t o r of 5 

t h i s i s 

R + R. + R - U R 
61 = -£ 2 Z _ 1 61 

a R + R_ + r ± f 4 5 a 

S u b s t i t u t i o n i n 3 g i v e s t h e c o n d i t i o n f o r z e r o 
d r i f t to be 

! l R f * R 6 + R 7 - **R1 ,<v 
R c

 = R + R_ + r ' # 

5 4 5 a 

,There i s , however, y e t a n o t h e r c o n t r i b u t i o n 
to 61 w h i c h Morton d o e s , n o t c o n s i d e r , y e t w h i c h a i i i 
i s q u i t e as i m p o r t a n t as 61 and 61 . I t i s 

a a 
the change i n anode c u r r e n t due to change i n 
e m i s s i o n from t h e f i l a m e n t : the 61 / 6 I _ 

a' f 
c h a r a c t e r i s t i c s of t h e v a l v e . No r e f e r e n c e i n 
t h e l i t e r a t u r e has been found w h i c h t a k e s t h i s 
e f f e c t i n t o a c c o u n t i n t h i s p a r t i c u l a r c o n t e x t . 



E q u a t i o n ( 6 ) s h o u l d r e a d 

R ? R f + R 6 + R ? - u R 1 ^1 
5 7 = R

4
 + R5 + r a + 

e 

I f e q u a t i o n s ( 2 ) and ( 7 ) a re comb ined t h e 

c o n d i t i o n s o f b a l a n c e and z e r o d r i f t a r e b o t h 

f u l f i l l e d when 

J a R f + R 6 + E 7 " »*1 Z * 1 

(ft) 

The q u e s t i o n t h e n a r o s e : I s t h e c o n d i t i o n 

embodied b y e q u a t i o n ( 8 ) a t t a i n a b l e i n p r a c t i c e 

when t h e v a l v e i n use i s an e l e c t r o m e t e r v a l v e , 

t h e E . T . I m a n u f a c t u r e d b y G.E.C? To answer t h i s 

t h e c h a r a c t e r i s t i c s o f t h e v a l v e a t hand were 

d e t e r m i n e d and f o u n d n o t t o d i f f e r g r e a t l y f r o m 

t h e m a n u f a c t u r e r ' s s t a n d a r d c h a r a c t e r i s t i c s ( s e e 

f i g u r e 6 ) . By s u b s t i t u t i n g v a l u e s o f I , I , 
a 1 

e t c . f o r v a r i o u s o p e r a t i n g p o i n t s and v a r i o u s 

b a t t e r y v o l t a g e s i t was f o u n d t h a t e q u a t i o n ( 8 ) 

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

s e r i o u s l y f r o m t h e n o r m a l w o r k i n g c o n d i t i o n s o f 
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the v a l v e . I n o t h e r words, the c o n d i t i o n s f o r 
b a l a n c e and n o - d r i f t were found to he i n c o m p a t i b l e 

Even s o , i t may be o b s e r v e d t h a t w i t h t h e 
c i r c u i t j u s t d e s c r i b e d , when th e v a l v e i s w o r k i n g 
a t optimum c o n d i t i o n s and t h e c o n d i t i o n f o r 
b a l a n c e i s s a t i s f i e d , t h e r a t e o f d r i f t o f i ^ 
compared w i t h Thomas's c i r c u i t i s r e d u c e d by an 
o r d e r of m a g n i t u d e . 

I n an a t t e m p t to improve t h i s t h e c i r c u i t 
was s l i g h t l y m o d i f i e d . I t w i l l be c l e a r t h a t 
i n o r d e r to a c h i e v e c o m p a t i b i l i t y i n t h e 
c o n d i t i o n s o f b a l a n c e and n o - d r i f t a f u r t h e r 
d e g r e e o f freedom must be i n t r o d u c e d i n t o the 
c i r c u i t , and t h i s c a n be o b t a i n e d by i n c l u d i n g 
a b a t t e r y i n s e r i e s w i t h t h e g a l v a n o m e t e r ( f i g u r e 
7 ) . The c o n d i t i o n f o r n o - d r i f t i s unchanged i f 
i t i s assumed t h a t t h e v o l t a g e d r i f t of the new 
b a t t e r y i s i n a p p r e c i a b l e ; and t h e c o n d i t i o n f o r 
b a l a n c e becomes 

/ R 7 I i 
• - ( i J - i J / V f • 

where e i s the b a t t e r y v o l t a g e . The two 
c o n d i t i o n s a r e now c o m p a t i b l e i f e i s about 
1.5 v o l t s . The b a t t e r y c h o s e n was a V enner 
a l k a l i n e c e l l , o f c a p a c i t y 1.5 a m p e r e - h o u r s , 
h a v i n g an open c i r c u i t v o l t a g e o f 1 .8 v o l t s . 
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T h i s c e l l has an e x t r e m e l y f l a t d i s c h a r g e 
c h a r a c t e r i s t i c even a t f a i r l y h i g h c u r r e n t s , an 
e s s e n t i a l r e q u i r e m e n t f o r t h e purpose to w h i c h 
i t was p u t . 

Other d e t a i l s o f the p r a c t i c a l c i r c u i t w i l l 
now "be d e s c r i b e d . S i n c e i t was t h o u g h t 
d e s i r a b l e to keep the c i r c u i t f l e x i b l e two 
ammeters and a v o l t m e t e r to measure the anode 
and f i l a m e n t c u r r e n t s and g r i d b i a s v o l t a g e 
r e s p e c t i v e l y were i n c l u d e d ; a l l were Weston 
s u b - s t a n d a r d i n s t r u m e n t s . F o r s t a b i l i t y , w i r e -
bound r e s i s t o r s were u s e d t h r o u g h o u t ; the 
v a r i a b l e r e s i s t o r s were B e r c o wire-wound 
p o t e n t i o m e t e r s . The i n s t r u m e n t u s e d to measure 
th e change i n anode c u r r e n t p r o d u c e d by l i g h t 
f a l l i n g on the p h o t o c e l l was a T i n s l e y g a l v a n o m e t e r , 
s e n s i t i v i t y 300 mm p e r fiA a t 1 m e t r e , and a l e s s 
s e n s i t i v e g a l v a n o m e t e r was u s e d f o r c o a r s e b a l a n c e . 
The e l e m e n t s S^, , R^ p r o v i d e a means f o r 
a l t e r i n g the f i l a m e n t c u r r e n t by 100 jiA, t h i s 
b e i n g a c h i e v e d by t h e m a n i p u l a t i o n of t h e s p r i n g -
l o a d e d t o g g l e s w i t c h , S^, t h e r e b y making i t 
p o s s i b l e to t e s t f o r t h e n o - d r i f t c o n d i t i o n . I n 
t h e d e t e c t i o n u n i t , two V i c t o r e e n h i g h - s t a b i l i t y 
r e s i s t o r s were p r e s e n t to g i v e two s e n s i t i v i t y 
r a n g e s ; a h i g h e r , o b t a i n e d by r o t a t i n g t h e 
e a r t h i n g s w i t c h h a l f - w a y r o u n d from t h e " e a r t h 
g r i d " p o s i t i o n so t h a t t h e h i g h e r r e s i s t o r o n l y 
i s i n c i r c u i t , and a l o w e r r a n g e , o b t a i n e d by f u l l 
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r o t a t i o n so t h a t t h e r e s i s t o r s a r e i n p a r a l l e l . 
The monochromator and d e t e c t i o n u n i t were 
t o g e t h e r e n c l o s e d i n an e a r t h e d a l u m i n i u m box 
and a l l e l e c t r i c a l c o n t r o l s b r o u g h t t o a c o n t r o l 
p a n e l f o r m i n g one s i d e o f t h e box ( s e e P l a t e i ) . 

2.3 B a l a n c i n g P r o c e d u r e . 

The d e s c r i p t i o n o f t h e method used t o 
b a l a n c e t h e c i r c u i t a t t h e c o n d i t i o n f o r no-
d r i f t may be b e s t g i v e n i n i n s t r u c t i o n a l f o r m * 

( 1 ) B e f o r e s w i t c h i n g on check t h a t t h e 
g a l v a n o m e t e r s ar e s h o r t - c i r c u i t e d . 

( 2 ) S w i t c h on and a d j u s t R^ and Rg 
(lOQ p o t e n t i o m e t e r ) u n t i l t h e 
f i l a m e n t c u r r e n t ammeter r e g i s t e r s 
100 i A and the g r i d b i a s v o l t m e t e r 
2 . 1 v o l t s . E a r t h t h e g r i d . 

( 3 ) Set R^ a t about 25Q and u n s h o r t 
t h e l o w e r s e n s i t i v i t y s h u n t and 
a d j u s t t o o b t a i n a s u i t a b l e 
d e f l e c t i o n . 

( 4 ) B alance by a d j u s t i n g R. and R c, 
4 5 

k e e p i n g t h e anode c u r r e n t c o n s t a n t . 



( 5 ) S w i t c h i n t h e s h u n t o f t h e s e n s i t i v e 
g a l v a n o m e t e r and u n s h o r t . A d j u s t 
t h e s h u n t t o g i v e a s u i t a b l e 
s e n s i t i v i t y . 

( 6 ) E f f e c t f i n a l b a l a n c e by a d j u s t i n g t h e 
R., R e. 100Q p o t e n t i o m e t e r w i t h the 4 7 5 
f i r s t g a l v a n o m e t e r s h o r t - c i r c u i t e d 
and t h e s e n s i t i v e i n s t r u m e n t 
u n s h u n t e d . 

( 7 ) Test f o r t h e n o - d r i f t c o n d i t i o n by 
d e p r e s s i n g S^. A f t e r an i n i t i a l 
k i c k t h e g a l v a n o m e t e r s p o t s h o u l d 
r e t u r n t o zero when t h i s c o n d i t i o n 
h o l d s . 

( 8 ) Repeat s y s t e m a t i c a l l y w i t h v a r i o u s 
v a l u e s o f R^ u n t i l t h e c o n d i t i o n 
i s r e a c h e d . 

( 9 ) Leave o v e r n i g h t t o s e t t l e down. 

( 1 0 ) S m a l l a d j u s t m e n t s a r e u s u a l l y 
n e c e s s a r y b e f o r e use and d u r i n g 
measurements to m a i n t a i n t h e f i n e 
b a l a n c e . 

S e n s i t i v i t y 

The c u r r e n t s e n s i t i v i t y may be d e f i n e d by 
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where i _ i s t h e c u r r e n t f l o w i n g i n t h e g a l v a n o m e t e r G 
and i i s the c u r r e n t f l o w i n g i n the p h o t o c e l l . 
S„ i s t h e c u r r e n t s e n s i t i v i t y of t h e g a l v a n o m e t e r . G 

Now 
d i r d i - d l dV 

S G d i " b G d l dV d i * U ; 

a g 

where I i s the p l a t e c u r r e n t and V the a g 
g r i d b i a s . 

Prom e q u a t i o n ( l ) , s e c t i o n 3*2, 

^ G *5 
d l " R c + G a 5 

T h i s i s t r u e when the c o m p e n s a t i n g c e l l i s 
p r e s e n t i f G now i n c l u d e s t h e c e l l ' s i n t e r n a l 
r e s i s t a n c e . 

Prom o r d i n a r y v a l v e t h e o r y 

where V i s the anode p o t e n t i a l , and i s 
the b a t t e r y v o l t a g e . 

T h e r e f o r e 

dV_ d l 
£ - u - (R, + R j 

( 2 ) 

dV„ •* v ~ 4 "5' dV 
g g 
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But 
dV 
d l 

T h e r e f o r e 

d l 11 d l (R„ + R_) a = _ a 4 5 
dV ~ r " dV r g a g a 

d l u R, + R a 
dV 

g a a 

tjL • R. + R_ 

and t h i s i s t h e e f f e c t i v e c o n d u c t a n c e , w h i l e 
u / r i s t h e m u t u a l c o n d u c t a n c e , K 

m 

F i n a l l y 

dV 
- H . . . ( 4 ) 

where R i s the r e s i s t a n c e of the g r i d l e a k . 
( T r u e i f t h e r e i s no g r i d c u r r e n t ) . 

S u b s t i t u t i o n o f e q u a t i o n s ( 2 ) , ( 3 ) and ( 4 ) 

i n 1 g i v e s 

R R 5 
S i " r + R, + R ' R c + G S G • ^ ) 

a 4 5 5 
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For t y p i c a l w o r k i n g c o n d i t i o n s f i = 0 - 5 , 

R . 1 x 1 0 1 0 Q ( l o w s e n s i t i v i t y ) 
r & + R 4 + R 5 = 10 KQ, R ? = 2 KQ , G = 500Q, and 

S = 300 mm p e r j i A , whence 
Or 

S. = 40 mm p e r 1 0 - 1 2 a D l p -

On t h e h i g h s e n s i t i v i t y r a n g e R = 1 x 10 * 1 Q 

- 1 2 
S^= 400 mm p e r 10 amp, 

- 1 3 
so t h a t c u r r e n t s o f t h e o r d e r o f 10 amp can 
be c o m f o r t a b l y d e t e c t e d . 

2.5 The L i g h t S ources. 

The s o u r c e f o r v i s i b l e r a d i a t i o n i s t h a t o f 
t h e o r i g i n a l a p p a r a t u s , a t u n g s t e n lamp o f 24 

w a t t s , w h i c h d e r i v e s i t s power f r o m a c o n s t a n t 
v o l t a g e mains t r a n s f o r m e r f e e d i n g a step-down 
t r a n s f o r m e r . No e l a b o r a t e p r e c a u t i o n s were t a k e n 
t o s t a b i l i s e t h e lamp s u p p l y f u r t h e r , n o r were 
t h e y needed. 

The u l t r a v i o l e t s o u r c e i s a V i t r e o s i l 
h ydrogen d i s c h a r g e lamp m a n u f a c t u r e d by Thermal 
S y n d i c a t e . T h i s lamp has a q u a r t z e n v e l o p e and 
e m i t s a c o n t i n u o u s s p e c t r u m f r o m 200 mu t o 370 mjj, 
and a l i n e s p e c t r u m i n t h e v i s i b l e w h i c h i s u s e f u l 
f o r c h e c k i n g t h e w a v e l e n g t h c a l i b r a t i o n o f t h e 
s p e c t r o p h o t o m e t e r * A power s u p p l y f o r t h e lamp 
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was b u i l t t o t h e maker's recommendations and 
t h i s was r u n o f f the c o n s t a n t v o l t a g e t r a n s f o r m e r 
s u p p l y . The c i r c u i t i s shown i n f i g u r e 8 . 

B o t h lamps a r e s u p p o r t e d i n a s i m i l a r way* 
a p l a t f o r m on w h i c h t h e lamp i s f i x e d i s s u p p o r t e d 
on two t h r e a d e d r o d s f i x e d t o a m e t a l b a s e - p l a t e . 
T h i s p l a t e has a h o l e b o r e d i n i t s c e n t r e t o t a k e 
a p o s i t i o n i n g r o d f i x e d t h e heavy b a s e - p l a t e 
o f t h e s p e c t r o p h o t o m e t e r where t h e lamp must be 
p l a c e d when i n use. I n t e r c h a n g i n g o f lamps may 
t h e r e f o r e be f a c i l i t a t e d and t h e t i m e s p e n t i n 
r e - f o c u s i n g l i g h t on t o t h e s l i t r e d u c e d t o a 
minimum. 

A l a m p - h o u s i n g o f h a r d - b o a r d and a l u m i n i u m 
was c o n s t r u c t e d t o e n c l o s e t h e concave c o n d e n s i n g 
m i r r o r and lamp i n o r d e r t h a t s t r a y l i g h t i n t h e 
i n s t r u m e n t e n c l o s u r e may be c u t down as much as 
p o s s i b l e . 

2.6 The C r y o s t a t . 

I n m o d i f y i n g t h e a p p a r a t u s so t h a t a b s o r p t i o n 
s p e c t r a a t low t e m p e r a t u r e s c o u l d be o b t a i n e d t h e 
pr o b l e m p r e s e n t e d was one o f k e e p i n g t h e specimen 
a t 80°K, and p r o v i d i n g means to move i t i n and 
o u t o f a v i s i b l e o r u l t r a v i o l e t l i g h t beam. 
F u r t h e r , i t was t h o u g h t d e s i r a b l e a t t h e l o w 
t e m p e r a t u r e t h a t p r o v i s i o n be made f o r i r r a d i a t i n g 
t h e c r y s t a l w i t h X - r a y s . 
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A s u c c e s s f u l c r y o s t a t was c o n s t r u c t e d t o f i l l 
t h e s e r e q u i r e m e n t s ( f i g u r e 9 ) • E s s e n t i a l l y i t 
i s a m e t a l Dewar f l a s k c o n s i s t i n g o f two c o n c e n t r i c 
t u b e s , an i n n e r t u b e w h i c h h o l d s t h e l i q u i d a i r and 
t o w h i c h i s a t t a c h e d t h e c r y s t a l h o l d e r , and an 
o u t e r tube w h i c h has d i a m e t r i c a l l y opposed q u a r t z 
windows w i t h a b e r y l l i u m window mid-way between 
them a t one end and a vacuum c o n n e c t i o n a t t h e 
o t h e r . O t h e r w o r k e r s ( s e e f o r example Beale and 
Hoe, 1 9 5 1 , and Mayence and Yadar, 1 9 5 0 ) have 
used c r y o s t a t s o f b r o a d l y s i m i l a r c o n s t r u c t i o n . 

Methods d e s c r i b e d i n t h e l i t e r a t u r e o f moving 
t h e c r y s t a l i n and o u t o f t h e l i g h t beam have 
i n v o l v e d some p u r e l y m e c h a n i c a l p r o c e s s , such as 
r o t a t i o n o f t h e c r y s t a l h o l d e r - I t was d e c i d e d 
t h a t t h e c r y s t a l h o l d e r s h o u l d be c o n s t r u c t e d i n 
such a way as t o a l l o w t h e movement o f t h e c r y s t a l 
t o be a c h i e v e d m a g n e t i c a l l y , ' as t h i s appeared t o 
o f f e r a g r e a t s i m p l i c i t y i n t h e c o n s t r u c t i o n and 
o p e r a t i o n . 

The c r y s t a l h o l d e r i s made o f copper and 
has t h r e e components ( f i g u r e 9 ) * a t r a y , h a v i n g 
two a p e r t u r e s and w a l l s w h i c h a r e o f s o f t i r o n on 
w h i c h t h e c r y s t a l i s h e l d , a s l i d e s o l d e r e d t o t h e 
copper base o f t h e i n n e r t u b e , h a v i n g one a p e r t u r e 
s l i g h t l y s m a l l e r t h a n t h o s e i n t h e c r y s t a l t r a y , 
and a cap w h i c h f i t s c l o s e l y o v e r t h e s l i d e , h a v i n g 
a l a r g e a p e r t u r e and a t i n n e d o u t e r s u r f a c e t o 
i n d u c e any r e s i d u a l m o i s t u r e t o condense on i t 



36. 

r a t h e r t h a n on the c r y s t a l d u r i n g c o o l i n g . The 
t r a y can s l i p up and down t h e copper s l i d e so t h a t 
when i t i s up, t h e l o w e r a p e r t u r e , o v e r w h i c h t h e 
specimen l i e s , c o i n c i d e s w i t h t h e f i x e d a p e r t u r e 
o f t h e s l i d e , and when i t i s down t h e upper 
a p e r t u r e c o i n c i d e s w i t h t h e s l i d e a p e r t u r e . I f 
a l i g h t "beam i s made t o pass t h r o u g h t h e s l i d e 
a p e r t u r e t h e c r y s t a l can be p l a c e d i n and o u t o f 
t h e beam by moving t h e t r a y up and down r e s p e c t i v e l y . 
The cap may be removed f r o m t h e s l i d e t o a l l o w t h e 
t r a y t o be t a k e n o u t when a new specimen i s t o be 
mounted. 

The c r y s t a l t r a y i s moved i n t h e vacuum 
m a g n e t i c a l l y . A c o i l , o f 4 0 0 t u r n s o f S.W.G.22 
copper w i r e i s wrapped around t h e o u t e r b r a s s t u b e 
j u s t above t h e q u a r t z windows so t h a t when a 
c u r r e n t o f s u f f i c i e n t s t r e n g t h f l o w s , t h e t r a y , by 
v i r t u e o f i t s s o f t i r o n w a l l s , moves t o t h e t o p o f 
t h e s l i d e and f a l l s when t h e c u r r e n t i s s w i t c h e d 
o f f . S i n c e , however, t h e c u r r e n t n e c e s s a r y t o 
r a i s e t h e t r a y i s about 8 amps s u p p l i e d f r o m a 60 
v o l t power pack, t h e energy d i s s i p a t e d p e r u n i t 
t i m e i s h i g h ( 5 0 0 w a t t s ) and t h e c o i l w i l l become 
v e r y h o t w h i l e t h e c r y s t a l i s i n t h e beam. To 
a v o i d t h i s t h e c i r c u i t shown i n f i g u r e 1 0 i s 
used, i t s p r i n c i p l e b e i n g m e r e l y t h e f a c t t h a t 
a l t h o u g h 8 amps are n e c e s s a r y t o r a i s e t h e t r a y , 
o n l y 3 amps are r e q u i r e d t o h o l d i t a t t h e t o p . 
To r a i s e t h e t r a y , and are c l o s e d and 
R a d j u s t e d so t h a t t h e t r a y i s j u s t p u l l e d up. 
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Sg, a s p r i n g - l o a d e d t o g g l e , i s r e l e a s e d and R^ 
i s a d j u s t e d so t h a t the t r a y j u s t keeps up. The 
t r a y f a l l s when S^ i s opened. 

The vacuum i s d e r i v e d f r o m an Edward's 2 S 2 0 
"Speedivac" backing-pump, t h e p r e s s u r e b e i n g 
i n d i c a t e d by an Edward's Macleod gauge. The 
vacuum c i r c u i t r y i s q u i t e s t r a i g h t f o r w a r d and 
m e r i t s no f u r t h e r d e s c r i p t i o n . 

2.7 The M o d i f i e d O p t i c a l System. 

I n o r d e r t h a t t h e c r y o s t a t c o u l d be used 
w i t h the monochromator i t was n e c e s s a r y t o make a 
s m a l l m o d i f i c a t i o n t o t h e o p t i c a l s y s t e m d e a l i n g 
w i t h t h e e x i t beam so t h a t t h e beam w o u l d t r a v e l 
h o r i z o n t a l l y , and n o t v e r t i c a l l y , t h r o u g h t h e 
c r y s t a l : a case o f d e f l e c t i n g t h e beam by a 
m i r r o r sideways i n s t e a d o f upwards. The o l d 
m i r r o r was r e p l a c e d by a g a l v a n o m e t e r m i r r o r -
The beam emerging f r o m t h e e x i t s l i t , on m e e t i n g 
t h e m i r r o r s u p p o r t e d a t 4 5 ° * i s now r e f l e c t e d 
sideways i n t o a b r a s s t u b e . T h i s tube i s l o n g 
enough t o p r o j e c t beyond t h e monochromator h o u s i n g 
and wide enough t o e n c l o s e one o f t h e q u a r t z 
windows o f c r y o s t a t , . ( s e e f i g u r e l l ) . The 
o t h e r q u a r t z window i s e n c l o s e d by a s h o r t b r a s s 
t u b e s o l d e r e d t o t h e p h o t o c e l l h o u s i n g ; The 
p h o t o c e l l h o u s i n g and t h e c r y o s t a t i t s e l f s t a n d 
on a t a b l e o f a d j u s t a b l e h e i g h t , and b l a c k - o u t 
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m a t e r i a l i s used t o d r a p e t h e " o p t i c a l " j o i n s t o 

c u t o u t s t r a y l i g h t ( s ee P l a t e I I ) , 

An i m p o r t a n t m o d i f i c a t i o n t o t h e whole 
a p p a r a t u s i s t h e i n t r o d u c t i o n o f a s h u t t e r , a 
metal p l a t e w h i c h can "be moved a c r o s s t h e 
e n t r a n c e s l i t o f t h e monochromator, an a d d i t i o n 
making f o r g r e a t e r r e l i a b i l i t y i n r e a d i n g s , as 
w i l l be shown. 

2.8 O p e r a t i o n 

The specimen whose a b s o r p t i o n s p e c t r u m i s 
r e q u i r e d i s mounted, and i f t h e measurement i s 
t o be made a t 80°K t h e c r y o s t a t i s e v a c u a t e d and 
l i q u i d n i t r o g e n i s p o u r e d i n t o t h e c o n t a i n e r 
u n t i l i t i s t h r e e - q u a r t e r s f u l l . The f o l l o w i n g 
p r o c e d u r e i s now o b s e r v e d s -

( 1 ) The b a l a n c e i s checked w i t h t h e g r i d 
e a r t h e d . 

( 2 ) The t u n g s t e n lamp i s s w i t c h e d on and 
the l i g h t i s f o c u s e d on t h e s l i t . 

( 3 ) W i t h the s h u n t s e t a t 1 0 0 Q and t h e 
m i c r o m e t e r r e a d i n g about 1 2 . 0 0 , t h e 
e a r t h i n g s w i t c h i s t u r n e d f u l l y 
c l o c k w i s e so t h a t the l o w s e n s i t i v i t y 
range i s used. A d e f l e c t i o n o f n o t 
more t h a n 1 t o 1.5 cm due t o t h e 
p h o t o c e l l d a r k c u r r e n t p l u s s t r a y 
l i g h t s h o u l d be o b s e r v e d . 
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To t e s t t h e f o c u s i n g , a s w i f t r u n -
t h r o u g h o f t h e s p e c t r u m i s p e r f o r m e d . 
I t s h o u l d he n e c e s s a r y t o reduce t h e 
s h u n t r e s i s t a n c e t o keep t h e 
g a l v a n o m e t e r s p o t on t h e s c a l e when 
t h e m i c r o m e t e r i s r e a d i n g f r o m 21 t o 
24. 

The z e r o - w a v e l e n g t h s e t t i n g o f the 
m i c r o m e t e r i s checked u s i n g t h e z e r o -
o r d e r r e f l e c t i o n f r o m t h e g r a t i n g . 

The m i c r o m e t e r i s now s e t t o g i v e t h e 
r e q u i r e d w a v e l e n g t h -
Readings a r e t a k e n when t h e s h u t t e r i s 
c l o s e d , when i t i s opened, and when i t 
i s c l o s e d a g a i n . The l a s t r e a d i n g 
i s a check t o c o u n t e r a c t any d r i f t i n g 
w h i c h may have o c c u r r e d , a l t h o u g h t h i s 
s h o u l d n o t exceed 0 #2 cm. The mean 
o f t h e f i r s t and l a s t r e a d i n g s 
s u b t r a c t e d f r o m t h e second r e a d i n g 
g i v e s a v a l u e A, w h i c h i s r e l a t e d t o 
I by I = A - S , where S i s t h e o " o o' o 
s t r a y l i g h t c o r r e c t i o n . 

A v a l u e B i s o b t a i n e d i n a s i m i l a r way 
w i t h t h e l i g h t p a s s i n g t h r o u g h t h e 
c r y s t a l . Here I = B - S, where S 
i s t h e s t r a y l i g h t c o r r e c t i o n w i t h t h e 
c r y s t a l i n t h e beam. 



( 9 ) S q and S are f o u n d by f o l l o w i n g t h e 
above p r o c e d u r e when t h e m i c r o m e t e r i s 
r e a d i n g a b o u t 1 2 . 0 0 . 

I 
o 

Hence d • l o g 1 Q — , 
where d i s t h e o p t i c a l d e n s i t y o f 
th e specimen. 

