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ABSTRACT 

I n t h i s t h e s i s t h e M o s s b a u e r e f f e c t i n m e t a l l i c i r o n has b e e n 

s t u d i e d as a f u n c t i o n o f t h e l e n g t h o f t i m e o f d i f f u s i o n of t h e C o ^ s o u r c e 

i n t o m e t a l l i c i r o n , o f t h e s o u r c e t e m p e r a t u r e o v e r t h e r a n y e 156°K t o *v78°K, 

a n d o f t h e a b s o r b e r t h i c k n e s s . I n e a c h c a s e , t h e l i n e s h a p e , w i d t h , 

i n t e n s i t y a n d s h i f t s were m e a s u r e d . 

Measurements showed t h a t t h e a p p e a r a n c e o f an a p p r e c i a b l e MoG3= 

b a u e r e f f e c t , .122, a r i s e s w i t h i n t h e f i r s t t e n roinutes o f d i f f u s i o n t i m e 

a t 900°C i n a h y d r o g e n a t m o s p h e r e a n d t h a t a d d i t i o n a l t i m e i s r e q u i r e d t o 

r e d u c e t h e l i n e w i d t h and t o i n c r e a s e t h e i n t e n s i t y t o ,1^5. 

The o b s e r v e d t e m p e r a t u r e s h i f t o f t h e r e s o n a n t l y a b s o r b e d ih.h k e v 

r a d i a t i o n f o l l o w e d t h a t w h i c h was p r e d i c t e d b y t h e J o s e p h s o n e f f e c t . How­

e v e r , c o r r e c t i o n s f o r an i s o m e r and a h y d r o s t a t i c c o m p r e s s i o n s h i f t were 

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

s h i f t . The r e s u l t s i n d i c a t e d a Debye t e m p e r a t u r e o f © D - (U20±20)°K 

f o r b o t h t h e s o u r c e and a b s o r b e r u s e d . 

The measurements aade o v e r t h e t e m p e r a t u r e r a n g e i n d i c a t e d t h a t 

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

( t h e Weiss Law) c l o s e l y . F o r s m a l l t e m p e r a t u r e d i f f e r e n c e s b e t w e e n t h e s o u r c e 

a n d a b s o r b e r , a0< 50°K, measurements were made i n d i c a t i n g t h a t t h e minimum 

l i n e w i d t h o c c u r r e d a t <*Q = 2h°K. T h e s e r e s u l t s i n d i c a t e d t h a t t h e i n t e r n a l 

m a g n e t i c f i e l d a t *Q = 0°K f o r t h e s o u r c e was . O l x l O ^ o e g r e a t e r t h a n t h a t 

o f t h e a b s o r b e r . F o r ̂ 6>̂  100°K, t h e M o s s b a u e r l i n e d i s p l a y e d a h y p e r f i n e 

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

m a g n e t i c f i e l d a t t h e n u c l e i . 

The l i n e p r o f i l e , w i d t h , s h i f t a n d i n t e n s i t y were measured f o r 

f o u r a b s o r b e r t h i c k n e s s e s - .0002", .00035", .00055", and .001". The d e ­

t a i l e d c o m p a r i s o n o f t h e s e l i n e c h a r a c t e r i s t i c s w i t h t h e t h e o r e t i c a l v a l u e s 
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required an extension of existing treatments, a discussion of which is given 

in chapter five. In each case i t was observed that the Mossbauer line was 

accompanied by two small peaks, one on either side of the main line. The 

position of these peaks indicated that they were associated with a small 

or zero internal magnetic field at the site of some of the 
F e57 

atoms. 
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INTRODUCTION 

t 

T h i s t h e s i s d e s c r i b e s e x p e r i m e n t a l and t h e o r e t i c a l work c a r r i e d 

out by t h e a u t h o r on c e r t a i n a s p e c t s o f t h e M o s s b a u e r E f f e c t . - * - The M o s ­

s b a u e r E f f e c t has been e x t e n s i v e l y s t u d i e d . Summaries o f t h e l i t e r a t u r e a r e 

f o u n d i n Hans P r a u e n f e l d e r ' s b o o k , " T h e M o s s b a u e r E f f e c t " 2 i n t h e r e p o r t o f 

t h e ; S e c o n d M o s s b a u e r E f f e c t C o n f e r e n c e ^ and i n " T h e M o s s b a u e r E f f e c t " by 

A . J . P . B o y l e and H . E . H a l l . v ' S t a t e d s i m p l y , t h e M o s s b a u e r E f f e c t i s a n ­

o t h e r name f o r n u c l e a r r e s o n a n c e f l u o r e s c e n c e , and i t s o c c u r a n o e i s d ie t o t h e 

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

l a t t i c e s t o e m i t and a b s o r b gamma r a d i a t i o n h a v i n g an e n e r g y a l m o s t p r e c i s e l y 

e q u a l t o t h a t o f t h e n u c l e a r t r a n s i t i o n , E Q . The e f f e c t i s c h a r a c t e r i z e d by 

t h e f a c t s t h a t t h e r e c o i l momentum o f t h e n u c l e u s d u r i n g e m i s s i o n o r a b s o r p - ' 

t i o n , E ^ / c , i s t a k e n up by t h e c r y s t a l as a w h o l e s o t h a t t h e r e i s no l i n e 

s h i f t due t o r e c o i l a n d , t h a t t h e r e i s n e g l i g i b l e t h e r m a l D o p p l e r b r o a d e n i n g 

o f t h e gamma r a y l i n e . In g e n e r a l , f i s v e r y s m a l l ; h o w e v e r , u n d e r s p e c i a l 

c o n d i t i o n s , g i v e n i n C h a p t e r I , i t becomes l a r g e enough t o be m e a s u r a b l e . 

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

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

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

t e r n a l f i e l d s . B e c a u s e o f t h i s , t h e M o s s b a u e r E f f e c t has been u s e f u l i n d e ­

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

r a d i a t i n g n u c l e i , i n d e t e r m i n i n g n u c l e a r v a l u e s and s t a t i c m u l t i p o l e moments, 

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

(*) R e f e r e n c e s t o t h e s e books w i l l be g i v e n a s P r a u e n f e l d e r , p . _ , 
Moss I I , p . _ and B o y l e , P . . 
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m e a s u r i n g s m a l l , r e l a t i v i s t i c s h i f t s . 

P r i o r t o t h e w r i t i n g o f t h i s t h e s i s , no c o m p l e t e l y s u c c e s s f u l 

a t t e m p t had been made t o f i t t h e o r y t o e x p e r i m e n t a l measurements o f t h e 

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

i n t e n s i t y and t h e l i n e s h a p e , p r i o r t o t h i s w o r k , was t h a t o f S . M a r g u -

l i e s and J . R . E h r m a n . ^ I n t h e i r t h e o r e t i c a l s t u d y o f t h e M o s s b a u e r s p e c ­

t r u m , t h e y d i d n o t t a k e i n t o a c c o u n t t h e f a c t t h a t i n many c a s e s , o f 

w h i c h i n n a t u r a l i r o n i s an o u t s t a n d i n g e x a m p l e , t h e e m i s s i o n and 

a b s o r p t i o n l i n e s a r e s p l i t by t h e Zeeman e f f e c t r a t h e r t h a n composed o f 

s i n g l e l i n e s . The p u r p o s e o f t h i 3 t h e s i s t h e r e f o r e , was t o make a t h o r o u g h 

i n v e s t i g a t i o n o f t h e M o s s b a u e r a b s o r p t i o n l i n e o b t a i n e d by t h e use o f 

i n a n a t u r a l i r o n l a t t i c e and t o d e t e r m i n e w h e t h e r o r n o t c e r t a i n 

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

c o n s i d e r e d were t h e l i n e i n t e n s i t y as a f u n c t i o n o f s o u r c e d i f f u s i o n i n t o 

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

as a f u n c t i o n o f t e m p e r a t u r e d i f f e r e n c e between t h e s o u r c e and a b s o r b e r , 

t h e d i f f u s i o n o f t h e s o u r c e and o f a b s o r b e r t h i c k n e s s a n d , l i n e s h i f t s as 

a f u n c t i o n o f t e m p e r a t u r e d i f f e r e n c e s between s o u r c e and a b o s r b e r and t h e 

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

T h i s s t u d y o f t h e a b s o r p t i o n l i n e w i d t h and i n t e n s i t y has a 

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

t o e x p l a i n t h e i n t e n s i t y and w i d t h o f t h e M o s s b a u e r s p e c t r u m i s i n s u f ­

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

f e a t u r e s o f t h e l i n e s h o u l d be p r e d i c t a b l e by t h e o r y s o t h a t any new 

f e a t u r e s w o u l d be r e c o g n i z a b l e as s u c h , r a t h e r t h a n a t t r i b u t e d t o e x ­

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

l e a r n i n g how t o a c h i e v e n a r r o w l i n e s , i . e . , measured l i n e w i d t h s e q u a l 

t o t h o s e e x p e c t e d on t h e b a s i s o f t h e h a l f l i f e o f t h e r a d i a t i n g n u c l e u s . 



The t h e s i s , i n C h a p t e r I d e a l s w i t h t h e f u n d a m e n t a l s o f t h e 

M o s s b a u e r E f f e c t . C h a p t e r I I d e a l s w i t h t h e t h e o r e t i c a l a s p e c t s o f 

t h e M o s s b a u e r v e l o c i t y s p e c t r u m l i n e s h a p e , w i d t h , i n t e n s i t y and l i n e 

s h i f t s f o r t h e c a s e o f Pe^7. C h a p t e r I I I d e s c r i b e s t h e e x p e r i m e n t a l 

e q u i p m e n t and t e c h n i q u e s u s e d . C h a p t e r s I V , V and V I d e s c r i b e t h e e x ­

p e r i m e n t a l work done - C h a p t e r I V , t h e a n n e a l i n g o f t h e s o u r c e ; C h a p t e r 

V , t h e dependence on t h e a b s o r b e r t h i c k n e s s ; C h a p t e r V I , t h e t e m p e r a t u r e 

dependence o f t h e l i n e w i d t h and s h i f t s . T h r o u g h o u t t h e t h e s i s t h e p h r a s e , 

" M o s s b a u e r v e l o c i t y s p e c t r u m " w i l l be a b b r e v i a t e d t o " M o s s b a u e r s p e c ­

t r u m " o r " M o s s b a u e r l i n e " . 

i 



C h a p t e r I 

GENERAL FEATURES OF T H E MOSSBAUER E F F E C T 

and 

ITS USES AS AN EXPERIMENTAL TOOL 

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

N u c l e a r r e s o n a n t a b s o r p t i o n o f gamma r a y s c a n n o t u s u a l l y be o b ­

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

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

o r no o v e r l a p o f t h e two o c c u r s and r e s o n a n t a b s o r p t i o n does n o t t a k e p l a c e . 

S e c o n d , t h e D o p p l e r b r o a d e n i n g due t o t h e t h e r m a l m o t i o n s o f t h e n u c l e i 

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

s o t h a t any o v e r l a p p i n g i s s p r e a d o u t . However , u n d e r c e r t a i n c o n d i t i o n s 

( t o be g i v e n l a t e r i n t h i s c h a p t e r ) , t h e r e e x i s t s a f i n i t e p r o b a b i l i t y f , 

t h a t t h e e m i t t i n g ( o r a b s o r b i n g ) n u c l e u s i s s o t i g h t l y bound t o t h e l a t t i o e 

t h a t t h e w h o l e l a t t i o e r a t h e r t h a n t h e e m i t t i n g ( o r a b s o r b i n g ) n u c l e u s r e ­

c o i l s . I n t h i s e a s e , t h e r e c o i l e n e r g y i s c h a r a c t e r i z e d b y t h e mass o f t h e 

whole l a t t i c e r a t h e r t h a n by t h e mass o f t h e a t o m , and t h e D o p p l e r b r o a d ­

e n i n g by t h e t h e r m a l m o t i o n o f t h e whole l a t t i c e r a t h e r t h a n t h a t o f t h e 

n u c l e u s . H e n c e , b o t h t h e r e c o i l e n e r g y and t h e D o p p l e r b r o a d e n i n g o f s u c h 

gamma r a y s i s n e g l i g i b l e and t h e gamma r a y s have t h e e n e r g y and w i d t h a s ­

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

T h i s c h a p t e r has been d e s i g n e d p r i m a r i l y t o p r e s e n t a b a c k ­

g r o u n d o f t h e M o s s b a u e r E f f e c t . S i n o e t h i s b a c k g r o u n d t h e o r y has b e e n w e l l 

summarized i n F r a u e n f e l d e r ' s b o o k , " T h e M o s s b a u e r E f f e c t " ^ and by A . J . 

B o y l e and H . E . H a l l i n t h e i r a r t i c l e , " T h e M o s s b a u e r E f f e c t " , ^ t h e t h e o r y 

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

c i f i c a l l y t o t h e e x p e r i m e n t a l work d e s c r i b e d i n t h i s t h e s i s i s g i v e n i n 

C h a p t e r I I 
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1 .1 R e c o i l e s s E m i s s i o n and A b s o r p t i o n 

A gamma r a y e m i t t e d by a f r e e n u c l e u s has an e n e r g y s p e c t r u m 

c e n t e r e d a t e n e r g y 

Eg — Eq — Eo*"/2mc^ 1-1 

where E D i s t h e e n e r g y o f t h e n u c l e a r t r a n s i t i o n , m i s t h e mass o f t h e e m i t -

#r may be c a l l e d t h e " r e c o i l t e m p e r a t u r e " . In o r d e r t o be a b s o r b e d by an 

i d e n t i c a l n u c l e u s , t h i s gamma.ray must have e n e r g y 

s i n c e t h e a b s o r b i n g n u c l e u s w i l l a l s o r e c o i l . In s u c h a c a s e t h e r e s o ­

n a n t a b s o r p t i o n w o u l d o c c u r o n l y i f E 0 ^ / 2 m c ^ < zV where T i s t h e n a t u r a l 

l i n e w i d t h d e f i n e d by t h e n u c l e a r t r a n s i t i o n . However , f o r 10 kev < EQ< 100 k e v , 

t h e e n e r g y r a n g e i n w h i c h r e s o n a n t a b s o r p t i o n c o u l d be e x p e c t e d ( B o y l e , p . 4 4 5 ) , 

i t i s f o u n d t h a t E D ^ / m c ^ > P s o t h a t v e r y l i t t l e o v e r l a p o f t h e e m i s s i o n and 

a b s o r p t i o n s p e c t r a o c c u r F o r e x a m p l e , f o r F e ^ , E Q ^ / m c ^ = .004 e v . and 

P = 4 . 5 x 10~-'ev . and h e n c e n e g l i g i b l e r e s o n a n t a b s o r p t i o n i s e x p e c t e d . 

In a d d i t i o n , when a gamma r a y i s e m i t t e d f r o m a f r e e n u c l e u s , D o p p l e r b r o a d ­

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

t i n g a toms. F o r e x a m p l e , f o r a gas o f a t o m i c mass m = 57 , t h e b r o a d e n i n g e x ­

p e c t e d a t t e m p e r a t u r e ^ = 300°K i s 

t i n g atom and E / a n c ^ = k#R i s t h e r e c o i l e n e r g y o f t h e e m i t t i n g atom where 

E„ = E 0 + E, 1-2 

/ \ E = ( k # / m c 2 ) £ E y 

1-3 
- . O l e v 

where k i s t h e B o l t z m a n n c o n s t a n t . 

I n marked c o n t r a s t t o t h e gamma e m i t t e d f rom a f r e e n u c l e u s , i s 



t h e one w h i c h i s e m i t t e d f r o m a n u c l e u s t h a t i s t i g h t l y bound i n t h e c r y s t a l 

l a t t i c e . In t h i s c a s e i t i s f o u n d t h a t s u b j e c t t o t h e c o n d i t i o n s l i s t e d i n 

T a b l e 1 - 1 , t h e r e e x i s t s a f i n i t e p r o b a b i l i t y f , t h a t t h e r e c o i l e n e r g y g i v e n 

i 
above i s r e p l a c e d b y E 0

2 / 2 M c 2 and t h e D o p p l e r b r o a d e n i n g by ( k # / M c 2 ) S E where 

M i s t h e mass o f t h e whole l a t t i c e . S i n c e M->> m, t h e r e c o i l e n e r g y l o s s and 

t h e D o p p l e r b r o a d e n i n g o f s u c h gamma r a y s w o u l d be s o s m a l l t h a t t h e e m i s s i o n 

and a b s o r p t i o n s p e c t r a w o u l d o v e r l a p , p r o d u c i n g n u c l e a r r e s o n a n t a b s o r p t i o n , 

i . e . , t h e M o s s b a u e r E f f e c t . T a b l e 1-1 l i s t s t h e c o n d i t i o n s u n d e r w h i c h a 

m e a s u r a b l e M o s s b a u e r E f f e c t may be o b t a i n e d . 

When a gamma r a y i s e m i t t e d w i t h o u t r e c o i l e n e r g y l o s s t o t h e l a t ­

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

t h e gamma r a y i s n o t a c c o m p a n i e d by t h e e m i s s i o n o f a p h o n o n . I f i n d i c a t e s 

t h e i n i t i a l s t a t e o f t h e l a t t i c e , t h e n t h e f r a c t i o n o f r e c o i l l e s s gamma r a y s 

e m i t t e d f r o m t h e s o u r c e i s g i v e n by t h e e x p r e s s i o n ( F r a u e n f e l d e r , p.30) 

where X i s t h e d i s t a n c e o f t h e 
f = - - - - - . -< L i | e x p ( i f k - X ) I 

~ 1 . e m i t t i n g atom f r o m e q u i l i b r i u m 
- \<L±\exp{- X 2 A 2 ) L i > 

1 p o s i t i o n . 1 - ^ 

The f r a c t i o n o f gamma r a y s a b s o r b e d w i t h o u t r e c o i l i s g i v e n by a s i m i l a r e x ­

p r e s s i o n , f i s c a l l e d t h e D e b y e - W a l l e r f a c t o r . In t h e Debye a p p r o x i m a t i o n 

t o t h e l a t t i c e v i b r a t i o n t h i s f a c t o r i s g i v e n by t h e e q u a t i o n 

f r exp(-2W) 

) 1-5 
m c 2 k©j) ©d J e x - l 

w h e r e 0 ^ i s t h e Debye t e m p e r a t u r e o f t h e s o l i d . U s i n g x = » t h e f u n c t i o n 

0 (f3^/Q) i s p l o t t e d i n f i g u r e 1 - 1 . In c h a p t e r V I , f has been c a l c u l a t e d f o r 

F e 5 7 as a f u n c t i o n o f 9 f o r 0 D = 4 2 0 ° K . At © = 300°K, f = .78 f o r F e 5 7 . 

At 0 - 0 , t h e Debye a p p r o x i m a t i o n f o r f r e d u c e s t o 

f = e x p ( - 3 E 0
2 / 2 m o 2 / 2 k © D ) 1-6 
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FIGURE 1-1 The value of the Debye function, (x), as a function of the ratio of the Debye temper­

ature, (h^, to the ambient temperature, Q . 
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THE CONDITIONS WHICH MUST B E S A T I S F I E D TO PRODUCE AN OBSERVABLE 

MOSSBAUER E F F E C T 

a) The e x c i t e d s t a t e must d e c a y t o a g r o u n d s t a t e i n t h e same n u c l e u s . 

b) The a m b i e n t t e m p e r a t u r e must be low compared w i t h b o t h t h e r e c o i l 

t e m p e r a t u r e and t h e Debye t e m p e r a t u r e . 

c ) The c r o s s section,<f Q, o f t h e gamma t r a n s i t i o n a t r e s o n a n c e , must be 

l a r g e . 

d ) The e x c i t e d s t a t e must have a l a r g e p r o b a b i l i t y f o r gamma d e c a y . 

e ) The Debye t e m p e r a t u r e , © [ ) , o f t h e c r y s t a l must be o f t h e same mag­

n i t u d e as o r l a r g e r t h a n t h e r e c o i l t e m p e r a t u r e , © r . 

f ) The g r o u n d s t a t e must be a v a i l a b l e i n s u f f i c i e n t q u a n t i t y t o make 

an a b s o r b e r . 

g ) The e x c i t e d s t a t e must be a v a i l a b l e i n s u f f i c i e n t q u a n t i t y t o make 

a s o u r c e . 

T a b l e 1-1 

T r a n s m i s s i o n t h r o u g h a r e s o n a n c e a b s o r b e r c a n be v a r i e d by v a r y - , 

i n g t h e v e l o c i t y between t h e s o u r c e and a b s o r b e r , (see s e c . 1 .4). The r e s u l t ­

i n g M o s s b a u e r s p e c t r u m has a w i d t h g r e a t e r t h a n o r e q u a l t o t w i c e t h e w i d t h 

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

d e p e n d e n t as a r e s u l t o f t h e t e m p e r a t u r e dependence o f t h e D e b y e - W a l l e r 

f a c t o r , f ( i n t h e e x p r e s s i o n f o r t h e l i n e i n t e n s i t i e s , E q n . I I - 1 8 ) . 

1.2 I n t e r n a l F i e l d E f f e c t s 

An i m p o r t a n t f e a t u r e o f t h e M o s s b a u e r E f f e c t i s t h e f a c t t h a t t h e 

l i n e w i d t h o f t h e M o s s b a u e r a b s o r p t i o n s p e c t r u m i s n a r r o w - i n many c a s e s , 

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

e x a m p l e , f o r F e ^ i n F e , t h e l i n e w i d t h i s 9 x 10"^ e v . whereas t h e Zeeman 

s p l i t t i n g o f t h e f i r s t e x c i t e d s t a t e and t h e g r o u n d s t a t e o f Fe57 a r e 1.07 

x 10"^ e v . and 1.90 x 10"^ e v . ^ T h e r e f o r e , t h e M o s s b a u e r E f f e c t has been 
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u s e d t o o b s e r v e d i r e c t l y t h e Zeeraan s p l i t t i n g o f v a r i o u s n u c l e a r s t a t e s , 7 

and a l s o t o measure t h e s m a l l s h i f t s due t o d i f f e r e n c e s o f c h e m i c a l s t r u c ­

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

moments. The i s o m e r s h i f t a r i s e s f r o m a d i f f e r e n c e i n t h e s e l e c t r o n d e n s ­

i t y J y ( 0 ) J X a t t h e n u c l e u s between t h e s o u r c e and a b s o r b e r . The s h i f t i s 

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

d i f f e r e n t . j^'(o)|^is i n f l u e n c e d by t h e e l e c t r o n c o n f i g u r a t i o n o f t h e e l e c t r o n s 

( p r i m a r i l y , t h e 3d c o n f i g u r a t i o n i n t h e ca3e o f i r o n ) a n d , t o a l i m i t e d 

e x t e n t , by t h e c h e m i c a l e n v i r o n m e n t . F o r Fe57 i n F e , t h e o n l y o t h e r e l e m e n t 

p r e s e n t i s Co w h i c h , l i k e F e , i s a 3d m e t a l , and t h e i s o m e r s h i f t a r i s e s 

8 
o n l y f rom t h e e f f e c t o f t h e c h e m i c a l bond and h e n c e , s h o u l d be v e r y s m a l l . 

1 .3 L a t t i c e Dynamics 

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

a r e imbedded i n f l u e n c e t h e M o s s b a u e r e f f e c t i n s e v e r a l w a y s . F i r s t , f i s 

p r i m a r i l y d e t e r m i n e d by t h e l a t t i c e d y n a m i c s . S e c o n d , d i f f e r e n c e s between 

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

t h e maxima o f t h e M o s s b a u e r a b s o r p t i o n s p e c t r u m o c c u r . A d i f f e r e n c e i n Debye 

t e m p e r a t u r e , a d i f f e r e n c e i n a v e r a g e mass between t h e s o u r c e and a b s o r b e r 

and a d i f f e r e n c e i n t e m p e r a t u r e between t h e s o u r c e and a b s o r b e r ( the J o s e p h -

s o n E f f e c t ) a l l p r o d u c e s h i f t s o f t h e M o s s b a u e r s p e c t r u m . T h i r d , t h e f a c t 

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

t h e l a t t i c e v i b r a t i o n s and e s t a b l i s h e s a l o c a l i z e d mode. T h i s l o c a l i z e d mode 

g i v e s r i s e t o b o t h a s h i f t and b r o a d e n i n g o f t h e M o s s b a u e r a b s o r p t i o n s p e c t r u m . 

C h a p t e r I I c o n t a i n s a d e t a i l e d a n a l y s i s o f t h e s e e f f e c t s . 