( 1 0 ) To i n v e s t i g a t e t h e u l t r a v i o l e t 
s p e c t r u m , t h e f i l a m e n t c u r r e n t f o r 
the h ydrogen lamp i s s w i t c h e d on and 
1^ m i n u t e s a r e a l l o w e d t o pass b e f o r e 
t h e H.T. i s s w i t c h e d on? t h e l i g h t 
i s t h e n f o c u s e d on t h e s l i t . 

( 1 1 ) The e a r t h i n g s w i t c h i s s e t t o g i v e 
the h i g h s e n s i t i v i t y r a n g e . 

( 1 2 ) The p r o c e d u r e i s t h e n e x a c t l y t h e 
same as f o r t h e v i s i b l e s p e c t r u m 
e x c e p t t h a t t o f i n d S and S t h e 

o 
m i c r o m e t e r s h o u l d be s e t a t about 
5 . 0 0 cm. 

2.9 Maintenance 

I t was f o u n d t h a t l i t t l e m a i n t e n a n c e work, 
above c h a r g i n g a c c u m u l a t o r s and r e n e w i n g t h e 
s i l i c a g e l i n t h e d e t e c t i o n u n i t h o u s i n g , was 
n e c e s s a r y . The e l e c t r o m e t e r v a l v e and t h e ph o t o 
c e l l were p e r i o d i c a l l y c l e a n e d w i t h c a r b o n t e t r a ­
c h l o r i d e , and i t was f o u n d h e l p f u l t o p o l i s h t h e 
s l i d e o f t h e c r y s t a l h o l d e r now and a g a i n t o 
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f a c i l i t a t e t h e l i f t i n g o f t he t r a y . E l e c t r i c a l 
m a i ntenance c o n s i s t e d m a i n l y o f c o r r e c t i n g l a r g e 
f l u c t u a t i o n s w h i c h o f t e n appeared when t h e 
i n s t r u m e n t had n o t been used f o r a p e r i o d , due 
to e i t h e r l o o s e c o n t a c t s o r had c o n t a c t a l o n g a 
p o t e n t i o m e t e r w i r e . 

2 . 1 0 P e r f o r m a n c e 

A c r i t i c a l judgment o f the p e r f o r m a n c e o f 
an a b s o r p t i o n s p e c t r o p h o t o m e t e r r e s t s on t h e 
a p p r e c i a t i o n o f an i d e a l i n s t r u m e n t and the 
comparison between t h e two, t h e i d e a l i n s t r u m e n t 
i n t h i s case b e i n g one w h i c h i s e l e c t r i c a l l y 
s t a b l e , and has a monochromator c o m b i n i n g c o n s t a n t 
i n t e n s i t y o f l i g h t and an a c c u r a t e w a v e l e n g t h 
c a l i b r a t i o n w i t h good r e s o l v i n g power. Since t h e 
measurement o f F - c e n t r e a b s o r p t i o n i s t h e main 
purpose o f such an i n s t r u m e n t h e r e , t h e i n t e n s i t y 
o f l i g h t p a s s i n g t h r o u g h t h e c r y s t a l must be made 
low enough t o make b l e a c h i n g e f f e c t s n e g l i g i b l e . 
S i n c e most o f t h e s e f a c t o r s are i n t e r d e p e n d e n t 
t h e p r a c t i c a l i n s t r u m e n t t u r n s o u t t o be some 
s o r t o f compromise, and i t i s o f i n t e r e s t t o 
d i s c o v e r how t h e p a r t i c u l a r compromise e f f e c t e d 
i n t h e i n s t r u m e n t j u s t d e s c r i b e d compares w i t h 
t h e i d e a l . 

E l e o t r i c a l i n s t a b i l i t y m a n i f e s t s i t s e l f i n 
random f l u c t u a t i o n and s t e a d y d r i f t i n g ? t h e 
f o r m e r i s r e l a t e d t o t h e amount o f l i g h t f a l l i n g 
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on t h e p h o t o c e l l c a t h o d e s i n c e i f t h i s i s l o w t h e 
s i g n a l - t o - n o i s e r a t i o i s low- The random 
f l u c t u a t i o n s i n t h e i n s t r u m e n t are comparable t o 

-14 
a s i g n a l f l u c t u a t i o n o f t h e o r d e r o f 1 0 amp 
hu t t h i s i s e l i m i n a t e d by i n c r e a s i n g t h e response 
t i m e o f t h e g a l v a n o m e t e r by r e d u c i n g t h e shunt 
r e s i s t a n c e t o 500Q o r below. T h i s a l s o has t h e 
e f f e c t o f r e d u c i n g s e n s i t i v i t y . The d r i f t i s 
more v a r i a b l e . I f t h e a p p a r a t u s i s l e f t o v e r ­
n i g h t t h e d r i f t i s about 1 0 - 2 0 cm s c a l e d e f l e c t i o n , 
i . e . about 1 cm p e r hour w h i c h i s as good as may 
be hoped f o r , b u t t h e d i s t u r b a n c e caused by t a k i n g 
measurements i n c r e a s e s t h i s r a t e a l m o s t t e n f o l d , 
b u t t h i s d e c r e a s e s t o t h e n e g l i g i b l e 1 cm p e r 
hour as measurements p r o c e e d . T h i s d r i f t i s 
p r o b a b l y due t o an i n h e r e n t i n s t a b i l i t y o f t h e 
e l e c t r o m e t e r v a l v e . I t s e f f e c t , when a p p r e c i a b l e , 
i s g r e a t l y r e d u c e d by t h e method o f measurement 
(see 2 . 8 ) . 

The n e c e s s i t y t o c o u n t e r a c t i n s t a b i l i t y 
s p r i n g s f r o m m a i n t a i n i n g a h i g h r e s o l v i n g power, 
w h i c h r e q u i r e s a n a r r o w s l i t and hence a weak 
i l l u m i n a t i o n o f t h e p h o t o c e l l c a t h o d e . The w i d t h 
o f t h e s l i t i s 0 . 0 0 7 cm g i v i n g a b a n d w i d t h o f 1 mji 
w h i c h , s i n c e a g r a t i n g s p e c t r u m i s l i n e a r , i s 
c o n s t a n t o v e r t h e whole w a v e l e n g t h r a n g e . 

A l t h o u g h t h e l i g h t s o u r c e s a r e o n l y semi-
s t a b i l i s e d , changes i n l i g h t i n t e n s i t y are s l o w 
a f t e r an i n i t i a l s e t t l i n g down p e r i o d and are 
n e g l i g i b l e d u r i n g any one measurement o f d e n s i t y . 
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P e r i o d i c a l l y , t h e w a v e l e n g t h c a l i b r a t i o n has 
been checked by u s i n g a m e r c u r y v a p o u r lamp as a 
l i n e s o u r c e . The t a b l e i s t y p i c a l o f t h e 
e r r o r s f o u n d : -

X ( c a l i b r a t i o n ) X ( m e r c u r y ) E r r o r 2 

2652 2652 0 
2958 2967 -8 
3133 3126 + 7 
3345 3342 + 3 
3660 3552 g r o u p -2 
4053 4047 + 6 
4356 4358 -2 
5452 5461 -9 
5785 5791 group -6 

The h y d r o g e n lamp i t s e l f has been used as a 
check, s i n c e above 370 m^ i t e m i t s a l i n e 
spectrum? i n p a r t i c u l a r t h e 4 8 6 i i l i n e i s 
c o n v e n i e n t l y s t r o n g . A l t h o u g h n o t as r e f i n e d a 
check on w a v e l e n g t h as a l i n e s p e c t r u m , t h e P-
band peak i t s e l f a t 4650! i n H a d p r o v i d e s a 
r e f e r e n c e . A l l methods i n d i c a t e a s a t i s f a c t o r y 
c a l i b r a t i o n w h i c h i s s t a b l e . 

F i g u r e 12 i n d i c a t e s t h e e s t i m a t e d e r r o r Ad 
w h i c h may be e x p e c t e d i n one measurement o f d, 
th e d e n s i t y , as a f u n c t i o n o f w a v e l e n g t h , f o r t h r e e 
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v a l u e s o f d. These c u r v e s were c a l c u l a t e d on t h e 
a s s u m p t i o n t h a t I q and I , t h e g a l v a n o m e t e r s c a l e 
r e a d i n g s , may be i n e r r o r by 0 . 1 cm. I i s a 
f u n c t i o n o f t h e e m i s s i o n s p e c t r u m o f t h e s o u r c e , 
and the r e s p o n s e s p e c t r u m o f t h e p h o t o c e l l . 
T y p i c a l t o t a l r e s p o n s e c u r v e s a r e shown i n f i g u r e 
13 and I i s t a k e n f r o m t h e s e c u r v e s t o c a l c u l a t e o 
Ad a t v a r i o u s w a v e l e n g t h s . The a c c u r a c y i s good 
i n t h e v i s i b l e b u t f a l l s o f f w i t h w a v e l e n g t h i n 
t h e u l t r a v i o l e t , s i n c e t h e i n t e n s i t y o f e m i s s i o n 
o f u l t r a v i o l e t l i g h t f r o m t h e hydrogen lamp 
becomes v e r y low t o w a r d s 2 0 0 mji. The c u r v e s a r e 
u n d u l y p e s s i m i s t i c i n t h e r e g i o n 2 0 0 mp. t o 3 0 0 m\x, 
f o r when d e f l e c t i o n s are s m a l l t h e e r r o r i n I 

o 
i s n o t above 0 . 0 5 cm; a l s o t h e a c c u r a c y may be 
i n c r e a s e d by r e p l i c a t e r e a d i n g s ( a r e p e a t r e a d i n g 
i s always t a k e n even i n t h e v i s i b l e r e g i o n ) b u t a 
p r a c t i c a l l i m i t i s s e t by t h e t i m e f a c t o r and the 
l i m i t i n g w a v e l e n g t h a t w h i c h a u s e f u l v a l u e o f d 
may be o b t a i n e d i s n o t much l e s s t h a n 2 4 0 m(j a t 
moderate d e n s i t i e s . 

The g r e a t e s t drawback o f t h e a p p a r a t u s i s 
t h a t o f t h e t i m e f a c t o r : i t t a k e s 2 t o 3 h o u r s 
t o p l o t a s p e c t r u m t h r o u g h o u t t h e r a n g e and i t i s 
l a b o r i o u s , e x a c t i n g work. F u t u r e m o d i f i c a t i o n s 
s h o u l d t h e r e f o r e be c o n c e r n e d w i t h r e d u c i n g t h e 
t i m e t o r u n t h r o u g h a s p e c t r u m . 
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2 . 1 1 The Wav e l e n g t h C a l i b r a t i o n . 

M i c r o m e t e r i eV S e t t i n g i eV 

8.50 1971 6 . 2 6 

8.75 2028 6.08 
9.00 2084 5.92 
9 . 2 5 2141 5 . 7 6 

9.50 2198 5 . 6 1 

9.75 2255 5.47 
10.00 2 3 1 2 5.34 
10.25 2 3 6 8 5 . 2 1 

10.50 2424 5-08 
10.75 2480 4.97 
11.00 2 5 3 6 4.86 
11 . 2 5 2594 4.75 
11.50 2652 4.66 
11.75 2709 4.55 
12.00 2 7 6 7 4.46 
12.25 2 8 2 3 4 . 3 7 
12.50 2880 4.29 
12.75 2937 4.20 
13.00 2993 4 . 1 2 

13.25 3053 4.04 
13.50 3113 3.96 
13.75 3 1 7 3 3.88 
14.00 3234 3.81 
14.25 3289 3 . 7 5 
14.50 3345 3.69 
14.75 3401 3 . 6 3 
15.00 3457 3 . 5 7 



M i c r o m e t e r 
S e t t i n g 

1 5 . 2 5 

1 5 . 5 0 

1 5 . 7 5 

1 6 . 0 0 

16 .25 
1 6 . 5 0 

1 6 . 7 5 
1 7 . 0 0 

1 7 . 2 5 

1 7 . 5 0 

1 7 . 7 5 

1 8 . 0 0 

1 8 . 2 5 

1 8 . 5 0 

1 8 . 7 5 

1 9 . 0 0 

1 9 . 2 5 

1 9 . 5 0 

1 9 . 7 5 

2 0 . 0 0 

2 0 . 2 5 

2 0 . 5 0 

2 0 . 7 5 

2 1 . 0 0 

2 1 . 2 5 

2 1 . 5 0 

2 1 . 7 5 

2 2 . 0 0 

2 2 . 2 5 

2 2 . 5 0 

2 eV 

3 5 1 5 3 . 5 1 

3 5 7 3 3 . 4 5 

3 6 3 1 3 . 4 0 

3 6 8 9 3 .35 
3 7 4 7 3 .29 
3 8 0 7 3 . 2 4 

3 8 6 5 3 . 1 9 

3925 3 . 1 4 

3 9 8 0 3 . 1 0 

4 0 3 5 3 .06 

4 0 9 0 3 .02 

4 1 4 6 2 . 9 8 

4200 

4 2 5 7 2 . 9 0 

4 3 1 2 

4 3 6 8 2 . 8 3 

4425 
4 4 8 2 2 . 7 3 

4539 
4597 2 . 6 8 

4655 

4 7 1 4 2 . 6 2 

4772 

4831 2 .55 
4887 

4 9 4 5 2 . 5 0 

5 0 0 1 

5 0 5 9 2 .44 

5 1 1 4 

5 1 7 0 2 . 3 9 



M i c r o m e t e r 
S e t t i n g 

2 2 . 7 5 5226 

2 3 . 0 0 5 2 8 2 2 . 3 4 

2 3 . 2 5 5 3 3 8 

2 3 . 5 0 5 3 9 4 2 . 2 9 

2 3 . 7 5 5 4 5 0 

2 4 . 0 0 5 5 0 7 2 . 2 4 

2 4 . 2 5 5 5 6 4 

2 4 . 5 0 5 6 2 4 2 . 1 9 

2 4 . 7 5 5682 

2 5 - 0 0 5 7 4 1 2 . 1 5 

25 .25 5 7 9 7 

2 5 . 5 0 5 8 5 4 

2 5 . 7 5 5 9 1 0 

2 6 . 0 0 5 9 6 7 2 . 0 7 
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3 TEE GROWTH OF SINGLE CRYSTALS 

3.1 The K y r o p o u l t s Technique. 

I n r e c e n t years, the growing of s i n g l e c r y s t a l s 
has "been s t i m u l a t e d "by the need f o r such i n i n v e s t i g a ­
t i o n s o f the p h y s i c a l p r o p e r t i e s o f the s o l i d s t a t e , 
and t h e r e are many methods now a v a i l a b l e . The 
commonest and cheapest method i s to grow from 
s o l u t i o n , "but th e r e are many disadvantages not the 
l e a s t o f which i s t h a t the growing time i s a matter 
of days r a t h e r than hours. Methods have been 
evolved f o r growing d i r e c t l y from the vapour (see 
Koref, 1922) and by e l e c t r o l y s i s (see van Liempt, 
1925) , but these methods are u s u a l l y used to 
magnify c r y s t a l s which have been grown by some 
ot h e r method. I n t h i s r e s p e c t , the zone-melting 
method developed by P i n t s c h (1918) , and the c o l d 
work r e c r y s t a l l i z a t i o n method of Sauveur ( 1912) , 
are s i m i l a r . The most g e n e r a l l y u s e f u l method f o r 
o b t a i n i n g l a r g e s i n g l e c r y s t a l s i n the l a b o r a t o r y 
i s to grow from the m e l t , and many techniques based 
on t h i s have been ev o l v e d , t h r e e o f which are 
worthy o f n o t e . These are the "flame f u s i o n 
process" developed by V e r n e u i l ( 1904) , by which 
c r y s t a l s o f ruby, r u t i l e and sapphire have been 
s u c c e s s f u l l y grown? the Stockbarger method ( 1938 ) , 
which has been used e x t e n s i v e l y to grow c r y s t a l s 
o f metals* and, f i n a l l y , the technique devised 
by Kyropoulds (1926, 1930) , m a i n l y used t o grow 
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c r y s t a l s o f the a l k a l i h a l i d e s . The choice o f 
technique i n a p a r t i c u l a r case depends on the 
p r o p e r t i e s , most i m p o r t a n t of which i s the m e l t i n g 
p o i n t , o f the substance i n v o l v e d , but e s s e n t i a l l y 
they are the same i n t h a t they are methods o f 
prod u c i n g a temperature g r a d i e n t at the m e l t i n g 
p o i n t over a small p o r t i o n o f the m e l t . 

I n the Kyropoulfcs t e c h n i q u e , a seed c r y s t a l 
i s supported so t h a t one end dip s i n t o the melt 
w h i l s t the o t h e r i s cooled by a stream o f water. 
A temperature g r a d i e n t i s developed w i t h i n the 
seed, and t h i s can be v a r i e d by a l t e r i n g the r a t e 
of f l o w of the water. The r a t e a t which heat i s 
conducted away from the melt immediately surround­
i n g the seed may t h e r e f o r e be c o n t r o l l e d . When 
t h i s exceeds the r a t e a t which heat i s r e c e i v e d 
from the furnace s o l i d i f i c a t i o n occurs on the seed 
u n t i l the r a t e o f c o o l i n g o f the s u r r o u n d i n g melt 
becomes too low, when the growing s t o p s . This 
e q u i l i b r i u m i s d i s t u r b e d i f the seed i s r a i s e d a 
l i t t l e , and f u r t h e r s o l i d i f i c a t i o n occurs. By 
s l o w l y r a i s i n g the seed so t h a t o n l y the lower 
s u r f a c e i s i n c o n t a c t w i t h the melt a s i n g l e c r y s t a l 
can be g r a d u a l l y drawn from the m e l t . 

The s i z e o f c r y s t a l which can be grown by t h i s 
method depends on the s i z e of the f u r n a c e ; t h i s i s 
common t o a l l the methods mentioned. There i s , 
however, a l i m i t a t i o n p e c u l i a r to the K y r o p o u l i s 
t e c h n i q u e . The r a t e o f growth i s d i r e c t l y 



50. 

p r o p o r t i o n a l to the r a t e a t which heat i s conducted 
away from the m e l t , and t h i s i s d i r e c t l y p r o p o r t i o n a l 
to the temperature g r a d i e n t i n the growing c r y s t a l • 
As the c r y s t a l grows t h i s g r a d i e n t decreases and the 
r a t e o f growth f a l l s . There i s thus a growing time 
which i t i s s c a r c e l y w o r t h w h i l e to exceed. With 
the a l k a l i h a l i d e s t h i s growing time i s about t h r e e 
t o f o u r hours• 

The technique i s a convenient one f o r use w i t h 
m a t e r i a l s o f f a i r l y low thermal c o n d u c t i v i t y . I t s 
advantages are t h a t the necessary apparatus i s 
c o m p a r a t i v e l y s i m p l e , and t h a t the a c t u a l growth 
can be d i r e c t l y observed and c o n t r o l l e d e a s i l y . I t 
i s t h e r e f o r e an emminently s u i t a b l e method f o r grow­
i n g s i n g l e c r y s t a l s o f the a l k a l i h a l i d e s . 

3«2 The Growing Apparatus. 

The growing apparatus was t h a t used by 
T. L. Goodfellow (1955) who has given a f u l l 
d e s c r i p t i o n o f i t . A b r i e f summary o f t h i s w i l l 
he given here. 

The furnace c o n s i s t e d o f a thermal alumina 
core around which the h e a t i n g c o i l o f nichrome w i r e 
was wrapped. The core was t h e r m a l l y i n s u l a t e d 
from i t s surroundings by a packing of diatomaceous 
e a r t h around i t . The furnace was run from the 
mains, and d i s s i p a t e d energy at the r a t e o f 1 . 3 / 4 
k i l o w a t t s . The temperature c o n t r o l l e r was 
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e s s e n t i a l l y an A.C. b r i d g e , one arm of which was a 
p l a t i n u m r e s i s t a n c e thermometer c o n t a i n e d i n s i d e 
the c o r e , and whose o u t p u t was made to t r i g g e r a 
s w i t c h so t h a t a r e s i s t a n c e i n s e r i e s w i t h the 
h e a t i n g c o i l was s h o r t - c i r c u i t e d when the temperature 
f e l l below the r e q u i r e d temperature, and v i c e v e r s a . 
This u n i t proved to be a d e l i c a t e c o n t r o l l e r o f 
temperature i n the range 500°C to 1000°C. The 
seed c r y s t a l was held i n a n i c k e l chuck brazed to 
a n i c k e l tube which was supported v e r t i c a l l y along 
the a x i s o f the core. The s u p p o r t i n g s t r u c t u r e 
allowed the tube to be moved up and down by the 
m a n i p u l a t i o n of a screw. I n s i d e the tube was a 
c o n c e n t r i c tube t h r o u g h which water c o u l d f l o w . 
Side by side w i t h the growing furnace was an 
i d e n t i c a l f u rnace used f o r a n n e a l i n g the newly 
grown c r y s t a l . I t s o n l y temperature c o n t r o l was 
a r h e o s t a t i n s e r i e s w i t h the h e a t i n g c o i l , 
a d j u s t e d so t h a t the r a t e o f h e a t i n g was equal t o 
the r a t e o f c o o l i n g a t a temperature of about 700°C. 

Throughout most of the work p o r c e l a i n 
c r u c i b l e s were used to c o n t a i n the m e l t . D u r i n g 
growth, a c r u c i b l e r e s t e d i n the furnace on the 
c y l i n d r i c a l r e f r a c t o r y b r i c k s which f i t t e d l o o s e l y 
i n t o the bottom of the core. Towards the end of 
the work a g r a n t from the Royal S o c i e t y was used t o 
o b t a i n a p l a t i n u m c r u c i b l e . Since the w a l l t h i c k ­
ness of the c r u c i b l e was o n l y 0.006" the c r u c i b l e 
r e s t e d i n the fur a n c e i n a r e f r a c t o r y cement mould 
which gave the w a l l s some mechanical s u p p o r t . 
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3.3 The Growing Technique. 

The c r u c i b l e was packed w i t h the m a t e r i a l 
say NaCl, and placed c e n t r a l l y i n the furnace core. 
I t was i m p o r t a n t to see t h a t the b r i c k s at the 
bottom o f the core were a l s o c e n t r a l , o t h e r w i s e 
asymmetric c o o l i n g o f the melt would occur and 
hence the c r y s t a l would not grow s y m m e t r i c a l l y * 
A seed of dimensions 3 om z 0.6 cm was prepared 
and i n s e r t e d i n t o the chuck. The seed should be 
of the same m a t e r i a l as the melt and be a s i n g l e 
c r y s t a l * The m a t e r i a l was melted and held at a 

o 
temperature which was about 50 0 above i t s m e l t i n g 
p o i n t . 

The melting-back process i s now begun. 
Cooled by a f l o w o f water, the chuck was lowered 
i n t o the furnace u n t i l the seed j u s t dipped i n t o 
the m e l t . I t was then f i x e d i n p o s i t i o n , and 
subsequent movement was achieved by the m a n i p u l a t i o n 
of the screw. The f l o w o f water was reduced u n t i l 
i t was j u s t b o i l i n g i n s i d e the n i c k e l t u b e , and the 
seed was allowed to melt back f o r a w h i l e , care 
b e i n g taken to m a i n t a i n c o n t a c t between the seed 
and the melt by l o w e r i n g the chuck when necessary. 
I t was s u f f i c i e n t to melt back f o r about 5 minutes. 

To i n i t i a t e g rowth, the f l o w of water was 
inc r e a s e d u n t i l i t emerged t e p i d and the fu r n a c e 
was cooled to a temperature j u s t above the m e l t i n g 
p o i n t . C r y s t a l l i z a t i o n was observed as an ever 
w i d e n i n g c i r c l e around the seed. By screwing up 
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the chuck a l i t t l e a t 5 minute i n t e r v a l s t h i s 
c i r c l e reached a maximum diameter of about 4 em 
before v e r t i c a l growth became i m p o r t a n t . When 
t h i s stage was reached i t was s u f f i c i e n t to 
leng t h e n the p e r i o d s between adjustments to the 
h e i g h t o f the chuck to 15 or 20 minutes. When 
the c r y s t a l was grown i t was t r a n s f e r r e d to the 
ann e a l i n g f u r n a c e , which had been switched on 
p r i o r t o t h i s and allowed t o reach i t s e q u i l i b r i u m 
t emperature. The c r y s t a l was cooled t o room 
temperature i n the a n n e a l i n g furnace over a p e r i o d 
o f 12 hours. 

The o n l y p a r t o f the process which was not 
d i r e c t l y observable was the me l t i n g - b a c k and the 
i n i t i a l g rowth; t h i s was due to the chuck 
o b s c u r i n g the seed. This stage was the most 
i m p o r t a n t one s i n c e , i f the melting-back were 
i n s u f f i c i e n t , a p o l y c r y s t a l would r e s u l t . The 
o b s e r v a t i o n a l d i f f i c u l t was overcome by u s i n g a 
galvanometer lamp s i t u a t e d above the furnace to 
i l l u m i n a t e the area o f the melt i m m e d i a t e l y 
s u r r o u n d i n g the seed- When the seed was j u s t 
i n c o n t a c t w i t h the melt a meniscus was present 
which r e f l e c t e d the l i g h t c l e a r o f the chuck, so 
t h a t a spot of l i g h t was v i s i b l e . Growth was 
i n d i c a t e d by the spot moving away from the seed. 

Caution had t o be e x e r c i s e d when the fur n a c e 
temperature was being reduced to induce growth, 
or o v e r - c o o l i n g o c c u r r e d , f r e e z i n g the s u r f a c e o f 
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the m e l t . F a c t o r s which had t o he taken i n t o 
account were the t h e r m a l l a g o f the growing 
c r y s t a l behind the a t t a i n m e n t of the temperature 
set "by the c o n t r o l l e r , and the w i d t h o f the 
opening a t the top o f the furnace core. U s u a l l y , 
the top o f the core was covered over except f o r a 
s t r i p f o r o b s e r v a t i o n - I f t h i s s t r i p was too 
wide, f r e e z i n g - o v e r became d i f f i c u l t t o a v o i d . 

The r e s u l t a n t c r y s t a l , r o u g h l y c y l i n d r i c a l 
i n shape, had a diameter o f about 4 cm and a 
l e n g t h of about 5 cm a f t e r f o u r hours of growth. 
C r y s t a l s o f t h i s s i z e have been grown o f NaCl, 
NaBr, H a l , 1 0 1 f O r , and K l u s i n g t h i s technique? 
and by m i x i n g the a p p r o p r i a t e h a l i d e o f the 
i m p u r i t y metal w i t h the charge i n the c r u c i b l e , 
c r y s t a l s have been grown c o n t a i n i n g Ca, Mn, Cr, 
Hi and Cu as d i v a l e n t i m p u r i t i e s . 
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4 EXPERIMENTAL PROCEDURES 

4 . 1 I n t r o d u c t i o n 

This chapter w i l l deal w i t h the techniques and 
exp e r i m e n t a l procedures employed i n o b t a i n i n g the 
r e s u l t s quoted i n l a t e r c h a p t e r s , so t h a t when i t 
i s time to descr i b e experiments c a r r i e d out t h i s 
can be done w i t h o u t a w e l t e r of d e t a i l which may 
obscure the p r i n c i p l e s i n v o l v e d . I t w i l l c o n t a i n , 
t h e r e f o r e , d e s c r i p t i o n s o f specimen p r e p a r a t i o n ? 
of how the a b s o r p t i o n measurements were performed; 
and o f how the c r y s t a l s were c o l o u r e d , bleached 
and c h e m i c a l l y analysed; and i t w i l l also p o i n t 
out the d i f f i c u l t i e s encountered and the p r e c a u t i o n s 
taken. Since the r e s u l t of any experiment depends 
upon the procedure adopted, a c r i t i c a l a p p r a i s a l o f 
the methods used w i l l be attempted i n or d e r t h a t 
some e v a l u a t i o n o f the r e s u l t s may be made. 