1.4 M o s s b a u e r E x p e r i m e n t s 

The equipment n e c e s s a r y t o p e r f o r m a M o s s b a u e r e x p e r i m e n t c o n s i s t s o f 



a) a s o u r c e o f gamma r a d i a t i o n , b) an a b s o r b e r , t h e v e l o c i t y o f w h i c h , r e l a ­

t i v e t o t h e s o u r c e , i s c o n t r o l l a b l e and c ) a d e t e c t o r o f gamma r a d i a t i o n . The 

q u a n t i t y measured i s t h e t r a n s m i s s i o n o f t h e gamma r a y s t h r o u g h t h e a b s o r b e r 

as a f u n c t i o n o f t h e r e l a t i v e v e l o c i t y between t h e s o u r c e and a b s o r b e r . I n t h e 

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

l i n e o f L o r e n z i a n s h a p e , t h e t r a n s m i s s i o n d i s p l a y s o n l y one a b s o r p t i o n d i p 

as shown i n f i g u r e I - 2 a . T h i s t r a n s m i s s i o n s p e c t r u m i s o a l l e d t h e M o s s b a u e r 

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

t r a n s i t i o n , f7 a n d , t h e d e p t h by t h e D e b y e - W a l l e r f a c t o r , f , arid t h e c r o s s 

s e c t i o n f o r gamma a b s o r p t i o n . I f , as i s t h e c a s e w i t h t h e e m i s s i o n and 

a b s o r p t i o n s p e c t r a c o n s i s t o f s e v e r a l L o r e n z i a n l i n e s , t h e M o s s b a u e r s p e c t r u m 

w i l l t h e n a p p e a r as i n f i g u r e I - 2 b . Each a b s o r p t i o n d i p i n t h i s M o s s b a u e r 

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

one a b s o r p t i o n l i n e . The c e n t r e l i n e , c a l l e d t h e M o s s b a u e r l i n e i n t h i s t h e s i s , 

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

s o r p t i o n l i n e s . I f t h e s o u r c e and a b s o r b e r a r e i d e n t i c a l , t h e M o s s b a u e r l i n e 

s h o u l d be c e n t e r e d a t v = 0 . 
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FIGURE 1-2 Typical Mossbauer spectra for (a) a single line 
emission and absorption spectrum, and (b) a six 
line emission and absorption spectrum. 
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C h a p t e r I I 

THEORY OF L I N E WIDTH, SHIFTS and I N T E N S I T I E S 

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

The p r i m e o b j e c t i v e o f t h e e x p e r i m e n t a l work d e s c r i b e d i n t h i s 

t h e s i s was t o c o r r e l a t e t h e l i n e s h a p e , w i d t h , s h i f t and i n t e n s i t y o f t h e M o s ­

s b a u e r s p e c t r u m o b t a i n e d w i t h a s o u r c e o f F e 5 7 i n i r o n and an i r o n a b s o r b e r , 

w i t h t h e r e l e v a n t t h e o r y w h i c h 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 w i t h s p e c i a l 

a t t e n t i o n b e i n g g i v e n t o t h e M o s s b a u e r s p e c t r u m o b t a i n e d w i t h a s o u r c e o f Fe57 

embedded i n n a t u r a l i r o n and a n a t u r a l i r o n a b s o r b e r . T h i s p a r t i c u l a r c a s e 

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

g r e a t e r e a s e t h a n w o u l d have been p o s s i b l e had a s t a i n l e s s s t e e l l a t t i o e o r 

some o t h e r a l l o y l a t t i c e been u s e d f o r t h e a b s o r b e r o r t h e s o u r c e . E f f e c t s 

f o u n d c o u l d t h e n be a t t r i b u t e d t o t h e i r o n o r p o s s i b l y t o t h e C o 5 7 embedded i n 

t h e n a t u r a l i r o n s o u r c e r a t h e r t h a n t o a n unknown c a u s e . F o r r e f e r e n o e p u r ­

p o s e s , t h e p r o p e r t i e s o f 

F*57 
p e r t i n e n t t o t h e M o s s b a u e r E f f e c t a r e g i v e n i n 

T a b l e I I - l , b e l o w . 

The d e l a y scheme o f Fe57 i s : 1= +7/2 

I = +5/2 

I = +3/2 

I = +1/2 

7v 
-Co57 

0 . 1 3 6 mev. 

0 .0144 mev. ( l O " 7 S e c ) 

10% 
0.0 ( F e 5 7 ) 

9<¥ 

r =4.5 x 10" 9 

;i8 ! i L i n e w i d t h : 
C r o s s s e c t i o n o f r e s o n a n c e : c 7o = i . 4 x I O " 1 0 om 
I n t e r n a l c o n v e r s i o n o o e f f i o i e n t i = 15 

Debye t e m p e r a t u r e : <Ŝ  = 420°K 
Mean l a t t i c e e n e r g y : 0>2/3k =0.023 e v . 
F r e e r e c o i l e n e r g y : R =0.002 e v . 
Abundance o f F e 5 7 i n n a t u r a l i r o n : a -2.17$ 

T a b l e I I - l 

S e l e c t e d C h a r a c t e r i s t i c s o f F e 5 7 
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The M o s s b a u e r s p e c t r u m o f t h e 
Fe57 

r a d i a t i o n t r a n s m i t t e d t h r o u g h 

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

T h e f a c t s t h a t t h e g r o u n d and e x c i t e d s t a t e s o f t h e e m i t t i n g and a b s o r b i n g 

n u c l e i a r e s p l i t I n t o t h e i r m a g n e t i c s u b s t a t e s by t h e Zeeman e f f e c t and 

t h a t t h e souce has a f i n i t e t h i c k n e s s , a r e b o t h c o n s i d e r e d i n t h e c a l c u ­

l a t i o n s . The f i n a l e q u a t i o n ( E q n . I I - l S ) was programmed f o r t h e I . D . M . 7090 

computer and t h e r e s u l t s o f t h e c a l c u l a t i o n a p p e a r i n C h a p t e r V . A l s o c a l ­

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

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

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

l e s s s t e e l s o u r c e t h r o u g h a s t a i n l e s s s t e e l a b s o r b e r (where b o t h e m i s s i o n 

and a b s o r p t i o n a r e u n s p l i t ) . 

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

v a r i o u s mechanisms by w h i c h t h e M o s s b a u e r s p e c t r u m I s e i t h e r s h i f t e d f r o m 

i t s u n p e r t u r b e d p o s i t i o n o r i n c r e a s e d i n w i d t h . One s u o h mechanism i s t h e 

e f f e o t o f a t e m p e r a t u r e d i f f e r e n c e between s o u r c e and a b s o r b e r . T h i s e f f e c t 

i s composed o f ^wo f a c t o r s , t h e J o s e p h s o n e f f e o t and t h e t h e r m a l e x p a n s i o n 

e f f e c t , b o t h o f w h i c h a r e c a l c u l a t e d and p l o t t e d h e r e i n as a f u n c t i o n o f 

t e m p e r a t u r e . A d i f f e r e n c e i n Debye t e m p e r a t u r e and o f a v e r a g e mass between 

t h e s o u r c e and a b s o r b e r c a u s e s h i f t s s i m i l a r t o t h a t o f t h e J o s e p h s o n 

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

a t i o n c o n s i d e r e d h e r e i n , have been c a l c u l a t e d . 

A n o t h e r mechanism t h a t c a u s e s s h i f t s o f M o s s b a u e r s p e c t r a i s a 

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

t h e a b s o r b e r . T h i s e f f e c t , t h e i s o m e r s h i f t , i s d i s c u s s e d and an e s t i m a t e 

o f t h e m a g n i t u d e and s i g n t o be e x p e c t e d w i t h Je57 ±s g i v e n . 
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C o n s i d e r a b l e a t t e n t i o n i s t h e n g i v e n t o t h e m a g n e t i c f i e l d p r o ­

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

t h i s m a g n e t i c f i e l d i s t w o f o l d . F i r s t , t h e s i z e o f t h e f i e l d d e t e r m i n e s 

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

f i e l d a t t h e Fe^7 n u c l e i i n t h e s o u r c e and a b s o r b e r r e s u l t s i n an i n c o m ­

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

a b r o a d e n e d M o s s b a u e r s p e c t r u m . S e c o n d , t h e m a g n e t i c f i e l d i s t e m p e r a t u r e 

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

t e m p e r a t u r e d e p e n d e n t . 

The e l e c t r i c q u a d r u p o l e moment p r o d u c e s an e f f e c t s i m i l a r t o 

t h a t o f t h e m a g n e t i c f i e l d . S i n c e Fe i s a p p r o x i m a t e l y a c u b i c l a t t i c e , t h i s 

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

s p e c t r u m . 

The f i n a l mechanism c o n s i d e r e d i s t h a t o f t h e l o c a l i z e d modes . 

I n t h e M o s s b a u e r e f f e c t , t h e e m i t t i n g n u c l e u s i s e s s e n t i a l l y an i m p u r i t y 

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

t h e s p e c t r u m o f n o r m a l modes o f t h e s o u r o e a t o m s . T h e r e a r e two c o n s e ­

q u e n c e s o f t h e l o c a l i z e d modes . F i r s t i s t h e e x i s t e n c e o f a one phonon 

p r o c e s s p e a k i n t h e t r a n s m i t t e d s p e c t r u m a t t h e l o c a l i z e d mode f r e q u e n c y 

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

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

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

2 . 1 T r a n s m i s s i o n o f t h e S i x l i n e S p e c t r u m o f F e ^ ? 

T h e f o l l o w i n g t h e o r y a r i s e s f r o m t h a t g i v e n b $ J . G . Dash e t a l , ^ 

and S . M a r g u l i u s and J . R . EhrmaxP. However , t h e f a c t s t h a t t h e s o u r c e has 
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a f i n i t e thickness and the emission and absorption spectra each consist 

of six lines, are considered. An exact equation giving the transmission 

as a function of velocity between the source and absorber is derived. 

Since Pe is a ferromagnetic material, the Zeeman effect or, 

the coupling between the nuclear magnetic moments of each energy level 

and the internal magnetic f i e l d H, acting in each ferromagnetic domain 

removes the degeneracy of the nuclear magnetic substates producing a set 

of equally spaced spin sublevels of energies 

Enf s = mg^n H - I f raf I I I - l 

where m is the magnetic quantum number, g is the nuclear gyromagnetic 

ratio andyun is the nuclear magneton. By letting nij refer to the magnetic 

quantum number of the 14.4 kev state of Fe 5? and m̂  to the ground state 

and by employing the selection rule Am = 0, + 1, (since the 14.4 kev 

gamma ray of Fe57 is known to arise from a dominantly magnetic dipole 

transition) the transition between the 14.4 kev sublevels to the ground 

state levels results in a gamma spectrum of six components as shown in 

figure I I - l . 

raj = +3/2 

+ 1/2 

-1/2 

-3/2 

mk = -1/2 

+ 1/2 

\ ^ 
ME 

\ > 3.2 x 10" 7 ev. 

\ 14.4 kev 

1.9 x 10* 7 ev, 

Fig. I I - l 
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The r e l a t i v e i n t e n s i t i e s o f t h e s e s i x gamma r a y s a r e g i v e n by 

t h e r u l e s g o v e r n i n g m a g n e t i c d i p o l e r a d i a t i o n ^ , i . e . , 

F o r I - j 1-1 m j - > m j + l I n = l / 2 C ( I - m ) ( I - m - l ) 

m j - n r n j I n = C ( I 2 - m 2 ) I I - 2 

m j - ^ m j -1 I n = 1 / 2 C ( I m ) ( I ra-l) 

where I n i s t h e i n t e n s i t y o f t h e gamma r a y and C i s a c o n s t a n t . The n o r ­

m a l i z e d p r o b a b i l i t y t h a t t h e t r a n s i t i o n j - * k w i l l o c c u r i s g i v e n by t h e 

t r a n s m i s s i o n p r o b a b i l i t i e s , WJk. H e n c e , f o r t h e t r a n s i t i o n g i v e n i n f i g u r e 

I I - l , t h e r e l a t i v e i n t e n s i t i e s o f t h e s i x l i n e s a r e 3C, 2 C , C, C , 2 C , 3C 

f o r l i n e s one t o s i x and t h e n o r m a l i z e d r e l a t i v e t r a n s i t i o n p r o b a b i l i t i e s 

W J k a r e : 1/4, 1/6, 1/12, 1/12, 1/6 and 1/4. A d i l u t e F e 5 7 a b s o r b e r ( B o y l e , 

p .459) has a s i m i l a r p a t t e r n o f a b s o r p t i o n l i n e p r o b a b i l i t i e s . F o r F e ^ 7 

i n a n a t u r a l i r o n l a t t i c e , t h e s p l i t t i n g o f t h e 14 .4 kev s t a t e and t h e g r o u n d 

s t a t e i s g r e a t e r t h a n 4.5 x 10~^ e v . , t h e l i n e w i d t h o f t h e 14.4 kev r a d i ­

a t i o n s o t h a t t h e f u l l s i x l i n e e m i s s i o n and a b s o r p t i o n s p e c t r a must a l w a y s 

be c o n s i d e r e d . 

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

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

l i n e s s y m e t r i o a l i n v e l o c i t y a b o u t t h e c e n t r a l l i n e (See F i g . I - 2 b ) . I n 

t h e f o l l o w i n g , t h e p h r a s e " M o s s b a u e r l i n e " w i l l be used t o d e n o t e t h e 

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

s t u d y e x p e r i m e n t a l l y and a l l o w s t h e g r e a t e s t s e n s i t i v i t y i n e x p e r i m e n t s 

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

same s h i f t and b r o a d e n i n g mechanisms as t h e M o s s b a u e r l i n e . When any d i s ­

t i n c t i o n i s t o be made between t h e s o u r c e and a b s o r b e r i n t h e f o l l o w i n g , 

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

as f o l l o w s : 

The t r a n s i t i o n m j - > m
k *s p r o p o r t i o n a l t o : 

a ) t h e t r a n s i t i o n p r o b a b i l i t i e s W j k and 

b) t h e p o p u l a t i o n P j o f t h e s u b l e v e l a t 

w h i c h t h e t r a n s i t i o n o r i g i n a t e s . 

Above t h e t e m p e r a t u r e o f l i q u i d n i t r o g e n (88°K) t h e p o p u l a t i o n o f t h e s u b -

l e v e l s can be assumed t o be e q u a l and t h e r e f o r e , a r e n o t c o n s i d e r e d i n t h e 

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

composed o f l i n e s o f c r o s s s e c t i o n W k « j i c 5 k « y w h e r e : 

and cf 0 • "the t o t a l r e s o n a n t a b s o r p t i o n c r o s s s e c t i o n i s 

2 tr \z 2I|+1 , _ 1 _ , = 1 . 4 8 x I O " 1 8 c m 2 

2I C +1 * 1+oc ; 

I I - 4 

and E ^ « j « i s t h e e n e r g y a t w h i c h t h e a b s o r p t i o n l i n e k - * J , i s c e n t e r e d . T h e n , 

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

be composed o f s i x l i n e s o f L o r e n z i a n s h a p e , e a c h l i n e h a v i n g a w i d t h P , t h e 

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

J - » k t r a n s m i s s i o n : 

foo 1 
MJ.VO- I a W . J fXlh e x p f - n a f t T W K« ..C^ i . . o ( k - k ' , j - j 7]clE 

J J ( E - E j k : E J k v ) 2
f r M j V * J ^ J 

The summation i s : j 1 , . . . 6 ~ 3 

k 1 , . . .6 
w h e r e : f ' = p r o b a b i l i t y o f a b s o r p t i o n w i t h o u t 

r e c o i l , 
nrnumber o f a toms/cm^ 
a = f r a c t i o n a l abundance F e - 5 ' 

I ^ r t o t a l e m i t t e d i n t e n s i t y 
t = a b s o r p t i o n t h i c k n e s s 
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When E j k ( l - v / c ) — E^i y, i.e., a t t h e c e n t r e o f one o f t h e r e s o n a n t ab­

s o r p t i o n d i p s , 

OO 
1^3.10= IfiWjk dv exp - W K » j « 3 

ir i ^ L f r ? I I - 6 

- O O 

(where y = 2 ( E - E k i y )/p , x = n a f ' < 5 0 t f ) 

Whioh has t h e s o l u t i o n : 

I t ( j , k ) = I e W J k J o a w ^ j t x j e x p t - W k ' j 1 • x / 2 ) I I - 7 
z. 

where J 0 ( i W k « j » x ) i s t h e B e s s e l F u n c t i o n and may be f o u n d t a b u l a t e d i n 
2 

c o n v e n t i o n a l f o r m i n T a b l e s o f F u n c t i o n s , b y Eugene J a h n k e and F r i t z E m e l e . 1 0 

H e n c e , i f b o t h t h e a b s o r b e r and t h e s o u r c e have s p l i t g r o u n d and 14 .4 kev 

l e v e l s , t h e t o t a l t r a n s m i t t e d i n t e n s i t y ( c o n s i d e r i n g r e s o n a n t a b s o r p t i o n 

o n l y ) i s : 

3^ ( r o t a l , v ) = I e £ j k k t j . J 0 ( l W k , J , x ) e x p ( - W k t J » x ) 8 ( k - k , , J - j ' ) 
2 2 II - 8 

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

c a l l e d t h e M o s s b a u e r i n t e n s i t y (v = 0 ) , c a n be c a l c u l a t e d f r o m t h i s e q u a t i o n . 

H o w e v e r , i f t h e s o u r c e and a b s o r b e r h a v e u n s p l i t l i n e s as i n t h e c a s e o f 

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

comes : 

I t ( T o t a l , v ) = I e J Q ( i x / 2 ) e x p ( - x / 2 ) I I - 8 ' 

The above e x p r e s s i o n s f o r t h e I n t e n s i t y c o n s i d e r e d o n l y t h e r e s o n a n t p a r t 

o f t h e gamma r a y s p e c t r u m . When t h e e l e c t r o n i c a b s o r p t i o n i s a l s o c o n s i d e r e d , 

t h e t r a n s m i t t e d i n t e n s i t y becomes : 

T ( T o t a l , v ) = ( l - f ) I e e x p ( - y u ' t ' ) + f l t ( T o t a l , v ) e x p ( - ^ t ' ) 

II-9 
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w h e r e y u ' i s t h e e l e c t r o n i c a b s o r p t i o n c o e f f i c i e n t o f Fe f o r 14 .4 kev 

gamma r a y s . In o r d e r t o i l l u s t r a t e w i t h a s i m p l e e x a m p l e , t h e r e s u l t s 

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

i n t e n s i t i e s f o r t h e two c a s e s o f a s p l i t and an u n s p l i t l i n e , a s s u m i n g 

f o r t h e moment t h a t a t h i n s o u r c e and a b s o r b e r a r e u s e d . F o r t h i s s i m p l e 

example J 0 - * l , and e x p ( x ) - » l + x , s o t h a t e q u a t i o n I I - 9 becomes? 

T ( T o t a l , v ) = ( l - f ) I Q - / * , t V e - ^ t ' f l g l j ^ . j . W J k ( l - W k « j » x ) 

x & ( k - k \ j - j ' ) 11-10 

f o r t h e s p l i t l i n e a n d : 

T * ( T o t a l , v ) = ( l - f ) l e - / i V e " ^ * f l e ( l - x ) 11-11 

2 

f o r t h e u n s p l i t l i n e . The Htfossbauer i n t e n s i t y as d e f i n e d above i s : 

C = T ( T o t a l , v aoo) - T ( T o t a l , v = o ) 11-12 
^ T ( T o t a l , v = o o ) 

T h i s , f o r t h e s p l i t l i n e case becomes : 

^ - f x 7] _ f x 28 11-13 
* 2 J k , v ~ 2 144 

whereas f o r t h e u n s p l i t l i n e e a s e : 

f _ f x Y W« k W. , _ f x 

S " 2 J k . k ' j ' J k J ~ 2 11-14 

T h e r e f o r e , t h e r a t i o o f t h e c e n t r a l l i n e (v=0) f o r t h e s p l i t c a s e t o t h e 

u n s p l i t c a s e i n t h e t h i n s o u r c e and a b s o r b e r a p p r o x i m a t i o n f o r 

Fe57 l s 7/36. 

I n p r a c t i c e , t h i s r a t i o i s r e d u c e d by a) s a t u r a t i o n e f f e c t s i n n o n - t h i n 

s o u r c e s and a b s o r b e r s and b) n o n - r e s o n a n t b a c k g r o u n d s . 
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I n t h e d i s c u s s i o n above o f t h e t r a n s m i t t e d i n t e n s i t i e s , i t was 

i m p l i c i t l y assumed t h a t t h e s o u r c e t h i c k n e s s was n e g l i g i b l e whereas i n 

p r a c t i c e , I t i s n o t . In f a c t , t h e w i d t h o f t h e M o s s b a u e r l i n e depends 

b o t h upon t h e s o u r c e and a b s o r b e r t h i c k n e s s . A s s u m i n g t h a t b o t h e m i s s i o n 

and a b s o r p t i o n l i n e s have a L o r e n z i a n shape o f w i d t h P , t h a t a f r a c t i o n 

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

s o r p t i o n s p e c t r a a r e s p l i t i n t o s i x l i n e s , e q u a t i o n 11-10, r e p r e s e n t i n g 

t h e t r a n s m i s s i o n t h r o u g h a r e s o n a n t a b s o r b e r f o r t h e ' M o s s b a u e r l i n e becomes : 

I J« IV / 'If"? , .... , 
(£-E0) t' A 

T ( T o t a l , v ) - e _ / U 

OO 

11-15 

where 7"= f a n o ^ t and ^?(x)dx i s t h e number o f Fe57m atoms l y i n g between x 

and x + d x f r o m t h e s u r f a c e o f t h e s o u r c e . 

A s o u r c e p r e p a r e d by e l e c t r o p l a t i n g 
Cc37 

o n t o Fe and t h e n d i f ­

f u s i n g t h e 

Co57 i n t o t h e l a t t i o e , has a G a u s s i a n d i s t r i b u t i o n o f r a d i o ­

a c t i v e a t o m s 5 s o t h a t : 

P(X) = 2N e x p ( - x 2 / t 2 ) x i O II-16 

where t i s t h e rras d i f f u s i o n d e p t h o f t h e r a d i o a c t i v e atoms and Nt r e p ­

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

i n t o e q u a t i o n 11-15 y i e l d s : 

T ( T o t a l , v ) - C V * ' 
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exp 

11-17 

T h u s , f o r a g i v e n s o u r c e and a b s o r b e r t h i c k n e s s t h e t r a n s m i s s i o n c a n be 

c a l c u l a t e d as a f u n c t i o n o f t h e r e l a t i v e v e l o c i t y between t h e s o u r c e and 

t h e a b s o r b e r . The r a t i o : 

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

(see S e c . 3 - 7 ) . The c a l c u l a t e d l i n e w i d t h s and M o s s b a u e r i n t e n s i t i e s f o r 

v a r i o u s a b s o r b e r t h i c k n e s s e s a r e g i v e n i n C h a p t e r V . 

2.2 The J o s e p h s o n and R e l a t e d E f f e c t s 

The e n e r g y o f t h e l a t t i c e v i b r a t i o n s i s t h e r e b y a f f e c t e d and s o , by t h e 

c o n s e r v a t i o n o f e n e r g y , i s t h e gamma r a y e n e r g y . T h i s e f f e c t wa8 f i r s t 

d i s c u s s e d by J o s e p h s o n , who assumed t h a t t h e c r y s t a l was a c o n s e r v a t i v e 

s y s t e m In w h i c h t h e p o t e n t i a l e n e r g y o f t h e atoms i n t h e c r y s t a l was a 

f u n c t i o n o f t h e p o s i t i o n o n l y . I t f o l l o w s t h e r e f o r e , t h a t t h e H a m i l t o n i a n 

f o r t h e s y s t e m has t h e f o r m : 

R ( v ) - T ( T o t a l , v ) 
T ( T o t a l , ) 

= i - f +yW 

When a n u c l e u s e m i t s a gamma r a y , i t l o s e s mass ^itij= E Q / c . 

11-19 
i 
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and t h a t H = C , t h e t o t a l l a t t i c e e n e r g y . Upon e m i s s i o n o f t h e gamma r a y , 

t h e change i n 6 i s t h e r e f o r e g i v e n b y : 

&C = < 6H > 
= S m i / m i < P f / 2 m 1 > n _ 2 0 

= E 0 / m 1 c 2 < Y i > 

The a v e r a g e k i n e n t i c e n e r g y o f t h e i t h n u c l e u s i s <Y i >and i t i s assumed 

t h a t t h e i t h n u c l e u s e m i t s t h e gamma r a y . T h e r e f o r e , s i n c e t h e l a t t i c e e n e r g y 

i s i n c r e a s e d b y & £ when t h e gamma r a y i s e m i t t e d , t h e gamma r a y e n e r g y must 

be c o r r e s p o n d i n g l y r e d u c e d b y & £ i n o r d e r t o o o n s e r v e e n e r g y . T h i s r e s u l t s i n 

a r e l a t i v e s h i f t f o r t h e gamma r a y o f : 

& £ / E Q = - < Y i > / m i c 2 11-21 

In o r d e r t o e s t i m a t e <Yj> , J o s e p h s o n made t h e f o l l o w i n g a s ­

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

a ) The atoms a l l have t h e same mass and t h e k i n e t i c e n e r g y i s 

e q u a l l y d i s t r i b u t e d among t h e m . 

b ) The k i n e t i c e n e r g y i s h a l f t h e t o t a l l a t t i c e e n e r g y ( i . e . , 

he assumed t h a t t h e f o r c e s c o u p l i n g t h e atoms were h a r m o n i c ) . 