4.2 The Specimen. 

The s i z e o f specimen was governed, w i t h i n 
l i m i t s , by the s i z e o f the specimen h o l d e r o f the 
spectrophotometer. Two of these i n s t r u m e n t s were 
a v a i l a b l e - the one de s c r i b e d i n Chapter 2, which 
was m a i n l y used f o r measurements at low tem p e r a t u r e s , 
and a TJnicam S.P.500, which was used f o r room 
temperature work. The f i r s t of these demanded 
specimens about 1 cm square, w h i l e the l a t t e r 
r e q u i r e d specimen dimensions o f about 1.5 cm x 0.7 cm. 
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The t h i c k n e s s o f specimens used was 0.1 cm and 
under, but f o r q u a n t i t a t i v e work w i t h X-rayed 
c r y s t a l s , where u n i f o r m i t y o f c o l o u r i n g was 
d e s i r a b l e , c r y s t a l thicknesses were 0.05 cm and 
l e s s . 

A l l specimens were cleaved from the parent 
c r y s t a l along the (100) plane w i t h a sharp r a z o r -
b l a d e . This method gave specimens o f u n i f o r m 
t h i c k n e s s and having e x c e l l e n t s u r f a c e s , p r o v i d i n g 
the c r y s t a l had been w e l l - a n n e a l e d ; o f t e n , i n 
cases where the c r y s t a l had been quenched, or 
merely p o o r l y annealed, c l e a v i n g was d i f f i c u l t and 
specimens w i t h poor s u r f a c e s r e s u l t e d . The 
e f f e c t o f s u r f a c e q u a l i t y on o p t i c a l a b s o r p t i o n i s 
discussed i n the next s e c t i o n , and i t i s s u f f i c i e n t 
here to assume t h a t a good surface i s d e s i r a b l e . 
Improvements, where necessary, were achieved by 
p o l i s h i n g the specimen. A t h i c k glass p l a t e 
covered w i t h s o f t c l o t h formed a f l a t s u r f a c e on 
which the c r y s t a l was rubbed, and a l c o h o l soaked 
i n t o the c l o t h , or a paste o f f i n e l y powdered ZnO^,, 
was used as the a b r a s i v e . To p r o t e c t the c r y s t a l 
from moisture from the hand f i n g e r s t a l l s were 
used. Apart from t h i s process f i n g e r s t a l l s were 
not u s e d i n the general m a n i p u l a t i o n of the specimen 
since i t was easy to hold the specimen by t h e sides 
and to a v o i d t o u c h i n g the s u r f a c e ; i n any case, 
s t r i c t p r e c a u t i o n s of t h i s n a t u r e are necessary o n l y 
when measurements beyond 200 mji are contemplated, 
where the sur f a c e e f f e c t i s l a r g e . 
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4*3 I n i t i a l A b s o r p t i o n . 

The a l k a l i h a l i d e s are t r a n s p a r e n t t o l i g h t 
down to about 200 mu, but t h e r e i s an apparent 
a b s o r p t i o n , which has v i r t u a l l y a c o n s t a n t value 
from 1000 mu to about 200 mu i n NaCl, due to 
r e f l e c t i o n of l i g h t at the s u r f a c e s . The o p t i c a l 
d e n s i t y a s s o c i a t e d w i t h t h i s i s about 0 # 0 5 . 
Another source o f apparent a b s o r p t i o n i s s u r f a c e 
s c a t t e r i n g which accounts f o r the r i s e of the 
a b s o r p t i o n curve towards 200 mu. I t was necessary 
to determine t h i s i n i t i a l apparent a b s o r p t i o n i n 
each case b e f o r e the specimen was i r r a d i a t e d so 
t h a t the e f f e c t of the c o l o u r i n g t r e a t m e n t c o u l d 
be assessed. I n the case of a d d i t i v e l y c o l o u r e d 
c r y s t a l s , where by n a t u r e of the c o l o u r i n g process 
i t was i m p o s s i b l e to measure i n i t i a l a b s o r p t i o n , 
i t was i m p o r t a n t t h a t specimens should have good 
s u r f a c e s from which s c a t t e r i n g was n e g l i g i b l e , so 
t h a t the i n i t i a l apparent a b s o r p t i o n c o u l d be 
c a l c u l a t e d from Presnel's laws of r e f l e c t i o n . 

Since some s l i g h t d e t e r i o r a t i o n o f s u r f a c e 
was i n e v i t a b l e d u r i n g c o l o u r i n g and b l e a c h i n g , i t 
was i m p o r t a n t to f i n d out the magnitude of the 
e f f e c t . F i g u r e 14a shows the u l t r a v i o l e t 
a b s o r p t i o n of specimens w i t h a range of s u r f a c e 
q u a l i t y , and f i g u r e 1 4 ° shows the e f f e c t of 
s c r a t c h i n g the s u r f a c e i n t e n s i v e l y . G e n e r a l l y , 
i t was found t h a t d e t e r i o r a t i o n r a i s e d the general 
l e v e l of a b s o r p t i o n and steepened the curve near 
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200 mu. and the d e t e r i o r a t i o n was always e a s i l y 
v i s i b l e to the eye. The s l i g h t d e t e r i o r a t i o n o f 
a specimen d u r i n g experiments produced o n l y a 
n e g l i g i b l e change i n i n i t i a l a b s o r p t i o n . 

G e n e r a l l y , t h e n , i t was ad v i s a b l e t o use a 
specimen w i t h a good s u r f a c e so t h a t the i n i t i a l 
a b s o r p t i o n i n the u l t r a v i o l e t was low. A 
specimen which was i n a d v e r t e n t l y s c r a t c h e d d u r i n g 
an experiment was d i s c a r d e d . 

4.4 Measurement o f A b s o r p t i o n . 

I n d e t e r m i n i n g the a b s o r p t i o n spectrum o f a 
specimen the same general technique was used w i t h 
o i t h o r i n s t r u m e n t s a v a i l a b l e . The c o l o u r e d specimen 
was brought immediately from the c o l o u r i n g or 
b l e a c h i n g s i t e to the i n s t r u m e n t to be used, so t h a t 
thermal b l e a c h i n g of the c o l o u r a t i o n ( u s u a l l y v e r y 
slow at room temperature) was n e g l i g i b l e ; and 
o p t i c a l b l e a c h i n g was e l i m i n a t e d by c a r r y i n g the 
specimen i n a l i g h t - t i g h t box. For the same 
reason the specimen was loaded i n t o the s p e c t r o ­
photometer i n semi-darkness. Ueta and Kanzig 
( 1 9 5 4 ) mention the p r e c a u t i o n o f w a i t i n g 10 minutes 
a f t e r o p t i c a l b l e a c h i n g b e f o r e b e g i n n i n g measure­
ments to a l l o w the F !-band to decay, but attempts t o 
observe t h i s decay by making repeated measurements 
of o p t i c a l d e n s i t y around 720 mu from 5 t o 10 
minutes a f t e r b l e a c h i n g have f a i l e d . I t would 
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appear t h a t the F f-band, i f formed at a l l at room 
temperature, has deoayed w i t h i n 10 minutes, so 
t h e r e i s no danger i n i t s m a n i f e s t i n g i t s e l f as 
a broadening o f the F-band. 

Although the g r a t i n g spectrophotometer and 
the Unioam had t h e i r own r e s p e c t i v e measuring 
procedures the u n d e r l y i n g p r i n c i p l e s are the same. 
A b s o r p t i o n measuring i n s t r u m e n t s are based on the 
v a l i d i t y o f de Beer's law, t h a t i s 

_ T - a t I = I e o 

where I i s the i n t e n s i t y of l i g h t i n c i d e n t on 
an absorbing l a y e r , I i s the i n t e n s i t y a f t e r 
t r a v e l l i n g t cm., and a i s the a b s o r p t i o n 
c o n s t a n t . The spectrophotometer i s used to measure 
the r a t i o I / l . I n the Unicam t h i s r a t i o i s o' 
expressed as the f u n c t i o n l o g ^ Q which i s the 
o p t i c a l d e n s i t y , d. The r e l a t i o n between d and 
a i s 

a m 2 .303d/t cm" 1. 

Unless a comparison between specimens was d e s i r e d 
i t was convenient t o d i s p l a y a b s o r p t i o n measurements 
as p l o t s of d a g a i n s t the wavelength, Xf o t h e r ­
wise i t was necessary to measure t and c o n v e r t to 
the a b s o l u t e q u a n t i t y a. The t h i c k n e s s of 
specimens was measured on c o m p l e t i o n of experiments 
as a matter of course, u s i n g a micrometer-
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The wavelength i n t e r v a l between measurements 
o f d was o f some importance si n c e i f i t was too 
l a r g e a narrow hand c o u l d he missed. I t was 
found t h a t c o n v e n i e n t , but by no means r i g i d , 
r u l e s where c o l o u r e d NaCl or KC1 were concerned 
were to measure at i n t e r v a l s o f 25 to 50 mji i n 
the near i n f r a r e d , 10 to 20 mp, i n the v i s i b l e , 
and 10 mji i n the u l t r a v i o l e t * 

4*5 C o l o u r i n g by X-Rays. 

Of the t h r e e methods used f o r c o l o u r i n g 
c r y s t a l s , v i z . h e a t i n g w i t h sodium vapour, 
exposure to a, 3 , and X r a y s , and i r r a d i a t i o n 
w i t h X-rays, the l a t t e r was used most e x t e n s i v e l y , 
A machine manufactured by American P h i l i p s Company 
housed i n a dark-room and having a tube w i t h a 
copper t a r g e t , was used as the source of X-rays, 
and i t was operated a t 40 and 20 mA. The 
apparatus i s shown i n f i g u r e 16. The c r y s t a l to 
be i r r a d i a t e d was h e l d a t a r e p r o d u c i b l e d i s t a n c e 
away from the source. This dis t a n o e was about 
12 cm and was s u f f i c i e n t l y b i g to ensure u n i f o r m 
i r r a d i a t i o n over the c r y s t a l s u r f a c e by the s l i g h t l y 
d i v e r g i n g X-ray beam. 

When the tube was r u n n i n g i t emits a dim glow 
and i t was thought a d v i s a b l e to see i f t h i s had 
any e f f e c t on the r e s u l t a n t c o l o u r a t i o n . Two 
specimens from the same c r y s t a l were i r r a d i a t e d 
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one b e i n g l e f t u n c o v e r e d , t h e o t h e r b e i n g c o v e r e d 
w i t h b l a c k p a p e r . The r e s u l t a n t a b s o r p t i o n 
s p e c t r a were i d e n t i c a l , showing t h a t t h e e f f e c t 
was n e g l i g i b l e . C o n s e q u e n t l y , c r y s t a l s were 
i r r a d i a t e d u n c o v e r e d i n g e n e r a l s i n c e t h e use o f 
c o v e r i n g o n l y i n c r e a s e d t h e t i m e o f exposure 
n e c e s s a r y t o g i v e a g i v e n d e n s i t y o f c o l o u r a t i o n . 
As i t was, t i m e s o f exposure r a n g e d f r o m 1 hour 
t o 7 h o u r s . 

To a c h i e v e e x p o s u r e t i m e s o f t h i s o r d e r i t 
was n e c e s s a r y t o d i s p e n s e w i t h a f i l t e r i n t h e 
X-r a y beam. Specimens were t h e r e f o r e exposed t o 
a beam of h e t e r o g e n e o u s X - r a y s , the f u l l copper 
s p e c t r u m i n f a c t , and t h i s c o m p l i c a t e s any 
i n t e r p r e t a t i o n o f the X-ray a b s o r p t i o n o f the 
c r y s t a l . The q u e s t i o n o f u n i f o r m i t y o f c o l o u r a ­
t i o n was n o t i m p o r t a n t where q u a l i t a t i v e work 
such as t h e d e t e r m i n a t i o n o f band p o s i t i o n or 
co m p a r i t i v e c o l o u r i b i l i t y was c o n c e r n e d , b u t 
q u a n t i t a t i v e i n t e r p r e t a t i o n o f r e s u l t s i s v a s t l y 
s i m p l i f i e d i f t h e c o l o u r a t i o n i s u n i f o r m . A 
t h i c k c r y s t a l was i r r a d i a t e d and c l e a v e d i n t o 
s e c t i o n s ? t h e i n t e n s i t y o f t h e F-band i n each 
s e c t i o n was t h e n measured. The r e s u l t s a r e g i v e n 
i n f i g u r e 17* The e x p e r i m e n t shows t h a t t h e b u l k 
o f t h e c o l o u r a t i o n r e s i d e s w i t h i n 0.05 cm o f the 
i r r a d i a t e d s u r f a c e , b u t c o l o u r a t i o n f a l l s o f 
r a p i d l y t o w a r d s t h e i n t e r i o r o f t h e c r y s t a l due t o 
a b s o r p t i o n o f the X - r a y s . A l t h o u g h i t was p o s s i b l e 
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t o a c h i e v e more n e a r l y u n i f o r m c o l o u r a t i o n i n 
t h i c k e r specimens by r e v e r s i n g the specimen h a l f 
way t h r o u g h the c o l o u r i n g p r o c e s s , i t was t h o u g h t 
more d e s i r a b l e i n c o l o u r i b i l i t y e x p e r i m e n t s t o 
do t h i s by u s i n g specimens o f t h i c k n e s s l e s s t h a n 
0.05 cm. The e f f e c t o f n o n - u n i f o r m i t y i s 
d i s c u s s e d i n s e c t i o n 8*9« 

4*6 C o l o u r a t i o n by Y-Ray3» 

At t h e b e g i n n i n g o f t h i s work c o l o u r a t i o n o f 
c r y s t a l s was o b t a i n e d by l e a v i n g t h e specimens 
n e a r a r a d i u m c a p s u l e ( l m C u r i e ) . The specimens 
were p l a c e d i n l i g h t - t i g h t a l u m i n i u m c o n t a i n e r s , 
one above and one below the r a d i u m i n the manner 
shown i n f i g u r e 15• The a - r a y s and most o f the 
3 - r a y s were absorbed by t h e a l u m i n i u m so t h a t the 
b u l k o f t h e o o l o u r i n g was due t o Y - rays. The 
advantage o f t h i s method was the h i g h degree o f 
u n i f o r m i t y o f c o l o u r a t i on o b t a i n e d , b u t t h i s was 
o u t w e i g h e d by t h e l e n g t h o f t i m e n e c e s s a r y t o 
a r r i v e a t even a moderate d a r k e n i n g : t h r e e days 
near t h e s o u r c e gave d e n s i t i e s e q u i v a l e n t t o one 
h o u r o f X - i r r a d i a t i o n . U n f o r t u n a t e l y , a s t r o n g e r 
r a d i o - a c t i v e source was n o t a v a i l a b l e and o n l y a 
few c r y s t a l s , n o t a b l y some c o n t a i n i n g manganese 
(s e e S c h n e i d e r and C a f f y n , 1 9 5 5 ) , were c o l o u r e d by 
t h i s method. 
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4.7 A d d i t i v e C o l o u r a t i o n . 

A h i g h - t e m p e r a t u r e chamber, shown d i a g r a m m a t i c a l l y 
i n f i g u r e 18 was c o n s t r u c t e d so t h a t c r y s t a l s c o u l d 
be a d d i t i v e l y c o l o u r e d . I t c o n s i s t e d o f a c y l i n d e r 
o f b r a s s , c l o s e d a t one end and c a r r y i n g a f l a n g e 
on the o t h e r where t h e c y l i n d e r ends i n a k n i f e -
edge, c l e a r i n g t h e f l a n g e by l / 8 i n c h - A b r a s s 
l i d f i t t e d c l o s e l y on t o the f l a n g e and was s e c u r e d 
by e i g h t b r a s s b o l t s , so t h a t t h e k n i f e - e d g e c u t 
i n t o a copper a n n u l u s , making a m o d e r a t e l y a i r ­
t i g h t s e a l . A l o n g b r a s s t u b e was screwed i n t o 
t h e c e n t r e o f the l i d and h a r d s o l d e r e d , and i t s 
o t h e r end was j o i n e d t o a vacuum t a p and B19 cone 
by a m e t a l - t o - g l a s s s e a l , e f f e c t e d w i t h t h e t h e r m a l l y 
s e t t i n g p l a s t i c , a r a l d i t e . The chamber c o u l d t h u s 
be p a r t i a l l y e v a c u a t e d . 

The t e c h n i q u e , b r i e f l y , was t o drop a f r a g m e n t 
o f sodium i n t o t h e chamber, c o v e r w i t h a b r a s s 
gauze, and p l a c e on t o p the c r y s t a l t o be c o l o u r e d . 
The l i d was t h e n b o l t e d down t i g h t l y , b u t u n i f o r m l y , 
and t h e e n c l o s u r e was e v a c u a t e d as f a r as p o s s i b l e . 
The chamber was t h e n h e a t e d i n the f u r n a c e f o r an 
h o u r , or l o n g e r i f h e a v i e r c o l o u r i n g was d e s i r e d , 
a t a t e m p e r a t u r e o f about 700°C. The chamber was 
w i t h d r a w n w h i l e h o t and quenched i n w a t e r . The 
c r y s t a l s were t h e n removed and c l e a v e d ( t h o s e , t h a t 

not 
i s , w h i c h w e r e ^ h o p e l e s s l y s h a t t e r e d i n q u e n c h i n g ) 
t o o b t a i n a specimen w i t h good s u r f a c e s ( s e e 
s e c t i o n 4 . 3 ) . , 
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S e v e r a l a t t e m p t s were made t o a d d i t i v e l y 
c o l o u r i n an e v a c u a t e d Pyrex c o n t a i n e r a t a 
t e m p e r a t u r e j u s t below t h e s o f t e n i n g p o i n t o f 
the g l a s s ( a b o u t 500°C). A l l a t t e m p t s f a i l e d ; 
p r o l o n g e d h e a t i n g was a l s o i n e f f e c t i v e . A l t h o u g h 
t h e specimen r e m a i n e d c o l o u r l e s s , i t was i n t e r e s t ­
i n g t o n o t i c e t h a t t h e Pyrex a p p a r e n t l y became 
c o l o u r e d a deep brown. C l o s e r e x a m i n a t i o n 
showed t h e c o l o u r t o be t h a t o f a t h i n l a y e r on 
t h e i n n e r s u r f a c e o f the t u b e , a l a y e r w h i c h 
c o u l d be s c r a t c h e d o f f b u t r e s i s t a n t t o 
c o n c e n t r a t e d a c i d s , w a t e r and a l c o h o l . A b s o r p t i o n 
measurements showed t h e c o l o u r t o be due t o a b r o a d 
band p e a k i n g a t 310 mu. To assess t h e n a t u r e o f 
th e l a y e r t h r e e c o n t a i n e r s were p r e p a r e d , one 
c o n t a i n i n g a UaCl c r y s t a l p l u s sodium, one 
c o n t a i n i n g CaCl^ powder p l u s sodium^ and t h e t h i r d 
c o n t a i n i n g m e r e l y a p i e c e o f sodium. The CaCl^ 
was i n c l u d e d s i n c e i t was known t h a t a l l t h e 
c r y s t a l s on w h i c h c o l o u r i n g a t t e m p t s had been made 
c o n t a i n e d c a l c i u m . I t was f o u n d t h a t o n l y the 
tube c o n t a i n i n g NaCl p l u s sodium became c o l o u r e d , 
w h i c h s u g g e s t s t h a t t h e l a y e r was s u b l i m e d NaCl 
a d d i t i v e l y c o l o u r e d i n some way by t h e sodium. I t 
was n o t e d t h a t the c o l o u r b l e a c h e d v e r y s l o w l y i n 
d a y l i g h t , w h i c h s u p p o r t s t h e v i e w t h a t some t y p e o f 
c o l o u r c e n t r e was i n v o l v e d ( s e e s e c t i o n 1 . 2 ) . No 
f u r t h e r i n v e s t i g a t i o n was a t t e m p t e d . 
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4*8 B l e a c h i n g P r o c e d u r e s * 

O p t i o a l "bleaching o f c o l o u r e d specimens was 
c a r r i e d out w i t h l i g h t f r o m e i t h e r an o r d i n a r y 
100 w a t t t u n g s t e n lamp or a cadmium v a p o u r lamp 
( s e e f i g u r e s 19 and 2 0 ) . I n b o t h cases an 
I l f o r d f i l t e r was used t o c o n f i n e t h e l i g h t 
r e a c h i n g t h e specimen t o a band encompassing t h e 
w a v e l e n g t h o f t h e F-band peak. To b l e a c h t h e 
NaCl F - b a n d | f i l t e r No. 602 was used. T h i s 
passed a s p e c t r a l band between 455 and 470 mu , 
w h i c h t h e r e f o r e c o n f i n e d t h e l i g h t f r o m t h e 
cadmium lamp t o t h e l i n e s a t 467 mjj and 4&0 mp,. 
The I l f o r d f i l t e r , No. 605, p a s s i n g a band between 
530 mu and 575 , was used f o r b l e a c h i n g t h e KC1 
F-band. B l e a c h i n g was c a r r i e d o u t i n a d a r k ­
room t o e l i m i n a t e t h e e f f e c t o f s t r a y l i g h t , 

The cadmium a p p a r a t u s was d e s i g n e d so t h a t 
t h e c r y s t a l c o u l d be b l e a c h e d a t a r e p r o d u c i b l e 
d i s t a n c e f r o m t h e s o u r c e , t h e r e b y a l l o w i n g a 
c o m p a r i s o n between c r y s t a l s t o be made e a s i l y . 
The t u n g s t e n lamp was m a i n l y used f o r p u r e l y 
' q u a l i t a t i v e b l e a c h i n g 1 , t h a t i s , t o f i n d o u t 
what new bands were p r o d u c e d by b l e a c h i n g w i t h o u t 
a t t e m p t i n g t o compare t h e i r i n t e n s i t i e s w i t h t h o s e 
f o u n d i n o t h e r c r y s t a l s . The two methods gave 
s i m i l a r r e s u l t s , i . e . i n a b l e a c h i n g t i m e o f 1 h o u r , 
r o u g h l y t h e same degree o f b l e a c h i n g was a t t a i n e d 
i n a p a r t i c u l a r specimen, by each method-
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4»9 D e t e r m i n a t i o n o f I m p u r i t i e s * 

S i n c e the "bulk o f t h i s work was done on 
c r y s t a l s c o n t a i n i n g manganese and c a l c i u m as 
i m p u r i t i e s i t was i m p o r t a n t t h a t t h e c o n c e n t r a t i o n 
o f t h e s e m e t a l s i n c r y s t a l s be known. A n a l y t i c a l 
methods were c o n s i d e r e d i n the l i g h t o f the f a c t 
t h a t o n l y s m a l l q u a n t i t i e s o f i m p u r i t y , a m a t t e r 
o f micrograms i n 1 gm o f t h e c r y s t a l , had t o be 
e s t i m a t e d . I n v i e w o f t h i s t h e g e n e r a l macro-
a n a l y t i c a l method o f p r e c i p i t a t i n g t h e s u b s t a n c e 
t o be d e t e r m i n e d , and w e i g h i n g , was u n s u i t a b l e , 
u n l e s s t h e s u b s t a n c e c o u l d be p r e c i p i t a t e d as a 
compound o f h i g h m o l e c u l a r w e i g h t t h u s a m p l i f y i n g 
t h e e f f e c t o f the s m a l l q u a n t i t y . A much more 
c o n v e n i e n t and s e n s i t i v e a m p l i f i c a t i o n i s t o a l l o w 
t h e i m p u r i t y t o f o r m a c o l o u r e d complex, o r t o 
change the c o l o u r o f an e x i s t i n g complex, and t o 
measure the e f f e c t w i t h an a b s o r p t i o n s p e c t r o ­
p h o t o m e t e r . C o l o u r i m e t r i e methods f o r e s t i m a t i n g 
manganese and c a l c i u m were t h e r e f o r e used. 

To d e t e r m i n e manganese the method o f W i l l a r d 
and G r e a t h ouse, (1917) was used. I n p r i n c i p l e t h e 
method c o n s i s t s o f a c o n v e r s i o n o f t h e manganese 
t o p o t a s s i u m permanganate, and a c o m p a r i s o n o f the 
i n t e n s i t y o f ^ c o l o u r o b t a i n e d w i t h t h a t o f a s t a n d a r d 
s o l u t i o n o f permanganate. A c a l i b r a t i o n c u r v e was 
f i r s t o b t a i n e d by m e a s u r i n g t h e o p t i c a l d e n s i t y , a t 
a w a v e l e n g t h o f 525 m ( i * o f a s o l u t i o n h a v i n g a 
known c o n c e n t r a t i o n o f permanganate, and r e p e a t i n g 
t h i s o ver a r a n g e of c o n c e n t r a t i o n s . The amount 
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o f manganese i n each s t a n d a r d s o l u t i o n was 
c a l c u l a t e d , and a g r a p h was drawn p l o t t i n g 
o p t i c a l d e n s i t y a g a i n s t mass o f manganese. 

The p r o c e d u r e was t h e n as f o l l o w s . About 
1 gm o f t h e c r y s t a l was weighed and d i s s o l v e d i n 
5 ml o f c o n c e n t r a t e d E^SO^ i n a b o i l i n g t u b e . 
The s o l u t i o n was p l a c e d i n a fume c u p b o a r d , and 
b o i l e d u n t i l a l l t h e c h l o r i n e had been d r i v e n 
o f f . 1 ml o f c o n c e n t r a t e d p h o s p h o r i c a c i d was 
t h e n added and t h e s o l u t i o n was d i l u t e d to about 
10 ml w i t h d i s t i l l e d w a t e r . Excess KIO^ ( a b o u t 
0.2 gm) was added w h i l e t h e s o l u t i o n was s t i l l 
warm, t o form t h e permanganate. When c o o l the 
s o l u t i o n was made up t o 25 ml i n a g r a d u a t e d 
f l a s k . O p t i c a l d e n s i t y measurements were t h e n 
p e r f o r m e d u s i n g s t a n d a r d a b s o r p t i o n c e l l s t o h o l d 
t h e s o l u t i o n i n t h e s p e c t r o p h o t o m e t e r . The 
i n s t r u m e n t used f o r a l l a n a l y s e s was a Unicam 
S.P.600. From t he c a l i b r a t i o n c u r v e , t h e amount 
o f manganese i n t h e o r i g i n a l c r y s t a l was c a l c u l a t e d 
and t h e r e s u l t e x p r e s s e d as a mole f r a c t i o n o f KaCl, 

From t i m e t o t i m e t h e c a l i b r a t i o n was checked 
w i t h known amounts o f manganese. E r r o r s f o u n d 
were o f t h e o r d e r o f 1$ f o r mole f r a c t i o n s o f 
about 10 , showing t h e method t o be a v e r y 
s a t i s f a c t o r y one. 

The c o n c e n t r a t i o n o f c a l c i u m was d e t e r m i n e d 
by t h e s p e c t r o p h o t o m e t r i c m i c r o - t i t r a t i o n method 
d e v e l o p e d by Chalmers, (1954), w h i c h depends on 
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t h e f a c t t h a t c a l c i u m forms a c o l o u r e d complex 
w i t h m u r e x i d e i n a l k a l i n e s o l u t i o n . Thus, when 
mu r e x i d e was added t o t h e s o l u t i o n c o n t a i n i n g 
c a l c i u m , and t h e s o l u t i o n made a l k a l i n e , a s t r o n g 
p i n k c o l o u r was o b t a i n e d . The complex was 
d e s t r o y e d by t h e a d d i t i o n o f d i s o d i u m -
e t h y l e n e d i a m i n e - t e t r a - a c e t a t e (E.D.T.A.), and 
mu r e x i d e was r e f o r m e d , g i v i n g t h e s o l u t i o n i t s 
c h a r a c t e r i s t i c p u r p l e c o l o u r . The r e a c t i o n was 
t h e r e f o r e a t t e n d e d by a c o l o u r change f r o m p i n k 
t o p u r p l e , and t h i s was used t o d e t e r m i n e t h e 
e n d - p o i n t when t h e c a l c i u m - m u r e x i d e complex was 
m i c r o - t i t r a t e d a g a i n s t E.D.T.A. Si n c e t h e 
c o l o u r change was a s u b t l e one, t h e e n d - p o i n t was 
d e t e r m i n e d a c c u r a t e l y by u s i n g t h e s p e c t r o p h o t o m e t e r 
t o f o l l o w t h e change o f a b s o r p t i o n a t 610 m|i as 
th e complex was d e s t r o y e d by t h e d r o p w i s e a d d i t i o n 
o f E.D.T.A-

The method worked v e r y s a t i s f a c t o r i l y so l o n g 
as t h e mole f r a c t i o n o f c a l c i u m was 20 x 10 ^ o r 
g r e a t e r , f o r w i t h t h e s e c o n c e n t r a t i o n s i t was 
p o s s i b l e t o o b t a i n s o l u t i o n s c o n t a i n i n g between 
10 |igm and 150 jjgm o f c a l c i u m per c c , w h i c h were 
optimum c o n c e n t r a t i o n s f o r t h e method- W i t h 
l o w e r mole f r a c t i o n s , i t was i m p o s s i b l e t o a c h i e v e 
optimum c o n c e n t r a t i o n s o f c a l c i u m , s i n c e a l i m i t 
was imposed by t h e s o l u b i l i t y o f t h e NaCl. 
C o n s e q u e n t l y , t h e e r r o r i n measurements o f mole 
f r a c t i o n s i n t h e r e g i o n 10 x 10~"^ and bel o w was 
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a b o u t 25#. For mole f r a c t i o n s a r o u n d 20 x 10 ^ 
t h e e r r o r was a b o u t 10$, but above 100 x 10 
t h e e r r o r became c o n s t a n t a t about 2$. 
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5.1 I n t r o d u c t i o n 

The o p t i c a l i n v e s t i g a t i o n o f c r y s t a l s 
c o n t a i n i n g manganese "began as p a r t o f a w i d e r 
programme, d e s i g n e d to i n v e s t i g a t e t h e s t a t e o f 
t h e manganese i o n s i n the l a t t i c e by measurements 
o f p a r a m a g n e t i c resonance a b s o r p t i o n , o p t i c a l 
a b s o r p t i o n and i o n i c c o n d u c t i v i t y ( s e e S c h n e i d e r 
and C a f f y n , 1955), and i t was c a r r i e d o ut on 
c r y s t a l s c o l o u r e d by Y - r a y s . S i n c e t h e r e s u l t s 
o f t h e programme have been p u b l i s h e d o n l y t h e 
main p o i n t s made w i l l be d i s c u s s e d i n t h i s c h a p t e r . 
More r e c e n t l y , t h e o p t i c a l work has been r e p e a t e d 
and e x t e n d e d by t h e a u t h o r , u s i n g X-ray c o l o u r e d 
c r y s t a l s , and a l s o t h e d i s t r i b u t i o n o f manganese 
i n s i n g l e c r y s t a l s has been i n v e s t i g a t e d , and i t 
i s t h i s work w h i c h w i l l be d e s c r i b e d i n t h i s 
c h a p t e r . 

The purpose o f t h e i n v e s t i g a t i o n was to go 
some way t o w a r d s a n s w e r i n g t h e q u e s t i o n s : how i s 
t h e manganese b u i l t i n t o t h e c r y s t a l , and what 
i m p e r f e c t i o n s does i t i n t r o d u c e i n t o the l a t t i c e ? 
I t i s known t h a t some d i v a l e n t i m p u r i t i e s i n NaCl 
and KC1 g i v e r i s e t o 2-bands ( s e e s e c t i o n 1.5) 
and i t was o f p a r t i c u l a r i n t e r e s t t o see i f 
manganese was s i m i l a r i n t h i s r e s p e c t , s i n c e o n l y 
t h e a l k a l i n e e a r t h s a r e known t o e x h i b i t t h i s 
phenomena. A l s o o f i n t e r e s t was the e f f e c t o f 
manganese on t h e c r y s t a l ' s c o l o u r i b i l i t y t o X - r a y s , 
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s i n c e i t i s known t h a t t h i s i s enhanced "by the 
p r e s e n c e o f some d i v a l e n t i m p u r i t i e s . Many 
s o l i d s c o n t a i n i n g manganese a r e l u m i n e s c e n t 
( K r b g e r , 1939? R a n d a l l , 1939; L a r a s c h , 19535 
e t a l . ) , and i t i s t h o u g h t t h a t t h i s i s due t o 
e l e c t r o n i c t r a n s i t i o n s i n s i d e M n + + i o n s b u i l t 
i n t o t h e l a t t i c e . I f t h i s o c c u r s i n NaCl i t 
w i l l i n d i c a t e how the manganese i s b u i l t i n . 

5.2 The Growth o f C r y s t a l s C o n t a i n i n g Mn 

C r y s t a l s were grown f r o m a m e l t c o n t a i n i n g 
A n a l a r HaCl and A n a l a r MnCl^, p r e s e n t i n the 
r a t i o o f about 1 0 0 : 1 . S i n c e c o n s i d e r a b l e 
d e c o m p o s i t i o n o f MnCl^ o c c u r r e d , w i t h t h e 
f o r m a t i o n o f b l a c k MnO^, when i t was mixed w i t h 
t h e i n i t i a l c h arge o f NaCl and m e l t e d , t h e i m p u r i t y 
s a l t was added d i r e c t l y t o t h e m e l t . I t was f o u n d 
t h a t when the m e l t c o n t a i n e d a h i g h p r o p o r t i o n o f 
MnCl^ g r o w t h was d i f f i c u l t , and the c r y s t a l s 
o b t a i n e d were s m a l l , and f a r f r o m c l e a r . The 
manganese i n the m e l t was g r a d u a l l y removed t o 
f o r m MnO^ i n a s l o w d e c o m p o s i t i o n p r o c e s s , and 
t h i s meant t h a t t h e second c r y s t a l t o be grown 
f r o m t h e m e l t was u s u a l l y l a r g e and c l e a r , and 
e a s i e r t o grow. 

C r y s t a l s have been grown i n w h i c h t h e mole 
f r a c t i o n o f manganese was as h i g h as 3 x 1 0 " ^ . 
At t h i s c o n c e n t r a t i o n t h e manganese i s l a r g e l y 
p r e s e n t i n t h e c r y s t a l as c o l l o i d a l a g g r e g a t e s , 



72 

making t h e c r y s t a l s a lmost opaque. C r y s t a l s 
h a v i n g a mole f r a c t i o n o f about 1 x 10 ^ were 
c l o u d y , b u t c l e a r c r y s t a l s were o b t a i n e d w i t h 
mole f r a c t i o n s o f 500 x 10~* and l e s s . The 
i n v e s t i g a t i o n s t o be d e s c r i b e d were c a r r i e d out 
u s i n g t h e s e c l e a r c r y s t a l s . 

5.3 The D i s t r i b u t i o n o f Mn i n the C r y s t a l . 

The d i s t r i b u t i o n o f manganese i n c r y s t a l s 
o f NaCl.Mn + + has been i n v e s t i g a t e d by G o o d f e l l o w 
(l955)« H i s e x p e r i m e n t s showed t h a t t h e 
c o n c e n t r a t i o n o f manganese i n c r e a s e d w i t h 
d i s t a n c e away f r o m t h e seed. H i s r e s u l t s were 
s i m i l a r t o t h o s e o f K e l t i n g and W i t t (1949), 
who i n v e s t i g a t e d t h e d i s t r i b u t i o n o f c a l c i u m i n 
c r y s t a l s o f l T a C l . C a + + . I n t h e c o u r s e o f 
d e t e r m i n i n g t h e manganese c o n c e n t r a t i o n o f 
s e v e r a l specimens t h e a u t h o r became i n c r e a s i n g l y 
d o u b t f u l o f t h e g e n e r a l v a l i d i t y o f Goodf eHow* s 
r e s u l t , and a c c o r d i n g l y , he i n v e s t i g a t e d t h e 
manganese d i s t r i b u t i o n i n t h r e e c r y s t a l s . 

The r e s u l t s o f t h e s e e x p e r i m e n t s a l o n g w i t h 
l i f e - s i z e d r a w i n g s o f c r o s s - s e c t i o n s o f the 
c r y s t a l s a r e shown i n f i g u r e 21. The shaded 
p o r t i o n s i n d i c a t e t h e s e c t i o n s o f t h e c r y s t a l s 
w h i c h were used i n t h e manganese d e t e r m i n a t i o n s . 
The r e s u l t s show t h a t t h e r e i s no g e n e r a l i n c r e a s e 
o f manganese c o n c e n t r a t i o n w i t h d i s t a n c e f r o m t h e 
seed, b u t r a t h e r , t h a t t h e c o n c e n t r a t i o n depends 
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upon the r a t e o f growth, i n c r e a s i n g when the 
r a t e r i s e s and decreasing when the r a t e f a l l s . 
Thus, c o n c e n t r a t i o n s were found to be h i g h e r 
where the c r y s t a l widened, and lower where i t 
narrowed, and t h i s suggested a dependence on 
growth r a t e , s i n c e when t h i s i s h i g h the c r y s t a l 
grows outwards, and v i c e versa* C r y s t a l 1 shows 
the dependence of c o n c e n t r a t i o n on shape 
p a r t i c u l a r l y w e l l . I t i s u n f o r t u n a t e t h a t the 
s e c t i o n between C and D i n C r y s t a l 2 was not 
s u c c e s s f u l l y analysed, f o r on the above t h e o r y 
i t should have a h i g h e r manganese content than 
s e c t i o n C. C r y s t a l 3 was grown at too h i g h a 
temperature, which accounts f o r i t s t h i n n e s s . 
When i t had grown 2 cm from the seed, growth 
almost stopped. Growth began at an increased 
r a t e when the furnace temperature was lowered 
and the c r y s t a l r a i s e d almost out of c o n t a c t w i t h 
the m e l t . S e c t i o n 51 r e f l e c t s t h i s i n a r e l a t i v e l y 
h i g h c o n c e n t r a t i o n of manganese. I t should be 
noted t h a t the a b s o l u t e values of the manganese 
c o n c e n t r a t i o n s have no s i g n i f i c a n c e i n t h i s 
d i s c u s s i o n since the c r y s t a l s were grown from 
d i f f e r e n t m e l t s . 

CJoodfellow 1 s r e s u l t would suggest t h a t 
t h e r e i s a simple dependence o f the c o n c e n t r a t i o n 
o f manganese i n the c r y s t a l to the c o n c e n t r a t i o n 
o f manganese i n the m e l t ; as the c r y s t a l grows the 
melt becomes p r o g r e s s i v e l y r i c h e r i n manganese, 
hence the r i s e i n c o n c e n t r a t i o n i n the c r y s t a l 
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i n the c r y s t a l d u r i n g growth, A r e l a t i o n s h i p o f 
t h i s s o r t i s almost c e r t a i n l y t r u e i n the case o f 
i m p u r i t i e s whioh do not s u f f e r decomposition i n the 
m e l t , e.g. c a l c i u m ; but as i t has a l r e a d y been 
s t a t e d t h e r e i s some decomposition of the manganese, 
and t h i s w i l l tend to c o u n t e r a c t the e n r i c h i n g o f 
the m e l t . Thus, a more u n i f o r m d i s t r i b u t i o n may 
be expected i n the c r y s t a l , and i n f a c t , the 
r e s u l t s shown i n f i g u r e 21 c o n f i r m t h i s . A 
dependence upon the r a t e of growth i s to be 
a n t i c i p a t e d , s i n c e t h i s , t o g e t h e r w i t h the r a t e of 
decomposition, determines the c o n c e n t r a t i o n o f 
manganese i n the m e l t . (For a t h e o r y o f i m p u r i t y 
d i s t r i b u t i o n i n c r y s t a l s grown from the melt see, 
f o r example, Hulme (1955)). 

5.4 C r y s t a l s Coloured w i t h X-rays. 

The c r y s t a l s to be discussed i n t h i s s e c t i o n 
and the next are c r y s t a l s which have been w e l l -
anneal ed. 

The a b s o r p t i o n spectrum a t room temperature o f 
the uncoloured c r y s t a l was measured. This was 
found to be i d e n t i c a l w i t h the spectrum o f u n c o l o u r e d 
HaCl i n the v i s i b l e and near i n f r a r e d , but i n the 
u l t r a v i o l e t r e g i o n the presence of manganese gave 
r i s e to a weak band a t 275 mji and a general i n c r e a s e 
i n a b s o r p t i o n towards 200 m̂ . The e f f e c t o f 
i n c r e a s i n g the c o n c e n t r a t i o n of manganese was t o 
accentuate the r i s e towards 200 m|i w i t h o u t 
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i n t e n s i f y i n g the band at 275 mji n o t a b l y . A v e r y 
weak band at 275 was also found i n uncoloured 
KCl.Mn + +, which suggests t h a t i t i s due to 
a b s o r p t i o n by the manganese i o n alone. The 
g e n e r a l r i s e towards s h o r t e r wavelengths has been 
noted before i n the case of a l k a l i h a l i d e s 
c o n t a i n i n g o t h e r d i v a l e n t i m p u r i t i e s (see s e c t i o n 
1.4). 

A t y p i c a l spectrum of the c o l o u r a t i o n due to 
i r r a d i a t i o n w i t h X-rays i s shown i n f i g u r e 22, i n 
which the V-band at 220 mjji, the F-band, and the 
M-band at 725 fflfi * are prominent. The c o l o u r a t i o n 
o b t a i n e d i n t h i s way was compared w i t h t h a t 
o b t a i n e d i n c r y s t a l s grown from Analar HaCl« I t 
was found t h a t the presence of manganese was 
r e s p o n s i b l e f o r : 

(1) I n c r e a s i n g the general l e v e l of 
a b s o r p t i o n i n the u l t r a v i o l e t . 

(2) Enhancing both the F-band and the 
V-band. 

A propos to the f i r s t o f t h e s e e f f e c t s , i t was 
found t h a t i n s e v e r a l specimens, i r r a d i a t i o n w i t h 
X-rays s l i g h t l y enhanced the 275 band. I n the 
case of KCl.Mn the u l t r a v i o l e t r i s e of 
a b s o r p t i o n was not as marked, but the F- and V-
bands were enhanced- This can be seen from 
f i g u r e s 23 and 24 which are s p e c t r a of c o l o u r e d 
specimens of about equal t h i c k n e s s , one of which 



4 

t % t 



s 

/ 

v. 

1 

5 

I 



i 

JL 

! 
8 

1 i 
s 

II 

JJ 



76 

c o n t a i n s manganese w h i l e the other does n o t . The 
i n t e n s i t y o f the F-band i n the manganese b e a r i n g 
c r y s t a l i s more than t w i c e t h a t o f the o t h e r , 
a f t e r a s h o r t e r i r r a d i a t i o n time,' and the same i s 
t r u e o f the V-band i n t e n s i t y . 

5.5 The E f f e c t o f B l e a c h i n g . 

The e f f e c t o f exposing the c r y s t a l to F-
l i g h t i s shown i n f i g u r e s 22, 23 and 24» I t oan 
be seen t h a t the decrease i n the F-band i s 
accompanied by the usual decrease i n the V-band. 
There i s also a f a l l i n the general u l t r a v i o l e t 
a b s o r p t i o n , but t h i s occurs c o m p a r a t i v e l y s l o w l y 
i n K a01.Mn + +. 

I n a l l cases a broadening o f the F-band on 
b l e a c h i n g was observed. KCl.Mn + + showed t h i s 
p a r t i c u l a r l y w e l l . However, t h i s broadening was 
found to occur i n NaCl and KC1 c r y s t a l s which 
c o n t a i n e d no manganese. This e f f e c t i s discussed 
f u r t h e r i n s e c t i o n 5»7. 

A comparison of the b l e a c h i n g r a t e s of the 
F-bands i n NaCl.Mn + + and NaCl was made. A 
specimen of Analar NaCl was wrapped i n black 
paper to e l i m i n a t e any b l e a c h i n g which might 
have occurred w i t h s t r a y l i g h t , and X-rayed f o r 
2-J hours. The F-band i n t e n s i t y was measured. 
The c r y s t a l was i r r a d i a t e d w i t h F - l i g h t f o r 5 
minutes and the F-band peak a b s o r p t i o n was again 
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measured. By r e p e a t i n g t h i s process a p l o t of 
the d e n s i t y , d, of the F-band peak a g a i n s t 
b l e a o h i n g time was o b t a i n e d . E x a c t l y the same 
method was used to o b t a i n a s i m i l a r p l o t f o r the 
c r y s t a l of NaCl.Mn + +. For purposes of comparison 
the r a t i o d/d ( = <x/a ) , where d was the d e n s i t y 

' 0 0 o 
b e f o r e b l e a c h i n g , was used. The b l e a c h i n g curves 
are shown i n f i g u r e 25 • I t can be seen t h a t the 
presence of manganese increases the b l e a c h i n g r a t e 
q u i t e s u b s t a n t i a l l y at the b e g i n n i n g of the 
b l e a c h i n g . 

5.6 The E f f e c t o f Quenching. 

A c r y s t a l was quenched by h e a t i n g i t i n the 
furnace f o r about 2 hours at 600°C and then a l l o w ­
i n g i t to c o o l r a p i d l y i n a i r . The c r y s t a l 
cooled to room temperature w i t h i n 5 minutes. 
Some c r y s t a l s were also quenched from 300°C. I t 
was observed t h a t some of the manganese was d r i v e n 
to the s u r f a c e d u r i n g the h e a t i n g process, and t h i s 
had to be wiped o f f b e f o r e a b s o r p t i o n measurements 
cou l d be taken. 

T y p i c a l s p e c t r a o f a quenched c r y s t a l which 
has been c o l o u r e d by X-rays, taken b e f o r e and 
a f t e r b l e a c h i n g , are shown i n f i g u r e 26. I t was 
g e n e r a l l y found t h a t quenching the c r y s t a l not o n l y 
enhanced the 275 mf-t "band, but was r e s p o n s i b l e f o r 
the appearance of an e q u a l l y s t r o n g band at 320 mji 
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and f o r very weak bands, at 440 mjj, 520 m|.i and 
240 mji. I t i s i n t e r e s t i n g t o n o t i c e t h a t these 
bands appear i n the a b s o r p t i o n spectrum of MnCl^. 
The bands appeared i n the a b s o r p t i o n spectrum of 
the uncoloured c r y s t a l and were s l i g h t l y enhanced 
by the c o l o u r i n g t r e a t m e n t . 

Quenched specimens were found to c o l o u r more 
r a p i d l y than w e l l - a n n e a l e d specimens. An 
experiment to measure the b l e a c h i n g r a t e o f the 
F-band, c a r r i e d out i n the manner d e s c r i b e d i n 
s e c t i o n 5.5 f showed t h a t they also bleached more 
r a p i d l y , (see f i g u r e 25). 

I t i s i n t e r e s t i n g t o note t h a t quenched 
specimens were luminescent when exposed to X-rays, 
and t h a t t h i s luminescence p e r s i s t e d f o r about 3 
hours a f t e r i r r a d i a t i o n . The luminescence was 
s t r o n g d u r i n g i r r a d i a t i o n , becoming weak immediately 
the X-rays were cut o f f . Observation o f the 
c r y s t a l through a d i r e c t - v i s i o n spectroscope showed 
t h a t the emission appeared t o c o n s i s t of w h i t e 
l i g h t , but the i n t e n s i t y o f l i g h t e m i t t e d was too 
low f o r t h i s t o be more a c c u r a t e l y a s c e r t a i n e d . 
An attempt was made to induce luminescence by 
exposing the f r e s h l y quenched c r y s t a l to u l t r a 
v i o l e t l i g h t e m i t t e d by the hydrogen lamp but t h i s 
f a i l e d . Whether t h i s was due to the luminescence 
being too weak to be d e t e c t e d by the eye, or to 
the i n s u f f i c i e n t energy of the u l t r a v i o l e t l i g h t , 
cannot be t o l d . A lthough photoluminescence as a 
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p r o p e r t y cannot be r u l e d o u t , the quenched c r y s t a l 
o f NaCl.Mn + + c e r t a i n l y e x h i b i t s r a d i o l u m i n e s c e n c e . 
Examination of t h i c k , and t h e r e f o r e n o n - u n i f o r m l y 
c o l o u r e d , luminescent c r y s t a l s showed t h a t the 
luminescence was c o n f i n e d to the more h e a v i l y 
c o l o u r e d r e g i o n , as was to be expected. I t was 
also d i s c o v e r e d t h a t exposure to l i g h t destroyed 
the luminescence. Specimens were s t i l l r a d i o -
l u m i n e s c e n t , though weakly so, 1 month a f t e r 
b e i n g quenched, but a f t e r 3 months the p r o p e r t y 
had e n t i r e l y disappeared. 

A f u r t h e r e f f e c t of quenching was to incr e a s e 
the thermal i n s t a b i l i t y of the F-band. Thus, F-
bands of c o l o u r e d c r y s t a l s l e f t f o r a day i n the 
dark s u f f e r e d a h i g h e r degree of thermal b l e a c h i n g , 
compared w i t h t h e i r w e l l - a n n e a l e d c o u n t e r p a r t s . 

5,7 D i s c u s s i o n 

Any model which t r i e s to e x p l a i n how manganese 
i s b u i l t i n t o NaCl must l e a d to an e x p l a n a t i o n o f 
the f o l l o w i n g * 

(1) The general increase i n u l t r a 
v i o l e t a b s o r p t i o n . 

( 2 ) The enhancement of the F- and V-bands. 

(3) The increase of the i n i t i a l b l e a c h i n g 
r a t e of the F-band. 
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(4) The incr e a s e of the r a t e s of c o l o u r a ­
t i o n , i n i t i a l b l e a c h i n g , and thermal 
b l e a c h i n g , on quenching. 

(5) The ph enomenon o f radioluminescenoe 
appearing on quenching. 

Schneider and Caffyn (l955)» on the basis of 
r e s u l t s o b t a i n e d from measurements of e l e c t r i c a l 
c o n d u c t i v i t y , paramagnetic resonance a b s o r p t i o n , 
and, to a l e s s e r e x t e n t , o p t i c a l a b s o r p t i o n , 
have proposed two models. These w i l l now be 
d e s c r i b e d , and a f t e r w a r d s discussed i n the l i g h t 
o f the above c r i t e r i o n . 

I n model A, the manganese i n the w e l l -
annealed c r y s t a l has formed aggregates d u r i n g 
the slow c o o l i n g of the c r y s t a l . The manganese 
i n these aggregates i s h e l d i n s o l i d s o l u t i o n i n 
s p i t e o f the r e l a t i v e l y high c o n c e n t r a t i o n of 
manganese i n the l o c a l i t y , and has a s s o c i a t e d w i t h 
i t some of the povacs produced by the d i v a l e n t 
i m p u r i t y . A l t e r n a t i v e l y , i n model B," the 
manganese ions are d e p o s i t e d at or near i n t e r n a l 
boundaries t o g e t h e r w i t h some of the povacs which, 
a l t h o u g h a s s o c i a t e d w i t h the d i v a l e n t i o n s , are 
f r e e to take p a r t i n i o n i c c o n d u c t i o n . I n both 
models h e a t i n g the c r y s t a l to 300°C and above 
di s p e r s e s the manganese, and t h e r e f o r e i n the 
quenched c r y s t a l a more u n i f o r m d i s t r i b u t i o n i s 
f r o z e n i n , and the manganese f i n d s i t s e l f i n 
complexes o f the t y p e , Mn + + povac. The p r o p o s a l 
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t h a t the manganese congregates a t i n t e r n a l 
b o undaries, such as d i s l o c a t i o n s , where t h e r e 
e x i s t s t o begin w i t h a s t r a i n on the l a t t i c e , 
seems reasonable. The l o c a l degree of mis­
match i n t r o d u c e d i n t o the l a t t i c e would i n t h i s 
case be r e l a t i v e l y i n s i g n i f i c a n t . 

The h i g h u l t r a v i o l e t a b s o r p t i o n has been 
n o t i c e d i n X-rayed c r y s t a l s o f ITaCl c o n t a i n i n g 
l e a d and t h a l l i u m by Arsenjewa (1929) and o t h e r s , 
and Schulman (1950) nas suggested t h a t i t i s due 
to the f o r m a t i o n o f the n e u t r a l metal. E l e c t r o n s 
f r e e d by the X-rays are trapped by the d i v a l e n t 
i o n s and c o l l o i d a l specks o f metal are formed, 
somewhat i n the manner o f the f o r m a t i o n o f the 
pho t o g r a p h i c l a t e n t image i n s i l v e r h a l i d e s 
(see Mott and Grurney, (1940)). I t i s reasonable 
t o suppose t h a t t h i s process takes place i n the 
case o f manganese. The f o r m a t i o n of c o l l o i d a l 
specks would be made e a s i e r i f the manganese ions 
were a l r e a d y i n c l u s t e r s , as proposed by the above 
models. Bleaching the F-band should have l i t t l e 
e f f e c t on the ge n e r a l u l t r a v i o l e t a b s o r p t i o n , and 
t h i s i s found to be the case. 

The enhancement of the V-band shows t h a t many 
of the povacs i n t r o d u c e d i n t o the l a t t i c e by the 

++ 
manganese are not a s s o c i a t e d w i t h the Mn i o n . 
E t z e l (1952) has suggested t h a t the i n t r o d u c t i o n 
o f d i s a s s o c i a t e d povacs i s r e s p o n s i b l e f o r 
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enhancing the F-band, s i n c e t h i s i n c r e a s e s the 
p r o b a b i l i t y of hole c a p t u r e and hence decreases 
the frequency of e l e c t r o n - h o l e r e c o m b i n a t i o n . 
Al t h o u g h t h i s w i l l a f f e c t the r a t e o f p r o d u c t i o n 
of F-oentres i t i s not as easy to see, w i t h the 
i n t e n s i t y o f the X-ray beam n o r m a l l y used to 
c o l o u r the c r y s t a l as h i g h as i t i s , how i t can 
i n c r e a s e the number o f F-centres at s a t u r a t i o n . 
More p r o b a b l y , negvacs are c r e a t e d by the i m p u r i t y 
a c c e n t u a t i n g mis-match i n the l a t t i c e near d i s ­
l o c a t i o n s , themselves sources of vacancies. As 
S e i t z (1954) p o i n t s o u t , the d i s a s s o c i a t e d povacs 
w i l l a s s i s t m i g r a t i o n of the negvacs by p a i r i n g . 
The i n c r e a s e i n the i n i t i a l r a t e of b l e a c h i n g i s 
p r o b a b l y due t o the g r e a t e r p r o f u s i o n o f V-oentres 
i n the immediate v i c i n i t y of an F-centre i n c r e a s i n g 
the r a t e of e l e c t r o n - h o l e r e c o m b i n a t i o n ; the r a t e 
w i l l decrease a f t e r the l o c a l V-centres have been 
d e s t r o y e d . 