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

<,Yi-)/mi = 1 /2U 11-22 
i 

where U i s t h e l a t t i c e v i b r a t i o n a l e n e r g y p e r u n i t m a s s . H e n c e , t h e r e l ­

a t i v e s h i f t o f t h e gamma r a y e n e r g y i s : 

H/EQ = - 1 / 2 U / c 2 11-23 
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The Debye t e m p e r a t u r e o f i r o n i s a p p r o x i m a t e l y 420 K and t h e r e f o r e , a t 

room t e m p e r a t u r e , ( 6 ) , U c a n be a p p r o x i m a t e d by i t s c l a s s i c a l v a l u e 

3k6 , g i v i n g a r e l a t i v e s h i f t o f : 
m i 

= -2.53 x 1 0 " 1 5 p e r ° K 

= - 7 - 6 x 1 0 ~ 1 3 f o r 300°K 

11-24 

When t h e gamma r a y i s a b s o r b e d , i t w i l l g a i n e n e r g y , r e s u l t i n g 

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

Sf -1/2 uj; 
Eo "?2 11-231 

From t h e Debye model o f t h e c r y s t a l , t h e t o t a l v i b r a t i o n a l e n e r g y p e r 

u n i t mass o f t h e l a t t i c e i s : - 1 - 2 

[o)hOdO fZo U = 1 Z (o )hOdo r*> 
M / e x p ( h 0 )" - 1 + 1 / 2 / Z ( ^ ) h O d 

11-25 

w h e r e i n t h e s e c o n d t e r m i s t h e z e r o p o i n t e n e r g y o f t h e l a t t i c e . I t can 

be s e e n t h a t U and U* a r e f u n c t i o n s o f t h e c r y s t a l t e m p e r a t u r e , t h e Debye 

t e m p e r a t u r e and t h e mass o f t h e atoms c o m p r i s i n g t h e l a t t i c e . The n e t s h i f t 

o f t h e gamma r a y e n e r g y c o n s i d e r i n g b o t h t h e e m i s s i o n and a b s o r p t i o n p r o c e s s e s , 

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

e x p r e s s i o n : 

Eo Eo 

= 1/2 9flk f / e % 3 e P V e x 3 d x . 

M e 2 XQ I e x p ( x ) - l 
- 9 N ' k 

2 M T c 2 

,e\ 3 q \ / * 2 * ^ ®DJ 
Wh J° e x p ( x ) - l " 8 " 

11-26 
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T h u s , a s h i f t c a n be c a u s e d by any o r a c o m b i n a t i o n o f t h e s e t h r e e f a c t o r s : 

a) a t e m p e r a t u r e d i f f e r e n c e ' s ) between s o u r c e and a b s o r b e r 

b) a Debye t e m p e r a t u r e d i f f e r e n c e between s o u r c e and a b s o r b e r 

c ) a d i f f e r e n c e i n t h e a v e r a g e mass (a M) o f t h e s o u r c e and a b s o r b e r 
N 

By c o n s i d e r i n g &©£j = 0, b u t d6 4 0, (which a r e t h e c o n d i t i o n s a s s o c i a t e d 

w i t h t h e J o s e p h s o n E f f e c t ) , i t seems t h a t : 

69 11-27 

where / C . d© _ 9Nk ,6 n j 6 / x^dx 11-28 

M J 0 e x p l x T - 1 

and i s t h e l a t t i c e s p e c i f i c h e a t o f t h e c r y s t a l 12 

E q u a t i o n 11-27 i s p l o t t e d as a f u n c t i o n o f t h e t e m p e r a t u r e o f 

t h e s o u r c e and Debye t e m p e r a t u r e o f t h e s o u r c e and a b s o r b e r , i n P i g . I I - 2 . 

The t e m p e r a t u r e o f t h e a b s o r b e r r e m a i n e d c o n s t a n t a t 297°K and t h e Debye 

t e m p e r a t u r e s u s e d were 355°K and 4 2 0 ° K . H e n c e , i t can be s e e n t h a t t h e 

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

I n t h e above c a l c u l a t i o n o f t h e t e m p e r a t u r e dependence o f t h e 

gamma r a y e n e r g y , i t was i m p l i c i t l y assumed t h a t t h e volume o f t h e c r y s t a l 

r e m a i n e d c o n s t a n t . E m p i r i c a l l y h o w e v e r , t h e t h e r m a l e x p a n s i o n o f t h e 

c r y s t a l must be t a k e n i n t o a c c o u n t when e x a m i n i n g t h e t e m p e r a t u r e d e p e n d e n t 

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

c o n s t a n t p r e s s u r e has two c o n t r i b u t i o n s : ^ 

I (AL) = A (1L\ I ,AL)a (J-l)a /blnVx 11-29 
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where t h e f i r s t t e r m i s t h e J o s e p h s o n t e r m and t h e s e c o n d i f t h e e f f e c t 

o f t h e t h e r m a l e x p a n s i o n w h i c h , a t 295°K, i s 

I (*L)a (jLL.)e {hM.)v = +0-15 x l O - t f per °K 11-30 
E 0 * P 

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

t i m e s s m a l l e r . T h i s te rm i s t e m p e r a t u r e d e p e n d e n t b e c a u s e o f t h e t e m p e r ­

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

K = -1 (6V / j P ) e . The s e c o n d t e r m i s p l o t t e d as a f u n c t i o n o f 9 i n f i g u r e 
V 

I I - 3 . The t o t a l s h i f t c a u s e d by a d i f f e r e n c e i n t e m p e r a t u r e s between s o u r c e 

and a b s o r b e r i s t h e r e f o r e t h e d i f f e r e n c e between t h e s e two t e m p e r a t u r e 

d e p e n d e n t t e r m s . 

C o n s i d e r now t h e more c o m p l i c a t e d c a s e i n w h i c h & 6 = 0, b u t i n 

w h i c h ^ © -Q ^ 0. Under t h e s e c i r c u m s t a n c e s , e q u a t i o n 11-26 c a n be w r i t t e n 

as f o l l o w s : 

Eo 2Mc2 
3dx _i 

WJ° e x - l {qT)% PCI 

©0/® 
x3dx f 9Kk 

l6Mc2 D D 

11-31 

w h i c h , when 6 = 0 , r e d u c e s t o 

11-32 

In o r d e r t o t h e e s t i m a t e t h e maximum v a l u e o f s u c h a s h i f t f o r Fe-^ 7 i n F e , 

t h e a s s u m p t i o n i s made t h a t t h e s o u r c e i s e s s e n t i a l l y a 
Co57 

l a t t i c e w i t h 

a Debye t e m p e r a t u r e o f ©•Q=385°K and t h a t t h e a b s o r b e r i s an i r o n l a t t i c e 

w i t h a Debye t e m p e r a t u r e o f © D = 420°K. U s i n g t h e s e v a l u e s , e q u a t i o n 

11-32 g i v e s A(£L) = -3-2 x 10" 
E o 

H - 3 3 
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FIGURE I I -3 The t e m p e r a t u r e d e p e n d e n t l i n e s h i f t a r i s i n g f r o m t h e t h e r m a l e x p a n s i o n o f t h e 
c r y s t a l p l o t t e d a s a f u n c t i o n o f t h e a b s o l u t e t e m p e r a t u r e o f t h e c r y s t a l . 



w h i o h c o r r e s p o n d s t o a r e l a t i v e v e l o c i t y between s o u r c e and a b s o r b e r 

o f -9.6 x 10~4 c m / s e c . The n e g a t i v e v e l o c i t y i m p l i e s t h a t t h e d i s t a n c e 

between t h e s o u r c e and a b s o r b e r i n c r e a s e s . When © 4 0, t h e f i r s t t e r m i n 

e q u a t i o n 11-31 must a l s o be c o n s i d e r e d . Under t h e same a s s u m p t i o n s a s 

a b o v e , t h i s t e r m r e s u l t s i n a s h i f t o f : 

A ( l £ _ ) = 1-9 x 1 0 - 1 4 11-34 

E o 

o r a v e l o c i t y o f 5.6 x 10~4 c m / s e e . H e n o e , t h e s e two e f f e c t s t e n d t o 

a n n u l e a c h o t h e r and g i v e a maximum n e t s h i f t o f t h e M o s s b a u e r l i n e o f : 

A A = -1.3 x l O " 1 4 11-35 

However , s i n c e t h e s o u r c e c o n t a i n s o n l y s m a l l amounts o f C o 5 7 , j t i s 

r e a s o n a b l e t o e x p e c t t h a t t h e Debye t e m p e r a t u r e o f t h e s o u r c e w i l l n o t be 

as low as 385°K b u t n e a r e r t o , i f n o t e x a c t l y e q u a l t o t h e Debye t e m p e r ­

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

i n Debye t e m p e r a t u r e o f s o u r c e and a b s o r b e r w i l l be e x p e c t e d t o be much 

l e s s t h a n 1.3 x 10~*4. In t h e above d i s c u s s i o n , t h e a s s u m p t i o n was t h a t 

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

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

p r o x i m a t e l y 6 0 ° K ^ 4 ( the t e m p e r a t u r e r e g i o n w i l l be c o n s i d e r e d l a t e r ) . 

F i n a l l y , c o n s i d e r t h e c a s e i n w h i c h t h e a v e r a g e mass o f t h e 

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

a t u r e and t h e Debye t e m p e r a t u r e o f e a c h i s t h e same. S i n c e t h e s o u r c e c o n ­

t a i n s Co57 a t o m s , t h e a v e r a g e mass o f t h e s o u r c e w i l l be l a r g e r t h a n t h e 

a v e r a g e mass o f t h e a b s o r b e r by an amount : 

& M = M - M 1 11-36 
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and h e n c e : 

6 ( i £ ) - Cj.de - n-37 

Under t h e a s s u m p t i o n t h a t t h e a v e r a g e mass o f t h e s o u r c e atoms i s 57 and 

t h a t t h e a v e r a g e mass o f t h e a b s o r b e r atoms i s 55-85* a s h i f t o f : 

A/iLx = -1-25 x 1 0 " 1 4 11-38 

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

Co57 t o Fe was k e p t t o l e s s t h a n .01 s o t h a t t h e maximum s h i f t p o s s i b l e 

t h r o u g h t h i s mechanism i s : 

a(iL) = '1'2^> x 1 0 ~ 1 6 n - 3 9 

w h i c h c a n be n e g l e c t e d (See a l s o , l o c a l i z e d modes due t o mass d i f f e r e n c e 

between r a d i a t i n g n u c l e u s and h o s t l a t t i c e ) . 

2.3 I s o m e r i o S h i f t 

The d e c a y o f F e ^ ' f r o m t h e i s o m e r i c s t a t e t o t h e g r o u n d s t a t e 

i s a c c o m p a n i e d by an e l e c t r o s t a t i c i n t e r a c t i o n between t h e n u c l e a r c h a r g e 

and t h e e l e c t r o n i c c h a r g e w i t h i n t h e n u c l e a r v o l u m e . The i n t e r a c t i o n 

c a u s e s a change i n t h e n u c l e a r e n e r g y l e v e l s ( t h e i s o m e r i c s h i f t ) b u t i s 

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

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

n u c l e a r wave f u n c t i o n s and c ) the.se f u n c t i o n s a r e s e n s i t i v e t o e x t e r n a l 

( c h e m i c a l ) c h a n g e s . In o r d e r t o see t h e n u c l e a r i s o m e r i c s h i f t , t h e same 

n u c l e a r t r a n s i t i o n i n t h e two a t o m i c s y s t e m s w h i c h have d i f f e r e n t e l e c t r o n i c 

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

http://Cj.de
http://the.se
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O n l y t h e d i f f e r e n c e i n t h e i s o m e r s h i f t s between t h e two s y s t e m s w i l l be 

t h u s m e a s u r e d . 

U s i n g a s i m p l e m o d e l , F r a u e n f e l d e r ( P r a u e n f e l d e r , pp.53-57)* 

d e r i v e d t h e f o l l o w i n g e x p r e s s i o n f o r t h e i s o m e r i c s h i f t : 

S = | f t Z e 2 (<Re> 2 - <R&> 2)[|y (o^ - | ¥ ( 0 > f ] n - 4 0 

2 

i n w h i c h Ze i s t h e n u c l e a r c h a r g e , <R> i s t h e r o o t mean s q u a r e c h a r g e 

r a d i u s and |VJ^{o)J^ i s * * i e t o t a l e l e c t r o n d e n s i t y a t t h e n u c l e u s . I t i s e x ­

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

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

e q u a t i o n , i t was assumed t h a t t h e wave f u n c t i o n o f t h e e l e c t r o n s i n v o l v e d 

i n t h e i s o m e r s h i f t r e m a i n e d c o n s t a n t o v e r t h e n u c l e a r volume and t h a t : 

<.R>2 = 4ftjJ>(r) r 2 d r I I - 4 1 

where f{r) i s t h e n u c l e a r c h a r g e d e n s i t y . E q u a t i o n 11-40 t h e r e f o r e , i n ­

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

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

57 

T h e measured i s o m e r i c s h i f t w i t h Fe t h e r e f o r e , measures t h e 

c o m b i n a t i o n o f t h e d i f f e r e n c e between t h e c h a r g e r a d i i o f t h e e x c i t e d and 

g r o u n d s t a t e s a n d , t h e d i f f e r e n c e between t h e t o t a l e l e c t r o n d e n s i t y a t 

t h e n u c l e u s o f t h e s o u r c e and a b s o r b e r n u c l e i . Measured v a l u e s ' ' " 5 i n d i c a t e 

t h a t f o r F e 5 7 , t h e c h a r g e r a d i u s o f t h e g r o u n d s t a t e i s l a r g e r t h a n t h a t 

o f t h e c h e m i c a l e n v i r o n m e n t o f t h e atoms and t h e r e f o r e , depends upon t h e 

l a t t i c e i n w h i c h t h e embedding and a b s o r b i n g n u c l e i a r e l o c a t e d . The 

p r e s e n c e o f an i s o m e r s h i f t i n t h e s o u r c e / a b s o r b e r c o m b i n a t i o n c o n s i d e r e d 

i n t h i s work would i m p l y a d i f f e r e n c e between t h e c h e m i c a l s t r u c t u r e s o f 
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t h e s o u r c e and a b s o r b e r . The F e ^ 7 atoms i n t h e s o u r c e do n o t l o s e e l e c ­

t r o n s as a r e s u l t o f t h e r e c o i l due t o t h e p r e o e d i n g 121 kev t r a n s i t i o n 

as happens i n t h e c a s e o f i o n i c compounds, s o t h a t s u c h a s h i f t , i f o b ­

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

Measurements made b y L . R . W a l k e r e t a l 1 ^ i n d i c a t e that|\^(n)| 2 f o r Co 

2 2 
i s g r e a t e r t h a n t h a t f o r F e . H e n c e , knowing t h a t <Re> -<Rg> i s n e g a t i v e , 

any e x p e c t e d i s o m e r s h i f t s h o u l d have p o s i t i v e s i g n - and m a g n i t u d e l e s s 

15 
t h a n .003 c m / s e c , according t o the r e s u l t s of L . K. Walker t;t a l . 

In t h e a b s e n c e o f p h a s e c h a n g e s , ] ^ ( 0 ) j s h o u l d n o t change a p ­

p r e c i a b l y w i t h t e m p e r a t u r e , and h e n c e , i t c a n be assumed t h a t t h e i s o ­

m e r i c s h i f t i s n o t t e m p e r a t u r e d e p e n d e n t . The above a n a l y s i s assumes t h a t 

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

f o r a l l e m i s s i o n and a b s o r p t i o n e v e n t s . I f t h i s a s s u m p t i o n i s i n v a l i d 

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

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

s h o u l d a l s o be t e m p e r a t u r e i n d e p e n d e n t . 

2 . 4 H y p e r f i n e S p l i t t i n g 

The e f f e c t o f t h e i n t e r n a l m a g n e t i c f i e l d on t h e e n e r g y l e v e l s 

57 

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

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

m a g n e t i c f i e l d and i t s e f f e c t s . 

The I n t e r n a l or h y p e r f i n e m a g n e t i c f i e l d o f a s y s t e m o f atoms i s 

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

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

known, t h e f i e l d a t t h e Fe n u c l e u s c a n n o t be a c c u r a t e l y p r e d i c t e d . I t i s 
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e x p e c t e d h o w e v e r , t h a t t h e f i e l d w i l l depend upon t h e f o l l o w i n g q u a n t i ­

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

a ) t h e f i e l d a r i s i n g f r o m t h e p o l a r i z a t i o n o f t h e c o r e s 

e l e c t r o n s (-300kg) 

b) t h e f i e l d f r o m t h e 4s c o n d u c t i o n e l e o t r o n s w h i c h a r e p o l a r ­

i z e d by t h e 3d e l e c t r o n s i n t h e same way as t h e c o r e i s p o l a r ­

i z e d (80kg t o 100kg) 

c ) t h e f i e l d f rom t h e 4s c o n d u c t i o n e l e c t r o n s w h i c h a r e admixed 

i n t o t h e o v e r l a p p i n g 3d band (90kg) 

d) t h e o r b i t a l c o n t r i b u t i o n f rom any unquenched a n g u l a r momen­

tum o f t h e 3d e l e c t r o n s (50kg) 

The v a l u e s g i v e n f o r e a c h c a u s e i s t h a t e s t i m a t e d f o r Fe ( M o s s I I , 

p . 120). The measured i n t e r n a l m a g n e t i c f i e l d a t 9 = 300°K f o r Fe i s 

v 

-333koe w h i c h i n d i c a t e s t h a t a f i f t h mechanism ( i n a d d i t i o n t o t h o s e l i s t e d 

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

a b l e h y p o t h e s i s (Moss I I , p.122) f o r t h i s mechanism s t a t e s t h a t i n a d d i t i o n 

t o t h e p o s i t i v e c o n t r i b u t i o n w h i c h comes f r o m a m i x i n g o f t h e 4s and 3d bands 

t h e r e i s a n e g a t i v e t e r m w h i c h comes f r o m a c o v a l e n t m i x i n g o f t h e d-wave 

f u n c t i o n s on one atom w i t h s - l i k e c o n d u c t i o n band wave f u n c t i o n s f r o m 

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

f i e l d p r o d u c e d by q u a n t i t y (c ) a b o v e . The t o t a l h y p e r f i n e f i e l d t h e r e f o r e 

i s t h e sura o f s e v e r a l q u a n t i t i e s . I t must be k e p t i n mind h o w e v e r , t h a t e a c h 

q u a n t i t y i t s e l f i s a sum o f t h e m a g n e t i c f i e l d s o f t h e e l e c t r o n s o f one a t o m , 

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

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

upon t h e e l e c t r o n s p i n . H e n c e , e a c h q u a n t i t y c o n t r i b u t i n g t o t h e m a g n e t i c 

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

r e s u l t . 



A f e r r o m a g n e t i c s u b j e c t s u c h as F e , o f m a c r o s c o p i c d i m e n s i o n s , 

c o n t a i n s a number o f domains w h i c h a r e s p o n t a n e o u s l y m a g n e t i z e d . The n e t 

m a g n e t i z a t i o n o f t h e sample i s t h e v e c t o r sum o f t h e m a g n e t i c moments o f 

t h e s e d o m a i n s . I n t h e p r e s e n c e o f a s m a l l e x t e r n a l f i e l d s u c h as t h a t o f 

t h e e a r t h , t h e a t o m i c d i p o l e moments of t h e F e atoms i n t h e domain a r e 

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

i n t h a t r e g i o n so t h a t i n e a c h domain t h e e f f e c t i v e m a g n e t i c f i e l d a c t i n g 

upon t h e n u c l e u s has a s i n g l e d i r e c t i o n i n s p a c e . T h u s , t h e e f f e c t i v e i n ­

t e r n a l f i e l d a t t h e n u c l e u s c a n be r e p r e s e n t e d b y : 

J e f f HnoSS + J e x t . 1 1 = 4 2 

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

f e r r o m a g n e t i c domain a n d I L ^ i s t h e m a g n i t u d e o f t h e e f f e c t i v e f i e l d i n t h e 

a b s e n c e o f t h e e x t e r n a l f i e l d , J - e x f T i l e l a t t e r q u a n t i t y i n c l u d e s t h e d e ­

m a g n e t i z a t i o n f i e l d w h i c h i s n e g l i g i b l e f o r t h e sample u s e d . S i n c e F e has 

5 e x t / ? e f f * i t ; i s a S 8 U m e d - t h a t _ H e f f i s n o t a p p r e c i a b l y i n f l u e n c e d b y 

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

r e l a t e d w i t h t h e s p o n t a n e o u s m a g n e t i z a t i o n o f t h e d o m a i n . I n f a c t , i t has b e e n 

f o u n d t h a t t h e two f o l l o w e s s e n t i a l l y t h e same t e m p e r a t u r e d e p e n d e n c e as 

t h a t p r e d i c t e d b y t h e W e i s s l a w . T h i s t e m p e r a t u r e d e p e n d e n c e i s shown i n 

F i g u r e I I - 4 . 

The e f f e c t o f t h e i n t e r n a l f i e l d was s e e n t o remove t h e d e g e n ­

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

s p i n s u b - l e v e l s o f e n e r g i e s &E = mgyunH. T h e r e f o r e , t h e t r a n s i t i o n e n e r g y 

o f t h e t r a n s i t i o n - 3 / 2 - * - l / 2 d e n o t e d b y L x w i l l b e : 

L± = EQ + (mege - « i g g g ) / i n H 
I I - i * 3 

= 1 4 . 4 k e v + ( . 2 4 3 3 ) u n H 
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where t h e s u b s c r i p t s r e f e r t o t h e e x c i t e d and g r o u n d s t a t e s o f t h e n u c l e u s . 

The e n e r g i e s f o r t h e s i x t r a n s i t i o n s a r e g i v e n i n T a b l e I I - 2 , b e l o w . F r o m 

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

a b s o r p t i o n l i n e s depends upon t h e i n t e r n a l m a g n e t i c f i e l d a t t h e n u c l e u s . 
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The t r a n s i t i o n e n e r g i e s o f t h e s i x s p e c t r a l l i n e s o f F e 
i n t e r m s o f t h e i n t e r n a l m a g n e t i c f i e l d a t t h e n u c l e u s . 

H o w e v e r , s i n c e t h e p o s i t i o n s o f t h e l i n e s a r e s y m m e t r i c w i t h r e s p e c t t o E Q , 

The p o s i t i o n o f t h e M o s s b a u e r l i n e i s i n d e p e n d e n t o f t h e i n t e r n a l f i e l d 

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

t h i s f i e l d . B u t s h o u l d t h e i n t e r n a l f i e l d s a t t h e n u c l e i i n t h e s o u r c e a n d 

a b s o r b e r d i f f e r , t h e n t h e w i d t h o f t h e M o s s b a u e r l i n e w o u l d be o b s e r v e d t o 

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

t h i s s t a t e m e n t , one must remember t h a t t h e M o s s b a u e r l i n e a r i s e s f r o m t h e 

o v e r l a p o f a l l s i x e m i s s i o n l i n e s w i t h t h e same s i x a b s o r p t i o n l i n e s . An 

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

s o r b e r a r e i d e n t i c a l . I f t h e f i e l d s a r e d i f f e r e n t , t h e s p l i t t i n g o f t h e 

h y p e r f i n e s t r u c t u r e o f t h e s o u r c e w i l l d i f f e r f r o m t h a t o f t h e a b s o r b e r 
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s o t h a t t h e e m i s s i o n s p e c t r u m must be D o p p l e r s h i f t e d i n o r d e r t o a c h i e v e 

t 

r e s o n a n c e . However , t h e m a g n i t u d e o f t h e s h i f t depends upon w h i c h e m i s s i o n 

l i n e i s c o n s i d e r e d s o t h a t t h e s i z e o f t h e n e c e s s a r y D o p p l e r s h i f t depends 

upon t h e e m i s s i o n l i n e . The M o s s b a u e r l i n e i s p r o d u c e d by t h e o v e r l a p p i n g 

o f a l l s i x components o f t h e e m i s s i o n and a b s o r p t i o n s p e c t r a s o t h a t i f t h e 

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

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

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

t h e d i f f e r e n c e between t h e i n t e r n a l f i e l d s a t t h e n u c l e o i n t h e s o u r c e and 

a b s o r b e r depends upon t h e t e m p e r a t u r e d i f f e r e n c e between t h e s o u r c e and 

a b s o r b e r t h e r e b y p r o d u c i n g (by t h e a b o v e - m e n t i o n e d mechanism) a t e m p e r a t u r e 

d e p e n d e n t l i n e w i d t h f o r t h e M o s s b a u e r l i n e . U s i n g t h e t r a n s i t i o n e n e r g i e s 

g i v e n i n T a b l e I I - 2 , t h e b r o a d e n i n g o f t h e M o s s b a u e r l i n e c a u s e d by t h i s 

mechanism i s c a l c u l a t e d as a f u n c t i o n o f t h e t e m p e r a t u r e d i f f e r e n c e between 

t h e s o u r c e and a b s o r b e r . I f A H = H - H ' , t h e n t h e d i f f e r e n c e i n t r a n s i t i o n 

e n e r g y f o r t h e l i n e i s : 

A ? 3 - 1 = - 2 4 3 3 ^ H 11-44 
2 2 

6 

The b r o a d e n i n g o f t h e l i n e i s t h e sum | A E j ^ l w j k • '®rie
 r e s u l t o f t h i s c a l ­

c u l a t i o n i s g i v e n i n T a b l e I I - 3 -

9°K e ' ° K HxlC^oe H ' x l C o e aHxlO^oe I n c r e a s e i n L 

148 293 -145 3 - 3 9 3 . 3 3 - . 0 6 . 0 1 7 8 c m / s e c 
179 295 -116 3 - 3 8 3 - 3 3 - . 0 5 .0115 c m / s e c 
253 296 - 63 3 - 3 5 3 . 3 3 - . 0 2 .0046 c m / s e c 
293 293 0 3 - 3 3 3 - 3 3 0 0 c m / s e c 
352 294 58 3 . 3 1 3 . 3 3 . 0 2 .0046 era/sec 
405 295 110 3 - 2 7 3 - 3 3 . 0 6 . 0 1 3 8 cm/sec 
458 294 164 3 - 2 1 3 - 3 3 . 12 . 0 2 7 6 c m / s e c 

T a b l e I I - 3 

T h e i n c r e a s e i n l i n e w i d t h as a f u n c t i o n o f t e m p e r a t u r e d i f f e r e n c e between 
s o u r c e and a b s o r b e r . The v a l u e o f 3 . 4 2 x l O ^ o e was used f o r t h e i n t e r n a l 
f i e l d a t t h e F e n u c l e u s a t © 0 ° K 
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2 . 5 E l e c t r i c Q u a d r u p o l e S p l i t t i n g 

I n a manner s i m i l a r t o t h a t by w h i c h t h e n u c l e a r m a g n e t i c moment 

o f P e 5 7 i n t e r a c t s w i t h t h e e f f e c t i v e i n t e r n a l f i e l d a t t h e n u c l e u s t o s p l i t 

t h e I = 3 / 2 s p i n s t a t e i n t o f o u r s u b - s t a t e s , t h e e l e c t r i c q u a d r u p o l e moment 

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

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

F o r a p u r e q u a d r u p o l e i n t e r a c t i o n i n t h e c a s e o f a x i a l l y s y m e t r i c e l e c t r i c 

f i e l d g r a d i e n t s , t h e two s u b - s t a t e s a r e s h i f t e d by an e n e r g y : 

i . 