According to model B the quenching process 
has the e f f e c t o f l i b e r a t i n g manganese i o n s from 
i n t e r n a l boundaries and also the povacs a s s o c i a t e d 
w i t h these i o n s . I f these povacs are l o o s e l y 
bound to the manganese ion s an i n c r e a s e i n the 
number of V-oentres may be expected. The a b s o r p t i o n 
i n the V-band r e g i o n r e l a t i v e to the F-peak 
a b s o r p t i o n i s c e r t a i n l y i n c r e a s e d i n the quenched 
c r y s t a l , as a comparison of f i g u r e s 22 and 26 shows. 
The e x i s t e n c e of a g r e a t e r number o f povacs i n the 
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quenched c r y s t a l w o u l d e x p l a i n t h e i n c r e a s e d r a t e 
o f c o l o u r a t i o n by c a r r y i n g o u t t h e f u n c t i o n 
s u g g e s t e d by E t z e l . The i n c r e a s e i n t h e number 
o f 7 - c e n t r e s w o u l d a c c o u n t f o r t h e i n c r e a s e d r a t e s 
o f o p t i c a l and t h e r m a l b l e a c h i n g , a l t h o u g h a n o t h e r 
f a c t o r here i s t h e b l e a c h i n g e f f e c t o f t h e l i g h t 
a r i s i n g f r o m l u m i n e s c e n c e , w h i c h , though 
n e g l i g i b l e d u r i n g o p t i c a l b l e a c h i n g , w i l l be 
i m p o r t a n t d u r i n g t h e r m a l b l e a c h i n g e x p e r i m e n t s . 

The l u m i n e s c e n c e i t s e l f i s p r o b a b l y due t o 
an i n t e r n a l p r o c e s s w i t h i n the manganese i o n when 
t h i s i s i n s o l i d s o l u t i o n i n t h e c r y s t a l , as i t i s 
i n t h e quenched s t a t e . I n t h i s case t h e manganese 
i o n i s s u r r o u n d e d by s i x c h l o r i n e i o n s , and t h i s 
complex i s p r o b a b l y r e s p o n s i b l e f o r t h e 275 mji band 
and t h e o t h e r weak MnCl^ bands. The f a c t t h a t 
t h e s e bands a r e enhanced by X-rays may i n d i c a t e a 
q u e n c h i n g a c t i o n due t o l o c a l h e a t i n g d u r i n g 
i r r a d i a t i o n - There i s s t r o n g s u p p o r t f o r t h e 
s u g g e s t i o n t h a t t h e l u m i n e s c e n c e a r i s e s f r o m t h e 
d i v a l e n t manganese i o n ( s e e B r a u e r , 1952? K l i c k , 
1952? K r o g e r , 1939; Jahoda, 1927; R a n d a l l , 1939; 
B o t h s c h i l d , 1937; and Spencer, 1952). C o n s e q u e n t l y , 
t h e appearance o f l u m i n e s c e n c e i n the quenched 
c r y s t a l s t r o n g l y s u p p o r t s t h e models p r o p o s e d by 
S c h n e i d e r and C a f f y n . 

No e v i d e n c e f o r t h e f o r m a t i o n o f Z - c e n t r e s by 
manganese i o n s was f o u n d . The i n v e s t i g a t i o n , 
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however, was c o m p l i c a t e d by t h e f a c t t h a t b e s i d e s 
c o n t a i n i n g manganese t h e c r y s t a l s c o n t a i n e d 
c a l c i u m , d e r i v e d f r o m A n a l a r RaCl, t o a c o n c e n t r a ­
t i o n o f about 20 p a r t s p e r m i l l i o n * The c a l c i u m 
gave r i s e t o Z-bands whose p o s i t i o n and shape was 
th e same w h e t h e r t h e c r y s t a l c o n t a i n e d manganese 
o r n o t . F u r t h e r , measurements o f the r a t i o 
d /d , where d was the peak d e n s i t y o f t h e Z-Z X z 
bands and d^ t h a t o f t h e F-band, gave a v a l u e 
between 0.04 and 0.06 f o r manganese b e a r i n g 
c r y s t a l s , compared w i t h a v a l u e o f about 0.10 
when manganese was a b s e n t , i n d i c a t i n g a s u p p r e s s i o n 
and n o t an enhancement. The r a t i o was a l s o f o u n d 
t o be l o w e r i n b l e a c h e d specimens c o n t a i n i n g 
manganese t h a n t h o s e w i t h o u t . F i g u r e 27 shows 
th e a b s o r p t i o n o f NaCl.Mn + + measured a t 90°K 
where t h e Z-bands are r e s o l v e d more c l e a r l y . 

A l t h o u g h t h e s e Z-bands are due t o c a l c i u m i t 
does n o t mean t h a t manganese does n o t f o r m Z-type 
c e n t r e s . The band a t 320 mjj, w h i c h appears i n 
quenched c r y s t a l s may be due t o such a c o l o u r 
c e n t r e , and i t may be analogous t o t h e band a t 
345 f o u n d i n KaCl.Ca , ( s e e s e c t i o n 7 . 2 ) . 
But t h e r e i s no e v i d e n c e t o s u g g e s t t h a t manganese 
forms Z - o e n t r e s o f t h e t y p e p r o d u c e d by the 
a l k a l i n e e a r t h s . 
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6 WORK ON N a C l . N i + + AND N a C l . C u + + . 

6,1 I n t r o d u c t i o n 

Some p r e l i m i n a r y s t u d i e s were made on c r y s t a l s 
o f NaCl c o n t a i n i n g n i c k e l and copper as i m p u r i t i e s , 
m a i n l y t o f i n d o u t i f t h e s e i m p u r i t y i o n s gave 
r i s e t o Z-bands. A d e s c r i p t i o n o f t h e r e s u l t s o f 
t h i s b r i e f i n v e s t i g a t i o n i s g i v e n i n t h i s c h a p t e r . 
The work was p e r f o r m e d on c r y s t a l s grown f r o m t h e 
m e l t w h i c h c o n t a i n e d t h e a p p r o p r i a t e c h l o r i d e o f 
t h e i m p u r i t y . I t was f o u n d t h a t no p a r t i c u l a r 
p r e c a u t i o n s were n e c e s s a r y t o grow c r y s t a l s con­
t a i n i n g t h e s e i m p u r i t i e s , u n l i k e t h e case o f 
manganese ( s e e s e c t i o n 5 * 2 ) . 

6.2 C o l o u r e d C r y s t a l s . 

The u n c o l o u r e d c r y s t a l s were f o u n d t o e x h i b i t 
a c h a r a c t e r i s t i c band i n t h e u l t r a v i o l e t , a t 
255 m|i f o r C u + + and 247 mji f o r N i + + . The c o p p e r 
band has been o b s e r v e d by Smakula (1927) and K a t s b 

( 1 9 5 2 ) , but N a C l . N i + + does n o t appear t o have been 
i n v e s t i g a t e d b e f o r e . These bands are p r o b a b l y 
due t o t r a n s i t i o n s o f e l e c t r o n s w i t h i n t h e d i v a l e n t 
i o n , ( s e e F. S e i t z ( 1 9 3 8 ) ) . 

X - r a y i n g t h e c r y s t a l s p r o d u c e d t h e u s u a l F-
band and w e l l p r o n o u n c e d V-bands. The c u r v e s 
d e n o t i n g t h e e f f e c t o f i r r a d i a t i o n shown i n 
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f i g u r e s 28 and 29 were o b t a i n e d i n t h e u s u a l way 
by s u b t r a c t i n g t h e u n c o l o u r e d c o n t r i b u t i o n f r o m 
the measured a b s o r p t i o n . T h i s p r o c e d u r e i s 
v a l i d o n l y i f t h e u n c o l o u r e d a b s o r p t i o n r e m a i n s 
unchanged d u r i n g t h e c o l o u r i n g p r o c e s s , and t h e 
appearance o f v a l l e y s i n the c u r v e a t t h e wave­
l e n g t h s o f t h e c h a r a c t e r i s t i c bands c a s t s t r o n g 
d o u b t s t h a t t h i s i s so h e r e . I n f a c t , the 
c u r v e s s u g g e s t t h a t p a r t o f t h e c h a r a c t e r i s t i c 
band i n each case i s d e s t r o y e d by t h e X - r a y i n g , 
some o f the i m p u r i t y i o n s h a v i n g c a p t u r e d 
e l e c t r o n s t o f o r m a t o m i c c e n t r e s . K a t s a (1952) 
has n o t e d a s i m i l a r e f f e c t w i t h NaCl.Ag f and 
a l s o w i t h NaCl.Cu*. The a b s o r p t i o n c u r v e s a l s o 
show a p o o r l y r e s o l v e d band a t about 350 niu. 
T h i s band i s p a r t i c u l a r l y n o t i c e a b l e i n quenched 
N a C l . C u + + a f t e r b l e a c h i n g t h e P-band ( f i g u r e 2 9 ) . 
I t may be due t o t h e presence o f Ca + (see 
s e c t i o n 7«2) b u t i t s prominence makes t h i s d o u b t ­
f u l , s i n c e o n l y 20 p a r t s per m i l l i o n o f Ca + + a r e 
p r e s e n t • 

An a n a l y s i s o f t h e F-band showed no e v i d e n c e 
o f t h e f o r m a t i o n o f Z-bands i n the case o f e i t h e r 

+ + 
i m p u r i t y . A s u p p r e s s i o n o f t h e Ca Z-bands 
s i m i l a r t o t h a t o b s e r v e d i n t h e case o f M n + + was 
f o u n d (see s e c t i o n 5 * 7 ) . 
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6.3 The E f f e c t o f B l e a c h i n g . 

The F-band i n b o t h t y p e s o f c r y s t a l was f o u n d 
t o be v e r y u n s t a b l e , d e c r e a s i n g i n i n t e n s i t y 
r a p i d l y when t h e c r y s t a l was exposed t o F - l i g h t . 

++ 
I n p a r t i c u l a r , t h e b l e a c h i n g r a t e o f the Cu 
b e a r i n g c r y s t a l was v e r y h i g h , a b l e a c h i n g t i m e 
o f some t h i r t y m i n u t e s b e i n g s u f f i c i e n t t o d e s t r o y 
t h e F-band c o m p l e t e l y (compare N a C l # M n + + , s e c t i o n 
5.5, and NaCl.Ca , s e c t i o n 7 . 3 ) * I t was 
s i g n i f i c a n t t h a t t h e c h a r a c t e r i s t i c band a t 255 mu 
was r e d u c e d by t h e b l e a c h i n g p r o c e s s - o n l y a 
s m a l l decrease was f o u n d i n t h e N i + + 247 mji band. The r a t i o d / d - f o r t h e c a l c i u m Z-bands was z # I 
measured and f o u n d t o be 0.18, as compared w i t h 
the v a l u e 0 #30 ( a p p r o x . ) f o u n d i n c r y s t a l s n o t 

+ + + + 
c o n t a i n i n g Cu o r N i , t h u s i n d i c a t i n g once 
more a s u p p r e s s i o n . There was no e v i d e n c e t h a t 
any new bands were formed by b l e a c h i n g . 

6.4 The E f f e c t o f Quenching. 

A specimen o f N a C l . N i + + was c l e a v e d t o o b t a i n 
two t h i n p l a t e s . One was h e a t e d t o about 500°C 
and quenched by a l l o w i n g i t t o c o o l i n a i r , a f t e r 
w h i c h i t was X - r a y e d f o r 2 h o u r s . The o t h e r , 
w i t h o u t any f u r t h e r h e a t t r e a t m e n t , was a l s o 
X - r a y e d f o r 2 h o u r s . The a b s o r p t i o n c u r v e s a r e 
t h o s e o f f i g u r e s 2 8 b and 29b. The q u e n c h i n g 
t r e a t m e n t had no e f f e c t on t h e i n t e n s i t y o f t h e 
c h a r a c t e r i s t i c band, s u p p o r t i n g t h e v i e w t h a t t h e 
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"band a r i s e s f r o m t r a n s i t i o n s w i t h i n the n i c k e l i o n . 
Quenching d i d , however, have a marked e f f e c t on 
t h e r a t e o f g r o w t h o f the F-band, w h i c h was 
r e d u c e d by a f a c t o r o f 2. A p o s s i b l e e i p l a / n a t i o n 
o f t h i s e f f e c t i s g i v e n i n s e c t i o n 7»5. 

I t was i n t e r e s t i n g t o n o t i c e t h a t quenched 
c r y s t a l s o f N a C l . N i + + , l i k e N a01.Mn + +, were 
l u m i n e s c e n t u n d e r X - i r r a d i a t i o n . 

A s i m i l a r e x p e r i m e n t was n o t p e r f o r m e d w i t h 
N a C l . C u + + # 

6,5 Summary 

The r e s u l t s o f t h i s p r e l i m i n a r y i n v e s t i g a t i o n 
may be summarised as f o l l o w s : 

( 1 ) N i + + and C u + + g i v e r i s e t o bands i n the 
u l t r a v i o l e t w h i c h are p r o b a b l y due t o 
e l e c t r o n i c t r a n s i t i o n s w i t h i n t h e i o n . 

( 2 ) The r e d u c t i o n i n i n t e n s i t y o f t h e s e 
bands on X - r a y i n g s u g g e s t s t h a t t h e s e 
i o n s a c t as e l e c t r o n t r a p s . M onovalent 
and/or a t o m i c c e n t r e s s h o u l d t h e r e f o r e 
be f o r m e d , and t h e band near 350 mu may 
be due t o such c e n t r e s . I f the S e i t z 
model f o r Z - c e n t r e s i s c o r r e c t t h e non­
appearance o f Z-bands w o u l d i n d i c a t e 
t h a t s t a b l e m o n o v a l e n t c e n t r e s are n o t 
f o r m e d . 



( 3 ) The V-bands are enhanced, i n d i c a t i n g 
f r e e povacs. 

(4) The F-band s t a b i l i t y i s d e c r e a s e d . 

( 5 ) I n K a C l . N i + + the r a t e o f g r o w t h o f 
t h e F-band i s c o n s i d e r a b l y r e d u c e d 
by q u e n c h i n g . (Compare NaCl.Mn + , 
s e c t i o n 5*6, where q u e n c h i n g was 
f o u n d to i n c r e a s e t h e r a t e ) . 

( 6 ) N a C l . N i + + became r a d i o l u m i n e s c e n t 
a f t e r q u e n c h i n g . 

6.6 NaCl.Pb . 

An a t t e m p t t o grow c r y s t a l s c o n t a i n i n g Pb + + 

was made. Specimens w h i c h were o b t a i n e d f r o m a 
m e l t c o n s i s t i n g o f NaCl and PbCl^ were a l m o s t 
opaque, c o n t a i n i n g p r e c i p i t a t e d PbCl^. The 
a b s o r p t i o n c u r v e s f o r a specimen u n c o l o u r e d , 
c o l o u r e d and b l e a c h e d are g i v e n i n f i g u r e 30. 
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7 WORK ON NaCl.Ca 

7*1 I n t r o d u c t i o n 

I n t h i s c h a p t e r t h e a b s o r p t i o n s p e c t r a o f 
+ + 

c o l o u r e d c r y s t a l s o f NaCl.Ca w i l l he d e s c r i b e d , 
and t h e e f f e c t o f q u e n c h i n g , and o f t h e r m a l and 
o p t i c a l b l e a c h i n g , w i l l be d i s c u s s e d . I n f e r e n c e s 
w i l l be drawn on the p r o b a b l e s t a t e o f t h e c a l c i u m 
i o n s i n the c r y s t a l a t t h e end o f the c h a p t e r -

— 6 
Since A n a l a r NaCl c o n t a i n s a b o u t 20 x 10" 

p a r t s o f c a l c i u m t o 1 o f NaCl ( m a n u f a c t u r e r ' s 
f i g u r e ) i t was t o be e x p e c t e d t h a t a l l c r y s t a l s 
grown f r o m t h i s m a t e r i a l w o u l d c o n t a i n c a l c i u m . 
K e l t i n g and W i t t (1949) bad shown t h a t o n l y 0.1 o f 
the c a l c i u m c o n c e n t r a t i o n i n t h e m e l t w o u l d be 
b u i l t i n t o t h e c r y s t a l , a p p r o x i m a t e l y , so i t was 
e x p e c t e d t h a t A n a l a r c r y s t a l s w o u l d c o n t a i n 
r o u g h l y 2 x 10~^ p a r t s o f c a l c i u m . However, 
d u r i n g an a t t e m p t t o p u r i f y NaCl by f r a c t i o n a l 
c r y s t a l l i z a t i o n , a n a l y s e s o f t h e c r y s t a l s , b y 
Johnson and M a t t h e y , s p e c t r o g r a p h i c a l l y , and a l s o 
by t h e a u t h o r , u s i n g the E.D.T.A. method (see 
s e c t i o n 4«9)» showed t h a t t h e c r y s t a l s c o n t a i n e d 
a n y t h i n g up t o 40 x 10~^ p a r t s o f c a l c i u m ; o t h e r 

— 6 
i m p u r i t i e s were p r e s e n t t o the e x t e n t o f 5 i 10 
p a r t s o n l y . Thus, i n t h i s i n v e s t i g a t i o n o f 
NaCl.Ca** c r y s t a l s h a v i n g c o m p a r a t i v e l y l o w 
c o n c e n t r a t i o n s o f c a l c i u m were r e a d i l y a v a i l a b l e . 
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C o n c e n t r a t i o n s up t o 6,000 x 10"*^ were o b t a i n e d by 
s t r a i g h t f o r w a r d a d d i t i o n o f CaCl^ ( a n h y d r o u s ) t o 
t h e m e l t . 

7*2 C o l o u r e d C r y s t a l s . 

The a b s o r p t i o n s p e c t r u m o f t h e u n o o l o u r e d 
c r y s t a l s was measured a t room t e m p e r a t u r e and a t 
l i q u i d n i t r o g e n t e m p e r a t u r e s f o r v a r i o u s c o n c e n t r a ­
t i o n s o f c a l c i u m * The u s u a l r i s e i n t h e a b s o r p t i o n 
c u r v e t o w a r d s 200 mji was p r e s e n t , b u t t o a much 
l e s s e r e x t e n t t h a n was f o u n d i n t h e case o f 
manganese. Even w i t h mole f r a c t i o n s o f t h e o r d e r 
o f 6 x 10~^ t h e e f f e c t was c o m p a r a t i v e l y s m a l l , 
and i t was n o t u n t i l t h e c o n c e n t r a t i o n o f c a l c i u m 
became such t h a t p r e c i p i t a t i o n o f CaCl^ o c c u r r e d 
t h a t t h e r i s e became l a r g e . A p a r t f r o m t h i s r i s e 
t h e s p e c t r u m was o t h e r w i s e u n e v e n t f u l . I t i s 
r e a s o n a b l e t o suppose t h a t t h e s m a l l e r e f f e c t on 
t h e u l t r a v i o l e t s p e c t r u m i s c o u p l e d w i t h t h e 
g r e a t e r s o l u b i l i t y o f c a l c i u m . 

C r y s t a l s c o l o u r e d by X-rays showed i n g e n e r a l 
t h e F-band and an i n c r e a s e i n u l t r a v i o l e t a b s o r p ­
t i o n . At low c o n c e n t r a t i o n s o f c a l c i u m t h e 
u n r e s o l v e d V-bands a t 210 mji were e v i d e n t b u t w i t h 
i n c r e a s i n g c o n c e n t r a t i o n t h e s e became o b s c u r e d by 
t h e g e n e r a l r i s e i n a b s o r p t i o n i n the u l t r a v i o l e t . 
I n no case were t h e V-bands as p r o m i n e n t as t h o s e 
f o u n d i n c r y s t a l s c o n t a i n i n g Mn, N i , o r Cu. 
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The s p e c t r a o f low c a l c i u m c o n t e n t c r y s t a l s 
( o r l ow c o n t e n t c r y s t a l s , as t h e y w i l l be c a l l e d 
i n f u t u r e ) was p r i m a f a c i e u n e v e n t f u l ( b u t see 
s e c t i o n 8 . 3 ) • The e f f e c t o f a d d i n g c a l c i u m 
appeared t o be an enhancement o f t h e g e n e r a l 
u l t r a v i o l e t a b s o r p t i o n and an i n c r e a s e i n t h e 
r a t e o f c o l o u r a t i o n under X - i r r a d i a t i o n , c o n f i r m ­
i n g t h e work done by E t z e l ( 1 9 5 2 ) . H i g h c o n t e n t 
c r y s t a l s , c o n t a i n i n g mole f r a c t i o n s o f c a l c i u m o f 
about 5 x 10 , however, gave e x c e e d i n g l y i n t e r e s t ­
i n g a b s o r p t i o n c u r v e s . A new band p o o r l y 
r e s o l v e d was f o u n d a t 345 , whose i n t e n s i t y was 
about 20$ t h a t o f t h e F-band. F u r t h e r , a f t e r 
p r o l o n g e d i r r a d i a t i o n o f t h e c r y s t a l , i . e . f r o m 
5 t o 7 h o u r s X - r a y i n g , t h e r e s u l t i n g F-band was 
f o u n d t o have broadened on t h e l o n g w a v e l e n g t h 
s i d e , s u g g e s t i n g t h e f o r m a t i o n o f u n r e s o l v e d 
bands i n t h e range 500 ma t o 600 mu. A t y p i c a l 
r e s u l t i s shown i n f i g u r e 31, o b t a i n e d a t room 
t e m p e r a t u r e . F i g u r e 32 shows the sp e c t r u m a t 
90 K. A d d i t i v e l y c o l o u r e d c r y s t a l s a l s o showed 
the hand a t 345 (see f i g u r e 34 - the b a c k g r o u n d 
a b s o r p t i o n i n t h i s f i g u r e i s due t o p r e c i p i t a t e d 
s o d i u m ) . The l o n g w a v e l e n g t h b r o a d e n i n g was 
p a r t i c u l a r l y i n t e r e s t i n g , s i n c e i t p o i n t e d t o the 
p r o d u c t i o n o f Z-bands d u r i n g t h e X - r a y i n g . 
H i t h e r t o , Z-bands have o n l y been o b s e r v e d a f t e r 
b l e a c h i n g t h e c o l o u r e d c r y s t a l w i t h F - l i g h t . 
The s u g g e s t i o n t h a t Z - c e n t r e s are formed d u r i n g 
X - r a y i n g i s d i s c u s s e d i n s e c t i o n 8.3-
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7*3 The E f f e c t o f O p t i c a l B l e a c h i n g . 

When a c o l o u r e d c r y s t a l was b l e a c h e d w i t h 

F - l i g h t i t was f o u n d t h a t t h e F - b a n d , b e s i d e s 

d e c r e a s i n g i n i n t e n s i t y , b r o a d e n e d on t h e l o n g 

w a v e l e n g t h s i d e . T h i s e f f e c t has been o b s e r v e d 

by P i c k ( 1 9 3 9 ) , and Camagni e t a l ( 1 9 5 4 ) , and i s 

a t t r i b u t e d t o t h e f o r m a t i o n o f t h e Z ^ - b a n d . A t 

room t e m p e r a t u r e t h i s band was u n r e s o l v e d ( see 

f i g u r e 31) b u t a t 90°K some r e s o l u t i o n was 

o b t a i n e d ( s ee f i g u r e 35) and i t was seen t h a t 

t h e Z ^ - b a n d , p e a k i n g a t a b o u t 490 mu, was p r e s e n t 

i n f a c t . The c u r v e s showed a s l i g h t bump a t 

abou t 500 mu w h i c h i n d i c a t e d t h a t Z ^ - c e n t r e s , 

p e a k i n g a t abou t 510 mu f were a l s o p r e s e n t . 

H i t h e r t o t h e s e c e n t r e s have o n l y been o b s e r v e d 

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

c r y s t a l t o 100 C, b u t i t i s r e a s o n a b l e t o suppose 

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

t he e v i d e n c e was o b t a i n e d . By r e d u c i n g t he F -

b a n d , b l e a c h i n g a l s o made t h e band a t 345 fflf! more 

e v i d e n t . I t a l s o r e d u c e d t he g e n e r a l u l t r a 

v i o l e t a b s o r p t i o n . 

7 .4 The E f f e c t o f The rma l T r e a t m e n t . 

H i g h c o n t e n t c r y s t a l s were h e a t e d f o r 1 t o 

2 h o u r s a t 600°C and i t was o b s e r v e d t h a t t h e y 

became c l o u d y due t o t h e d e p o s i t i o n o f a l a y e r 

o f CaCl on t h e s u r f a c e . The c r y s t a l s were 
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quenched "by r e m o v i n g them f r o m the f u r n a c e and 

l e t t i n g them c o o l i n a i r , a f t e r w h i c h t h e s u r f a c e 

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

c o n t e n t b e f o r e and a f t e r h e a t i n g showed t h a t t h e 

mole f r a c t i o n ( m . f . ) had d e c r e a s e d by abou t 

3 x 10~4. fp c s e e w h a t e f f e c t t h i s had on t he 

r a t e o f c o l o u r a t i o n two s p e c i m e n s , o f a b o u t 

e q u a l t h i c k n e s s , v i z * 0 .045 oni and O.O43 cm, 

were c l e a v e d f r o m t h e same c r y s t a l . One was 

c o l o u r e d and t h e o t h e r was quenched f r o m 6 0 0 ° C 

and t h e n c o l o u r e d , b o t h c o l o u r i n g t r e a t m e n t s 

b e i n g i d e n t i c a l . The a b s o r p t i o n c o n s t a n t 

a t 465 nifi was d e t e r m i n e d f o r e a c h , and t h e 

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

E . D . T . A . m e t h o d . The r e s u l t s a re shown i n 

T a b l e 1. I t was o b s e r v e d t h a t t he n e t e f f e c t 

TABLE 1 

Crys t a l m . f . C a + + x 1 0 3 a f ( cm"" 1 ) 

W e l l - a n n e a l e d 

Quenched 
7 .17 

6. 84 

64 .8 

5 2 . 5 

o f t h e q u e n c h i n g p r o c e s s was t o r e d u c e t h e r a t e 

o f c o l o u r a t i o n . T h i s i s d i s c u s s e d more f u l l y i n 

s e c t i o n 7 .5* b u t a t t h i s s t a g e t h e r e s u l t may be 
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compared w i t h t h a t o b t a i n e d w i t h n i c k e l , and 

c o n t r a s t e d w i t h t h e e f f e c t o b t a i n e d w i t h manganese . 

Q u e n c h i n g was f o u n d t o have l i t t l e e f f e c t on 

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

w i t h h i g h c o n t e n t c r y s t a l s t h e r e s u l t was t o enhance 

b o t h t h e 345 nip band and t h e Z - b a n d s . These bands 

became p a r t i c u l a r l y n o t i c e a b l e on o p t i c a l l y b l e a c h ­

i n g , ( s ee f i g u r e s 33, 36, 37, 38 and 4 0 ) . The 

e f f e c t on t h e Z-bands a t room t e m p e r a t u r e may be 

seen by c o m p a r i n g t h e peak w a v e l e n g t h s o f t h e 

b l e a c h e d band i n f i g u r e s 31 and 37. The F-bands 

b e f o r e and a f t e r b l e a c h i n g a re o f n e a r l y e q u a l 

i n t e n s i t y , b u t the peak o f t he b l e a c h e d band i s a t 

468 mu i n t h e w e l l a n n e a l e d spec imen and a t 476 mu 

i n the quenched s p e c i m e n , s h o w i n g t h a t i n t h e 

l a t t e r case t h e Z - b a n d i n t e n s i t y i s s t r o n g e r . 

An e s t i m a t i o n o f the i n t e n s i t i e s o f t h e 345 m\i 

and Z - b a n d s , made by s u b t r a c t i n g f r o m t h e e x p e r i m e n t a l 

c u r v e s a G a u s s i a n , p e a k i n g a t 465 ^[x and o f w i d t h 

O.414 eV, showed t h a t the q u e n c h i n g p r o c e s s i n c r e a s e d 

t h e s e bands by t he same f a c t o r - abou t 1 .4« 

To see i f any c o n v e r s i o n f r o m Z^ t o Z ^ - c e n t r e s 

was p o s s i b l e t h e quenched c r y s t a l was c o l o u r e d and 

b l e a c h e d , and t h e n h e a t e d f o r 15 m i n u t e s a t 110°C. 