E = e2qQ [ 3 m 2 -1(1 +1)1 f l - % 11-45 
4 1 ( 2 1 - 1 ) I- J I J 

2 o 
where q - ( l / e ) ( d V/bzd), t h e maximum p r i n c i p a l f i e l d g r a d i e n t , I i s t h e 
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s p i n o f t h e s t a t e ( 3 / 2 f o r t h e e x c i t e d s t a t e o f Fe ) , Q i s t h e e l e c t r i c 

q u a d r u p o l e moment, m i s t h e m a g n e t i c quantum number o f t h e m a g n e t i c s u b -

s t a t e and if i s t h e a n t i - s h i e l d i n g f a c t o r . I n t h e p r e s e n c e o f n o n - s y m e t r i c 

f i e l d g r a d i e n t s , t h e above e x p r e s s i o n must be i n c r e a s e d by a f a c t o r 
I 

(1+ l / 3 \ ) ? , where 

^=(4? - I ? ) / 5 ^ Z 2 II-** 

t h e asymmetry p a r a m e t e r (Moss I I , p . l 6 9 ) . When t h e q u a d r u p o l e I n t e r a c t i o n 

i s combined w i t h t h e Zeeman s p l i t t i n g o f t h e s u b l e v e l s o f t h e I - 3 / 2 

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

q u a d r u p o l e i n t e r a c t i o n , depend upon t h e o r i e n t a t i o n o f t h e m a g n e t i c a x i s 

r e l a t i v e t o t h e a x i s o f symmetry f o r t h e e l e c t r i c f i e l d g r a d i e n t a n d , i n 

g e n e r a l , a r e n o t t h e same f o r a l l m s t a t e s . The e n e r g y s h i f t t h e n b e ­

comes 

t- e f e * ( 3 c o s 2 0-1) 11-47 
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where 0 i s t h e a n g l e between t h e m a g n e t i c f i e l d and t h e c r y s t a l a x i s . The 

a n g l e depends upon t h e t e m p e r a t u r e o f t h e c r y s t a l s o t h a t t h e m a g n i t u d e o f 

t h e e l e c t r i c q u a d r u p o l e i n t e r a c t i o n i s t e m p e r a t u r e d e p e n d e n t (Moss I I , p.l6o). 

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

f i e l d g r a d i e n t i s z e r o and h e n c e , t h e e l e c t r i c q u a d r u p o l e i n t e r a c t i o n i s 

a l s o z e r o . S i n c e n a t u r a l Fe i s a good a p p r o x i m a t i o n o f a c u b i c a l l y s y m ­

m e t r i c a l l a t t i c e , i t i s e x p e c t e d t h a t no e l e c t r i c q u a d r u p o l e i n t e r a c t i o n 

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

o f C o ^ 7 i n t h e i r o n l a t t i c e o f t h e s o u r c e c o u l d d e s t r o y t h e c u b i c a l s y m ­

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

t h e F e - * 7 n u c l e i . In t h i s c a s e t h e r e f o r e , t h e p r e s e n c e o f t h e q u a d r u p o l e 

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

s i o n s p e c t r u m s o t h a t t h e M o s s b a u e r l i n e w o u l d s p l i t . I f , on t h e o t h e r h a n d , 

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

o b s e r v e d e f f e c t w o u l d be a b r o a d e n e d M o s s b a u e r l i n e r a t h e r t h a n a s p l i t l i n e . 

S i n c e t h e e l e c t r i c q u a d r u p o l e i n t e r a c t i o n i s t e m p e r a t u r e d e p e n d e n t , t h e l i n e 

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

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

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

s o r p t i o n l i n e s . S u c h a s h i f t w o u l d be t e m p e r a t u r e d e p e n d e n t due t o t h e t e m p ­

e r a t u r e dependence o f t h e q u a d r u p o l e i n t e r a c t i o n . 

2.6 L o c a l i z e d Modes 

I n t h e s o u r c e b e i n g d i s c u s s e d i n t h i s t h e s i s , t h e e m i t t i n g n u c l e u s 
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(Fe ) i s an i m p u r i t y i n t h e h o s t s o u r c e l a t t i c e and as an i m p u r i t y , i t has 

a mass m 0 w h i c h i s d i f f e r e n t f r o m t h e mass m o f t h e l a t t i c e a t o m s . F u r t h e r , 

t h e c o u p l i n g c o n s t a n t k Q o f t h e i m p u r i t y atoms i s d i f f e r e n t f r o m t h e c o u p l i n g 
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c o n s t a n t k o f t h e l a t t i c e a t o m s . T h e i m p u r i t y atom t h e r e f o r e has a f r e ­

quency o f : 

v ~ v V m
0
 n - 4 8 

w h i c h d i f f e r s f r o m t h a t o f t h e l a t t i c e a t o m s , w £ . M o r e o v e r , i n t h e Debye 

a p p r o x i m a t i o n , t h e i m p u r i t y c a u s e s a s h i f t i n t h e phonon f r e q u e n c i e s o f 

t h e l a t t i c e atoms by an amount w h i c h i s o f t h e o r d e r lAi o f t h a t e x p e c t e d 

f r o m t h e E i n s t e i n m o d e l , where N i s t h e t o t a l number o f atoms i n t h e l a t ­

t i c e . I f t h e mass d i f f e r e n c e Am = m 0 -m i s p o s i t i v e , t h e t h e phonon f r e ­

q u e n c i e s a r e s h i f t e d t o l o w e r f r e q u e n c i e s and a q u a s i - l o c a l i z e d mode o f 

f r e q u e n c y w c i s e s t a b l i s h e d w i t h i n t h e n o r m a l phonon s p e c t r u m o f f r e q u e n c i e s 

( i . e . , wocWjy where w D i s t h e maximum f r e q u e n c y o f t h e Debye c o n t i n u u m ) . 

The d i f f e r e n c e between w D and Wj) depends upon a n and i n c r e a s e s as am i n ­

c r e a s e s . The number o f atoms I n v o l v e d i n t h e l o c a l i z e d mode i s v e r y s m a l l , 

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

As s e e n i n T a b l e I I - l , t h e e s t a b l i s h m e n t o f t h e 14.4 kev s t a t e 

o f F e 5 ^ i s p r e c e e d e d by t h e e m i s s i o n o f a 121 kev r a y . The r e c o i l e n e r g y 

o f t h e 121 kev &' r a y i s : 

. « r = ' > 2 / a " / 11-49 

r 7.9 e v . 

w h i c h i s much l a r g e r t h a n t h a t o f t h e mean l a t t i c e e n e r g y o f . 0 2 3 e v . The 

l o c a l i s e d mode t h e r e f o r e , may be h i g h l y e x c i t e d by t h e e m i s s i o n o f t h e 

121 kev tfray. S i n c e wQ< Wp, t h e l o c a l i z e d mode c a n d e c a y e a s i l y by e x ­

c h a n g i n g a phonon w i t h t h e Debye c o n t i n u u m o f n o r m a l phonon f r e q u e n c i e s . 

The l i f e t i m e o f a l o c a l i z e d mode i s 1 8 

~~ r 6&mh 11-50 
L ° Ttm w D 
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E q u a t i o n 11-52 assumes t h a t w 0<< wp and Am/m>> 1. I f t h e s e c o n d i t i o n s 

a r e n o t v a l i d (as Is t h e c a s e o f Fe i n Armco i r o n ) t h e n t h e a c t u a l 

l i f e t i m e Is much l e s s t h a n t h i s e q u a t i o n g i v e s . 

U s i n g a one d i m e n s i o n a l model o f a l a t t i c e , i t has been shown 

t h a t t h e D e b y e - W a l l e r f a c t o r I n c r e a s e s i f t h e i m p u r i t y mass i s g r e a t e r 

t h a n t h e h o s t m a s s . I n t h i s c a s e t h e D e b y e - W a l l e r f a c t o r i s g i v e n by t h e 

e x p r e s s i o n (Moss I I , p . 8 l ) : 

f = e _ 2 w where W ©c 1 11-51 

m(m +• &m) 

I n o r d e r t h a t t h e I n c r e a s e i n f be a p p r e c i a b l e , i t i s n e c e s s a r y t h a t t h e 

mass o f t h e i m p u r i t y be a p p r e c i a b l y l e s s t h a n t h a t o f t h e h o s t l a t t i c e . 
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S i n c e t h i s i s n o t t h e s o i n t h e case , o f Fe i n a n a t u r a l i r o n l a t t i c e , 

t h e D e b y e - W a l l e r f a c t o r i n t h i s c a s e i s t h a t o f t h e n a t u r a l i r o n l a t t i c e . 

F o r c o m p a r i s o n p u r p o s e s t h e c a s e i n w h i c h am< O w i l l a l s o be 

c o n s i d e r e d . I n t h i s c a s e a l l f r e q u e n c i e s o f t h e l a t t i c e phonons a r e s h i f t e d 

b u t t h i s t i m e , t o h i g h e r f r e q u e n c i e s by an amount o f t h e o r d e r 1/fa, e x c e p t 

t h e h i g h e s t f r e q u e n c y w h i c h s e p a r a t e s f rom t h e Debye c o n t i n u u m t o f o r m a 

l o c a l i z e d f r e q u e n c y mode o f f r e q u e n c y w Q w i t h a m p l i t u d e l o c a l i z e d i n t h e 

v i c i n i t y o f t h e i m p u r i t y . T h i s l o c a l i z e d mode when e x c i t e d , c a n d e c a y by 

17 

e x c h a n g i n g two o r more phonons w i t h t h e Debye c o n t i n u u m . T h i s i n t e r ­

change o f e n e r g y between t h e n o r m a l phonon f r e q u e n c i e s and t h e l o c a l i z e d 

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

a t o m s . At a b s o l u t e z e r o t h e l i f e t i m e o f t h e mode i s g i v e n b y 1 7 

2 
A - w o 8 * i ( V Q ) i f r o - f k ' m 3 (vo)2 n - 5 2 
T o " V w D ^ o v 2 ^ 
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where v i s t h e v e l o c i t y o f s o u n d , i s t h e G r u n e i s e n c o n s t a n t , m 0 i s t h e 

a t o m i c m a s s , k ' and k ' p a r e a t t e n u a t i o n l e n g t h s and l ( x ) =. 

I y 3 ( l - y ^ ) o , y > At h i g h e r t e m p e r a t u r e s t h e a n h a r m o n i c i n t e r a c t i o n i s i n -

c r e a s e d . F o r t h i s c a s e , i t has been shown t h a t t h e D e b y e - W a i l e r f a c t o r 

i s r e d u c e d by t h e p r e s e n c e o f t h e i m p u r i t y (Moss I I , p . 2 9 ) . 

In b o t h o f t h e c a s e s o f l o c a l i z e d modes c o n s i d e r e d , t h e M o s ­

s b a u e r e f f e c t c a n be used t o d e t e c t t h e mode. The p r e s e n c e o f t h e mode 

i s i n d i c a t e d by a peak c e n t e r e d a t vQ> s u p e r i m p o s e d upon t h e b r o a d s i n g l e 

o r m u l t i p l e p h o n o n - Y r a y e m i s s i o n and a b s o r p t i o n p r o c e s s e s . S i n c e t h e 

l i f e t i m e o f t h e mode i s 3 h o r t i n e i t h e r c a s e , t h e peak w i l l be b r o a d 

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

s h o u l d n o t be n e c e s s a r y . 

The l o c a l i z e d mode c a n a l s o e x e r t some e f f e c t upon t h e z e r o 

phonon s p e c t r u m ( i . e . , upon t h e r e c o i l l e s s # r a y s p e c t r u m ) . T o e s t a b l i s h 

q u a l i t a t i v e l y t h i s e f f e c t , t h e E i n s t e i n m o d e l o f a l a t t i c e i s u s e d . T h i s 

model may be u s e d as a good a p p r o x i m a t i o n i n t h i s c a s e o f a l o c a l i z e d mode 

s i n c e t h e e x t e n t o f t h e i n t e r a c t i o n between t h i s mode and t h e r e s t o f t h e 

l a t t i c e i s l i m i t e d t o t h e f i r s t few n e i g h b o u r s . B a s e d on t h i s m o d e l , t h e 

i m p u r i t y i s o s c i l l a t i n g i n a p o t e n t i a l w e l l and has g r o u n d s t a t e e n e r g y 

o f | n w 0 . F o r s m a l l mass d i f e r e n c e s ^ m , w D i s a p p r o x i m a t e l y e q u a l t o w D 

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

H e n c e , as a r e s u l t o f t h e e m i s s i o n o f t h e 121 kev if r a y , t h e e n e r g y o f t h e 

l o c a l i z e d mode w i l l be a p p r o x i m a t e l y 

E 1 = ( n + £ > n w 0 

H-53 



-37-

E\ - 121 kev, which is the recoil energy of the 121 kev ray. If m'0 

represents the mass of the radiating nucleus in i t s excited state 

(i.e., F e 5 7 m ) , then 

a 

m'o = m o + _Eg 
0 (Ey = Ik.k kev) 11-54 

Hence the frequency before the emission of the ray is given by: 

= Wot1"^ &mo/m0) 

Assuming that the emission preceeds the phonon emission from the loc a l ­

ized mode, the energy of the excited state of the nucleus is 

E? = <(n + | » W 0 11-53* 

where <n+ |> is the expectation value of n+£, and the energy of the 

ground state is given by equation 11-53- Hence the change in lattice 

energy caused by the emission of the H ray i s : 

A E X = <n + |>fi(wf
0 -wQ) 

=-<nt |> |nw0fem0/m0 u-56 
2 

= -|E» /raQc (<n + |>-hv0 

Since wQ =: wD, n w i l l be small (of the order of 10) hence, 

large dispersions of n are possible. As a consequence of the fluctuations 

in n, a broadening of the zero phonon spectrum of the order 

A = |E;/m0c2 ( <n2> - <n>2)^ (hw0) 11-57 

is expected. Furthermore, the absorbing nucleus, also an impurity in the 



l a t t i c e , should be in the ground state since i t is not subjected to a 

recoil from a preceding decay as is the case of the source atom. Hence, 

the change in the la t t i c e energy of the absorber when a ray is absorbed is 

Z[ = (£E;/m0c2)(£fhv0) 11-58 

Hence, there w i l l be a shift in the zero phonon peak of the order 

b ( & E i) = |E ;/mDc2 < n > ̂ wo 11-59 

For both cases considered earlier, the magnitude of these two 

effects depend upon the ratio of the lifetime of the Source to the l i f e ­

time of the localized mode which, in turn, depends upon I AmI. For the 

same (ami , the lifetime for am< 0 is somewhat greater than that for 

ara> 0. For the example of P^e57 in Armeo iron source and an Armco iron 

absorber, i t is seen that m0 = 57» m = 56 and &m=l. Since Am is small 

compared with m, the effect of the localized mode on the position and 

width of the Mossbauer line is expected to be very small. Further, the 

effect should decrease as temperature increases since the lifetime decreases 

as the temperature increases. 

In the discussion of the localized modes, i t is to be remembered 

that the introduction of the impurity may result in a change of the chem­

i c a l bond strength, thus giving rise to the isomer shift discussed earlier. 
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C h a p t e r I I I 

EXPERIMENTAL APPARATUS and METHOD 

3 .0 I n t r o d u c t i o n 

T h e s o u r c e , a b s o r b e r and gamma r a y s p e c t r o m e t e r u s e d i n t h e 

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

c h a p t e r . T h e method by w h i c h t h e s o u r c e was e l e c t r o p l a t e d i s g i v e n b u t 

t h e s u b s e q u e n t t h e r m a l t r e a t m e n t o f t h i s s o u r c e t o p r o d u c e t h e M o s s b a u e r 

e f f e c t , i s c o v e r e d i n C h a p t e r I V . T h e a b s o r b e r was mounted on a l a t h e 

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

A r r a n g e m e n t s were made s o t h a t t h e t e m p e r a t u r e o f t h e s o u r c e c o u l d be v a r -

r i e d and t h e t e m p e r a t u r e o f b o t h t h e s o u r c e and a b s o r b e r c o u l d be m o n i t o r e d . 

A p r o p o r t i o n a l c o u n t e r was c o n s t r u c t e d t o d e t e c t t h e gamma r a d i a t i o n . T h e 

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

a r e s u m m a r i z e d i n t h i s c h a p t e r . 

T h e s e c o n d p a r t o f t h i s c h a p t e r d e s c r i b e s t h e method b y w h i c h 

t h e t r a n s m i s s i o n o f t h e gamma r a y s t h r o u g h t h e a b s o r b e r as a f u n c t i o n 

o f v e l o c i t y was d e t e r m i n e d . C o r r e c t i o n s t o t h e measured t r a n s m i s s i o n were 

n e c e s s i t a t e d by t h e p r e s e n c e o f t h e b a c k g r o u n d r a d i a t i o n , t h e c o u n t e r 

d r i f t and t h e e x p e r i m e n t a l g e o m e t r y . F u r t h e r , an a n a l y s i s was made t o d e ­

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

r e s u l t s . 

3.1 D e t e c t o r s 

a) Nal Crystal 

T h e e x p e r i m e n t a l d a t a c o n t a i n e d i n t h i s t h e s i s was o b t a i n e d w i t h 
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t h e use o f two t y p e s o f d e t e c t o r s . F o r t h e p r e l i m i n a r y i n v e s t i g a t i o n s an 

l i a l c r y s t a l gamma r a y s p e c t r o m e t e r was u s e d ; f o r t h e f i n a l measurements 

an A r - C H j j (methane) p r o p o r t i o n a l c o u n t e r was u s e d . 

The N a l c r y s t a l u s e d was l g " i n d i a m e t e r and l / 8 " t h i c k , c o v e r e d 

w i t h a . 0 1 0 " Be window t o a l l o w t h e h i g h e s t t r a n s m i s s i o n p o s s i b l e f o r l o w 

e n e r g y gamma r a y s ( t h o s e l e s s t h a n 16 k e v ) e m i t t e d b y t h e s o u r c e . The 

i c r y s t a l was mounted o n an R. C . A . 63^2 p h o t o r a u l t i p l i e r t u b e #12-4-M»JJ b y 

means o f Dow C o m i n g 200 f l u i d ( s i l i c o n g r e a s e w i t h v i s c o s i t y 1 , 1 0 0 , 0 0 0 c s ) 

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

f r o m e n t e r i n g t h e p h o t o n i u l t i p l i e r t u b e . The t u b e was o p e r a t e d a t an EHT 

o f 1 3 0 0 v o l t s . P u l s e s f r o m t h e p h o t o r a u l t i p l i e r were f e d t h r o u g h t h e a p ­

p a r a t u s shown i n F i g . 111-11 w i t h t h e p h o t o m u l t i p l i e r r e p l a c i n g t h e p r o p o r t i o n ­

a l c o u n t e r . F i g . I I I - l i l l u s t r a t e s t y p i c a l s p e c t r a o f F e ^ 7 r a d i a t i o n o b t a i n e d 

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

c l u d e d i n t h i s f i g u r e . T h e s e p e a k s were o b t a i n e d w i t h one v o l t a c r o s s 

t h e h e l i p o t a n d h e l i p o t s e t t i n g s o f 2 . 5 0 t o 7 .00 i n s t e p s o f . 5 0 . The s e t ­

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

f e r e n t i a t i o n t i m e c o n s t a n t o f . B / x s e c ; i n t e g r a t i o n t i m e c o n s t a n t o f . 1 6 

^ s e c ; a t t e n u a t i o n , c o a r s e , 0 , f i n e , 12 d b s . , b ) o f t h e n u c l e a r d a t a k i c k -

s o r t e r , l i v e t i m e 10 , window 9 . 7 ^ , g a i n f 8 . 0 0 , c 1 6 , a n d c ) f o r t h e 

s c a l e r , d i s c r i m i n a t o r b i a s 6 0 , d e a d t i m e 5 ^ s e c . 

The s p e c t r a shown i n F i g . I I I - l a r e t h o s e o b t a i n e d u s i n g a . 0 0 1 " 

s t a i n l e s s s t e e l a b s o r b e r , a , 0 C l " s h i m s t e e l a b s o r b e r , and no a b s o r b e r . 

E a c h s p e c t r u m i n t h i s f i g u r e was o b t a i n e d i n t h e same c o u n t i n g t i m e , T , 

and w i t h t h e same e l e c t r o n i c s e t t i n g s . The u s e o f t h e s t a i n l e s s s t e e l 

a b s o r b e r c o n s i d e r a b l y i n c r e a s e s t h e s e p a r a t i o n o f t h e 6 . 9 k e v and ik.k k e v 



O 
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F I G U K E I I I - l T y p i c a l Fe s p e c t r a o b t a i n e d b y t h e u s e o f a H a l c r y s t a l w i t h (a ) No a b s o r b e r , (b) . 0 0 1 " 
s h i m s t e e l a b s o r b e r , and ( c ) . 0 0 1 " s t a i n l e s s s t e e l a b s o r b e r . C a l i b r a t i o n p u l s e s a r e a l s o s h o w n . 
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gamma ray p e a k s and increases the absorption of the 0 . 9 k e v gamioa r a y . 

The component of t h e s t a i n l e s s s t e e l r e s p o n s i b l e f o r t h i s s e l e c t i v e 

a b s o r p t i o n i s t h e e l e m e n t chromium ( t y p e 3^321 s t a i n l e s s s t e e l u s e d i s 

1 7 - 1 9 $ C r ) w h i c h has a l i n e a r a b s o r p t i o n c o e f f i c i e n t o f 7 9 2 c m " 1 f o r t h e 

6 . 9 k e v gamma r a y and 3 9 6 c m " 1 f o r t h e 1 4 . U k e v gamma r a y . A s e c o n d s u b ­

s t a n c e f o u n d t o a b s o r b t h e 6 . 9 k e v gamma r a y more s t r o n g l y t h a n t h e l 4 . 4 

k e v gamma r a y was t h e s i l i c o n g r e a s e m e n t i o n e d a b o v e . B o t h o f t h e s e s u b ­

s t a n c e s , h o w e v e r , a b s o r b t h e 1 4 . 4 kev gamma r a y as w e l l as t h e 6 . 9 k e v 

gamma r a y and t h e r e f o r e , were n o t u s e d f o r t h e d e t a i l e d I n v e s t i g a t i o n s . 

b ) A r - C H ^ P r o p o r t i o n a l C o u n t e r 

i ) S e n s i t i v i t y 

The p o o r r e s o l u t i o n o f t h e N a l c r y s t a l f o r t h e 1 4 . 4 k e v gamma 

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

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

A r - C H ^ p r o p o r t i o n a l c o u n t e r u s e d t o c o m p i l e t h e e x p e r i m e n t a l r e s u l t s 

g i v e n i n t h i s t h e s i s . The b e s t r e s o l u t i o n t h a t c a n be e x p e c t e d w i t h t h e 

u s e o f a p r o p o r t i o n a l c o u n t e r a t 1 4 . 4 k e v i s 5»5$ w h e r e a s w i t h an N a l 

c r y s t a l t h e b e s t r e s o l u t i o n a t 1 4 . 4 k e v i s 3 3 . 6 $ (Moss I I , p . 7 0 ) . E x ­

p e r i m e n t a l l y , w i t h p r o p o r t i o n a l c o u n t e r s , r e s o l u t i o n s o f 1 0 - 2 0 $ have 

b e e n o b t a i n e d - a f a c t o r o f a t l e a s t two g r e a t e r t h a n t h e b e s t e x p e c t e d 

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

f a c t t h a t t h e y c a n be made v e r y l a r g e a n d hence t h e i r e f f i c i e n c i e s a t 

l o w e n e r g i e s c a n be made h i g h e r t h a n t h o s e o f N a l c r y s t a l s . M o r e o v e r , 

t h e p r o p o r t i o n a l c o u n t e r c a n be made i n s e n s i t i v e t o h i g h e n e r g i e s . T h i s 

l a t t e r f a c t i s p a r t i c u l a r l y i m p o r t a n t when t h e c o u n t e r i s t o be u s e d 
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w i t h an Pe57 

s o u r c e i n w h i c h t h e r e e x i s t s a h i g h c o u n t i n g r a t e compared 

w i t h t h a t o f t h e t r a n s m i t t e d 1 4 . 4 kev c o u n t i n g r a t e , a r i s i n g f r o m t h e 120 

kev gamma r a y o f t h e p r e c e d i n g t r a n s i t i o n . Pound f o u n d t h a t t h e u s e o f 

an A r - C f u j p r o p o r t i o n a l c o u n t e r p r o d u c e d a r a t i o o f t h e c o u n t i n g r a t e o f 

t h e 1 4 . 4 kev gamma r a y t o t h e t o t a l r a t e o f 1 : 1 . 5 * i . e . , t h e r e were o n l y 

50# more c o u n t s above t h e 1 4 . 4 kev l i n e t h a n i n t h e l i n e (Moss I I , p p . 7 0 - 7 1 ) • 

I d e a l l y , f o r 14 .4 k e v gamma r a y s , a k r y p t o n f i l l e d p r o p o r t i o n a l 

c o u n t e r s h o u l d be u s e d ( t h e l i n e a r a b s o r p t i o n c o e f f i c i e n t o f K r a t 1 

a t m o s p h e r e p r e s s u r e , a t 14 .4 k e v i s 4 . 3 5 x 1 0 c m " 1 ) b u t t h e e x p e n s e o f 

t h e k r y p t o n and t h e s a t i s f a c t o r y r e s u l t s o b t a i n e d w i t h t h e Ar-CIfy m i x ­

t u r e p r e c l u d e d i t s u s e . The u s e o f t h e A r - C H ^ m i x t u r e , , o n t h e o t h e r h a n d , 

r e q u i r e d a v e r y l a r g e c o u n t e r ( 8 " d i a m e t e r ) t o g e t a u s e f u l s t o p p i n g 

power as t h e l i n e a r c o e f f i c i e n t o f a b s o r p t i o n o f A r a t 14 .4 kev I s 

—2 —1 

4 . 2 7 x 1 0 " cm . A s s u m i n g t h e g a s t o be e n t i r e l y A r (a g o o d a p p r o x i m a t i o n 

s i n c e t h e g a s u s e d was 90# A r ) , t h e s t o p p i n g power o f t h e c o u n t e r f o r 

t h e 1 4 . 4 kev x - r a y s was c a l c u l a t e d t o be 5 7 $ and f o r t h e 6 . 9 kev x - r a y s 

e s s e n t i a l l y 1 0 0 $ . T o a v o i d gas c o n t a m i n a t i o n t h e C o u n t e r was d e s i g n e d 

t o r u n w i t h a c o n t i n u o u s g a s f l o w . No a t t e m p t was made t o r e c o v e r t h e 

gas s i n c e one c y l i n d e r ( l 6 0 0 l b s . ) l a s t e d a p p r o x i m a t e l y f i v e m o n t h s . 

i i ) Construction of the Counter 

T h e b o d y o f t h e c o u n t e r ( s e e F i g . I I I - 2 ) was c o n s t r u c t e d f r o m 

a 2 3 " l e n g t h o f a l u m i n i u m p i p e , 1/8" t h i c k and 8 " i n n e r d i a m e t e r . I n o r d e r 

t o make t h e window o f t h e c o u n t e r , an a r e a s i x i n c h e s s q u a r e was c u t f r o m 

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

. 0 0 1 " t h i c k : T h e i n s i d e o f t h e c o u n t e r was g r o u n d w i t h a drum s a n d e r t o 

remove t h e d i r t , b u t no a t t e m p t was made t o remove t h e r e m a i n i n g s m a l l 

i 
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s u r f a c e i r r e g u l a r i t i e s . The i n t e r i o r was f u r t h e r c l e a n e d w i t h a c e t o n e , 

t h e n a l c o h o l a n d d r i e d w i t h an i n f r a - r e d l a m p . To p r o v i d e a c o n d u c t i n g 

s u r f a c e f o r t h e window, a l u m i n i u m was d e p o s i t e d upon t h e i n n e r s i d e o f 

t h e m y l a r . The m y l a r was s e c u r e d t o t h e a l u m i n i u m w i t h R313. 

B o t h ends were f i t t e d w i t h a gas f l o w t u b e and a t e r m i n a l f o r 

t h e c e n t r e w i r e . F i g . I I I - 3 shows t h e d e t a i l s of t h e t o p t e r m i n a l . T h e s e 

two t e r m i n a l s were i d e n t i c a l e x c e p t f o r t h e f a c t t h a t t h e t o p one was 

f i t t e d w i t h an R. G . 560/U p l u g p r o v i d i n g t h e means f o r c o n n e c t i n g t h e 

c o u n t e r t o t h e p r e - a r a p l i f i e r . The c e n t r e w i r e was . O G l " t u n g s t e n w i r e , 

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

w i r e ( . 0 0 5 " ) . The t u n g s t e n w i r e was p o s i t i o n e d i n t h e c o u n t e r b y t h r e a d ­

i n g i t t h r o u g h t h e two c o v a r s e a l s a n d s o l d e r i n g i t s two n i c k e l ends t o 

t h e s e s e a l s . The two r e m o v e a b l e p l a t e s were f a s h i o n e d t o inake t h i s o p e r ­

a t i o n p o s s i b l e . G r e a t c a r e was t a k e n t o i n s u r e t h a t no k i n k s r e m a i n e d 

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

i i i ) F i l l i n g t h e C o u n t e r 

The c o u n t e r was d e s i g n e d t o o p e r a t e a t a t m o s p h e r i c p r e s s u r e 

so t h a t i t was p o s s i b l e t o have a v e r y l a r g e , t h i n window. H e n c e , i t 

was n o t f e a s i b l e t o m e r e l y e v a c u a t e t h e c o u n t e r and r e f i l l w i t h t h e gas 

m i x t u r e . I n s t e a d t h e c o u n t e r h a d t o be p l a c e d w i t h i n a s l i g h t l y l a r g e r 

c y l i n d e r o f i r o n a n d b o t h were e v a c u a t e d a t t h e same t i m e . B o t h c y l i n d e r s 

were t h e n f i l l e d w i t h t h e gas m i x t u r e , t h e c o u n t e r gas i n t a k e was c l o s e d 

and t h e c o u n t e r was reiooved, e s s e n t i a l l y r e a d y f o r o p e r a t i o n . S i n c e r e ­

s i d u a l amounts o f a i r s t i l l r e m a i n e d i n t h e c o u n t e r , g o o d r e s o l u t i o n was 

n o t a t t a i n e d i m m e d i a t e l y . However , a f t e r e i g h t h o u r s w i t h a gas f l o w o f 
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. 0 5 c u . f t . A r - , a r e s o l u t i o n o f a p p r o x i m a t e l y 2 0 $ a t 14.4 k e v was a t ­

t a i n e d . 

iv) Oas FDow System 

The system providing the counter with a continuous stream of 

gas is shown schematically in Fig- IU-4. With reference to this dia­

gram, the parts used in this system are given below. 

PARTS 

Counter gas 

V g and V 3 

V 4 and V 5 

V 

V ? and V g 

Flowmeter 

DESCRIPTION 

90$ Ar; 10% CH 4 

Single stage regulator 

Low pressure "Pancake" Regulator 
#70-A-B 

Needle valve 

Imperial diamond valves 693-C 

#201 Flowmeter 

Rubber hose clamp 

Table I I I - l 

MFC 

Matheson Co. Ltd. 

Rollason 

Imperial Brass 

{latheson Co. Ltd. 

Cenco 

The flowmeter was placed in the system so that a) the actual 

flowrate of the gas could be measured and kept the same when the gas 

bottles were changed and b) so that fluctuations or Instabilities in 

the gas flow could be detected. The meter was constructed from a block 

of lucite. The gas flowed through a narrow tube so that the flow rate . 

was indicated by a small metal sphere supported in this tube by a flow 

of gas. The meter was calibrated from . 0 1 to . 0 8 c u . f t . A r for dry a i r . 

The correction curve for other gases is shown in Fig. I I I - 5 - The flow 

http://cu.ft.Ar-
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rate used in the experiments was .05 cu.ft./hr for the Ar-CH^ mixture. 

v) D i f f i c u l t i e s 

Since both the resolution (as noted in the f i l l i n g procedure) 

and-the gas gain of the proportional counter depends upon the gas purity* 

i t was v i t a l that the gas flow rate be kept constant. The required con­

stant flow rate was obtained by including the needle valve i n the 

flow system b e c a u s e without i t the gas flow was essentially determined 

by Pc~P&/Zf where P c and P g refer to the counter and atmospheric pressures 

respectively and I f to the impedance in the gas flow of the flowmeter 

appeared to be a function of the flow rate through the meter). These 

conditions were sufficient to produce positive feedback and fluctuations 

in the pressure in the counter. Vn acts as a high fixed impedance to the 

gas flow so that the flow is determined by P c-P a/I v£, which Is much 

smaller than P c - P a / l f so that the flow is dominated by the fixed Imped-

ance and the fluctuations are smaller. In fact under these conditions, 

no fluctuations could be detected by the flowmeter. 

The gain of the counter was found to be (as expected) strongly 

dependent, upon the pressure In the counter and hencethis pressure had 

to be: kept constant during the operation of the counter. Since i t op­

erates at atmospheric pressure, any fluctuations in; the room pressure 

affected the gain of the counter. Small fluctuations due to the v e n t i l ­

ating fan in the room were minimized by leaving the door of the room open 

during the course of the measurements as well as letting the fan run at 

at a constant speed. However, a strong correlation was found between, the. 

value of theatmospheric pressure and the count r a t i in.the 14.4 kev 

channel. Therefore, changes in atmospheric pressure were monitered and the 
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results were corrected for this count rate d r i f t . 

Another source of d i f f i c u l t y with the counter vas the fact 

that very large pulses of unknown origin occasionally came through the 

counter, effectively turning i t off for periods of approximately 10 

milliseconds. Toe frequency of these break down pulses vas found to 

increase as the E.H.T. of the counter increased. These pulses were ran­

dom and i t was found, as shown in Pig. III-7, that when they occured 

sufficiently often, they distorted the distribution of count rates about 

the mean count rate away from the s t a t i s t i c a l l y expected distribution to 

sueh an extent that the highest E.H.T. at which i t was possible to operate 

the counter was 1800 volts. 

In addition to being a function of the gas flow rate and the 

counter pressure, i t vas found that the gain of the counter depended 

upon the to t a l count rate of the source. However, the change in the count 

rate for the experiment (approximately 17$) was small enough so that the 

resulting gain s h i f t was negligible. 

v l) Characteristies of the Counter 

Using the same equipment as used in the experiment and the 

NSEC #2 source, the characteristics of the proportional counter as shown 

in Table III -2 were found. In order to determine the gas gain In the 

counter, the gain of the amplifier and the preamplifier system was measured 

The equipment was arranged as shown in Pig.HI -8a for this measurement. 

The gain was determined for six values of and averaged. With refer­

ence to the figure, the gain of the amplifier i s given by: 





-1*7-

UI - 1 
= W V( C l/C 1 +- C 2) 

The average gain of the preamplifier-amplifier was 2 x 10 . 

The equipment was then arranged as in Pig.III-8b to determine the gas 

gain of the proportional counter a3 a function of the E.H.T. In this 

case 

=1l?*X III-2 
= q/C 

where q i s the charge collected by the proportional dcounter. The charge 

q', produced in the counter when the gamma ray of energy £ t is absorbed 

Is: ' 

q' = Et/e [ III-3 

where e is the stopping power of the gas mixture. The value of £ for Ar 
19 

is 26.4 ev/ion pr. The gas gain therefore, i s given by: 

G g = q/q' III-4 

In the calculation of Gg, i t was assumed that the effect of CH^ with 
20 

£ =29-4 ev/ion pr. on G g would be within the experimental error and 

hence was not included In the calculations. The gas gain is plotted as 

a function of the E.H.T. in Fig.III - 9 . 

In order to determine the resolution of the counter, the spec­

trum transmitted through the absorber was analyzed by means of the C.D.C. 

100 channel kicksorter. The spectrum was plotted by an X-Y recorder and 

the background correction made. The resolution as taken from this spectrum 
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was: 

Res = m-5 

where W| Is the width of the 14.4 kev peak at | height and L is the 

distance from the low energy limit to the 14.4 kev peak. The noise, 

the signal to noise ratio and the rise time of the pulses were a l l de­

termined by displaying the pulses from the counter and amplifying system, 

into a calibrated oscilloscope. 

E.H.T. Oas Gain Resolution Noise SlgnalAoise Rise Ttoe(2Q~80jg) 

1650 volts 28 ±3 18.9# 2.88 kev 5.00 3.0 //sec 

1700 9 3* ±3 16.C# 2.47 kev 5.83 3.0 « 

1750 n 45±3 17.0$ 1.80 kev 8.00 3.0 « 

1800 n 58±3 16.5# 1.44 kev 10.00 , 3.0 " 

1850 n 74±6 16.7* 1.08 kev 13.30 2.5 » 

1900 H 100 ± 6 17.7# .85 kev 17.00 2.5 " 

1950 n 142 ±9 18.35S .60 kev 24.00 2.5 M 

2000 n 164 ±9 19.92 .50 kev 28.80 2.5 • 

Table III-2 

The Characteristics of the Proportional Counter as a Function of E.H.T. 

I 

The solid angle into which the detected x-rays were emitted 

was determined by the siae of the counter window (36 square inches) and 

the distance of the source from the counter (27"). This solid angle was 

calculated to be .04-95 steradians. The spectrum obtainable with the pro­

portional counter is shown in Pig.III - 1 0 . . Again, the calibration pulses 

from the pulse generator have been included. The settings used for this 

spectrum were: a) amplifier differentiation: J8 sec; integration time con­

stant: 3 . 2 sec; attenuation c 0 , 20db b) Multichannel (C.D.C.) P.H.A. 

•3 volts/channel, bias 5 and c) E.H.T. 1850 volts. 
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3.2 The El e c t r i c a l Apparatus 

The e l e c t r i c a l apparatus used in the experimental work i s shown 

schematically in Pig. III-l!. A l i s t of the equipment is given in Table 

III - 3 • 

Name of Apparatus 

Regulated high voltage supply 

Pre-araplifier and amplifier 

Single channel kicksorter 
\ 
h 

Standard pulse generator 

Lathe drive motor j 

Switch 

Scalers 
Multi-channel pulse height 
analyzer. 

Description 

Model RE-5001AWtL, Serial #218 
Northeast Scientific Corporation 

Amplifier unit type 1430A.Serial 
#1367- Dynatron Radio Ltd. 

Pulse height analyzer, single channel 
Model 510.Serial #2633 

U.B.C. NP Scaler, Serial #7 

1/3 HP General Electric Motor 

UND Laboratories Inc. #2HBW1 

Berkeley type, Made at U.B.C. 

100 channel kicksorter. Computing 
Devices of Canada Ltd. 

Table III-3 

A c i r c u i t diagram of the pulse generator used for calibration 

purposes is given in Fig.III-12. Also included in this figure are the AC 

and DC supply ci r c u i t s . The helipot used in the DC supply was made by 

Helipot Corporation. 

The U.B.C. NP scaler was modified so that i t produced an out­

put signal sufficient to drive the Berkeley scalers. In addition, pro­

vision for a dead time of 15 microseconds was made in this scaler for i t 

was found that with the dead times built into the scaler (i.e., .8, .2,5 and 

50 microseconds), i t was impossible to set the Berkeley so that they would 
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a l l c o u n t i n u n i s o n . 

3»3 T h e C o n t r o l S y s t e m 

A S o u t h Bend P r e c i s i o n L a t h e ( M o d e l A , c a t a l o g u e #C1 644z) 

w i t h a b e d l e n g t h 3§' was u s e d t o move t h e a b s o r b e r r e l a t i v e t o t h e s o u r c e 

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

f r o m r e a c h i n g t h e s o u r c e o r a b s o r b e r , t h e l a t h e was mounted upon a 

p i e c e o f l e a d w h i c h i n t u r n was mounted upon a 4 f s t a n d o f cement b l o c k s . 

T h e l a t h e was a c c u r a t e l y l e v e l e d and k e p t w e l l o i l e d a t a l l t i m e s t o i n ­

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

and frefe o f f u r t h e r v i b r a t i o n . An a d d i t i o n a l p r e c a u t i o n a g a i n s t t h e e f -

•i 

f e c t s o f room v i b r a t i o n s was t o e n c l o s e t h e l a t h e and d e t e c t o r i n a s o u n d 

p r o o f b o x . T h i s b o x a l s o t e n d e d t o r e d u c e t e m p e r a t u r e f l u c t u a t i o n s o f t h e 

e q u i p m e n t w i t h i n t h e b o x d u r i n g t h e c o u r s e o f t h e e x p e r i m e n t s . 

T h e g e a r s o f t h e l a t h e p r o v i d e d a r a n g e o f 80 p o s s i b l e s p e e d s , 

40 e a c h o n d i r e c t and c l u t c h d r i v e . A 1/3 hp G e n e r a l E l e c t r i c motor was 

u s e d t o d r i v e t h e l a t h e . U s i n g a r a t i o o f m o t o r p u l l e y t o l a t h e p u l l e y o f 

1/5, t h e r a n g e o f s p e e d s o b t a i n a b l e was ,2cm/sec t o .0025cm/sec. An 

0 - r i n g #1820-72 was u s e d i n s t e a d o f a p u l l e y b e l t t o r e d u c e v i b r a t i o n s 

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

c a r r i a g e was c o n t r o l l e d b y means o f two m i c r o s w i t c h e s a t t a c h e d t o t h e 

l a t h e b e d . T h e s e m i c r o s w i t c h e s were a r r a n g e d s o t h a t t h e l a t h e c a r r i a g e 

t r a v e l l e d 2.3cm. T h e m i c r o s w i t c h e s a l s o c o n t r o l l e d t h e o p e r a t i o n o f t h e 

B e r k e l e y s e a l e r s s o t h a t t h e y c o u n t e d o n l y when t h e l a t h e c a r r i a g e was 

m o v i n g i n t h e c o r r e c t d i r e c t i o n and a t t h e c o r r e c t s p e e d . One o f e a c h 

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

t h e 60 c p s m a i n s f r e q u e n c y . T h e s w i t c h i n g c i r c u i t i s shown i n P i g.III - 1 3 . 
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T h e t e m p e r a t u r e o f t h e s o u r c e and a b s o r b e r were m o n i t o r e d a t 

a l l t i m e s by means o f a c o p p e r - c o n s t a n t a n t h e r m o c o u p l e a t t a c h e d t o t h e m . 

A H e w l e t t - P a c k a r d DC v o l t m e t e r was u s e d t o measure t h e t h e r m o c o u p l e v o l t a g e . 

3.4 T h e A b s o r b e r 

a ) The A b s o r b e r Mount 

The a b s o r b e r was f i x e d t o t h e l a t h e c a r r i a g e b y means o f a 

mount c o n s i s t i n g o f two s q u a r e s o f a l u m i n i u m , e a c h o f w h i c h had a 2" 

d i a m e t e r c i r c l e c u t f r o m i t s c e n t r e . The t h i n a b s o r b e r was p l a c e d b e ­

tween two £ " p i e c e s o f s t y r o f o a m and t h e n c l a m p e d b e t e e n t h e two p i e c e s 

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

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

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

s o u r c e t e m p e r a t u r e . T h e a b s o r b e r mount was s c r e w e d t o a l " d i a m e t e r b r a s s 

c y l i n d e r w h i c h i n t u r n was t i g h t l y f i x e d t o t h e l a t h e c a r r i a g e . 

b ) Armco I r o n A b s o r b e r s 

I n t h e c o u r s e o f t h e p r e l i m i n a r y work on t h e M o s s b a u e r e f f e c t 

s e v e r a l t y p e s o f m a t e r i a l s were u s e d as a b s o r b e r s . However , i t was d e ­

c i d e d t h a t s i n c e s m a l l s h i f t s were t o be i n v e s t i g a t e d , t h a t p u r e Arraco 

I r o n w o u l d be t h e most s a t i s f a c t o r y . T h e two f p i l s o f Armco i r o n w h i c h 

were u s e d were o b t a i n e d f r o m t h e H a m i l t o n Watch C o . T h e s e f o i l s were r o l ­

l e d t o .0002" and .00035" t h i c k n e s s e s . A l s o u s e d f o r c e r t a i n measurements 

was a .001" s h i m s t e e l f o i l . T h e Armco i r o n f o i l s were a n n e a l e d i n a n A r 

a t m o s p h e r e f o r a p e r i o d o f one h o u r a t 950°C b e f o r e b e i n g u s e d . T h e .001" 

s h i m s t e e l f o i j . was l i k e w i s e a n n e a l e d b u t i n an Hg a t m o s p h e r e . S i n c e t h e 

Armco f o i l s were d i f f i c u l t t o o b t a i n and were f r a g i l e , t h e y were s p r a y e d 



with Acrylic plastic to give them added strength and protect them from 

corrosion. Unless otherwise stated, a l l absorption curves included in 

this thesis were obtained using the two Armco iron f o i l s mounted to­

gether to give an effective thickness of .00055". The reason for this 

choice of thickness is given in section 3.9. Appendix B outlines the 

method that could be used in the preparation of an enriched Fe-*7 absorber 

3.5 The Source 

a) The Mount 

The source mount had to serve two purposes; to r i g i d l y clamp 

the source to the lathe bed and to enable the temperature of the source 

to be varied from 100°K to 500°K. The mount shown in Pig.III-l4 was used 

for temperatures of 300°K and higher. The pressure within the pot was 

reduced to 15 microns when the temperature was increased to prevent the 

Fe source from oxidizing and to provide sufficient temperature insulation 

'so that a constant source temperature could be maintained. In order to 

maintain the reduced pressure without pumping, i t was necessary to re­

place the .001" mylar window originally used with the .005" mylar window 

shown in Fig. III-14 and the covar seals had to be coated with R313* The 

source was heated with the heating unit from a soldering iron, placed 

in the inner pot. 

Preliminary investigations proved that the use of the above 

pot f i l l e d with liquid nitrogen to obtain the temperatures in the region 

of 100°K was not an acceptable method of lowering the temperature of the 

source. The vibrations from the boiling nitrogen (and other low tempera­

ture mixtures) in the pot were transmitted to °the source and hence, broad 
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e n e d M o s s b a u e r l i n e t o an o b s e r v a b l e b u t i n c a l c u l a b l e e x t e n t . To o v e r ­

come t a i s d i f f i c u l t y t h e i n n e r p o t shown i n F i g . 1 1 1 = 1 4 was r e p l a c e d w i t h 

t h a t shown i n F i g . I I I -15> f o r a l l s o u r c e t e m p e r a t u r e s b e l o w 3 0 0 ° K . The 

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

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

7 " i n d i a m e t e r , l 1 deep a n d s u r r o u n d e d b y a l a y e r o f 2 " s t y r o f o a m . The r a t e 

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

b y means o f a 6 0 0 w a t t h e a t i n g u n i t p l a c e d i n t h e l i q u i d n i t r o g e n r e s e r v o i r 

and a v a r i a c t o w h i c h t h e h e a t i n g u n i t was a t t a c h e d . As t h e l e v e l o f t h e 

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

had t o b e i n c r e a s e d s l i g h t l y t o k e e p t h e s o u r c e t e m p e r a t u r e c o n s t a n t . To 

i m p r o v e t h e h e a t i n s u l a t i o n , t h e p r e s s u r e o f t h e p o t was r e d u c e d t o 15 

m i c r o n s a n d a n a l u m i n i u m r a d i a t i o n s h i e l d was e r e c t e d a r o u n d t h r e e q u a r t e r s 

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

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

was u s e d t o c o n n e c t t h e n i t r o g e n r e s e r v o i r and t h e s o u r c e m o u n t . I t was 

f o u n d n e c e s s a r y t o s u r r o u n d t h e t u b i n g w i t h 2 " o f s t y r o f o a m i n o r d e r t o 

r e a c h t e m p e r a t u r e s b e l o w 2 0 0 ° K . A p i e c e o f r u b b e r t u b i n g was c o n n e c t e d 

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

c o l d n i t r o g e n gas f r o m t h e e q u i p m e n t b o x a n d t h e r e b y i n s u r e d t h a t t h e 

a b s o r b e r t e m p e r a t u r e r e m a i n e d s t e a d y a t room t e m p e r a t u r e . 

b ) S o u r c e s 

The s o u r c e utsed f o r t h e p r e l i m i n a r y i n v e s t i g a t i o n s was p r e p a r e d 

b y D r . J . B„ W a r r e n . T h i s , a n d a l l o t h e r s o u r c e s , was Co-*?, 1 mc o f 

C o ^ 1 was c o - p l a t e d w i t h F e v i n t h e r a t i o o f 1 : 5 0 0 o n t o a o n e - q u a r t e r i n c h 

s q u a r e c o p p e r b a r . The p l a t i n g s o l u t i o n , F e S O ^ , was a b s o r b e d i n a p i e c e 

o f a b s o r b e n t c o t t o n w r a p p e d a b o u t t h e p l a t i n u m a n o d e . The C o ^ f / F e m i x t u r e 
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was d e p o s i t e d by r u b b i n g t h e c o p p e r r o d w i t h t h i s anode a r r a n g e m e n t . T h e 

c u r r e n t d e n s i t y u s e d was 50 m a / c m 2 . 

and E n g i n e e r i n g C o r p o r a t i o n . T h e f i r s t o f t h e s e , NSEC #1, was 1 mc and t h e 

f u s e d o n t o t h e i r o n (Armco) b a c k i n g i n an a r g o n a t m o s p h e r e a t 900°C f o r 

one h o u r . T h e a n n e a l i n g o f NSEC #2 i s d e s c r i b e d i n d e t a i l i n C h a p t e r I V . 