A l l bands were f o u n d t o have been r e d u c e d , b u t t h e 

345 nau and Z-bands s u f f e r e d much more t h a n t h e 

F - b a n d ( see t y p i c a l case i n f i g u r e 3 8 ) . F u r t h e r 

h e a t i n g v i r t u a l l y d e s t r o y e d t h e Z - b a n d s . 
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The d e s t r u c t i o n o f t h e Z - b a n d by t h e h e a t 

t r e a t m e n t meant t h a t e i t h e r the i m p u r i t y c e n t r e s 

t h e m s e l v e s were u n d e r g o i n g some change o r the 

r a t e o f t h e r m a l i o n i z a t i o n o f t he t r a p p e d e l e c t r o n 

had been i n c r e a s e d . A c r y s t a l w h i c h had been 

c o l o u r e d and h e a t e d f o r 15 m i n u t e s a t 100°C was 

t h e r e f o r e b l e a c h e d w i t h F - l i g h t a t room t e m p e r a t u r e . 

I t was f o u n d t h a t t h e Z -band was r e - f o r m e d ( see 

f i g u r e 39) i n d i c a t i n g t h a t t he e f f e c t was due t o 

t h e r m a l i o n i z a t i o n . 

The f a c t t h a t t he F -band and t h e Z-bands 

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

method o f o b t a i n i n g t h e shape o f the l a t t e r a t 

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

was c o l o u r e d and b l e a c h e d w i t h F - l i g h t and l e f t 

i n t h e d a r k f o r a b o u t t h r e e d a y s . A b s o r p t i o n 

c u r v e s were o b t a i n e d b e f o r e and a f t e r d a r k - b l e a c h ­

i n g ( s ee f i g u r e 4 0 ) • S i n c e t h e F - b a n d b l e a c h e s 

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

be tween t h e two c u r v e s was m a i n l y due t o the more 

r a p i d b l e a c h i n g o f t h e Z-bands and t h e 345 mu 

b a n d . T h i s was seen c l e a r l y when t h e c u r v e t a k e n 

a f t e r d a r k - b l e a c h i n g was s u b t r a c t e d f r o m the o t h e r , 

s h o w i n g t h e t h e r m a l l y b l e a c h e d bands a t 515 w\i ( z ) 

and 345 niu • I t was o b s e r v e d t h a t t h e Z-bands 

b l e a c h e d more r a p i d l y t h a n t h e 345 niu b a n d . A 

t h i r d band was d i s c o v e r e d a t 410 m(i by t h i s m e t h o d . 

The o r i g i n o f t h i s band i s o b s c u r e . 
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To o b t a i n an a p p r o x i m a t e v a l u e f o r t h e decay 

c o n s t a n t , © f , a s s o c i a t e d w i t h t h e d a r k - b l e a c h i n g 

o f t h e F - b a n d , t h e peak d e n s i t y o f t h e band b e f o r e 

( d Q ) and a f t e r ( d ) a p e r i o d t seconds o f 

d a r k - b l e a c h i n g was measured i n s e v e r a l c a s e s . d Q 

and d were a l s o measured f o r t h e Z-band by t h e 

method o f s u b t r a c t i n g a O.414 e V - w i d e G a u s s i a n , 

and an e s t i m a t e was o b t a i n e d f o r 9 . © was 
z 

c a l c u l a t e d a s suming an e x p o n e n t i a l decay p r o c e s s , 

i . e . d « d Q e x p ( - 9 t ) . 

The r e s u l t s a r e shown i n T a b l e 2. 

A l l t h e s p e c i m e n s had been p r e v i o u s l y 

b l e a c h e d b y F - l i g h t t o enhance t h e Z-bands e x c e p t 

f o r spec imen 1. I t was r e a l i s e d t h a t o w i n g t o 

t h e p r e s e n c e o f s e v e r a l c e n t r e s , a l l t a k i n g p a r t 

i n t h e b l e a c h i n g p r o c e s s , t h e a s s u m p t i o n t h a t the 

mechanism was m o n o m o l e c u l a r i n n a t u r e c o u l d o n l y 

l e a d t o a p p r o x i m a t e r e s u l t s . I f t he p r o c e s s was 

m o n o m o l e c u l a r © w o u l d be c o n s t a n t f o r a l l t i n 

t h e case o f a p a r t i c u l a r s p e c i m e n , b u t as spec imens 

1 and 2 show, t h e r e i s a v a r i a t i o n i n o f some 

25%. S i n c e t h e r e were f e w e r Z - c e n t r e s t h a n F -

c e n t r e s i n t h e c r y s t a l s i t was e x p e c t e d t h a t the 

m o n o m o l e c u l a r a p p r o x i m a t i o n w o u l d f i t more c l o s e l y 

i n t h e i r c a s e . & i n t h e case o f spec imen 2 
z 

s t i l l showed an a p p r e c i a b l e v a r i a t i o n h o w e v e r . A 

c o n s i d e r a b l e v a r i a t i o n f r o m spec imen t o spec imen 

was a l s o o b s e r v e d . 
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These measurements o n l y s e r v e d , t h e r e f o r e , t o 

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

c o n s t a n t s . The mean v a l u e s 

9 f = 2 x 1 0 " 7 s e c " 1 , 

- 5 - 1 9 1 x 10 J sec * z ' 

were t h e n r e g a r d e d as l o w e r l i m i t s t o t h e r e s p e c t i v e 

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

t i m e . These v a l u e s w i l l be r e f e r r e d t o i n 

s e c t i o n 8 . 6 . 

7*5 D i s c u s s i o n 

The r e s u l t s j u s t d e s c r i b e d may be summar ized 

as f o l l o w s * 

( l ) The u s u a l i n c r e a s e i n u l t r a v i o l e t 

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

c o n t e n t was o b s e r v e d , b u t t h e e f f e c t 

was n o t as marked as i n t h e case o f 

manganese, n i c k e l o r c o p p e r . C o l o u r ­

i n g t he c r y s t a l s was f o u n d t o enhance 

t h e g e n e r a l u l t r a v i o l e t a b s o r p t i o n , 

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

s m a l l • 



The F - b a n d was enhanced b u t n o t as 

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

manganese: a m . f . o f manganese o f 

4 x 1 0 " ^ gave r o u g h l y t h e e f f e c t o f a 

m . f , o f c a l c i u m o f 60 x 1 0 ~ * . 

The F - b a n d was b r o a d e r on t h e l o n g 

w a v e l e n g t h s i d e i n h i g h c o n t e n t 

c r y s t a l s due t o t h e f o r m a t i o n o f Z ^ -

c e n t r e s , and Z ^ - c e n t r e s . 

A band a t 345 ni{J. was f o u n d i n h i g h 

c o n t e n t c r y s t a l s . I t s i n t e n s i t y was 

a b o u t 20% t h a t o f t h e F - b a n d . 

B l e a c h i n g t h e F - b a n d r e d u c e d t he 

u l t r a v i o l e t a b s o r p t i o n b u t a p p e a r e d 

t o have l i t t l e e f f e c t on e i t h e r t he 

345 M\I band or t he Z-bands a p a r t f r o m 

m a k i n g them more o b v i o u s by r e d u c i n g 

t he F - b a n d . 

Q u e n c h i n g had l i t t l e e f f e c t on l o w 

c o n t e n t c r y s t a l s , b u t i n h i g h c o n t e n t 

c r y s t a l s i t enhanced t h e Z-bands and 

t h e 345 nifj. band i n t h e same p r o p o r t i o n , 

and s l i g h t l y r e d u c e d t h e r a t e o f 

c o l o u r a t i o n . The l a t t e r was i n 

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

manganese , b u t was s i m i l a r t o t h a t 

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

) 1 < SEP •! \ 
S 
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( 7 ) A l l "bands were f o u n d t o b l e a c h i n 

t h e d a r k , t h e r a t e o f t h e r m a l 

b l e a c h i n g o f t he Z-bands b e i n g by f a r 

t h e h i g h e s t . 

The r e s u l t s i n t he u l t r a v i o l e t r a n g e d i f f e r 

f r o m t h o s e o b t a i n e d w i t h manganese s i g n i f i c a n t l y , 

f o r t h e y show t h a t t h e e f f e c t o f b l e a c h i n g t h e 

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

T h i s means t h a t t h e a b s o r p t i o n i s n o t due t o t h e 

p r e s e n c e o f c o l l o i d a l specks o f c a l c i u m ( see 

s e c t i o n 5 » 7 ) , b u t must be due t o h o l e t r a p s , 

p r o b a b l y c o m p l e x e s o f c a l c i u m i o n s and p o v a c s . 

Compared w i t h manganese and c o p p e r , c a l c i u m 

enhances t h e V-bands o n l y s l i g h t l y , i n d i c a t i n g 

t h a t many o f t h e povacs p r o d u c e d by t h e d o u b l y 

c h a r g e d c a l c i u m i o n a re a s s o c i a t e d w i t h t he 

c a l c i u m i n some way , and c a n n o t f o r m V - c e n t r e s . 

The p r e s e n c e o f b o t h the Z-bands c o n f i r m s t h a t 

c a l c i u m can e x i s t w i t h and w i t h o u t an a s s o c i a t e d 

p o v a c . E t z e l (1952) came t o t h e c o n c l u s i o n t h a t 

t h e povacs were a l l d i s a s s o c i a t e d f r o m t h e c a l c i u m 

i o n s by c o m p a r i n g H a C l . C a + + and N a C l . C d + + and 

n o t i n g t h e enhancement o f t h e V-bands i n t h e 

f o r m e r ( w h i c h was o f t he same o r d e r as f o u n d by 

t h e p r e s e n t a u t h o r ) . From w h i c h he drew t h e 

c o n c l u s i o n t h a t the enhancement o f t h e F -band by 

c a l c i u m was due t o the r e d u c t i o n o f l i f e t i m e o f 

t he f r e e h o l e caused by t he i n c r e a s e d c o n c e n t r a t i o n 

o f u n a s s o c i a t e d p o v a c s , t h e r e b y r e d u c i n g t h e chance 
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of h o l e - e l e c t r o n r e c o m b i n a t i o n : the p r o b a b i l i t y 
o f f o r m i n g an F-centre was then correspondingly-
g r e a t e r . The evidence o b t a i n e d here does not 
f i t t h i s t h e o r y , a l t h o u g h evidence t h a t o n l y a 
sm a l l p r o p o r t i o n of a s s o c i a t e d Ca ions occurred 
was found (see s e c t i o n 8.8), 

The f a c t t h a t Z-centres are formed on X-
i r r a d i a t i o n i s p a r t i c u l a r l y i n t e r e s t i n g , s i n c e , 
as i t has been mentioned b e f o r e , t h e i r non­
appearance under t h i s t r e a t m e n t has been 
d i f f i c u l t to e x p l a i n . The evidence here suggests 
t h a t they are i n f a c t formed but t h e i r a b s o r p t i o n 
bands are u s u a l l y hidden by the F-band, even at 
low temperatures, and o n l y become observable when 
the P-band i s reduced by b l e a c h i n g . This i s 
discussed f u r t h e r i n s e c t i o n 8.3* 

The evidence from the quenching experiments 
suggests t h a t the c a l c i u m , l i k e manganese, can be 
placed along d i s l o c a t i o n s or o t h e r i n t e r n a l 
b oundaries, from which i t can be f r e e d by h e a t i n g 
the c r y s t a l . Quenching t h e r e f o r e increases the 
c o n c e n t r a t i o n o f c a l c i u m ions i n the body of the 
c r y s t a l , thus enhancing the Z-band and the 345 
band- Since the V-bands are not enhanced by the 
quenching process i t seems l i k e l y t h a t the calcium 
a t , or near, i n t e r n a l boundaries i s u n a s s o c i a t e d 
w i t h povacs ( u n l i k e manganese). Although the 
t h e o r y due to E t z e l i s i n s u f f i c i e n t to e x p l a i n the 
enhancing of the F-band i t i s r e l e v a n t t o the 
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problem of c o l o u r a t i o n r a t e . Thus, the s l i g h t 
r e d u c t i o n of c o l o u r a t i o n r a t e observed can be 
e x p l a i n e d by the removal of povacs due to 
a s s o c i a t i o n s formed w i t h c a l c i u m ions l i b e r a t e d 
from i n t e r n a l boundaries, to form, f o r example, 
Z^-centres. 

The o r i g i n of the band a t 345 n*u i s not c l e a r , 
a l t h o u g h , since i t occurs i n a d d i t i v e l y c o l o u r e d 
c r y s t a l s i t must be an e l e c t r o n t r a p * Since i t 
o n l y appears s t r o n g l y i n h i g h content c r y s t a l s i t 
i s p r o b a b l y a s s o c i a t e d w i t h a c e n t r e c o n s i s t i n g 
o f more than one calcium i o n , o r , since the 
c o n c e n t r a t i o n of negvacs i s h i g h , a calcium i o n 
near a vacant n e g a t i v e i o n s i t e . The l a t t e r 
model, or one i n v o l v i n g a p a i r o f ca l c i u m i o n s , 
would be e q u i v a l e n t t o s i n g l y i o n i z e d helium and 
may be expected to g i v e a band i n the near u l t r a 
v i o l e t . An e l e c t r o n i n the ground s t a t e would 
have a much lower energy than one trapped i n a F-
c e n t r e and w i l l t h e r e f o r e t h e r m a l l y i o n i z e much 
l e s s r e a d i l y . This can be r e c o n c i l e d to the 
o b s e r v a t i o n t h a t the 345 ^ j i band bleaches i n the 
dark f a s t e r , i n f a c t , than the F-band by assuming 
the two components of the c e n t r e to have a b i n d i n g 
energy lower than the thermal i o n i z a t i o n energy. 
However, the c e n t r e may w e l l be more complex. 

The lower e f f i c i e n c y o f c a l c i u m , compared w i t h 
manganese, i n enhancing t h e F-band r e f l e c t s i t s 
g r e a t e r s o l u b i l i t y i n UaCl. That calcium i s v e r y 
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s o l u b l e i n d i c a t e s t h a t the degree o f mis-match i n 
the l a t t i c e i n t r o d u c e d by i t i s small? and, 
consequently, the p r o d u c t i o n of vacancies at 
r e g i o n s o f s t r a i n i s low. A rough comparison 
of c a l c i u m and manganese i s shown i n Table 3« 

TABLE 3 

I m p u r i t y I o n i c 
R a d i i ( 1 ) 

s c S l / S 2 C l / ° 2 

1. Calcium 1.06 1 x 10~ 2 6 x 10" 3 

2- Manganese 0.91 7 x 10""4 4 X 10~ 4 14 15 

(Sodium) 0.98 - - - — 

S a max. m.f. g i v i n g c l e a r NaCl c r y s t a l . 
C a m.f. to g i v e comparable enhancing of the F-band. 

S^/Sg and Ô /Ĉ  are a p p r o x i m a t e l y equal and i n the 
r e g i o n of 15• This means t h a t a manganese i o n f i n d s 
i t 15 times more d i f f i c u l t to be b u i l t i n than a 
calcium i o n and produces about 15 times more F-centres 
than a c a l c i u m i o n , when i t i s b u i l t i n . The 
e q u a l i t y of these two r a t i o s i n d i c a t e a s t r o n g 
r e l a t i o n s h i p between the f o r m a t i o n of F-centres and 
the mis-match i n t r o d u c e d i n t o the l a t t i c e by the 
i m p u r i t y . 
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8 THE FORMATION OF Z-CENTRES IN NaCl.Ca** 

8.1 I n t r o d u c t i o n 

The r e s u l t s o f the work on NaCl.Ca + d e s c r i b e d 
i n the p r e v i o u s chapter suggested t h a t Z-centres 
were formed when the c r y s t a l was X-rayed. I f t h i s 
were t r u e i t would mean t h a t the w i d t h o f the F-band, 
on the l o n g wavelength s i d e , would be g r e a t e r i n 
c r y s t a l s c o n t a i n i n g c a l c i u m than i n those f r e e o f 
Z-centre f o r m i n g i m p u r i t i e s . Furthermore, the 
l a t t e r , pure, c r y s t a l s would f u r n i s h the t r u e w i d t h 
of the F-band and t h i s c o u l d be used to c a l c u l a t e 
the i n t e n s i t y o f the Z-band formed i n a c a l c i u m -
b e a r i n g c r y s t a l . Thus the growth of the Z-band 
under X - i r r a d i a t i o n c o u l d be observed q u a n t i t a t i v e l y , 
and t h i s might l e a d to i n t e r e s t i n g c o r r e l a t i o n s 
between Z- and F-band i n t e n s i t i e s and calcium 
c o n c e n t r a t i o n . 

This chapter c o n t a i n s a d e s c r i p t i o n of the 
work undertaken along the l i n e s o f t h i s argument. 
The r e s u l t s o f the work are given and discussed, 
and deductions made from them are t h e o r e t i c a l l y 
j u s t i f i e d . The s t a t i s t i c a l mechanics of a model 
which d e s c r i b e s the f o r m a t i o n of i n c i p i e n t Z-
cen t r e s i s g i v e n , and the energy of f o r m a t i o n of 
the l a t t e r i s e s t i m a t e d . 

8.2 A n a l y s i s of the F-band. 

I t i s w e l l known t h a t the a b s o r p t i o n bands 
a s s o c i a t e d w i t h e l e c t r o n s trapped i n s o l i d s have a 
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form which, i s Gaussian r a t h e r than L o r e n t z i a n , 
the shape to be expected i f the e l e c t r o n behaved 
as a damped simple harmonic o s c i l l a t o r * This i s 
due t o i n t e r a c t i o n s w i t h the thermal v i b r a t i o n o f 
the atoms or ions s u r r o u n d i n g the t r a p , and t h i s 
e f f e c t has been taken i n t o account i n the t h e o r y 
of a b s o r p t i o n by O'Rourke (1953), Lax (1952), and. 
more r e c e n t l y , Dexter (1956). Hesketh. and 
Schneider (1954) have shown t h a t , i n p a r t i c u l a r , 
the F-band i n X-rayed KC1 i s Gaussian at l e a s t 
over 75$ of i t s range, and I . L . Mador et a l (1953) 
have r e p o r t e d t h a t the F-band i n O r i s an 
asymmetric Gaussian, being broader on the s h o r t 
wavelength s i d e . The present work of the author 
c o n f i r m e d t h a t the NaCl F-band was Gaussian i n 
n a t u r e , but showed t h a t i t was asymmetrical, as i n 
the case o f KBr. 

The method used to o b t a i n the bandwidth was 
as f o l l o w s . The e x p e r i m e n t a l curve o f d, the 
o p t i c a l d e n s i t y , a g a i n s t wavelength was converted 
to one o f d a g a i n s t E, the photon energy i n 
e l e c t r o n - v o l t s . Since the F-band i s Gaussian 

d = d Q e x p ( - k ( E - E Q ) ) 2 , 

where d Q = peak d e n s i t y , E q = energy at the band 
maximum, and k i s r e l a t e d to the h a l f bandwidth 
cr at half-maximum. Taking l o g a r i t h m s we have 



108. 

u log-.d/d = -k 2(E-E ) 10 ' o v o 

where 

u = l o g 10 = 2.303-
e 

When d « d /2, E-E = cr , henc e 

t 2 " 1 0 S 1 0 2 

A p l o t of ( l o g 1 ( ) d / d o ) ^ a g a i n s t E should then 
g i v e two s t r a i g h t l i n e s , one f o r E l e s s than E , 

* o' 
and these should i n t e r s e c t at E = E . I f the 

o 
Gaussian i s symmetrical they w i l l have the same 
slo p e , k u ~ 2 . 

I n p r a c t i s e , ( l o g 1 C ) d o / d ) 2 was p l o t t e d a g a i n s t 
E so t h a t p o s i t i v e axes c o u l d "be used. The slope 
was s t i l l 

. -i ( l o s i o 2 > 
ku A = 

The p l o t shown i n f i g u r e 41 was o b t a i n e d from a 
Harshaw specimen of NaCl. Q u a l i t a t i v e l y , i t i s 
t y p i c a l of a l l specimens i n v e s t i g a t e d . The s t r a i g h t 
l i n e s showed t h a t the band was, i n f a c t , Gaussian, 
but the d i f f e r e n c e i n slopes i n d i c a t e d asymmetry. 
The bandwidth, w, as c a l c u l a t e d from the lower 
energies l i n e , and the bandwidth, w 1, as c a l c u l a t e d 



- o- to7 tv. 



109 

from the h i g h e r energies l i n e , were found i n a 
number o f cases (see Table 4 ) . The values were 
accurate to w i t h i n 0.005 eV. 

TABLE 4 

Spec imen m.f. of Ca + + x 10 6 w (eV) w1 (eV) 

Ears haw l e s s than 1 0.414 0.554 
K o r t h ( a ) 5 0.440 — 

O.464 0. 620 
Manchester 19 O.436 — 

Durham ( a ) 15 0.428 — 

( b ) 15 0.434 — 

( c ) 20 (approx.) 0.482 0.582 
U ) 20 (approx.) 0.470 0.540 

The Manchester and Durham specimens were grown from 
Analar NaCl w i t h o u t a d d i t i o n o f CaCl^. I t was seen 
t h a t t h e r e was a c o n s i d e r a b l e v a r i a t i o n i n bandwidths 
and t h a t i n a l l cases w was l e s s than w1. These 
r e s u l t s are s i m i l a r to those o b t a i n e d by Mador e t a l 
(1953) f o r KBr. I t was also noted t h a t the 
s m a l l e s t bandwidth occurred i n Harshaw specimens, 
which c o n t a i n e d u n d e t e c t a b l e amounts of c a l c i u m . 
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8,3 D i s c u s s i o n o f Bandwidth Data. 

K l e i n s c h r o d (1936) observed t h a t the F-band 
i s not a simple "bell-shaped band, si n c e i f examined 
under s u f f i c i e n t r e s o l u t i o n i t possesses a shoulder 
and t a i l on the s h o r t wavelength s i d e . The 
shoulder i s known as the K-band, and Mott and 
Gurney (194°) have suggested t h a t i t i s a s s o c i a t e d 
w i t h t r a n s i t i o n s to d i s c r e t e l e v e l s above the 
f i r s t e x c i t e d s t a t e of the F-band; the r a t i o o f 
the K- and F-band i n t e n s i t i e s should t h e r e f o r e be 
c o n s t a n t . Geiger (1955)9 however, has shown 
t h a t the r a t i o does not remain constant when the 
F-band i s bleached, a r e s u l t which casts doubt on 
the v a l i d i t y o f t h i s e x p l a n a t i o n . The K-band i n 
KC1 can be seen c l e a r l y i n f i g u r e s 23 and 24« 
Although the K-band would not seem to be a s s o c i a t e d 
w i t h t r a n s i t i o n s t o d i s c r e t e l e v e l s i n the F-centre 
the l a t t e r p r o b a b l y occur, and consequently they, 
as w e l l as the K-band, w i l l broaden the F-band on 
the s h o r t wavelength s i d e . A l s o , experiments 
have shown a band at 41° i n NaCl.Ca + + (see 
s e c t i o n 7.4). The Gaussian n a t u r e of the band i n 
t h i s r e g i o n i s t h e r e f o r e somewhat f o r t u i t o u s , and 
the bandwidth, w', has no d i r e c t s i g n i f i c a n c e . 
Short wavelength broadening o f s i m i l a r o r i g i n ^ i s 
p r o b a b l y r e s p o n s i b l e f o r the asymmetry of the F-
band i n O r . 

I t i s suggested t h a t , i n g e n e r a l , broadening 
by u n r e s o l v e d bands occurs on the l o n g wavelength 
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side of the F-band, though to a l e s s e r e x t e n t 
than t h a t on the s h o r t wavelength s i d e , and t h i s 
accounts f o r the v a r i a t i o n i n bandwidth from 
specimen t o specimen observed by the a u t h o r , and 
by Mador et a l i n O r - Since the F-band i s 
Gaussian from 4^5 m l - i ( t h e peak wavelength) to 
540 mji, the r e g i o n over which the bandwidth i s 
found, the bands causing the broadening are of 
c o m p a r i t i v e l y low i n t e n s i t y and do not d e s t r o y 
the Gaussian n a t u r e . The o n l y bands which are 
known to occur i n t h i s range are the Z-bands, and 
i t i s suggested t h a t these are formed along w i t h 
the F-band when the c r y s t a l i s X-rayed, i f the 
c r y s t a l c o n t a i n s a l k a l i n e e a r t h metals as i m p u r i t y . 
Pure specimens may t h e r e f o r e be expected to show 
the s m a l l e s t bandwidths, and t h i s i s observed w i t h 
the Harshaw specimens. V a r i a t i o n s i n bandwidth 
w i t h time of i r r a d i a t i o n may al s o be expected, and 
t h i s has been i n v e s t i g a t e d and v e r i f i e d (see 
f i g u r e 46). The inc r e a s e of bandwidth on pro­
longed i r r a d i a t i o n mentioned i n s e c t i o n 7.2 (see 
also f i g u r e 3 l ) also lends the t h e o r y support. 
F u r t h e r , measurements of bandwidth i n c r y s t a l s 
c o n t a i n i n g a h i g h percentage of calcium b e f o r e and 
a f t e r quenching, showed t h a t the quenching process 
inc r e a s e d t h e w i d t h of the F-band, c o r r e s p o n d i n g 
to an enhancement of the Z-band caused by the 

++ 
l i b e r a t i o n of Ca from d i s l o c a t i o n s e t c . I t was 
also found t h a t h e a t i n g c o l o u r e d h i g h content 
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c r y s t a l s a t 100 C reduced the "bandwidth, i n d i c a t i n g 
a d e s t r u c t i o n of Z-centres. 

Apart from the evidence accumulated from 
o b s e r v a t i o n , t h e r e i s every reason, t h e o r e t i c a l l y , 
to suppose t h a t Z-oentres are formed d u r i n g X-
i r r a d i a t i o n . At l e a s t one of the c e n t r e s , the 
un a s s o c i a t e d d i v a l e n t i o n , i s p o s i t i v e l y charged, 
and i t s c a p t u r e cross s e c t i o n should not d i f f e r 
from t h a t o f the F-centre by more than an order 
of magnitude. Given a s u f f i c i e n t l y h i g h i m p u r i t y 
c o n c e n t r a t i o n i n the c r y s t a l Z-bands of observable 
i n t e n s i t i e s should be formed- The evidence 
presented here i n d i c a t e s t h a t i n f a c t they are 
formed. The h i t h e r t o unaccountable absence of 
the bands r e p o r t e d by workers i n t h i s f i e l d , may 
be e x p l a i n e d by the low i n t e n s i t y o f the bands 
causing them to remain hidden by the F-band. 

8.4 Measurement of Z-band I n t e n s i t i e s . 

The bandwidth o b t a i n e d i n the Harshaw specimens 
(0.414 eV") was assumed to be the t r u e w i d t h o f the 
F-band, and i t was used to c a l c u l a t e the a p p r o p r i a t e 
Gaussian f o r the peak i n t e n s i t y given by the 
e x p e r i m e n t a l curve. I t seemed reasonable t o 
assume t h a t the Z-bands, l o c a t e d about 520 mu, 
c o n t r i b u t e d l i t t l e t o the a b s o r p t i o n a t 4̂ 5 mp,, 
t h e r e f o r e the peak i n t e n s i t y of the e x p e r i m e n t a l 
curve was v e r y n e a r l y t h a t of the t r u e F-band. 
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S u b t r a c t i o n of the c a l c u l a t e d F-band then gave the 
Z-bands, which appeared i n general as an u n r e s o l v e d 
band peaking at 520 mu ( a t room t e m p e r a t u r e ) , w i t h 
a p l a t e a u from 520 m\x to about 55° rau • The h i g h 
a b s o r p t i o n i n the r e g i o n of 55° suggests t h a t 
R-bands were also formed d u r i n g X - i r r a d i a t i o n . 