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

d u r i n g w h i c h t h e s o u r c e was h e a t e d t o 900°C i n an A r a t m o s p h e r e . NSEC #2 

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

3.6 T h e measured Q u a n t i t y 

T h e q u a n t i t y measured was t h e t r a n s m i s s i o n o f t h e 14 .4 kev 

gamma r a y o f t h r o u g h an Pe a b s o r b e r as a f u n c t i o n o f t h e v e l o c i t y 

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

d i t i o n s . W i t h i n f i n i t e v e l o c i t y between s o u r c e and a b s o r b e r , e l e c t r o n i c 

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

e l e c t r o n i c and M o s s b a u e r ( r e c o l l l e s s ) a b s o r p t i o n o c c u r . T h i s change i n 

t r a n s m i s s i o n w i t h r e l a t i v e v e l o c i t i e s p r o d u c e s t h e M o s s b a u e r v e l o c i t y 

s p e c t r u m . T h e measured t r a n s m i s s i o n i s n o r m a l i z e d by f o r m i n g t h e r a t i o : 

T h e two s o u r c e s o f 
Co57 

were o b t a i n e d f r o m t h e N u c l e a r S c i e n c e 

s e c o n d , NSEC #2, was 4 mc. T h e Co57 w a s 99.9$ p u r e a n d e l e c t r o p l a t e d u p ­

on .005" AITOCO i r o n . T h e c o s t o f t h e 
Co57 

was $75«00 p e r mc and a c h a r g e 

o f $75-00 was made f o r t h e e l e c t r o p l a t i n g . T h e a c t i v e m a t e r i a l was c o n ­

f i n e d t o an a r e a o f .5 s q u a r e c e n t i m e t r e s . T h e C o ^ 7 o f NSEC #1 was d i f -

where v e l o c i t y v s i l k e i a / p e c ( r a t h e r t h a n ,v ) was used* f o r e x p e r i m e n t a l c o n -
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venienee. The measured line intensity therefore is h - l-R^v = 0) and 

w i l l d i f f e r from the calculated line intensity ( Equation 11-11). This 

definition of h also means that the measured Mossbauer line width A 

(i.e . , the width at h/2) w i l l d i f f e r from the calculated width, d. In 

the following, the quantities h and A w i l l be considered except when a 

comparison between theory and experiment is to be made at which time h 

and A w i l l be adjusted to f i t data for v = oo rather than v = ,l4cm/sec. 

3.7 Geometric Effects on R(v) 

In Chapter II the function R(v) was defined as T(total,v) which 

by the substitution of Eqn.11-17 becomes: 

III-6 

for a six line emission and absorption spectra. This equation is complete 

in that i t accounts for the source thickness and the hyperfine s p l i t t i n g 

of the 14.4 kev transition of F e ^ but the influence of the small but 

f i n i t e solid angle into which the gamma rays can radiate and s t i l l be de­

tected by the gamma ray spectrometer, Is ignored. This solid angle pro­

duces a f i n i t e width to the f i r s t order Doppler shift obtained with a 

given velocity and also increases the effective thickness of the absorber 

and proportional counter and hence, must be taken into account when inter­

preting the experimental measurements (see Pig. III - 1 6 ) . The parameter 

which determines the magnitude of the effects is 0, the angle between the 
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line Joining the source and detector and the vector at relative velocity. 

The effect of the experimental geometry on R(v) has been c a l ­

culated in Appendix C. The result of this consideration is that Eqn.III-6 

must be replaced by: 

R(v,*) = 1-f 

III-7 

in which the factor .97 corrects the originally calculated R(v,0 = 0) to 

the experimental conditions under which Rg^v,^) is measured. The correction 

factor 197 is that required for a .001" absorber. Those factors necessary 

for oth^r absorber thicknesses are given in Appendix C. 

3.8 Background Correction 

Inspection of the spectrum of Fe^7 (see for example, Pig.III-10) 

shows that the 14.4 kev peak is superimposed upon a continuum of back­

ground radiation. In the calculation of R^v), this background count rate 

must be subtracted so that only the count rate of the 14.4 kev transition 

is considered in the results. Therefore R^v) is calculated as: 

Rm(v) = W(v) -Nb IH - 8 
N(v =.14)-Nb 

where M is the total count rate at v and Nj, is the background count rate. ; 

For zero relative velocity between the source and absorber, and 

for equal (dead time corrected) counting times, the Fe57 spectra trans­

mitted through the Fe absorber and through a 1/16" aluminium absorber 
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were measured thus determining the background rate Nb- Calculations 

showed that the aluminium absorber would absorb a l l of the 14.4 kev ra­

diation incident upon i t so that only background radiation of reduced in-

tensity would be measured when this absorber was used. The area of the 

background radiation within the window settings of the single channel 

kicksorter was measured for both spectra ( see diagram,Pig.Ill-17)• The 

count rate of the background radiation transmitted through the aluminium 

absorber was measured. Hence, is 

N b =• W A I . ) where is the count rate III-Q 
AA1 of the transmitted through 

the aluminium absorber. 

and therefore 

AFe^ NAl) 
R ^ v ) , N(v)- A a i 

N(v= .l4)-A P e(N A 1) 
III-10 

AA1 

A l l experimental measurements involving ^ ( v ) vised in the de­

termination of results given in this thesis are corrected in this manner 

for the background unless otherwise noted. 

The accuracy of the above correction i s dependent upon the 

accuracy with which the dead time was measured. In the experimental work 

the dead time was (8 -l)# so that the error in the determination of N b 

was approximately 1#. Moreover, since is almost 1/3 N(v), the t o t a l 

error in the determination of the background correction R^v) was ap­

proximately .3$. 
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3.9 Selection of the Absorber 

As mentioned in seotion 3«3» a number of absorbers of various 

thicknesses were available for the experimental investigations. It was 

necessary therefore, to determine which of these absorbers would give 

the most significant results in a given time T, that i s , maximize the 

expression X/e, where X is the difference in the count rate transmis­

sion at v - 0 and v = .l4cm/sec and e is the s t a t i s t i c a l error for the 

measured count rates. In Appendix D i t is shown that 

X/e~ f ( N s ) g er . ( 1 - e I0(/<m* ) m - i i 

where N s is the source strength . For Fe57, the absorber thickness x at 

which X/e is a maximum, depends upon the value of the Debye-Waller factor 

,f and upon the fraction of absorber atoms which are F&57. 

The value of X/e was measured for various absorber thicknesses 

for both NSEC #1 and #2. Moreover, for the same absorber thicknesses, X/e 

was calculated using Eqn. I I I - l l for f - .4, .6 and 

Absorber 
Thickness NSEC #1 NSEC #2 f = .4 f _ .6 f = .7 

.0002" 25.78 25.78 25.78 25-78 25.78 

.00035" 45-70 39-00 35.60 33.63 34.02 

.00055" 57.30 54.83 41.41 35.80 37.60 

.001" 57.77 55.98 41.70 31-96 34.46 

.00155" 49.44 — 39.15 23.81 26.21 

Table III-4 
The values of X/e for various absorber thicknesses 
as measured for NSEC #1&2 and calculated for f .4, 

.6 and .7. 

Since the reason for this procedure was to determine the optimum thick­

ness of the absorber, the values found in the above table have been nor-
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malized 30 that X/Q.for x=.0002 u is the same for a l l calculations. 

Hence, the trend of X/e for a l l cases can be compared. The count rates 

used for the NSEC #1 data required four minutes to accumulate whereas 

those for NSEC #2 required one minute. Corrections were made for the 

dead time of the apparatus in each case but correction for background 

radiation was not madey since only relative values of X/e were required. 

The data in Table III -4 is given in graphical form in Fig.III-liB. 

The dependence of X/e on absorber thickness for NSEC #2 is seen from this 

figure to be the same, within experimental error. X/e attains a max­

imum value at x = 5-7 x 10~4 inches for f r .7 and at x = (8.0 £ ̂ JxlO"^ 

inches for the NSEC #2. The experimental results show that there i s a 

negligible difference in the significance attained with absorber thick­

nesses of 5.5 x 10~4 inches and 1.0 x 10~3 inches. The choice of ab-

sorber thickness of 5.5 x 10 inches was therefore based upon the fact 

that the accumulation of results was faster with the thinner absorber 

and i t s closeness to the theoretically determined optimum thickness 

(assuming f = .7 for Fe 5 7) of 5.7 x 10"^ inches. 

i 
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C h a p t e r IV 

DIFFUSION OF C o 5 7 INTO NATURAL IRON 

4 , 0 I n t r o d u c t i o n 

The u s u a l method o f p r e p a r i n g a r a d i o a c t i v e s o u r c e f o r a M o s ­

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

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

a c t i v e m a t e r i a l i n t o t h e l a t t i c e . Pound and R e b k a 2 ^ were t h e f i r s t t o 

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

t h e M o s s b a u e r e f f e c t o b t a i n a b l e . The s o u r c e used i n t h i s e x p e r i m e n t was 

made i n a s i m i l a r manner b u t t h e d i f f u s i o n p r o c e d u r e was done In a s e r i e s 

o f f i v e s h o r t s t e p s r a t h e r t h a n i n one o r two so t h a t t h e c o u l d be 

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

imum d e p t h a t w h i c h t h e measured M o s s b a u e r e f f e c t was e q u a l t o t h e c a l ­

c u l a t e d e f f e c t (17.92 f o r a n a t u r a l i r o n a b s o r b e r o f t h i c k n e s s .00055"). 

Such a c o n t r o l l e d d i f f u s i o n r e s u l t s i n a s o u r c e w i t h optimum p r o p e r t i e s . 

I n a d d i t i o n , t h i s p r o c e d u r e made i t p o s s i b l e t o measure t h e M o s s b a u e r 

l i n e p a r a m e t e r s ( h e i g h t h , w i d t h and s h i f t i) as a f u n c t i o n o f t h e 

d e p t h t o w h i c h t h e r a d i o a c t i v e atoms had d i f f u s e d . 

The dependence o f t h e s e p a r a m e t e r s on d i f f u s i o n d e p t h i s due 

t o t h e f a c t t h a t as t h e Co57 d i f f u s e s i n t o t h e n a t u r a l i r o n , t h e l a t t i c e 

s u r r o u n d i n g t h e r a d i a t i n g Fe57 

n u c l e u s changes f r o m t h e n o n - u n i f o r m Co J < 

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

o f a weak s o l u t i o n o f Co i n F e . S i n c e a c c u r a t e measurements o f s m a l l l i n e ' 

s h i f t s and v a r i a t i o n s i n l i n e w i d t h s were t o be measured w i t h t h i s s o u r c e , 
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t h e d i f f u s i o n p r o c e s s was c o n t i n u e d u n t i l a n a r r o w l i n e and a l a r g e 

M o s s b a u e r i n t e n s i t y were p r o d u c e d . 

The v e l o c i t y s p e c t r u m showed t h e p r e s e n c e o f two s m a l l a u x ­

i l i a r y p e a k s on e i t h e r s i d e o f t h e main l i n e . T h e s e p e a k s a p p e a r t o be 

a s s o c i a t e d w i t h a z e r o o r s m a l l i n t e r n a l m a g n e t i c f i e l d a t t h e s i t e s o f 

some o f t h e Pe57 
a t o m s . 

B e f o r e t h e a p p a r a t u s and method used i n t h e d i f f u s i o n p r o ­

c e d u r e a r e d i s c u s s e d , a b r i e f summary o f t h e t h e o r y (both g e n e r a l and 

p a r t i c u l a r t o t h i s t h e s i s ) o f d i f f u s i o n , i s g i v e n . The r e m a i n d e r o f t h e 

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

4 . 1 T h e o r y o f D i f f u s i o n 

a ) G e n e r a l D i f f u s i o n T h e o r y 

D i f f u s i o n o f one s o l i d i n t o a n o t h e r i s g o v e r n e d by F l i c k ' s 

L a w 2 1 

dm = DA d c ( x ) d t I V - 1 
dx 

where dm Is t h e mass d i f f u s i n g a c r o s s a r e a A , c ( x ) i s t h e c o n c e n t r a t i o n 

o f d i f f u s i n g atoms a t d e p t h x , and D i s t h e d i f f u s i o n c o e f f i c i e n t . T h i s 

c o e f f i c i e n t (D) g i v e s t h e r a t e a t w h i c h d i f f u s i o n t a k e s p l a c e . I t depends 

21 
s t r o n g l y upon t e m p e r a t u r e a c c o r d i n g t o t h e e q u a t i o n 

D = D 0 e x p ( - Q ' / f t © ) I V - 2 

where D D i s a c o n s t a n t i s t h e gas c o n s t a n t , © i s t h e a b s o l u t e t e m p e r ­

a t u r e , and Q 1 i s t h e a p p r o x i m a t e b i n d i n g e n e r g y o f t h e c r y s t a l . 



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

t o know t h e c o e f f i c i e n t D . T h i s c o e f f i c i e n t oan be c a l c u l a t e d by m e a s u r ­

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

22 
and t h e n s u b s t i t u t i n g t h e s e q u a n t i t i e s i n t o t h e e q u a t i o n , 

r = e z ( l - £ v/z ) IV-3 

2 

where r i s t h e r a t i o o f c o u n t i n g r a t e s , z i s y u Dt and juls t h e l i n e a r 

c o e f f i c i e n t o f t h e d e t e c t e d r a d i a t i o n . <fo i s 2 e ~ x d x . T h e above 

e q u a t i o n i s s u b j e c t e d t o t h e two a s s u m p t i o n s : 

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

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

i n d e r a l o n g t h e d i r e c t i o n o f t h e c y l i n d e r ' s a x i s . 

T h e v a l u e o f D o b t a i n e d b y C a r t e r and R i c h a r d s o n i n t h i s was f o r Co 

d i f f u s i n g I n t o Fe compounds a t T 8 5 0 ° C , a g r e e s w e l l w i t h t h a t c a l c u l a t e d 

by them by a more a c c u r a t e m e t h o d . 

U n d e r t h e same a s s u m p t i o n s as a b o v e , t h e c o n c e n t r a t i o n o f d i f ­

f u s e d atoms a t d e p t h x i s g i v e n b y 

c ( x ) _ Q e x p ( - x 2 / 4 D t ) 17-4 

Jv. D t ' 

f r o m w h i c h (see A p p e n d i x E ) t h e e q u a t i o n 

(x ) - "V 2 D t ' IV-5 

g i v i n g t h e rms p e n e t r a t i o n , i s d e r i v e d . 

b ) T h e o r y o f t h e D i f f u s i o n o f C o ^ 7 i n t o Fe 

When a M o s s b a u e r s o u r c e i s p r e p a r e d by t h e e l e c t r o d e p o s l t i o n 

o f Co o n t o an F e l a t t i c e , t h e F e ^ 7 m n u c l e u s , when i t e m i t s t h e 1 4 . 4 kev 
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ray, i s located i n a Co l a t t i c e rather than an Fe l a t t i c e l i k e the 

57 57 absorbing Fe nucleus. As the Co^' i s d i f f u s e d into the Fe l a t t i c e 
57 57 the concentration of Co diminishes so that the Fe n u c l e i become part 

of an Fe l a t t i c e rather than a Co l a t t i c e and are subject to e s s e n t i a l l y 

the same bonds as are the Fe n u c l e i . The d i f f u s i o n treatment therefore, 

reduces the diffe r e n c e i n Debye temperatures and chemical bond e f f e c t s 

between the source and absorber l a t t i c e s which i n turn, reduces or e l i m i n ­

ates the l i n e s h i f t of the Mossbauer spectrum. The fa c t that the d i f f u s i o n 

treatment increases the observed Mossbauer i n t e n s i t y implies that the 

57 

bonds on the Co atoms in the el e c t r o p l a t e d or evaporated deposit are weak 

or inhoraogeneous. The d i f f u s i o n process also varies the apparent width 

of the Mossbauer l i n e . 
In section 2 . 4 i t was noted that any diffe r e n c e i n the f i e l d s 

at the n u c l e i of the source and absorber would produce a broadened l i n e . 
o 57 At 3 ° ° K, the i n t e r n a l f i e l d at an Fe^' nucleus embedded in an Fe l a t t i c e 

i s 3 - 3 3 x lO^oe., whereas that in a Co l a t t i c e i s 3 . 0 4 5 x lO^oe. (a d i f ­

ference i n i n t e r n a l f i e l d s of . 2 9 5 x lO^oe.). Using equation I I - 4 4 , the 

increase in l i n e width produced by t h i s d i f f e r e n c e in i n t e r n a l magnetic 

f i e l d s i s calculated to be 3 - 2 7 x 1 0 " ^ ev.(compare with the expected width 

fo r t h i s source and absorber of 9 . 0 x 10~%v). As the Co^ 7 i s d i f f u s e d into 

the Fe l a t t i c e , the diffe r e n c e in the i n t e r n a l f i e l d s decreases, thereby 

decreasing the l i n e width. 

A summary of the conditions described by other authors under 
« 

which sources f o r the Mossbauer experiments have been d i f f u s e d , i s given 

i n Table IV-1. 
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Source Lattice Diffusion Diffusion 
Preparation Source Material Temperature Time Atmosphere Ref 

Electro. Ga 6? ZnO 1000°C 6 0 min. air 2 2 

Electro. Co57 S.S. 900°C 6 0 min. hydrogen 23 

Electro. Co57 Armco 900-1000°C 6 0 rain. hydrogen 24 
Iron 

Evap. Co57 S.S. 950°C - vacuum = 16 

Electro. Co57 CoPd 1000°C 120 min. vacuum 25 

Table IV-1 

4 . 2 Apparatus 

The apparatus used in the diffusion of the Co^ 7 source into 

a . 0 0 5 " AxWo iron lattice i s shown in Pigs. IV-1 and IV - 2 . The apparatus 

to hold the source in the quartz tube had to be designed in a manner 

such that Its heat capacity was small, thus requiring a very short time 

to change from room temperature to the temperature used for the diffusion 

and i t s heat conductance was low so that l i t t l e heat was lost down the 

supporting tubel Also, i t s strength was sufficient so that the source 

could be moved in and out of the furnace without the risk of dropping 

i t in the quartz tube. A combination of an iron ( . 0 1 0 " ) boat and thin 

walled stainless steel tubing met these specifications. The iron boat was 

spot welded to the steel tubing. The ceramic two-hole tube within the 

steel tubing ensured that the thermocouple wires did not short either to 

each other or to the stainless steel tube and in addition, increased the 

strength of the boat handle. The hot Junction of the chromel-alumel 

thermocouple was attached to the iron boat by laying a piece of . 0 0 1 " shim 

steel over the Junction and spot welding this overlay to the 'boat*. 

In order to have a continous record of the temperature during 

the diffusion, the thermocouple voltage was recorded on a Brown recorder. 
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Tbe IK Spectrol helipot (#495086) was used to reduce the thermocouple 

voltage (at 900°C, V=:90mv) to a value that could be fed into the Brown 

recorder (Model 153X12V-X-30A1, Serial #6471253) which has a f u l l scale 

deflection of ICtav. The potentiometer was set such that the boiling 

water-ice temperature difference corresponded to lmv on the Brown recorder. 

The arrangement of the apparatus i s shown schematically in Pig. 

IV-lb. The flow of gas was indicated by a water bubbler. Factors deter­

mining the use of argon were a) i t is safer to use (particularly at high 

temperatures) than hydrogen, b) the apparatus needed for an argon atmos­

phere i s much simpler than that required for a vacuum or hydrogen and 

c) i t provides the necessary inert atmosphere. The argon used was 99-9975$ 

i k-Ar, .00b8# 02* .0013JSN2 and .0004$ Hg- The oven heater arrangement is 

shown in Fig. IV-2b where the oven used was a Hoskins Electric Furnace 

(FD 303A, s e r i a l #33553, 110V, 5A). To obtain 900°C inside the furnace, 

the vari6c setting had to be 82.8V. A fan was arranged to blow on the ex­

terior of the quartz tube at the gas exit end to Increase the rate at 

which the diffusion boat and source returned to room temperature at the 

end of each run. 

4.3 Procedure 
t 

a) The central section of the quartz tube was heated to a pre­

determined temperature. This took about t h i r t y minutes. 

b) The source was placed in the boat at the gas exit end of 

the quartz tube. The flow of argon was increased to a flow producing 240 

bubbles per minute when the gas tubing was inserted into the water. 

The flow was maintained at this rate for at least five minutes before a 

heating cycle commenced to remove any a i r from the tube. 
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u s e d i n t h e d i f f u s i n g o f C o - * 7 i n t o a F e l a t t i c e . 
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c) The flow rate was decreased to 85 hubbies per minute and 

the system was allowed five minutes to reach thermal equilibrium. 

d) The source and assembly were quickly inserted into the 

furnace to the position indicated in Pig. IV-lb, to raise the tempera­

ture of the source to 900°C. The temperature of the source was recorded 

as a function of time. 

e) The source and assembly were then quickly withdrawn from 

the furnace to the cool end of the quartz tube and held there in the Ar 

atmosphere u n t i l the source returned to room temperature. 

f) The source was removed and mounted in the Mossbauer ap­

paratus. The count rate of both the 6 . 9 kev and 14.4 kev gamma rays 

were measured by putting the spectrum Into the C.D.C. kicksorter. The 

dead time losses were taken into account in determining the count rates. 

Two source to counter distances were used for this measurement on each 

cycle - 1 5 3 - 3 cm and 6 9 . 2 cm. 

g) The Mossbauer intensity and the shape of the resonant ab­

sorption spectrum was measured using the 0 . 0 0 0 5 5 " Armco Iron absorber. 

h) The procedure was repeated from step b. 

Since the count rate due to the 4 me source was high enough 

to cause coding troubles in the kicksorter, only every tenth pulse was 

put into the kicksorter. In order to do th i s , the output of the ampli­

f i e r was fed into the UBC NP scaler and the input to the second unit 

of the sealer triggered the kicksorter (coincidence mode used). Pig.IV-3 

Is a reproduction of a typical temperature versus time trace made on the 

Brown recorder. 
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FIGURE IV-3 A reproduction of tb.e temperature versus time record used 
for the second diffusion run. 
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In the measurement of the Mossbauer intensity and the re­

sonant absorption spectrum, correction was made for the non^l^^ kev 

background count rate within the single channel pulse height analyzer 

settings. This correction was explained in Chapter III. Diffusion runs 

1, 2 , and 3 were done as a group, each run lasting approximately l | hours. 

However, at the end of run 3> trouble with the electronics delayed the 

diffusion runs 4 and 5 u n t i l two days later. 

4.4 Experimental Results 

The resonant absorption line shape after each diffusion run 

is shown in Pig.IV -4 . Also shown in this figure is the line shape ob­

tained from the electroplated source before the source was annealed. Prom 

these curves the following quantities were determined: the fractional 

resonant absorption h, the total line width at one half maximum height A, 

and the size and direction of the line s h i f t i.These three quantities are 

summarized in Table IV - 2 . Also, these quantities are plotted as a function 

of the diffusion time in figure IV-5 and the rms depth of the active 

layer in figure IV - 6 . The line shift was calculated by means of the equa­

tion: 

b (A+C) - (B'D) 

where: A is the fractional resonant absorption at -Vj_ 

B n n it n n n - V g 

C « " « »t i> n . V-̂  

D u n n ti n it V g 
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FIGURE IV-4 The resonant absorption line shape after diffusion run. 
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FIGURE I V - 6 The Mossfcauer l i n e w i d t h , i n t e n s i t y and s h i f t as a f u n c t i o n o f t h e rms 
p e n e t r a t i o n d e p t h of t h e Co57. 
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The diffusion coefficient was calculated by the method given 

in section 4.1. Prom the data of the diffusion runs, r = 0690. from 

which D was calculated to be 2 x lO"^ 1 cm2/sec. This value of D is con­

sistent with the value of D obtained for the diffusion of P e ^ into 

PeOx and CoO at 900°C. The rms diffusion depth for the total treatment 

was 3.3 x 10"^cm (see Appendix E). 

Diffusion Total 6°C h A 
Time Diffusion (mm/sec) (mm/sec) (mm/sec) 

Time 

10 min. 10 min. 898C-C .122 .38 -.007 

10 min. 20 min. 895°C .147 .34 -.0024 

10 min. 30 min. 890°C .126 •37 .0045 

10 min. 40 min. 900°C .137 .38 .0013 

10 min. 50 min. 910°C .145 • 31 .0035 

Table IV-2 
Summary of Diffusion of Co 
into .00055° Armco Iron 

4.5 Discussion of Results 

An inspection of Table IV-2 shows that an appreciable value of 
^ . • • • -

h appears after very l i t t l e diffusion at 900°C (less than ten minutes). 