F i g u r e 42 shows the r e s u l t s of such sub­
t r a c t i o n s f o r s e v e r a l specimens. The i n t e n s i t y 
of the Z-band, d^, was taken to be the d e n s i t y 
at 520 mji, and the r e l a t i v e i n t e n s i t y , ^ z / d f * 
where d^ was the d e n s i t y at 4*>5 mjj, was c a l c u l a t e d 
i n a l l specimens i n v e s t i g a t e d . The f o l l o w i n g 
p o i n t s brought out by f i g u r e 42 are worthy of note. 

(1) The r e l a t i v e i n t e n s i t y of the Z-band 
i s independent of calcium c o n c e n t r a t i o n 
to a remarkable degree, r e m a i n i n g at 
about 0.1 w h i l e the calcium concentra­
t i o n increases a t h o u s a n d f o l d . This 
i n d i c a t e s t h a t the calcium i n t r o d u c e s 
n e g a t i v e i o n vacancies i n t o the 
c r y s t a l . 

(2) The quenched c r y s t a l ( f i g u r e 42b) 
shows a h i g h e r r e l a t i v e i n t e n s i t y . 

(3) Heating a t 100°C r a p i d l y d e s t r o ys 
the band ( f i g u r e 42b). 
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S u b t r a c t i o n bands f o r o p t i c a l l y bleached 
specimens are shown i n f i g u r e 43* 1* can be 
seen t h a t b l e a c h i n g increases the r e l a t i v e 
i n t e n s i t y . This i s due l a r g e l y to the r e d u c t i o n 
o f the P-band and o n l y s l i g h t l y to an incre a s e i n 
the Z-band. The increase i n r e l a t i v e i n t e n s i t y 
accounts f o r the o b s e r v a t i o n o f Z-bands h i t h e r t o 
o n l y i n bleached c r y s t a l s . 

F i g u r e 44 shows the bands at 90°K, o b t a i n e d 
by s u b t r a c t i n g a Gaussian of w i d t h 0,24° eV ( t h e 
w i d t h of the F-ba*id being p r o p o r t i o n a l to the 
square r o o t o f the absol u t e t e m p e r a t u r e ) . At 
t h i s temperature some r e s o l u t i o n i s o b t a i n e d , and 
two bands may be seen, the Z^-band a t 49° n*u and 
the Z^-band at 510 mu. I t would appear, t h e r e f o r e , 
t h a t b o t h types o f cent r e s are present i n the 
c r y s t a l . 

The r e l a t i v e i n t e n s i t y was measured i n a 
l a r g e number o f specimens. Table 5 shows the 
r e s u l t s f o r X-rayed c r y s t a l s t o g e t h e r w i t h the 
time o f i r r a d i a t i o n and the calcium c o n t e n t of each 
spec imen. 

The constancy of the r e l a t i v e i n t e n s i t y w i t h 
i n c r e a s i n g calcium c o n c e n t r a t i o n i n the h i g h e r 
c o n t e n t specimens i n d i c a t e d t h a t f o r every Z-
c e n t r e i n t r o d u c e d i n t o the c r y s t a l a d e f i n i t e 
number of F-centres were produced. The s m a l l e r 
r e l a t i v e i n t e n s i t i e s found i n the lower content 
specimens i s due to F-centres which are present a t 
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TABLE 5 

Specimen m.f. C a + + x 1 0 6 X-ray Time 
( h o u r s ) 

R e l a t i v e 
I n t e n s i t y 

K o r t h ( a ) 3 3.0 0.07 
U) 5 2.0 o . 05 
( o ) 5 5.0 0.06 

Mane h e s t e r 19 5.0 0.03 
Durham ( a ) 15 0.5 0.05 

3.0 0.08 

( b ) 
4.0 0.04 

( b ) 30 2.0 0.02 
( c ) 220 3.0 0.11 

5.0 0.10 
( d ) 3, 800 2.5 0.09 
( e ) 5,700 2.0 0.10 

( f ) 
5.0 0.11 

( f ) 5,400 3.3 0.18 
5.0 0.17 

Quenched specimens 

z e r o c a l c i u m c o n c e n t r a t i o n due t o o t h e r causes. 
These " i n t r i n s i c " F - c e n t r e s p r o b a b l y v a r y i n 
c o n c e n t r a t i o n f r o m specimen t o specimen and t h i s 
w o u l d a c c o u n t f o r the s p r e a d o f v a l u e s f o u n d i n t h e 
p u r e r c r y s t a l s . A n o t h e r f a c t o r here i s t h e 
i n c r e a s i n g i n a c c u r a c y o f measurement as t h e i n t e n s i t y 
o f t h e band becomes l o w . 
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The r e l a t i v e i n t e n s i t y was a l s o measured i n 
s p e c i m e n s w h i c h had been exposed to F - l i g h t . 
The r e s u l t s o b t a i n e d w i t h the s p e c i m e n s o f 
T a b l e 5 a r e shown i n T a b l e 6. 

TABLE 6 

Specimen ++ 6 i m.f. C a x 10 j R e l a t i v e I n t e n s i t y 

K o r t h ( a ) 3 
( b ) 5 0.161 
( c ) 5 0.156 

M a n c h e s t e r 19 0.343 
Durham ( a ) 15 0.440 

(*) 
0.320 

(*) 30 0.340 
( c ) 220 -

0.323 
U) 3,800 0.477 
( e ) 5,700 o . 400 

0.433 
5,400 0.510 

0.536 

Quenched s p e c i m e n s 
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I n g e n e r a l , i t was f o u n d t h a t "bleaching had the 
e f f e c t o f i n c r e a s i n g t he r e l a t i v e i n t e n s i t y by a 
f a c t o r o f 4 i n t h e h i g h e r c o n t e n t c r y s t a l s . 

Measurements o f t h e v a r i a t i o n o f r e l a t i v e 
i n t e n s i t y w i t h b l e a c h i n g t i m e showed t h a t t h e f o r m e r 
e v e n t u a l l y r e a c h e d a s a t u r a t i o n v a l u e , c o r r e s p o n d i n g 
t o t h e s t a t e when b o t h t h e F- and the Z-band were 
b l e a c h i n g a t the same r a t e . 

8.5 The Growth o f the F- and Z-b ands. 

The g r o w t h o f t h e F-band and o f t h e Z-band, 
and t h e b e h a v i o u r o f t h e F - b a n d w i d t h , as f u n c t i o n s 
o f t h e t i m e o f X - i r r a d i a t i o n o f t h e c r y s t a l , were 
i n v e s t i g a t e d . The p r o c e d u r e was t o i r r a d i a t e a 
t h i n specimen f o r 5 m i n u t e s , measure the a b s o r p t i o n 
f r o m 4^0 mji t o 540 mji, i r r a d i a t e f o r a n o t h e r 5 
m i n u t e s , measure, and so on. A f t e r t h e i n i t i a l 
g r o w t h was p l o t t e d the i n t e r v a l s o f i r r a d i a t i o n 
were i n c r e a s e d f i r s t t o 15, t h e n t o 30, and f i n a l l y 
t o 60 m i n u t e s , u n t i l t h e specimen had had 3 hours 
i r r a d i a t i o n . I t was f o u n d t h a t when t h e X-ray 
machine was c o l d t h e t u b e c u r r e n t , a measure o f t h e 
X - r a y i n t e n s i t y , f e l l a p p r e c i a b l y over the f i r s t 
h a l f hour o f r u n n i n g , and c o n s e q u e n t l y the p r e c a u t i o n s 
were t a k e n o f ( a ) a l l o w i n g the machine t o warm up 
b e f o r e e x p o s i n g t h e specimen, and ( b ) c h e c k i n g , and, 
i f n e c e s s a r y , a d j u s t i n g t h e c u r r e n t f r e q u e n t l y 
d u r i n g i r r a d i a t i o n p e r i o d s . Each specimen 
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i n v e s t i g a t e d was t h e r e f o r e g i v e n p r e c i s e l y the 
same i r r a d i a t i o n t r e a t m e n t . A f t e r t h e f i n a l 
measurement the w i d t h o f t h e specimen was measured 
w i t h a m i c r o m e t e r screw gauge a t s e v e r a l p l a c e s on 
t h e specimen, and a mean v a l u e was o b t a i n e d and 
used t o c o n v e r t o p t i c a l d e n s i t y t o a b s o r p t i o n 
coe f f i c i e n t . 

F i g u r e 45 shows t he g r o w t h c u r v e s o f t h e F-
band f o r f i v e specimens o f w i d e l y v a r y i n g c a l c i u m 
c o n t e n t . I t i l l u s t r a t e s s t r i k i n g l y t h e enhance­
ment o f the F-band by c a l c i u m . That c a l c i u m i s 
n o t t h e s o l e cause o f t h e F - c e n t r e s i s i n d i c a t e d by 
t h e r e s u l t s o b t a i n e d w i t h n e a r l y pure c r y s t a l s -
the Harshaw specimen c o n t a i n s l e s s c a l c i u m t h a n 
t h e K o r t h specimen y e t i t shows a s l i g h t l y h i g h e r 
c o l o u r B b i l i t y . 

A n a l y s i s o f t h e s e c u r v e s showed t h a t t h e y 
were c l o s e l y e x p o n e n t i a l i n n a t u r e , b e i n g o f the 
f o r m 

a = ( 1 - e x p ( - v t ) ) , 

where was t h e a b s o r p t i o n c o e f f i c i e n t a t 
s a t u r a t i o n , and v was the g r o w t h c o n s t a n t . cx^ 
and v were c a l c u l a t e d f o r each specimen i n v e s t i g a t e d 
( s e e f i g u r e 4 5 ) ; v was f o u n d t o be about 2 x 10 ^ sec 
and, u n l i k e a — , appeared t o be u n r e l a t e d t o c a l c i u m 
c o n t e n t • 
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Prom t h e a b s o r p t i o n measurements t a k e n between 
465 mji and 54O mp. t h e b a n d w i d t h o f t h e e x p e r i m e n t a l 
a b s o r p t i o n band was c a l c u l a t e d a f t e r each i r r a d i a t i o n 
i n t e r v a l , so t h a t i t s v a r i a t i o n w i t h t h e degree o f 
c o l o u r a t i o n ( d e f i n e d as the r a t i o a/a^) c o u l d be 
f o l l o w e d . The r e s u l t s f o r t h e f i v e specimens 
i n v e s t i g a t e d i n t h i s way a r e shown i n f i g u r e 46, 
where the h a l f - b a n d w i d t h , <r , i s p l o t t e d a g a i n s t 
t h e degree o f c o l o u r a t i o n . That a v a r i a t i o n was 
o b s e r v e d a t a l l i n c a l c i u m b e a r i n g c r y s t a l s 
i n d i c a t e d t h e i n f l u e n c e o f o t h e r bands b e s i d e s the 
F-band i n the w a v e l e n g t h r e g i o n c o n s i d e r e d , and 
t h e r e f o r e t h e s e r e s u l t s s u p p o r t the t h e o r y t h a t 
Z - c e n t r e s are p r o d u c e d d u r i n g X - i r r a d i a t i o n . As 
e x p e c t e d on t h i s t h e o r y , t h e c a l c i u m f r e e Harshaw 
specimen showed a b a n d w i d t h w h i c h r e m a i n e d c o n s t a n t , 
w i t h i n e x p e r i m e n t a l e r r o r ( l e s s t h a n 0.003 eV i n 
t h e s e c a s e s ) . 

Assuming t h e Harshaw b a n d w i d t h O.414 eV t o be 
t h e F - b a n d w i d t h the g r o w t h c u r v e s f o r the Z-band 
were c a l c u l a t e d , and are shown i n f i g u r e 47« At 
l e a s t o v e r t h e f i r s t 2 hours o f i r r a d i a t i o n t h e y 
were f o u n d t o be o f t h e same f o r m as t h a t f o u n d 
f o r t h e F-band, i . e . 

<x = a w V > ( l - e x p ( - v t ) ) . 

Beyond t • 2 hours d e v i a t i o n s o c c u r r e d i n t h e 
cases o f the h i g h e r c o n t e n t c r y s t a l s , s u g g e s t i n g 
some l i b e r a t i o n o f C a + + f r o m d i s l o c a t i o n s as a 
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r e s u l t o f the X - i r r a d i a t i o n . (A s i m i l a r e f f e c t 
was found i n N a C l . M n + + ( s e c t i o n 5.4). a ^ and v 
were measured from t h e e x p o n e n t i a l p a r t o f the 
c u r v e s , and ( a ^ ) J { a ^ ) ^ , o r , d r o p p i n g the s u b s c r i p t , 
s i m p l y a

z/afi a n d V z ^ V f w e r e c a l c u l a t e d f o r 
e a c h s p e c i m e n . The r e s u l t s a p p e a r i n T a b l e 7. 

I t may be n o t e d from the v a l u e s o f the two 
r a t i o s t h a t ( a ) t h e growth r a t e s o f the two bands 
were a p p r o x i m a t e l y e q u a l ; and ( b ) the s a t u r a t i o n 
i n t e n s i t y o f t h e Z-band was a p p r o x i m a t e l y o n e - t e n t h 
t h a t o f t h e F-band; and ( c ) t h e s e p r o p e r t i e s were 
i n d e p e n d e n t of c a l c i u m c o n c e n t r a t i o n . 

8.6 P h e n o m e n o l o g i c a l T h e o r y o f C o l o u r a t i o n . 

To e x p l a i n t h e s e r e s u l t s l e t us c o n s i d e r a 
c r y s t a l c o n t a i n i n g h o l e and e l e c t r o n t r a p s u n d e r ­
g o i n g X - i r r a d i a t i o n . F o r s i m p l i c i t y we s h a l l 
assume t h a t the o n l y e l e c t r o n t r a p s w h i c h a r e p r e s e n t 
a r e n e g a t i v e i o n v a c a n c i e s and C a + + i o n s , and the 
o n l y h o l e t r a p s a r e p o s i t i v e i o n v a c a n c y p a i r s , 
( i t i s p o s s i b l e to c o n s i d e r t h e c o m p l e x e s a s s o c i a t e d 
w i t h Z g - c e n t r e s and R - c e n t r e s i f i t i s assumed t h a t 
t h e c a p t u r e p r o b a b i l i t y o f t h e i n d i v i d u a l t r a p s i n 
the complex r e m a i n s unchanged by the complex, but 
f o r c l a r i t y t h i s i s n o t d e a l t w i t h h e r e ) . 
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L e t 

F = X-ray f l u x , (quanta/cm / s e c ) 

N = d e n s i t y o f i o n s , 

S = i o n i z a t i o n c r o s s - s e c t i o n o f i o n s , 

n = d e n s i t y o f e l e c t r o n s i n the c o n d u c t i o n 
band, 

p = d e n s i t y o f h o l e s i n t h e v a l e n c e band, 

k Q = p r o b a b i l i t y o f d i r e c t r e c o m b i n a t i o n o f 
e l e c t r o n s and h o l e s per u n i t t i m e . 

The f o l l o w i n g t a b l e g i v e s t h e n o t a t i o n f o r the 
d e n s i t i e s o f t h e t r a p s and c o l o u r c e n t r e s a t any 
t i m e , t ; t h e c a p t u r e p r o b a b i l i t i e s p e r u n i t t i m e 
o f t h e t r a p s , k; and t h e p r o b a b i l i t y per u n i t 
t i m e o f i o n i z a t i o n o f t h e c o l o u r c e n t r e s , w. 

dens i t y k w 

N e g a t i v e i o n v a c a n c i e s n i -
Ca i o n s n 2 k 2 — 

F - c e n t r e s n f -
Z - c e n t r e s n _ w 
1 z z 

F i n a l l y , l e t n^ be t h e d e n s i t y o f p o s i t i v e i o n 
v a c a n c i e s , be the d e n s i t y o f t h o s e w h i c h have 
c a p t u r e d a h o l e , and k^ be the p r o b a b i l i t y per 
u n i t t i m e t h a t an e l e c t r o n r e c o m b i n e s w i t h a 
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t r a p p e d h o l e . S i n c e the c e n t r e s a r e i n 
p a i r s or a s s o c i a t e d w i t h p o s i t i v e i o n v a c a n c i e s i n 
N a C l , f o r m i n g and V ^ - c e n t r e s r e s p e c t i v e l y , 
we assume f o r s i m p l i c i t y t h a t k^ i s u n a l t e r e d by 
complex f o r m a t i o n . 

A l t h o u g h L e i v o e t a l (1949) have found 
e v i d e n c e t h a t v a c a n c i e s a r e c r e a t e d d u r i n g X-
i r r a d i a t i o n we s h a l l assume t h a t t h i s e f f e c t i s 
n e g l i g i b l e h e r e , so t h a t a t a l l t i m e s 

n^ + n f = a c o n s t a n t - N f 

S i m i l a r l y , we have 

n „ + n = N 2 z z 

n. + n = N . 3 v v 

The r a t e o f i n c r e a s e o f the d e n s i t y of 
e l e c t r o n s i n the c o n d u c t i o n band i s g i v e n by 

| £ = SFN - k Q p n - k ^ n - k ^ n - k ^ n + w f n f + w ^ 

We can s i m p l i f y t h i s e q u a t i o n i f we assume t h a t : 

( l ) The terms i n v o l v i n g W j and w^ a r e 
n e g l i g i b l e . 
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(2) k x = k
2
 = k 3 = k-

(3) At a l l t i m e s e l e c t r i c a l n e u t r a l i t y i s 
p r e s e r v e d , 

i . e . n = p 

and n^ = n 1 + n g . 

We o b t a i n 

77 = SFN - k n 2 - kU n, dt o v 1 

u s i n g the c o n d i t i o n t h a t n. • N - n . 
3 v v 

I n t e g r a t i o n g i v e s n as a f u n c t i o n of t : 

KK 1 ( e z p ( k (K + K«)t) - 1 ) 
n = 

K 1 exp ( k Q ( K + K»)t) + K 

whe r e 

and 

4 
kN 4SFNk 2 

o k N 

kH 4SFNk i 
K' - ik" ( ^ + — r ) + D-o k*N 

v 
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Here we have used t h e boundary c o n d i t i o n n « 0 when 
t - 0. 

When t i s l a r g e enough 

n « K. 

That i s to say, t h e d e n s i t y o f c o n d u c t i o n e l e c t r o n s 
becomes c o n s t a n t as t i n c r e a s e s . 

I t i s o f i n t e r e s t t o e s t i m a t e how q u i c k l y t h i s 
s t a t e i s r e a c h e d . The t i m e c o n s t a n t a s s o c i a t e d 
w i t h t h e g r o w t h o f n i s ( k Q (K + K 1 ) ) " 1 - Now k Q 

and k can each be w r i t t e n as the p r o d u c t o f a 
c a p t u r e c r o s s - s e c t i o n and the a r i t h m e t i c mean t h e r m a l 
v e l o c i t y o f t h e e l e c t r o n s , so t h a t s i n c e t h e f o r m e r 

— 1 6 2 
w i l l be about 10 cm , and the l a t t e r i s about 7 — 9 10 cm/sec we can p u t k Q = k = 10 ; and i f we 
l e t S = 1 0 " 1 6 cm 2, F = 1 0 7 quant a/cm 2/sec, N" = 1 0 2 2 , 

17 
and N = 10 . we f i n d the t i m e c o n s t a n t t o be o f 

v 1 _Q 

t h e o r d e r o f 10~ see. Thus, o v e r t h e range o f 
t i m e w h i c h i s o f i n t e r e s t , we may c o n s i d e r n t o 
be c o n s t a n t a t about 10^ e l e c t r o n s / c m ^ $ as e s t i m a t e d 
f r o m 

SPN n = K = kN 
v 

We can now c o n s i d e r t h e g r o w t h o f t h e number o f 
P - c e n t r e s . 
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The r a t e e q u a t i o n i s 

at = k i n i n - w
f

n r 

P u t t i n g n^ = N̂ , - n^, and i n t e g r a t i n g we o b t a i n 

k nN 
n f = - J — 1 ( 1 " exp ( - v f t ) ) , 

where 

v f = k x n + w f. 

S i n c e t h e a b s o r p t i o n c o e f f i c i e n t , a, i s p r o p o r t i o n a l 
to t h e number o f F - c e n t r e s , t h i s i s j u s t t h e form o f 
the growth c u r v e of the F-band found e x p e r i m e n t a l l y , 

— 7 — l 
w i t h v« « 10 s e c ( s e e s e c t i o n 7 . 4 ) , 

V f ^ k l n ' 

henc e 

n f = N f ( 1 - exp ( - v f t ) ) . 

I n a s i m i l a r manner we can d e r i v e the growth 
. l a fo 

n e g l e c t e d , 
f o r m u l a f o r the Z . - c e n t r e s and o b t a i n , i f w i s 

1 z 

n - N ( l - exp (-v t ) ) z z x z ' 1 
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However, th e e s t i m a t i o n of w d e s c r i b e d i n s e c t i o n 
7.4 showed t h a t w z can be a s l a r g e as 10 s e c 5 
c o n s e q u e n t l y , t h e e x p r e s s i o n f o r n i s a somewhat 
p o o r e r a p p r o x i m a t i o n t h a n t h a t f o r n f . 

We may n o t e t h a t 

Prom e x p e r i m e n t t h i s r a t i o was found to be 
a p p r o x i m a t e l y u n i t y , hence t h i s means t h a t t h e 
c a p t u r e c r o s s - s e c t i o n s o f a n e g a t i v e i o n v a c a n c y 

++ 
and a Ca i o n a r e a p p r o x i m a t e l y e q u a l . T h i s a l s o 
j u s t i f i e s p u t t i n g k_ = k to c a l c u l a t e n. 

8.7 E s t i m a t i o n s o f V a c a n c y and Ca I o n D e n s i t i e s . 

The s p e c i m e n s u s e d i n the i n v e s t i g a t i o n of the 
g r o w t h o f t h e P- and Z-bands were l e s s t h an 0.05 cm 
t h i c k , so t h a t i t was assumed, to a f i r s t 
a p p r o x i m a t i o n , t h a t t h e c o l o u r a t i o n by t h e X - r a y s 
was p r o d u c e d u n i f o r m l y * (The q u e s t i o n o f non-
u n i f o r m i t y i s d i s c u s s e d i n s e c t i o n 8.9). The 
f o r m u l a g i v e n by Smakula (1930), r e l a t i n g the 
number of a b s o r b i n g c e n t r e s per u n i t volume to t h e 
band peak a b s o r p t i o n c o e f f i c i e n t , was t h e n a p p l i c a b l e . 
F o r NaCl t h e f o r m u l a becomes 

u Wa. 
n. = 1.06 x 10 1 _ 1 , 1 f ? 
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where n i i s the d e n s i t y o f a b s o r b i n g c e n t r e s , W, 
t h e b a n d w i d t h a t h a l f maximum, f , the o s c i l l a t o r 
s t r e n g t h of t h e c e n t r e , and a± i s the peak 
a b s o r p t i o n c o e f f i c i e n t . S u b s t i t u t i n g f * 0.81 
(Mott and Gurney, 1940), W = O.414 eV, and 

= the v a l u e a t s a t u r a t i o n a s c a l c u l a t e d 
from t h e growth c u r v e s , N^, the d e n s i t y o f n e g a t i v e 
i o n v a c a n c i e s , was c a l c u l a t e d . 

To e s t i m a t e the d e n s i t y o f C a + + i o n s i t was 
assumed t h a t : 

(1) The Z-band a b s o r p t i o n was due to o n l y 
Z ^ - c e n t r e s , so t h a t the s a t u r a t i o n 
a b s o r p t i o n c o e f f i c i e n t , <x , r e f e r r e d to 

+ + N , t h e d e n s i t y of Ca i o n s , z 

(2) W and f f o r t h e Z ^ b a n d were t h e 
same as f o r t h e F-band. (The 
s i m i l a r i t y between t h e two c e n t r e s 
makes t h i s a r e a s o n a b l e f i r s t 
a p p r o x i m a t i o n ) . 

The d e n s i t y o f C a + + i o n s , N q, d e t e r m i n e d 
c h e m i c a l l y , was a l s o c a l c u l a t e d , from t h e mole 
f r a c t i o n . The v a l u e s o f N , N and N f o r 

c x z 
s i x s p e c i m e n s a r e shown i n T a b l e 8. 

S i n c e t h e s p e c i m e n s came from c r y s t a l s s l o w l y 
c o o l e d from t h e growth t e m p e r a t u r e to room 
t e m p e r a t u r e , N Z and N̂ , were t a k e n to be t h e t h e r m a l 
e q u i l i b r i u m v a l u e s a t 20°C. P a r t i c u l a r l y s t r i k i n g 
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TABLE 8 

Specimen IT ( C a + + / c c ) N ( C a + + 

z ) Z 1 / o o Neg. i o n 
vacs/cc 

1 7 x 1 0 1 6 4.4 X 1 0 1 5 4.2 x 1 0 1 6 

2 3.5 x 1 0 1 7 1.0 X i o 1 6 1.3 x 1 0 1 7 

3 8,8 x 1 0 1 7 1.4 X ! 0 1 6 1.4 x 1 0 1 7 

4 4.8 x 1 0 1 8 1.7 X i o 1 6 2.1 x 10 

5 1.4 x 1 0 2 0 3.3 X i o 1 6 3.4 x 1 0 1 7 

6 1.6 x 1 0 2 0 - 3.5 
. i 

was t h e c o n s i d e r a b l e d i s p a r i t y between t h e d e n s i t y o f 
C a + + i o n s d e t e r m i n e d c h e m i c a l l y and t h e d e n s i t y o f 
C a + + i o n s g i v i n g r i s e t o c o l o u r c e n t r e s , i n d i c a t i n g 
t h a t a g r e a t e r p r o p o r t i o n o f t h e c a l c i u m by f a r , 
e x i s t e d i n t h e c r y s t a l as a g g l o m e r a t e s , p r o b a b l y a t 
d i s l o c a t i o n s . I t was a l s o i n t e r e s t i n g t o n o t i c e 
t h a t , w h i l e n e i t h e r B"z n o r H f were s i m p l y r e l a t e d t o 
K , N. was c l o s e l y r e l a t e d t o H , t h e r a t i o N /N o f z i z 
b e i n g a c o n s t a n t w i t h r e s p e c t t o N and a p p r o x i m a t e l y 

c 
e q u a l t o 10. T h e r e f o r e i t appeared t h a t f o r e v e r y 
C a + + i o n , i n t h e l a t t i c e s u b s t i t u t i o n a l l y and 
u n a s s o c i a t e d , t h e r e were t e n n e g a t i v e i o n v a c a n c i e s . 

8.8 Theory o f Z - c e n t r e C o n c e n t r a t i o n . 

The f o l l o w i n g e x p l a n a t i o n i s s u g g e s t e d t o 
a c c o u n t f o r t h e d i s p a r i t y between t h e d e n s i t y o f 
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C a + + i o n s as d e t e r m i n e d c h e m i c a l l y and t h e 
Z - c e n t r e d e n s i t y N . 

z 
C o n s i d e r t h e N q CaCl^ m o l e c u l e s per cc i n s i d e 

t h e c r y s t a l t o be a g g r e g a t e d a t d i s l o c a t i o n s , where 
t h e i r e n e r g y i s much l o w e r t h a n i t w o u l d be i f t h e y 
were d i s t r i b u t e d t h r o u g h o u t t h e b u l k . Since s o l u t e 
atoms and m o l e c u l e s can re d u c e t h e s t r a i n energy 
around an i m p e r f e c t i o n l i k e a d i s l o c a t i o n by v i r t u e 
o f t h e i r s i z e , w h i c h i s g e n e r a l l y d i f f e r e n t t o t h a t 
o f t h e host m o l e c u l e s ( C o t t r e l , 1953? K u r t z and 
K u l i n , 1954), t h i s w o u l d seem to be r e a s o n a b l e . 
At a t e m p e r a t u r e above a b s o l u t e z e r o , however, n 
o f t h e N" i m p u r i t y m o l e c u l e s w i l l f i n d t h e m s e l v e s c 
b u i l t i n t o t h e l a t t i c e , away f r o m the a g g r e g a t e s , 
i . e . s p r e a d t h r o u g h o u t t h e b u l k , and t h i s d e n s i t y , 
n, w i l l be go v e r n e d by an a c t i v a t i o n e n e r g y , E. 
I f E i s h i g h enough n w i l l be o n l y a s m a l l 
f r a c t i o n o f N a t room t e m p e r a t u r e , and s i n c e n 
w i l l be r e l a t e d t o N z t h e d i s p a r i t y i s e x p l a i n e d . 

We can t a k e the model f u r t h e r by c o n s i d e r i n g 
how a CaClg m o l e c u l e i s b u i l t i n t o t h e l a t t i c e . 
A r e a s o n a b l e mechanism f o r t h i s i s as f o l l o w s : 

( 1 ) The C a + + i o n i s p l a c e d a t one o f t h e N 
l a t t i c e s i t e p o s i t i o n s n o r m a l l y 
o c c u p i e d by a Na + i o n . 

( 2 ) Each o f t h e C l ~ i o n s i s p l a c e d a t one 
o f t h e IT n e g a t i v e i o n s i t e s . 
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( 3 ) To p r e s e r v e e l e c t r i c a l n e u t r a l i t y 
w i t h i n t h e "bulk o f t h e c r y s t a l a 
vacancy i s c r e a t e d a t one o f t h e N 
p o s i t i v e i o n s i t e s . 

( 4 ) I f t h e p o s i t i v e i o n vacancy i s a s s o c i a t e d 
w i t h t h e C a + + i o n , f o r m i n g a complex, we 
can r e g a r d t h e complex as r e p l a c i n g one 
o f t h e N NaCI m o l e c u l e s . 

Suppose t h a t a f r a c t i o n f o f t h e n C a + + 

i o n s b u i l t i n t o t h e l a t t i c e i s a s s o c i a t e d w i t h 
p o s i t i v e i o n v a c a n c i e s . Then, i f t h e d e n s i t y o f 
u n a s s o c i a t e d C a + + i o n s (= d e n s i t y o f u n a s s o c i a t e d 
p o s i t i v e i o n v a c a n c i e s ) i s p, and t h e d e n s i t y o f 
complexes i s q, 

p = ( l - f ) n , and q « f n . 

We may now p r o c e e d by w e l l - k n o w n arguments o f 
s t a t i s t i c a l mechanics t o c a l c u l a t e t h e e q u i l i b r i u m 
d e n s i t y o f CaCl^ m o l e c u l e s b u i l t i n a t any 
t e m p e r a t u r e , T. 

The c o n t r i b u t i o n t o t h e e n t r o p y change, S, 
f r o m t h e d i s t r i b u t i o n o f t h e p C a + + i o n s o v e r N 
s i t e s i s g i v e n by 

S n = k l o g 7 2J . 
1 6 ( N - p ) ! p ! ' 
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and t h i s i s e q u a l t o the c o n t r i b u t i o n f r o m t h e 
u n a s s o c i a t e d v a c a n c i e s , S^. Hence we have 

The c o n t r i b u t i o n f r o m t h e complexes i s 

S 3 = k l 0 g <JT-q>!q! ' 

and t h a t f r o m t h e 2n C l ~ i o n s 

N 1 

S. = 2k l o g -rrz —- . 

There i s y e t a f u r t h e r change i n e n t r o p y w h i c h 
a r i s e s f r o m t h e s e l e c t i o n o f n f r o m t h e N CaCl^ 

c 2 
m o l e c u l e s, i . e . 

S_ = k l o g 7— — r . 
5 (IT - n ) ! n ! 

I f E i s t h e e n e r g y r e q u i r e d t o b u i l d i n a CaCl^ 
m o l e c u l e , t h e change i n f r e e e n e r g y , F, i s g i v e n by 

F = nE - TS. 

S i n c e , a t t h e r m a l e q u i l i b r i u m , F i s a minimum, i . e . 
dF/dn - 0, we have 

£ = T M . dn 
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Adding t h e components o f S and u s i n g S t i r l i n g ' s 
a p p r o x i m a t i o n , i . e . 

l o g m = N l o g N - N, 

where N i s l a r g e , we o b t a i n an e x p r e s s i o n f o r S 
w h i c h , a f t e r s u b s t i t u t i n g f o r p and q and 
d i f f e r e n t i a t i n g , g i v e s 

— = l o g ( N c - n ) - ( 5 - f ) l o g n + U - f ) l o g N - l o g f f ( l - f ) 2 

I n d e r i v i n g t h i s we have n e g l e c t e d n i n c o m p a r i s o n 
w i t h N. The l a s t t e r m i n t h e above e q u a t i o n may 
a l s o be n e g l e c t e d , so t h a t 

l o g ( N - n) = ( 5 - f ) l o g n - ( 4 - f ) l o g N + E/kT. c 

The t h e o r y t h e r e f o r e p r e d i c t s t h a t a p l o t o f 
l°g(^ 0 - n ) a g a i n s t l o g n w i l l g i v e a s t r a i g h t l i n e 
o f s l o p e ( 5 - f ) and i n t e r c e p t E/kT - ( 4 - f ) l o g N , and 
hence f and E may be f o u n d . 

A c o m p a r i s o n o f t h e o r y and e x p e r i m e n t was 
e f f e c t e d by a s s o c i a t i n g n, the d e n s i t y o f CaCl^ 
m o l e c u l e s b u i l t i n t o t h e l a t t i c e i n the manner 
pro p o s e d a"bove, w i t h N^, t h e d e n s i t y o f a b s o r b i n g 
c e n t r e s c a l c u l a t e d u s i n g t h e a s s u m p t i o n s o f t h e 
p r e v i o u s s e c t i o n . A n t i c i p a t i n g t h e r e s u l t f o u n d 
h e r e . N was a s s o c i a t e d i n t h a t s e c t i o n w i t h t h e 

z ++ d e n s i t y o f u n a s s o c i a t e d Ca i o n s . However, the 
r e s u l t s o f a b s o r p t i o n measurements i n d i c a t e d t h a t 
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o o t h a s s o c i a t e d and u n a s s o c i a t e d Ca i o n s were 
p r e s e n t ( s e e s e c t i o n 8,4), b u t i n what p r o p o r t i o n s 
i t was i m p o s s i b l e t o ju d g e s i n c e t h e r e was 
i n s u f f i c i e n t r e s o l u t i o n o f the Z^- and Z^- bands. 
T h e r e f o r e , i n e q u a t i n g N z and n the f o l l o w i n g 
a s s u m p t i o n s were i m p l i c i t ; 

( 1 ) The s a t u r a t i o n a b s o r p t i o n c o e f f i c i e n t , 
c t z , was t h e sum o f the c o r r e s p o n d i n g 
a b s o r p t i o n c o e f f i c i e n t s o f t h e two Z-
bands. ( S i n c e t h e peak w a v e l e n g t h s o f 
t h e bands were s e p a r a t e d by o n l y 20 mu 
t h i s was a r e a s o n a b l e f i r s t a p p r o x i m a t i o n ) . 

( 2 ) The b a n d w i d t h s and o s c i l l a t o r s t r e n g t h s 
o f t h e bands were th o s e o f t h e F-band. 

A breakdown o f e i t h e r o f t h e s e a s s u m p t i o n s w o u l d 
a f f e c t t h e i n t e r c e p t , and hence t h e v a l u e o f E, b u t 
w o u l d n o t a p p r e c i a b l y a f f e c t t h e s l o p e , s i n c e , i n 
t h i s case- n = N c o u l d be r e p l a c e d by n = M , 7 z z 7 

where K i s a c o n s t a n t . 

The r e s u l t o f p l o t t i n g l o g (N -n) a g a i n s t 
c 

l o g n ( n = N z) i s shown,in f i g u r e 4 8 ( a ) . The 
s t r a i g h t l i n e was f o u n d t o have a s l o p e o f 
4.98 + 0.10, so t h a t f m 0.02 + 0.10, i n d i c a t i n g 
t h a t , a t t h e most, o n l y 2$ o f t h e C a + + i o n s were 
a s s o c i a t e d a t room t e m p e r a t u r e . T h i s r e s u l t 
c o n f i r m s t h e work o f E t z e l (195-2), w i t h r e g a r d 
to t h e predominance o f u n a s s o c i a t e d i o n s . Thus, 
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n was, t o a good a p p r o x i m a t i o n , t h e d e n s i t y o f Z^-
o e n t r e s a t s a t u r a t i o n , and hence a s s u m p t i o n 1 
above was l a r g e l y u n n e c e s s a r y . The v a l u e o f E 
o b t a i n e d f r o m t h e i n t e r c e p t was 1.78 eV, u s i n g 
N * 2,21 x 1 0 2 3 f o r NaCl. 

To summarize, t h e d e n s i t y o f C a + + i o n s g i v i n g 
r i s e t o Z ^ - c e n t r e s was f o u n d f r o m t h e o r y and 
e x p e r i m e n t t o be g i v e n by the r e l a t i o n s h i p 

A VR 
N = (N N 4 ) 0 exp(-E/5kT), 

when N i s s m a l l compared t o N . z o 

I t was a l s o f o u n d t h a t a p l o t o f l o g ( N -n.) 
C X 

a g a i n s t l o g n^, where n f was t h e number o f F-
c e n t r e s a t s a t u r a t i o n , gave a s t r a i g h t l i n e whose 
s l o p e was 7.04 (see f i g u r e 4 8 ( b ) ) . By a n a l o g y 
w i t h the above r e s u l t t h i s w ould suggest a r e l a t i o n ­
s h i p o f t h e f o r m 

* V? 
n f = ( N c t f D r ' e x p ( - E f / 7 k T ) 

b u t , i f t h i s were t r u e , t h e r a t i o ^ f / ^ z w o u l d depend 
upon N , and t h i s i s n o t i n agreement w i t h e x p e r i m e n t , c 
I t w o u l d seem t h a t t h e p r o d u c t i o n o f n e g a t i v e i o n 
v a c a n c i e s by t h e c a l c i u m , as m i g h t be e x p e c t e d , i s a 
more c o m p l i c a t e d p r o c e s s t h a n t h a t o f f o r m i n g 
( i n c i p i e n t ) Z - c e n t r e s , and t h e d e t a i l e d mechanism 
whereby t h e y are p r o d u c e d i s f a r f r o m c l e a r . 
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8,9 A c c u r a c y o f R e s u l t s . 

I n o r d e r t o assess the w e i g h t t o be a t t a c h e d 
t o t h e s e r e s u l t s , and i n p a r t i c u l a r t h e a c c u r a c y 
o f t h e a c t i v a t i o n e n e r g y , E, as d e t e r m i n e d above, 
i t i s n e c e s s a r y t o c o n s i d e r the e r r o r s i n v o l v e d i n 
t h e e x p e r i m e n t a l r e s u l t s , and the v a l i d i t y o f the 
a s s u m p t i o n s made i n the i n t e r p r e t a t i o n o f them. 

( a ) U n i f o r m i t y o f C o l o u r a t i o n . 

I t was assumed, i n c a l c u l a t i n g an a b s o r p t i o n 
c o e f f i c i e n t f r o m o p t i c a l d e n s i t y measurements, 
t h a t t h e c r y s t a l s were u n i f o r m l y c o l o u r e d . A l t h o u g h 
t h e specimens were t h i n t h i s c o n d i t i o n was o n l y 
a p p r o x i m a t e l y a t t a i n e d i n p r a c t i c e because o f t h e 
h e t e r o g e n e o u s n a t u r e o f t h e c o l o u r i n g X-ray beam and 
t h e h i g h X-ray a b s o r p t i o n o f NaCl. Due t o the 
l a t t e r , the c o l o u r a t i o n near t h e exposed s u r f a c e 
deepens r a p i d l y w h i l e t h a t near t h e more d i s t a n t 
s u r f a c e deepens o n l y s l o w l y . The r a t e o f g r o w t h 
o f c o l o u r a t i o n o b t a i n e d f r o m t h e g r o w t h c u r v e s i s 
t h e r e f o r e a mean v a l u e , and as such, depends upon 
t h e t h i c k n e s s o f the specimen. I t i s i m p o r t a n t t o 
n o t e t h a t l a c k o f u n i f o r m i t y w o u l d n o t a f f e c t the 
r e s u l t f o r the a b s o r p t i o n c o e f f i c i e n t a t s a t u r a t i o n , 
a«ci p r o v i d e d t h e r a t e o f g r o w t h was everywhere much 
g r e a t e r t h a n the r a t e o f t h e r m a l decay, i . e . 
k n (see s e c t i o n 8.6), b u t s i n c e t h i s was n o t t h e 
case i t was n e c e s s a r y t o e s t i m a t e t , the t h i c k n e s s 
o f NaCl t o r e d u c e F, t h e f l u x o f X - r a y s , low enough 
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f o r kn t o become comparable w i t h w, i . e . about 
10 sec 

The e m i s s i o n f r o m t h e copper t a r g e t c o n t a i n e d 
s h o r t w a v e l e n g t h l i n e s s i t u a t e d on the w a v e l e n g t h 
s c a l e around 1.42. and t h e s e are r e s p o n s i b l e f o r 
t h e b u l k c o l o u r a t i o n . The mass a b s o r p t i o n 
c o e f f i c i e n t f o r NaCl a t 0.7092 i s 7.89 cm" /gm per cc 
Assuming the B r a g g - P e i r c e Law t o h o l d , v i z . mass 
a b s o r p t i o n c o e f f i c i e n t p r o p o r t i o n a l t o the cube o f 
t h e w a v e l e n g t h , the c o e f f i c i e n t a t 1 # 4 A i s about 
60 cm /gm per cc. Since the d e n s i t y o f NaCl i s 
2.2 gm p e r cc the a b s o r p t i o n c o e f f i c i e n t i s about 
130 cm""1. Thus 

F « P q e x p ( - 1 3 0 t ) , 

where F i s t h e X-ray f l u x f a l l i n g on the s u r f a c e o 
o f t h e c r y s t a l . From s e c t i o n 8.6 

kn * — — = 10 F q e x p ( - 1 3 0 t ) , 
v 

p u t t i n g S - 1 0 ~ 1 6 cm""2, N = 1 0 2 3 cm" 3, and N - 1 0 1 7 

6 2 
L e t t i n g F , as b e f o r e , be 10 quanta/cm , t h e t h i c k -o — 6 — 1 n e s s , t , f o r w h i c h kn = w =10~ sec"" i s g i v e n by 

t = 130" 1 l o g 1 0 2 

• e 

= 0.03 cm. 
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Thus t h e o p t i c a l d e n s i t y a t s a t u r a t i o n as measured 
f r o m t h e g r o w t h c u r v e s a r i s e s m a i n l y f r o m the 
c o l o u r a t i o n o f t h e s e c t i o n o f t h e c r y s t a l l y i n g 
w i t h i n 0.03 om f r o m t h e i r r a d i a t e d s u r f a c e . The 
c o r r e s p o n d i n g a b s o r p t i o n c o e f f i c i e n t , o b t a i n e d by 
d i v i d i n g t h e o p t i c a l d e n s i t y by the t o t a l t h i c k n e s s 
o f t h e c r y s t a l ( a b o u t 0.05 cm), i s t h e r e f o r e t o o 
s m a l l by a f a c t o r o f 1,5 to 2 .0 . The IT v a l u e s 

z 
are t h u s t o o low by t h e same amount. 

The l a c k o f u n i f o r m i t y e x p l a i n s why t h e p o i n t s 
i n t h e graphs o f f i g u r e 48(a) and f i g u r e 48(b) a t l o w 
c o n c e n t r a t i o n d e v i a t e m a r k e d l y f r o m the s t r a i g h t 
l i n e , s i n c e t h e s e were o b t a i n e d f r o m t h e same 
specimen, w h i c h happened t o be t h i c k e r t h a n t h e 
r e s t ( a b o u t 0.07 cm). 

( b ) P r o d u c t i o n o f V a c a n c i e s . 

I t i s known t h a t X-rays produce v a c a n c i e s 
( L e i v o e t a l , 1949/f b u t s i n c e i t m i g h t be e x p e c t e d 
t h a t t h e g r o w t h o f c o l o u r c e n t r e s i n t h i s way w o u l d 
be l i n e a r w i t h t i m e , whereas the a c t u a l g r o w t h t e n d s 
e x p o n e n t i a l l y t o w a r d s a s a t u r a t i o n v a l u e , t h i s 
e f f e c t i s p r o b a b l y n e g l i g i b l e h e r e . However, 
w h i l e t h e v a c a n c i e s p r o d u c e d by the X-rays appear 
n o t t o have a g r e a t e f f e c t on t h e c o l o u r a t i o n t h e y 
may d i f f u s e t o d i s l o c a t i o n s and l i b e r a t e C a + + i o n s 
t h u s c a u s i n g t h e d e v i a t i o n f r o m e x p o n e n t i a l g r o w t h 
o f the Z-band, n o t i c e d i n h i g h c o n t e n t c r y s t a l s . 
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( o ) Smakula's Formula* 

The f o r m u l a used t o c a l c u l a t e the d e n s i t y o f 
a b s o r b i n g c e n t r e s was d e r i v e d by Smakula, who made 
th e a s s u m p t i o n s ( a ) t h a t t h e e l e c t r o n was c l o s e l y 
bound t o t h e c e n t r e , and ( b ) t h a t t h e shape o f t h e 
a b s o r p t i o n c u r v e was L o r e n t z i a n . W hile t h e f i r s t 
o f t h e s e a s s u m p t i o n s i s r e a s o n a b l e f o r the F- and 
Z - c e n t r e s ( s e e the c a l c u l a t i o n s o f J. H. Simpson, 
1949, K # Lehovac, 1953, f o r example) t h e second i s 
i n v a l i d s i n c e t h e a b s o r p t i o n c u r v e i s Gaussian 
( s e e s e c t i o n 8 . 2 , and C. H e r r i n g , 1956) . When 
t h i s i s t a k e n i n t o a c c o u n t t h e f o r m u l a f o r HaCl 
becomes 

i n s t e a d o f 

n , 7.24 x 1 0 1 5 & 

. . _ A 1 6 aw n = 1.06 x 10 —— 

9 

where n = t h e d e n s i t y o f a b s o r b i n g c e n t r e s , 
a » t h e a b s o r b t i o n c o e f f i c i e n t a t t h e peak, W « t h e 
b a n d w i d t h a t half-maximum, and f = t h e o s c i l l a t o r 
s t r e n g t h , ( s e e D e x t e r , 1956) . T h i s means t h a t 
t h e n d e t e r m i n e d by Smakula's f o r m u l a i s t o o • 
h i g h by a f a c t o r o f I . 4 8 . However, as H e r r i n g 
p o i n t s o u t , t h e o s c i l l a t o r s t r e n g t h as d e t e r m i n e d 
f o r t h e a l k a l i h a l i d e s by P o h l and h i s c o - w o r k e r s 
was e s t i m a t e d u s i n g Smakula's f o r m u l a , and t h e y 
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o b t a i n e d t h e v a l u e 0.81 f o r f . U s i n g the f o r m u l a 
g i v e n by D e x t e r t h e y w o u l d have o b t a i n e d t h e v a l u e 
° « 5 5 , and t h i s i s pre s u m a b l y the c o r r e c t v a l u e . 
Smakula's f o r m u l a , t h e r e f o r e , g i v e s t h e c o r r e c t 
v a l u e f o r n, where t h e f o f t h e f o r m u l a i s 
r e g a r d e d as a f a c t o r a r i s i n g f r o m t h e Gaussian 
n a t u r e o f the a b s o r p t i o n c u r v e and the o s c i l l a t o r 
s t r e n g t h , i . e . f « I . 4 8 x O.55 = 0.81. 

( d ) V i b r a t i o n a l F r e q u e n c i e s . 

The f o r m u l a 

1/ 
H = (N N 4) 5 exp(-E/5kT) 

was d e r i v e d n e g l e c t i n g the e f f e c t o f changes 
b r o u g h t about i n the v i b r a t i o n a l f r e q u e n c i e s o f the 
i o n s s u r r o u n d i n g t h e c a l c i u m i o n and the p o s i t i v e 
i o n v a c a n c y . I f i t i s assumed t h a t t h e e f f e c t on 
n e i g h b o u r i n g i o n s i s the same i n each case, the 
f o r m u l a becomes 

1/ 
N z = (GN cN 4) ° exp(-E/5kT), 

whe r e 

G = ( v / V ) 2 1 , 

v i s t h e unchanged f r e q u e n c y o f v i b r a t i o n o f the 
x n e i g h b o u r s o f an i m p e r f e c t i o n i n the two d i r e c t i o n s 
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p e r p e n d i c u l a r t o the l i n e j o i n i n g t h e n e i g h b o u r t o 
th e i m p e r f e c t i o n , and v 1 i s the f r e q u e n c y a l o n g 
t h e l i n e ( s e e Mott and Gurney, 1948) . For 
NaCl x = 6, so f o l l o w i n g M o t t and Gurney and 
e s t i m a t i n g v / v ' as h i g h as 2, we o b t a i n f o r G 
th e v a l u e 4 x 10^. Thus the E w h i c h has been 
c a l c u l a t e d i s too low. 

A n o t h e r f a c t o r w h i c h was n e g l e c t e d i s the 
t e m p e r a t u r e v a r i a t i o n o f E , w h i c h may be assumed 
t o t a k e t h e l i n e a r form 

E » E - AT, 

where E q i s the energy a t a b s o l u t e z e r o , and A 
i s a c o e f f i c i e n t r e l a t e d t o the t h e r m a l e x p a n s i o n . 
S u b s t i t u t i n g f o r E i n t h e above e x p r e s s i o n g i v e s 

A V* N - (BGH ff4) -> e x p ( - E / 5 k T ) , z c o' 

where 

B = e x p ( A / k ) . 

2 
M o t t and Gurney o b t a i n a v a l u e o f t h e o r d e r 10 f o r 
B, t h u s t h e e s t i m a t e d c o r r e c t i n g f a c t o r , BG, i s 
o f the o r d e r 10- 7. 
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I t may be n o t e d t h a t none o f t h e f a c t o r s 
c o n s i d e r e d i n t h i s s e c t i o n have any e f f e c t on 
th e s l o p e o f the l o g ( N o - N z ) v e r s u s l o g N ^ p l o t } 
i t i s t he i n t e r c e p t o n l y w h i c h i s a f f e c t e d . 

8 .10 The C o r r e c t e d Value o f E. 

When the e s t i m a t e d c o r r e c t i o n s a r i s i n g f r o m 
c o n s i d e r a t i o n s o f the l a c k o f u n i f o r m i t y o f 
c o l o u r a t i o n , the e f f e c t s on t h e v i b r a t i o n a l 
f r e q u e n c y , and t h e t e m p e r a t u r e v a r i a t i o n o f E 
were a p p l i e d i t was f o u n d t h a t E was r a i s e d f r o m 
1.78 eV t o 1.93 ©V. That i s , t h e energy r e q u i r e d 
t o f o r m a C a + + i o n c e n t r e i n NaCl at a b s o l u t e zero 
o f t e m p e r a t u r e was f o u n d t o be 1.9 e?. 

That t h i s v a l u e i s r e a s o n a b l e may be seen f r o m 
the f o l l o w i n g . The mechanism p o s t u l a t e d i n 
s e c t i o n 8.8 su g g e s t s t h a t E i s made up o f t h r e e 
p a r t s : ( a ) E^, the energy r e q u i r e d t o remove one 
C a + + i o n and two CI i o n s f r o m a d i s l o c a t i o n i n t o 
t h e b u l k ; ( b ) , the energy t o f o r m a p o s i t i v e 
i o n v a cancy; ( c ) E^, the energy t o f o r m a C a + + 

i o n c e n t r e . I t may be assumed t h a t t h e C l " i o n s , 
a p a r t f r o m t h e i r e l a s t i c e n e r g y , do n o t change 
t h e i r e n e r g y . 

A c c o r d i n g t o C o t t r e l (1953) t h e e l a s t i c 
e n e r g y o f a s o l u t e atom o f r a d i u s r f a t a d i s t a n c e 



R f r o m an edge d i s l o c a t i o n i s U, where 

U = ^ G ( r f - r ) r 2 b 

Here, G = the shear modulus, r « r a d i u s o f t h e 
s o l v e n t atom, b = t he B u r g e r ' s v e c t o r , a = t h e 
a n g l e "between R and the s l i p p l a n e and 
n « P o i s s o n ' s r a t i o . P u t t i n g G = 3 x 1 0 1 1 , 
r 1 ( C a + + ) = 1.062, r = 0.982 and n = l / 3 , t h e 
maximum v a l u e f o r TJ ( i . e . b/R * 1, s i n a « l ) 
i s about 0.04 eV, and t h i s may he equ a t e d w i t h 
E 

To t h e o r d e r o f a p p r o x i m a t i o n a t w h i c h we 
+ + 

a r e w o r k i n g t h e Ca i o n c e n t r e may be r e g a r d e d 
as h a v i n g t h e same energy o f f o r m a t i o n as a 
n e g a t i v e i o n vacancy, s i n c e b o t h c a r r y an e x t r a 
p o s i t i v e c h a r g e , e l e c t r o s t a t i c energy "being t h e 
most i m p o r t a n t f a c t o r i n NaCl l a t t i c e e n ergy 
d e t e r m i n a t i o n s . We can t h e r e f o r e e quate E^ + E 
w i t h t h e energy t o f o r m a p a i r o f v a c a n c i e s . I n 
NaCl t h i s has been e s t i m a t e d t o be 1.86 eV, by 
M o t t and Gurney ( l o c . o i t . ) . Thus the t o t a l 
e n e r g y , E, i s 1.90 eV. The c l o s e agreement 
between t h e two v a l u e s i s l a r g e l y f o r t u i t o u s , b u t 
t h e above c o n s i d e r a t i o n s i n d i c a t e t h a t t h e v a l u e 
o f E f o u n d f r o m e x p e r i m e n t i s n o t u n r e a s o n a b l e . 

1 + n 
1-n 
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SUGGESTIONS FOR FURTHER WORK 

( 1 ) I n v e s t i g a t i o n o f t he 345 mH band i n NaCl.Ca 
w i t h a v i e w t o d e t e r m i n i n g i t s o r i g i n . 

( 2 ) I n v e s t i g a t i o n o f t h e r e l a t i o n s h i p "between t h e 
g r o w t h r a t e s o f the F- and Z-bands and t h e 
t e m p e r a t u r e f r o m w h i c h a c r y s t a l i s quenched. 
T h i s s h o u l d g i v e a more a c c u r a t e v a l u e f o r E. 

( 3 ) P u r i f i c a t i o n o f c r y s t a l s by z o n e - m e l t i n g 
t e c h n i q u e s and subsequent i n v e s t i g a t i o n o f 
the F -bandwidth and c o l o u r i b i l i t y t t a k i n g 
d i s l o c a t i o n d e n s i t i e s i n t o a c c o u n t . 

( 4 ) I n v e s t i g a t i o n o f t he decay o f t h e l u m i n e s c e n c e 
o f quenched and c o l o u r e d NaCl.Mn + + w i t h t i m e ; 
a l s o t h e drop i n the i n t e n s i t y o f l u m i n e s c e n c e 
w h i c h can be i n d u c e d , w i t h t i m e o f a n n e a l i n g 
a t v a r i o u s t e m p e r a t u r e s . T h i s may t h r o w 
l i g h t upon the e l e c t r o n i c s t a t e o f t h e Mn + + 

i o n , and a n n e a l i n g mechanisms i n t h e c r y s t a l . 
NaCl.Ni i s a l s o a p o s s i b l e m a t e r i a l f o r 
such work. 
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