Further, the increase of h after the i n i t i a l ten minutes of diffusion i s 

only from .122 to .145. Prom these results i t can be concluded that i f 

one desired to measure the i n i t i a t i o n and build-up of h or of the Mos­

sbauer intensity as a function of diffusion time, then diffusion runs short­

er than ten minutes must be used. Hence, i t would be necessary to construct 

a diffusion apparatus which would reach a stable temperature faster than 

the 'boat' used for this experiment. 
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A l t h o u g h t h e change i n t h e w i d t h o f t h e e x p e r i m e n t a l l i n e s was 

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

d i f f u s i o n r u n . As n o t e d e a r l i e r , a d i f f e r e n c e o f t h e i n t e r n a l f i e l d s a t 

57 

t h e Fe n u c l e i i n t h e s o u r c e and a b s o r b e r p r o d u c e s a b r o a d e n e d l i n e . 

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

C o ^ 7 i n t o t h e Fe l a t t i c e c h a n g e d t h e e f f e c t i v e i n t e r n a l f i e l d a t t h e 

r a d i a t i n g Fe-^ 7 n u c l e i f r o m t h a t c h a r a c t e r i s t i c o f t h e Co l a t t i c e t o one 

more s i m i l a r t o an Fe l a t t i c e . T h e f i n a l l i n e w i d t h , . 0 3 1 c m / s e c ( 1 . 5 x 

1 0 " ^ e v . ) was l a r g e r t h a n t h e t h e o r e t i c a l l i n e w i d t h 

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

From an e x a m i n a t i o n o f F i g . I V - 4 , i t c a n be s e e n t h a t t h e M o s ­

s b a u e r l i n e i s a c c o m p a n i e d by two s m a l l p e a k s , one on e i t h e r s i d e o f t h e 

m a i n l i n e . T h e s e s a t e l l i t e a b s o r p t i o n c u r v e s a r e e v i d e n t on t h e s p e c t r a 

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

b u t a p p e a r t o be a l m o s t a b s e n t f r o m t h e s p e c t r a o b t a i n e d f rom t h e l a s t 

two d i f f u s i o n r u n s . However , t h e b e t t e r r e s o l u t i o n and i n c r e a s e d number 

o f p o i n t s u s e d t o p l o t t h e s p e c t r a d i s c u s s e d i n C h a p t e r V , show t h a t t h e s e 

s a t e l l i t e s were s t i l l p r e s e n t w i t h c o n s i d e r a b l y r e d u c e d a m p l i t u d e . The 

p o s i t i o n o f t h e s e s a t e l l i t e p e a k s i s between . 8 0 ram/sec t o 1 . 0 mm/sec , 

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

u n s h i f t e d e m i s s i o n l i n e and Fe a b s o r b e r , . 8 6 mm/sec . The s m a l l a b s o r p t i o n 

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

t h e s o u r c e i n w h i c h t h e i n t e r n a l m a g n e t i c f i e l d a t t h e F e ^ 7 n u c l e i i s e f ­

f e c t i v e l y z e r o . T h e n u c l e i i n s u c h a r e g i o n w o u l d e m i t an u n s p l i t l i n e , 

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

I n e q u a t i o n 11-40 i t was n o t e d t h a t t h e i s o m e r i c s h i f t o wa3 
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g i v e n by t h e e q u a t i o n : 

5 _ 2 Z e 2 [ < R e > 2 - <R g > 2 j [ \%(0)\2 - \%(0)\' 11-40 

? o 57 
where t h e q u a n t i t y <Re> - <Rg> i s n e g a t i v e f o r Fe . Assuming t h a t 

<R> i s i n d e p e n d e n t o f t h e a n n e a l i n g and t h a t t h e l i n e s h i f t d u r i n g t h e 

d i f f u s i o n r u n s can be r e g a r d e d as t h e i s o m e r i c s h i f t , t h e n 

i * & = - * [ | y a ( 0 ) t - | ^ ( o ) f rv-7 

where oc i s a c o n s t a n t . Hence a v a r i a t i o n i n I w o u l d i m p l y a v a r i a t i o n i n 

t h e e l e c t r o n d e n s i t y | ( ° ) | X a t t h e n u c l e u s . As i n d i c a t e d i n T a b l e I V - 2 , 

a v a r i a t i o n i n i does i n d e e d o c c u r . T h i s v a r i a t i o n f r o m - . 0 0 7 mm/sec 

t o a maximum o f . 0 0 4 5 mm/sec i m p l i e s t h a t ^ ( O ) ^ i n c r e a s e d w i t h t h e d i f ­

f u s i o n . H o w e v e r , t h i s change i n S. was n o t a permanent c h a n g e . The b r e a k 

i n t h e v a r i a t i o n o f % n o t e d between r u n s 3 and 4 i s a t t r i b u t e d t o t h e 

f a c t t h a t t h e two r u n s were s e p a r a t e d by two days wereas a l l o t h e r r u n s 

were s e p a r a t e d by l | h o u r s . T h i s t i m e d e p e n d e n t change i n X i n d i c a t e s t h a t 

some s o r t o f r e l a x a t i o n p r o c e s s w i t h a l o n g t i m e c o n s t a n t must have t a k e n 

p l a c e . 
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C h a p t e r V 

TEMPERATURE INDEPENDENT E F F E C T S 

5 . 0 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 a summary i s g i v e n o f a l l t h e t e m p e r a t u r e i n d e ­

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

o f t h e M o s s b a u e r l i n e . T h i s c h a p t e r t h e n d e s c r i b e s t h e e x p e r i m e n t a l m e a s u r e ­

ment o f t h e p a r a m e t e r s o f t h e M o s s b a u e r l i n e as a f u n c t i o n o f t h e a b s o r b e r 

t h i c k n e s s , t 1 . F o u r v a l u e s o f t ' were u s e d , . 0 0 0 2 " , . 0 0 0 3 5 " , . 0 0 0 5 5 " and 

. 0 0 1 " . F o r e a c h t h i c k n e s s t h e p a r a m e t e r s m e a s u r e d were t h e l i n e i n t e n s i t y 

h , t h e l i n e w i d t h A , a n d t h e l i n e s h i f t S . The r e s u l t s a r e s u m m a r i z e d i n 

T a b l e V - l . 

E q u a t i o n I I - 1 8 was programmed a n d e v a l u a t e d n u m e r i c a l l y on t h e U . 

B . C . ' s IBM 1620 c o m p u t e r . T h i s e q u a t i o n , y i e l d i n g a t h e o r e t i c a l v a l u e f o r 

R ( v ) , was b a s e d u p o n t h e t h e o r y p u b l i s h e d b y M a r g u l i e s and Ehrman b u t i n ­

c l u d e d t h e m u l t i p l e e m i s s i o n a n d a b s o r p t i o n l i n e s o f F e 5 7 

i n m e t a l l i c i r o n 

a n d t h e e f f e c t o f t h e s o u r c e t h i c k n e s s . The r e s u l t s o f t h e n u m e r i c a l e v a l u ­

a t i o n show t h a t t h e t h e o r y o f M a r g u l i e s and Ehrman i s v a l i d o n l y when t h e 

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

s o u r c e does n o t e f f e c t t h e n u m e r i c a l r e s u l t s . I f t i s n o t n e g l i g i b l e as was 

t h e c a s e i n t h i s t h e s i s , t h e n t h e M o s s b a u e r e f f e c t i n t h e s o u r c e a f f e c t s t h e 

c a l c u l a t e d r e s u l t s t o s u c h an e x t e n t t h a t R ( v - o°) / S i . The M o s s b a u e r e f f e c t 

i n t h e s o u r c e c a n b e t a k e n i n t o a c c o u n t b y t h e r e n o r m a l i z a t i o n o f e q u a t i o n 

I I - 1 8 as i n d i c a t e d a t t h e e n d o f t h i s c h a p t e r . A d e t a i l e d d i s c u s s i o n o f t h e 

c o m p u t e r p r o g r a m w i t h some o f t h e t e s t r e s u l t s has b e e n i n c l u d e d i n A p p e n d i x 

A . 



- 7 2 -

5 o i A Brief Discussion of the Relevant Theory 

a) T h e o r e t i c a l M o s s b a u e r I n t e n s i t y 

The c o n d i t i o n s w h i c h g o v e r n t h e c h a r a c t e r i s t i c s o f t h e 

M o s s b a u e r e f f e c t f o r a g i v e n n u c l e u s were summarized i n t a b l e 1 - 1 . 

Among t h e s e c o n d i t i o n s , t h e t h r e e moot i m p o r t a n t a r e t h e l i f e t i m e o f 

t h e e x c i t e d s t a t e , t h e f r e e r e c o i l e n e r g y , and t h e Debye t e m p e r a t u r e . 

The l a t t e r two a r e t h e p r i m a r y f a c t o r s i n d e t e r m i n i n g t h e D e b y e - W a l l e r 

f a c t o r , f , w h i c h i n t u r n d e t e r m i n e s t h e i n t e n s i t y , £ , o f t h e M o s s b a u e r 

e f f e c t . £ a l s o d e p e n d s , b u t t o a l e s s e r e x t e n t , u p o n t h e s o u r c e a n d 

a b s o r b e r t h i c k n e s s . T h e s e f a c t o r s a r e a l l t a k e n i n t o c o n s i d e r a t i o n i n 

t h e t h e o r e t i c a l d e r i v a t i o n o f R(v) g i v e n b y t h e e q u a t i o n I I I - 7 . I n t e r m s 

o f R ( v ) , t h e i n t e n s i t y , £ , i s 

£ = 1 - R(v ) V - l 

b ) L i n e S h i f t Mechanisms 

i ) Isomer S h i f t 

A n i s o m e r s h i f t , ( see C h a p t e r I I , s e c t i o n 2.3) c a n be c a u s e d 

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

t h e s o u r c e and t h e a b s o r b e r n u c l e i . T h i s s h i f t , h o w e v e r , i s d e t e c t e d 

o n l y i f <.Rg> ^ < R e > « The m a g n i t u d e o f t h e i s o m e r s h i f t may be c a l c u l a t e d 

f r o m t h e e q u a t i o n 

(S / c ) i - ^ Z e 2 [ < R ? > 2 - <Rg> 2][|y(0)| 2 - | V ^ ( 0 ) | 2 ] 11-40 
3c L J L J 

i i ) Debye T e m p e r a t u r e D i f f e r e n c e 

I t i s p o s s i b J . e f o r a d i f f e r e n c e b e t w e e n t h e Debye t e m p e r - ' 
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atures of the source and absorber to produce a line s h i f t . (See 

Chapter II, section 2.2). The size of this shift can be calculated 

from the equation 

f ^9 

2 M c ^ [ @ g P ^ I <£j^ e ^ I J l S M c ^ r ^ ^ J 
11-31 

i l l ) Impurity Effects 

For Fe^ 7 i n Fe, the localized mode shift i s expected to be 

small. (See Chapter II, section 2 . 6 ) . The shift is 

(&/c)li± - >-<n>hwo x ~f( l o c a l ! zed mode) 
moc^ ^{gamma decay) V-2 

where "(localized mode) is the relaxation time for the localized mode 

to come to thermal equilibrium with the l a t t i c e , and T(gamma decay) i s 

the lifetime of the ih.h kev state in F e 5 7 . T ( l o c a l i z e d mode) < 10" l 2 

appears to be a reasonable value for T(localized mode). 

iv) Mass Defect 

The diffusing of the radioactive impurity into the source 

l a t t i c e changes the average mass of the source and thus i t s internal 

energy relative to that of the absorber. (See Chapter II, section 2.2). 

This mass defect, through i t s influence on the Internal energy, 

produces a shift of the Mossbauer spectrum of 

( s / c ) i v = *M \ " • f J g x " - 3 7 2M ,c*J 0 (M ) C 16 

v) Hydrostatic Compression 

The isomeric shift has been shown to be dependent upon the 
13 

pressure to which the l a t t i c e i s subjected. J (See Chapter II, section2.2) 



That Is, the electron configuration i s dependent upon the pressure. 

The pressure coefficient i s given by 

1 
dp 

1 

Sol U n V ] [dP J + BQ\ olnVJ f o T ^ £ 

= - ( 2 . 6 H 0 . 1 0 ) x 10- l 8/kg/cm 2 

v-3 

The f i r s t term represents the effect of the changing electron density 

at the nucleus, and the second, the r e l a t i v i s t i c effect of changing the 

mean vibrational energy. The second effect i s less than 5$ of the 

total, measured coefficient and hence, the volume dependence of the 
i 

isomeric s h i f t accounts for the major part of the pressure coefficient. 

Thus a pressure difference between the source and absorber results in 

a shift of - the Mossbauer spectrum of 

(6/e) v - 1 

c 
^1 SOTO \ 

d l n V I 

f o l n V 
T F c i l n V 

6 

blnV\ 
v-4 

c) Line Broadening Mechanisms 

i ) Magnetic F i e l d Effects 

In Chapter II, section 2.4 i t was seen that the magnetic 

Zeeman sp l i t t i n g of the excited and ground state energy levels of Fe^ 7 

is determined by the magnetic f i e l d at the nucleus. A difference of the 

magnitude of the internal f i e l d at the source and absorber nuclei 

produces a broadened Mossbauer l i n e . A difference in the internal magnetic 

fields could arise from the partial magnetization of either or both of 

the source and absorber by the annealing process, or, by the presence 
57 

of the Co in the source l a t t i c e . 
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i i ) Localized Modes 

The localized modes, (see above and Chapter II, section 2 . 6 ) , 

also give rise to a line broadening as a result of the uncertainty of 

the occupation number of the localized mode. The magnitude of the 

broadening is given by 

A = ^ n 2 > " < n > 2 ) ^ h v " T ( l o c a l i z e d modes) 

OQC T(gamma decay) V - 5 

i i i ) S o u r c e and A b s o r b e r T h i c k n e s s 

The line width of the Mossbauer spectrum should equal 2 T 

where V is the line width of the nuclear transition. (See Chapter II, 
section 2 . 1 ) . However, only when the source and absorber thicknesses 

15 

can be approximated to z e r o is this the case. The use of nonzero 

source and absorber thicknesses produces a broadened l i n e . The quantity 

R(v) depends upon both thicknesses, and hence, the expected line width 

in the nonzero thickness case should be determinable from the theore-

t i c a l spectrum. 

iv) Random Shifts 

Random isomeric shifts,(see Chapter II, section 2.3) caused 
57 

by a variable chemical environment of the Ccr nuclei could produce a 

broadening of the Mossbauer spectrum rather than a s h i f t . In addition, 

a difference i n the quadrupole s p l i t t i n g of the excited state of the 

source and absorber would also produce a broadening of the l i n e . 

5 , 2 Experimental Procedure 

a) Source and Absorber 

The source used for the comparison between theory and 



e x p e r i m e n t was Iii3EC The p r e p a r a t i o n and t r e a t m e n t o f t h i s s o u r c e 

was d i s c u s s e d i n C h a p t e r s III and IV. F o u r a b s o r b e r s were u s e d ; 1 . armco 

i r o n . 0 0 0 2 0 " t h i c k , 2 . armco i r o n .00035* ' t h i c k , 3 . armco i r o n . 0 0 0 5 5 " 

t h i c k , a n d h. s h i m s t e e l . 0 0 1 " t h i c k . 

b ) P r o c e d u r e 

1 . The s o u r c e v/as mounted i n t h e h i g h t e m p e r a t u r e s o u r c e 

h o l d e r ( s e e C h a p t e r III) b u t t h e o u t e r p o t was r.ot e v a c u a t e d . The s o u r c e 

h o l d e r was a t t a t c h e d t o t h e l a t h e 2 7 " f r o m t h e p r o p o r t i o n a l c o u n t e r 

window. 

2 . The E . H . T . o f t h e c o u n t e r was t u r n e d on 12 h o u r s b e f o r e 

measurements were b e g u n . The gas f l o w o f t h e c o u n t e r was c h e c k e d a t 

i n t e r v a l s f o r an h o u r b e f o r e measurements were b e g u n and a l s o t h r o u g h o u t 

t h e c o l l e c t i o n of d a t a . 

3 . The . 0 0 0 2 0 " F e a b s o r b e r was mounted i n t h e a b s o r b e r mount 

and t h e mount was a t t a t c h e d t o t h e l a t h e . 

k. The c o p p e r - c o n s t a n t a n t h e r m o c o u p l e s were c o n n e c t e d a n d 

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

5 . W i t h 3«5 v o l t s a c r o s s t h e h e l i p o t , t h e o u t p u t s p e c t r a 

o f t h e p u l s e r f o r s e t t i n g o f 1 . 0 0 t o ^ . 0 0 i n s t e p s o f 0 . 5 0 were s u p e r ­

i m p o s e d upon t h e lk .k k e v s p e c t r u m b y t h e C . D . C . 1 0 0 c h a n n e l k i c k s o r t e r . 

The window s e t t i n g s o f t h e s i n g l e c h a n n e l k i c k s o r t e r were p l a c e d a t 

p u l s e r a m p l i t u d e s o f 2 . 0 0 a n d 3 . 5 0 c o r r e s p o n d i n g t o a " B a s e l i n e " o f 

3 3 0 , a n d a " C h a n n e l W i d t h " o f 7 3 1 . The a m p l i f i e r s e t t i n g s u s e d w e r e ; 

d i f f e r e n t i a t i o n t i m e c o n s t a n t - l . c ^ s , i n t e g r a t i o n t i m e c o n s t a n t - 0 . 8 y u s , 

a t t e n u a t i o n - 12 d b , The d i s c r i m i n a t o r b i a s on t h e NP I I s c a l e r was 

1 . 0 v o l t s and t h e d e a d t i m e 15y-*s. 
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6. The count rate of the gamma rays transmitted through the 

Fe absorber and through a l / l 6 " Al absorber were measured for equal 

counting times, i.e. correction was made for the instrumental dead time. 

7. The areas within the single channel kicksorter settings of 

the background radiation transmitted through the Fe absorber and 

through the Al absorber were measured. 

8. The gamma ray transmission through the Fe absorber within 

the above window settings was measured for 22 different positive and 

negative velocities of the absorber relative to the source. The measure­

ments were made i n groups of 4 , separated by a measurement of the 

transmission at v = 0 , and v = 0 0 ( i . e . ,lhk cm/sec). A record of the 

time at which the individual measuring periods ended was kept. 

9 . Steps 6, 1, and 8 were repeated for the other three 

absorbers. 

c) Discussion of the Procedure 

The data used i n this section of the thesis was collected 

in one continuous run to eliminate any possible d r i f t s in the apparatus. 

Furthermore, the source was kept at room temperature to eliminate a 

Josephson shift, and at room pressure to eliminate a hydrostatic 

compression shift i n the Mossbauer spectrum. Steps 6 and 7 were included 

so that the background correction, explained in Chapter III, could be 

made on the data. The numerous measurements of the transmission at 

v - 0 , and v -°°f were made so that Rj^v) could be plotted as a function 

of time to check for shifts in the proportional counter. Also, the 

continuous determination of R^v) automatically corrected for the 

decay of the source strength. 
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5.3 C a l c u l a t i o n s a n d C o r r e c t i o n s 

The t r a n s m i t t e d c o u n t r a t e , H ( v ) , was c a l c u l a t e d f r o m t h e measured 

d a t a a n d c o r r e c t e d f o r t h e b a c k g r o u n d c o u n t r a t e as o u t l i n e d i n C h a p t e r I I I . 

The b a c k g r o u n d c o r r e c t i o n i s 

\ % l ( v ) x A | F e ^ 111-15 

F o r e a c h a b s o r b e r t h i c k n e s s , N ( v - 0) was p l o t t e d as a f u n c t i o n , o f t i m e i n 

o r d e r t o c a l c u l a t e t h e p r e s s u r e d r i f t o f t h e p r o p o r t i o n a l c o u n t e r . ( s e e 

C h a p t e r I I I ) . F o r t h e s e p a r t i c u l a r measurements however , i t was f o u n d t h a t 

t h e d r i f t was n e g l i g i b l e a n d h e n c e , no c o r r e c t i o n f o r c o u n t e r d r i f t was 

n e c e s s a r y . 

U s i n g t h e b a c k g r o u n d c o r r e c t e d v a l u e s o f N ( v ) , t h e r a t i o ^ ( v ) 

was c a l c u l a t e d a n d p l o t t e d as a f u n c t i o n o f v i n f i g u r e s V - l , V - 2 , V-3 

a n d V - 4 . The l i n e s h i f t was c a l c u l a t e d f r o m e q u a t i o n I V - 6 . 

5 . 4 R e s u l t s 

The m o s s b a u e r l i n e s o b t a i n e d f o r e a c h o f t h e f o u r a b s o r b e r t h i c k ­

n e s s e s a r e shown i n f i g u r e s V - l , V - 2 , V-3 and V - 4 . F r o m t h e s e f i g u r e s t h e 

maximum i n t e n s i t y , h , o f t h e M o s s b a u e r l i n e s were o b t a i n e d . A l s o , t h e 

w i d t h o f t h e m e a s u r e d l i n e a t ^ h was d e t e r m i n e d a n d c a l l e d t h e w i d t h , A • 

The measured v a l u e s o f h,Aand & a r e s u m m a r i z e d i n T a b l e V - l . 

T h e s e r e s u l t s show t h e e x p e c t e d i n c r e a s e o f h and A as t h e a b s o r b e r t h i c k ­

n e s s i n c r e a s e d . 
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Figure V - l The Mossbauer absorption spectrum for an absorber thickness 
of .0002". 
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Absorber 
Thickness 

. 0 0 0 2 " 

. 0 0 0 3 5 " 

. 0 0 0 5 5 " 

. 0 0 1 " 

h 

. 0 7 0 

. 113 

. 1 6 9 

. 2 2 8 

/ \ ( c m / s e c ) 

. 2 8 5 

. 3 0 0 

. 3 1 0 

. 3 2 0 

$ (rata/sec) 

- . 0 0 2 

- . 0 0 3 

- . 0 0 2 

- . 0 0 7 

T a b l e V 

M e a s u r e d M o s s b a u e r S p e c t r u m p a r a m e t e r s a3 a f u n c t i o n o f a b s o r b e r 
t h i c k n e s s . 

5 . 5 D i s c u s s i o n of R e s u l t s a n d C o n c l u s i o n s 

The l i n e s h i f t s measured f o r the f i r s t three absorbers used 

agree within the experimental er r o r (i . 0 0 1 mm/see) but disagree with 

that obtained f o r the f o u r t h absorber. This diff e r e n c e i s a t t r i b u t a b l e 

to the f a c t that the absorber used i n the fourth case was shin s t e e l while 

the absorbers used i n the f i r s t three cases were Amco i r o n , The difference 

between these two materials was so small that i t was concluded that the 

l i n e s h i f t was an isomer s h i f t since a l l other s h i f t mechanisms would 

y i e l d the same s h i f t f o r the two types of absorbers. 

The theory by which a t h e o r e t i c a l value of R(v) was c a l c u l a t e d 

was based upon that published by S. Margulies and J. R. Ehrman-'. In t h e i r 

work, the transmission calculated f o r a gauKsian source d i s t r i b u t i o n was, 

i n the notation used i n t h i s t h e s i s : 

T ( v ) -- (1 - f ) e x p ( ^ t ) 2 ( i - $ ( ^ t ) | t t r f " as 
1 ' 2KI (EfS)* + f c/k \ Wy ft/I 

1 - exp Tr2/u_ 
v-6 

7*0 
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V-£ The Mossbauer absorption spectrum for an absorber thickness 
of . 0 0 0 3 5 " . 
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I t i s s e e n t h a t t h e D o p p l e r s h i f t , S = v E 0 / c , has been i n c l u d e d i n t h e 

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

that the M o s s b a u e r absorption i n the source has been n e g l e c t e d , i m p l y i n g 

a n e g l i g i b l e source t h i c k n e s s . 

The above equation was modified to i n c l u d e the s o u r c e t h i c k n e s s 

and also tire s i x l i n e emission and absorption s p e c t r a of F e - ' ' ' i n m e t a l l i c 

i r o n e The transmission was normalized t o y i e l d R ( v ) by d i v i d i n g t h r o u g h 

by what Marcjulies and Ehnnun i n d i c a t e d to be the n o n r e s o n a n t a b s o r p t i o n 

portion of equation V-6, e x p ( £ / * t ) 2 | l - § j . This p r o c e s s y i e l d e d t h e 

equation 

- r e x p ( - ^ t ) 2 [ l - $ ( ^ t ) J 

A t v ~ot>, the i u t u g r a l of equation II-13 should be reduced to f times 

the nonresonant texw so that .R(v ~ 1. In pra c t i c e , however , e v a l ­

u a t i o n by t h e program o u t l i n e d i n append!;: A y i e l d e d R(v = °°) - .97 • 

Testing proved that R(v - <») increased to .9957 when t was reduced b y a 

f a c t o r of 10 to ^.y<10 ' CJu. From these i-esults i t was concluded t h a t 

a q u a t i o n 1T-18 would y i e l d v a l i d r e s u l t s only when the source t h i c k n e s s 

i s n e g l i g i b l e a n d that the Mossbauer a b s o r p t i o n i n the source a f f e c t s 

the calculated v a l u e of R(v) when t i s n o t n e g l i g i b l e . F u r t h e r m o r e , 

i t v a c c o n c l u d e d t h a t to f u l l y a l l o w f o r the M o s s b a u e r a b s o r p t i o n ±n t h e 

source when t i s not n e g l i g i b l e equation I I - I 8 must be modified t o 

B ( v ) = T c ( v ) / T c ( v = ~») V - 7 
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1 . 0 0 

R(v) 

Figure V-3 The Mossbauer absorption spectrum for an absorber thickness 
of . 0 0 0 5 5 * ' . 

ii 
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where 

T c ( v ) = (1 - f ) e x p ( ^ u t ) 2 [ l - $ (!-/*)] f f w j k f T J CLE 

x exp 1 - V - 8 

x expl w«v T P 2 A + | f t 

By means o f t h i s e q u a t i o n , R ( v ) c o u l d b e e v a l u a t e d n u m e r i c a l l y and t h e 

v a l u e s o f t h e l i n e i n t e n s i t y and l i n e w i d t h d e t e r m i n e d a n d compared w i t h 

t h e e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s . 
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1.00 

Figure V-4 The Mossbauer absorption spectrum for an absorber thickness 
of ,001' 
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Chapter VI 

TEMPERATURE DEPENDENT EFFECTS 

6.0 Introduction 

A summary of the temperature dependence of the quantities 

discussed i n Chapter II is given at the beginning of this chapter. The 

experimental work discussed i n this chapter was divided Into two 

sections; one section considered large temperature differences, i.e. 

greater than 50°K, and the other, snail temperature differences, i.e. 

less than 50°K. This division was made so that very small changes caused 

by small* temperature differences could be measured as well as the 

general temperature dependence. The analysis of the data at small 

temperature differences required the use of special formulae and tech­

niques, both of which are discussed herein. The experimental procedure 

by which the data was accumulated for both sections i s given in detail 

and the results summarized in table and graphic form. As in Chapter V, 

the relationship between the theoretical and experimental temperature 

dependence i s investigated. It is seen that the agreement between the 

experimental and theoretical Josephson effect i s good. The measurements 

indicate a Debye temperature of h20°K for both the source and absorber. 

It is also found that the minimum line width does not occur when the 

source and absorber are at the same temperature, a possibility that 

was discussed in Chapter V. The shape of the Mossbauer spectrum proved 

to be temperature dependent. This dependence is shown and discussed 

near the end of the chapter. In the last section of the chapter, a 

discussion of the possible causes of the slight variation between theory 

and experiment is given. 
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6 . 1 Brief Discussion of Relevant Theory 

a) Josephson Effect 

The Josephson effect was discussed i n Chapter II section 2 . 2 . 

The magnitude of the effect is calculated from equation 1 1 - 2 7 . 

b) Hydrostatic Compression Effect 

The details of this effect were given i n Chapter II section 2 . 2 . 

The magnitude of this effect i s calculated from equation 1 1 - 3 0 . 

c) Temperature Dependence of f 

The Mossbauer intensity i s determined, in part, by the Debye-

Waller factor, f, which is given, in the Debye approximation to the 

la t t i c e vibrations, by the expression 

L / e* - 1 J 

lo 
1-5 

Jo 

As the temperature increases, f decreases so that the intensity, h, 

also should decrease. Table VI-1 shows the variation of f as a function 

of temperature. For this table, f was calculated using © D = 420°K 

(°K) 

80 

100 

150 

2 0 0 

250 

f 

• 910 

. 9 0 0 

. 8 7 5 

.843 

. 8 1 3 

(OK) 

300 

350 

400 

4 5 0 

500 

f 

. 7 8 4 

.755. 

. 7 3 0 

. 7 0 1 

. 6 7 5 

Table VI -1 
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The t e m p e r a t u r e d e p e n d e n c e o f f a l s o a f f e c t s t h e e f f e c t i v e 

s o u r c e a n d a b s o r b e r t h i c k n e s s e s , T a n d T'» U s i n g t h e v a l u e s o f f g i v e n 

i n t a b l e V I - 1 , T and T have b e e n p l o t t e d as a f u n c t i o n o f t e m p e r a t u r e 

i n f i g u r e V I - 1 . 

d) T e m p e r a t u r e Dependence o f t h e M a g n e t i c F i e l d 

As n o t e d i n C h a p t e r I I , s e c t i o n 2 . 4 , t h e i n t e r n a l m a g n e t i c 

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

i t s dependence i s g i v e n b y t h e W e i s s L a w . T h i s t e m p e r a t u r e dependence 

o f H a f f e c t s t h e M o s s b a u e r s p e c t r u m i n two w a y s . F i r s t , as t h e 

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

a b s o r b e r i n c r e a s e s , t h e w i d t h o f t h e M o s s b a u e r l i n e a l s o i n c r e a s e s . 

S e c o n d l y , as t h e M o s s b a u e r l i n e i s b r o a d e n e d , i t s i n t e n s i t y w i l l d e c r e a s e 

so t h a t e i t h e r an i n c r e a s e o r a d e c r e a s e i n t h e s o u r c e - t e m p e r a t u r e w i l l 

r e d u c e t h e i n t e n s i t y . 

6 .2 E x p e r i m e n t a l A n a l y s i s o f t h e E f f e c t s o f S m a l l T e m p e r a t u r e 

D i f f e r e n c e s Between S o u r c e and A b s o r b e r 

a) L i n e S h i f t s 

An e q u a t i o n t h a t c a n be u s e d t o d e t e c t l i n e s h i f t s i s 

S = ?a,v(A +• B) - (C +• D) V I - 1 
(A + C) - (B +• I)) 

where AV - Vg - v±, A i s t h e c o u n t r a t e a t t v ^ , B i s t h e c o u n t r a t e a t 

+ V 2 , C i s t h e c o u n t r a t e a t -v-^, and D i s t h e c o u n t r a t e a t - v g . The 

a s s u m p t i o n c o n t a i n e d i m p l i c i t l y i n t h i s e q u a t i o n i s t h a t & « A . I n f a c t , 

as w i l l be s e e n b e l o w , t h i s a p p r o x i m a t e f o r m u l a y i e l d s a v a l u e f o r 8 



2 . 0 

I 

1 . 0 

0 . 2 

0 . 1 

r 

l o o 150 200 250 300 350 too **50 500 550 
© ' ( O K ) (a) 

i c f e — ' T 5 0 ' 2 0 0 250 300 350 too 4 5 0 500 550 S 

0(°K) (b) 
FIGURE VI - 1 The variation of the apparent source and absorber thicknesses, Jand T', as a function 

of temperature. 

O 
Hi 

3 

9 
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t h a t i s i n e r r o r b y a f a c t o r o f 1.5. A more a c c u r a t e f o r m u l a (Moss I I , p 

i s 

c _ J » k . ( l / h - .75) ( B * - R) I V - 6 

3N/T (R + R) 

where R* and. R ' a r e t h e c o u n t r a t e s a t -tv and - v . The d i s a d v a n t a g e o f 

e q u a t i o n I V - 6 i s t h a t i t n e c e s s i t a t e s a knowledge o f h a n d / \ , whereas 

e q u a t i o n V I - 1 does n o t . 

I t i s p o s s i b l e , b y c a r e f u l measurement o f S as a f u n c t i o n o f 0 

t o e v a l u a t e O d , t h e Debye t e m p e r a t u r e of t h e s o u r c e . 6/c , where c i s 

t h e v e l o c i t y o f l i g h t , was p l o t t e d as a f u n c t i o n o f 0 and © „ i n 

f i g u r e I I - 3 . I f S i s m e a s u r e d as a f u n c t i o n o f 9, t h e n t h e s l o p e , 

d ( S / c ) / d ( 0 ) , d e t e r m i n e s t h e Debye t e m p e r a t u r e . 

b ) L i n e W i d t h s 

I n C h a p t e r V i t was n o t e d t h a t t h e l i n e w i d t h d e p e n d e d 

upon t h e t e m p e r a t u r e d e p e n d e n t i n t e r n a l m a g n e t i c e f i e l d H . As s e e n 

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

d e t e r m i n e d l i n e w i d t h . I t i s e x p e c t e d t h a t i f ^11 - 0 a t A 0 - 0, t h e n 

t h e minimum l i n e w i d t h w o u l d be f o u n d a t A 0 = 0. The t r u e p o s i t i o n o f 

t h e minimum l i n e w i d t h c a n b e d e t e r m i n e d b y M e a s u r i n g A as a f u n c t i o n 

o f A 0 . The l o c a t i o n o f t h e minimum r e q u i r e s t h a t s m a l l t e m p e r a t u r e 

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

t h e c o u n t i n g s t a t i s t i c s be g o o d . T h u s , t h e d e t e r m i n a t i o n o f t h e m i n ­

imum l i n e w i d t h i s b e t t e r done w i t h a few p o i n t s w i t h g o o d s t a t i s t i c s 

r a t h e r t h a n f r o m t h e t o t a l s p e c t r u m . A s s u m i n g t h a t A , B , C , and D have 

t h e same d e f i n i t i o n s as i n s e c t i o n 6 . 2 . a , l\ c a n be c a l c u l a t e d f r o m t h e 

e q u a t i o n 
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A - 2|v-i| + dv ( h / 2 - A) + dv ( h / 2 - C) V I - 2 
d P a d i ^ 

where dv - - v o J dR^ = A - B , and dRg = C - D . T h i s e q u a t i o n 

r e q u i r e s t h a t A, B, C , and D he l o c a t e d on t h e l i n e a r p o r t i o n o f t h e 

M o s s b a u e r s p e c t r u m . F o r l a r g e t h e s p e c t r u m w i l l be s h i f t e d t o s u c h 

an e x t e n t t h a t t h e two s e t s of c o u n t r a t e s , A and B , and C and D , w i l l 

n o t b o t h b e i n t h e l i n e a r p o r t i o n , so t h a t e q u a t i o n V I - 2 i s n o t v a l i d 

f o r l a r g e & 0 . 

c ) L i n e I n t e n s i t i e s 

I n e q u a t i o n s V I - 1 and V I - 2 i t i s n o t e d t h a t h a p p e a r s as a 

v a r i a b l e t h a t must be known b e f o r e e i t h e r A o r S c a n be c a l c u l a t e d . 

T h e r e f o r e , a s i m i l a r e x p r e s s i o n t o d e t e r m i n e h f r o m a l i m i t e d number 

o f p o i n t s on t h e M o s s b a u e r s p e c t r u m , i n d e p e n d e n t o f Z\ and £> i s i m p o s s i b l e . 

However , f o r s m a l l A 0 , h v a r i e s v e r y l i t t l e and h e n c e c a n be d e t e r m i n e d 

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

6.3 E x p e r i m e n t a l P r o c e d u r e 

a) S o u r c e and A b s o r b e r 

The s o u r c e u s e d f o r a l l t e m p e r a t u r e d e p e n d e n t measurements 

was t h e NSEC $ 2 . F o r l a r g e t e m p e r a t u r e d i f f e r e n c e s b e t w e e n t h e s o u r c e 

a n d t h e a b s o r b e r , t h e s o u r c e was mounted i n t h e h i g h t e m p e r a t u r e s o u r c e 

h o l d e r shown i n f i g u r e I I I - 1 4 . H i e s o u r c e h o l d e r shown i n f i g u r e 111-15 

was u s e d o n l y when t h e s o u r c e t e m p e r a t u r e was l o w e r e d b e l o w 0 ° C . A 

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

t h e s o u r c e a n d t h e a b s o r b e r . 
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F o r t h e s e measurements , o n l y t h e . 00055" Fe a b s o r b e r was u s e d . 

I t was d e t e r m i n e d t h a t t h e maximum s i g n i f i c a n c e o f r e s u l t s c o u l d be 

o b t a i n e d w i t h t h i s a b s o r b e r , ( see a p p e n d i x D ) . The a b s o r b e r was mounted 

on t h e l a t h e c a r r i a g e b y means o f t h e h o l d e r d e s c r i b e d i n C h a p t e r I I I . 

b ) S o u r c e T e m p e r a t u r e G r e a t e r T h a n A b s o r b e r T e m p e r a t u r e 

1 . The s o u r c e was mounted f i r m l y i n t h e h i g h t e m p e r a t u r e 

h o l d e r and t h e o u t e r p o t was e v a c u a t e d t o 15 m i c r o n s 

2 . The a b s o r b e r was f i r m l y c l a m p e d i n i t s h o l d e r a n d t h e 

h o l d e r was c l a m p e d o n t o t h e l a t h e c a r r i a g e . 

3 . The t h e m o c o u p l e s were c o n n e c t e d t o t h e V a r i a n r e c o r d e r . 

The c o l d j u n c t i o n s were p u t i n t o an i c e - w a t e r m i x t u r e . 

h. The s e t t i n g o n t h e a p p a r a t u s were t h e same as u s e d i n 

C h a p t e r V . 

5 . The b a c k g r o u n d c o r r e c t i o n , as o u t l i n e d i n C h a p t e r V , was 

d e t e r m i n e d . 

6 . The t r a n s m i s s i o n o f t h e gamma r a y s t h r o u g h t h e a b s o r b e r 

was m e a s u r e d as a f u n c t i o n o f v e l o c i t y f o r lk p o s i t i v e a n d n e g a t i v e 

vel6cities. 

7 . The h e a t i n g u n i t was i n s e r t e d i n t o t h e i n n e r p o t and t h e 

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

8 . S t e p s 5, 6 , and 7 were r e p e a t e d f o r s o u r c e t h e r m o c o u p l e 

r e a d i n g s o f 3 . 1 5 mv, 5 . 2 5 mv, a n d 8 . 3 mv. I n e a c h c a s e s u f f i c i e n t t i m e 

was a l l o w e d f o r t h e s o u r c e t e m p e r a t u r e t o become s t a b l e b e f o r e t h e 

measurements were b e g u n . 



c ) S o u r c e T e m p e r a t u r e L e s s Than A b s o r b e r T e m p e r a t u r e 

1 . S t e p s 1 t o 4 o f s e c t i o n 6 . 3 . b were r e p e a t e d w i t h t h e s o u r c e 

i n t h e l o w t e m p e r a t u r e h o l d e r . 

2 . A 600 w a t t h e a t e r was p l a c e d I n t h e l i q u i d n i t r o g e n 

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

- 1 . 9 5 rav. 

3 . The b a c k g r o u n d c o r r e c t i o n was d e t e r m i n e d as i n C h a p t e r V . 

4 . The t r a n s m i s s i o n o f t h e gamma r a y s t h r o u g h t h e a b s o r b e r 

was measured as a f u n c t i o n o f t h e v e l o c i t y f o r 14 p o s i t i v e a n d n e g a t i v e 

v e l o c i t i e s . 

5 . S t e p s 2 , 3> afccl 4 were r e p e a t e d f o r s o u r c e t h e r m o c o u p l e 

r e a d i n g s o f - 3 - 0 0 mv and - 3 . 8 9 m v « 

d) S m a l l T e m p e r a t u r e D i f f e r e n c e s Between S o u r c e a n d A b s o r b e r 

1 . S t e p s 1 t o 5 o f s e c t i o n 6 . 3 « b were r e p e a t e d . The v a r i a c 

was s e t t o g i v e t h e r m o c o u p l e r e a d i n g s o f 1 . 0 0 mv, 1 . 5 2 mv, l . ? 2 mv, 

2 . 0 5 mv, and 2 . 5 5 mv. T h e gamma r a y t r a n s m i s s i o n was d e t e r m i n e d a t e a c h 

t e m p e r a t u r e . The measurements were made a t v e l o c i t i e s o f + .1444cm/sec , 

i . O l 8 5 c m / s e c , + . 0 1 2 3 c m / s e c , ± . 0 0 6 2 c m / s e c , • . 0 0 4 6 c m / s e c , a n d 0 c m / s e c . 

2 . S t e p s 1 t o 3 o f s e c t i o n 6 . 3 . C were r e p e a t e d . The v a r i a c 

was s e t t o g i v e t h e r m o c o u p l e r e a d i n g s o f . 2 5 mv, . 0 1 2 mv, and - . 8 5 mv. 

The gamma r a y t r a n s m i s s i o n was d e t e r m i n e d a t e a c h t e m p e r a t u r e . The 

measurements were made a t t h e same v e l o c i t i e s as u s e d f o r s t e p 1 . 

I n a l l t h e measurements , i t was f o u n d t h a t t h e c o u n t e r d r i f t , 

i n any s e t o f measurements was n e g l i g i b l e i n t h e s h o r t p e r i o d o f d a t a 

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

t e m p e r a t u r e d i f f e r e n c e s was o f t h e o r d e r o f 10 g r e a t e r t h a n t h a t f o r 
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l a r g e t e m p e r a t u r e d i f f e r e n c e s . 

6.4 Calculations and Results 

a) L a r g e T e m p e r a t u r e D i f f e r e n c e s Between S o u r c e a n d A b s o r b e r 

F o r e a c h s o u r c e t e m p e r a t u r e , ^ ( v ) was c a l c u l a t e d u s i n g t h e 

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

i l l u s t r a t e d i n f i g u r e V I - 2 . The i n t e n s i t y , h , was d e t e r m i n e d d i r e c t l y 

f r o m t h e s e p l o t s . The l i n e w i d t h , A , was r e c o r d e d as t h e w i d t h o f t h e 

s p e c t r u m a t ^ h . S i n c e e q u a t i o n V I - 1 was n o t v a l i d f o r l a r g e t e m p e r a t u r e 

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

M o s s b a u e r s p e c t r u m , a n d was t a k e n as t h a t v e l o c i t y a b o u t w h i c h t h e 

s p e c t r u m was s y m m e t r i c a l a t - | h . The m e a s u r e d v a l u e s o f t h e s e p a r a m e t e r s 

a r e g i v e n i n t a b l e V I - 2 . 

*6°K h A ( c m / s e c ) JL ( c i n / s e c ) 

179 . 0 9 3 . 0 6 0 . 0 1 3 0 

1 0 0 .124 . 0 3 6 . 0 0 7 5 

50 . 1 6 6 . 0 3 1 . 0 0 3 5 

0 .174 . 0 3 1 - . 0 0 0 3 

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

- 1 0 8 . 1 6 0 ,o4i - . 0 0 6 5 

- 1 3 8 . 1 5 3 .o4o - . O O 8 5 

T a b l e V I - 2 

The g r o s s t e m p e r a t u r e d e p e n d e n c e o f t h e p a r a m e t e r s 
o f t h e M o s s b a u e r s p e c t r u m 

I n o r d e r t o compare t h e m e a s u r e d t e m p e r a t u r e s h i f t w i t h t h e 

J o s e p h s o n e f f e c t , s e v e r a l c o r r e c t i o n s h a d t o be made w i t h t h e measured 
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FIGURE VI - 2 The Mossbauer spectrum obtained with a source temperature 
of 126°C and an absorber temperature of 26°C. This spectrum 
illustrates both the temperature shift and the appearance of 
the hyperfine structure. 



- 9 0 -

s h i f t . F i r s t , i t was n o t e d t h a t a t A Q =0 a s m a l l r e s i d u a l s h i f t was 

m e a s u r e d . T h i s r e s i d u a l s h i f t was s u b t r a c t e d f r o m t h e m e a s u r e d s h i f t . 

S e c o n d , i t was n o t i c e d t h a t t h e a b s o r b e r t e m p e r a t u r e , 6', was n o t c o n s t a n t 

f o r a l l m e a s u r e m e n t s . T h i s v a r i a t i o n was c o m p e n s a t e d b y a d d i n g a s h i f t b' 

g i v e n b y 

S ' = - 2 . 2 4 x l o " 1 5 A 0 c V I - 3 

where = Q' - 2 9 7 ° K , t o t h e m e a s u r e d s h i f t . T h i r d , t h e t e m p e r a t u r e 

d e p e n d e n t h y d r o s t a t i c c o m p r e s s i o n s h i f t was a d d e d t o t h e measured s h i f t . 

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

i n f i g u r e I I - 3 . The v a l u e s o f t h e m e a s u r e d s h i f t , t h e t h r e e c o r r e c t i o n s , 

a n d t h e measured J o s e p h s o n s h i f t a r e s u m m a r i z e d i n t a b l e V I - 3 . The 

J o s e p h s o n s h i f t lias b e e n p l o t t e d as a f u n c t i o n o f t h e s o u r c e t e m p e r a t u r e 

i n f i g u r e V I - 3 • The s o l i d l i n e i n t h i s f i g u r e i s t h e t h e o r e t i c a l 

J o s e p h s o n s h i f t c a l c u l a t e d f r o m e q u a t i o n 11-27 u s i n g (P)D = 4 2 0 ° K a n d 

Q' = 2 9 7 ° K . 

I x l O ' • 
c m / s e c 

' - 4 

c m / s e c 
o ' x l O " 1 * 
c m / s e c 

6 h c ^ ° ' U 

c m / s e c 
l c x i o - 1 ' 
c m / s e c 

4 7 3 130 - 3 . 0 - 1 . 3 6 . 4 1 3 9 . 2 

379 65 - 3 . 0 - 1 . 3 4 . 5 7 3 - 8 

349 35 - 3 . 0 ' - 1 . 3 2 . 3 4 1 . 6 

299 - 3 - 3 . 0 - 1 . 3 0 . 0 - 1 . 3 

219 -55 - 3 . 0 1 . 3 - 3 . 4 - 5 6 . 7 

186 - 6 5 - 3 . 0 2 . 0 - 4 . 9 - 6 8 . 9 

156 - 8 5 - 3 . 0 2 . 0 - 6 . 2 - 8 6 . 0 

T a b l e V I - 3 

The t h r e e c o r r e c t i o n s a p p l i e d t o t h e m e a s u r e d t e m p e r a t u r e s h i f t 
o f t h e M o s s b a u e r s p e c t r u m t o o b t a i n t h e m e a s u r e d J o s e p h s o n s h i f t . 
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FIGURE VI-3 The measured temperature dependent Josephson shift 
plotted as a function of the source temperature. 
The solid line is the theoretical shift calculated 
for a Debye temperature of 420°K. 
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The l i n e i n t e n s i t y has b e e n p l o t t e d as a f u n c t i o n o f hQ i n 

f i g u r e V I - 4 . I n c l u d e d i n t h i s f i g u r e i s t h e v a r i a t i o n o f t h e t h e o r e t i c a l 

v a l u e o f /the M o s s b a u e r i n t e n s i t y , £ , w i t h A . 9 . T h i s v a r i a t i o n t a k e s i n t o 

a c c o u n t o n l y t h e t e m p e r a t u r e v a r i a t i o n of f a n d n o t o f H . The t h e o r e ­

t i c a l p o i n t ' s were c a l c u l a t e d f r o m e q u a t i o n 11-18 on t h e IBM 1620 

c o m p u t e r . 

b ) S m a l l T e m p e r a t u r e D i f f e r e n c e s Between S o u r c e and A b s o r b e r 

i 

The l i n e s h i f t s were c a l c u l a t e d f r o m t h e two e q u a t i o n s r e f e r r e d 

t o a b o v e , f i r s t , S, b y e q u a t i o n V I - 1 and s e c o n d l y , 8^ f r o m e q u a t i o n I V - 6 . 

T h e s e c a l c u l a t e d s h i f t s were c o r r e c t e d f o r t h e r e s i d u a l s h i f t , t h e 

v a r i a t i o n i n Q ' , and t h e h y d r o s t a t i c c o m p r e s s i o n s h i f t as o u t l i n e d i n 

s e c t i o n 6 . 4 . a . The u n c o r r e c t e d a n d c o r r e c t e d v a l u e s o f 8, a n d S ^ a r e 

t a b u l a t e d i n t a b l e V I - 4 . 

0 ' ° K S1(m) 
c m / s e c c m / s e c 

S2(ra) 
c m / s e c 

S?(c) 
c m / s e c 

335 2 9 8 . 5 . 0 0 2 1 4 • . 0 0 2 7 0 . 0 0 2 4 1 . 0 0 2 9 7 

323 2 9 7 . 5 . 0 0 1 1 3 . 0 0 1 5 7 . 0 0 1 1 3 . 0 0 1 5 7 

315 297 . 0 0 0 9 3 . 0 0 1 3 1 . 0 0 1 1 2 . 0 0 1 5 0 

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

2 9 8 . 5 2 9 9 . 5 - . 0 0 0 0 9 . 0 0 0 3 0 - . 0 0 0 4 2 . 0 0 0 0 0 

279 2 9 9 . 5 - . 0 0 2 7 8 - . 0 0 2 3 2 - . 0 0 2 2 6 - . 0 0 1 9 0 

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

250 297 - . 0 0 4 9 0 -.00479 - . 0 0 3 8 6 - . 0 0 3 4 0 

T a b l e V I - 4 

The u n c o r r e c t e d and c o r r e c t e d s m a l l t e m p e r a t u r e s h i f t s o f t h e 
M o s s b a u e r s p e c t r u m . 
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A 9 - 0-9'(°K) 
FIGURE VI-4 The measured and theoretical temperature variation of the 

Mossbauer intensity plotted as a function of the temperature 
difference between the source and absorber. 



I n s p e c t i o n o f t h e v a l u e s o f S, and SX g i v e n i n t a b l e V I - 4 

shows, as e x p e c t e d , t h a t t h e two a r e d i f f e r e n t , w i t h t h e m a g n i t u d e o f 

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

t h e m a g n i t u d e s o f t h e two s h i f t s i s a l s o o b v i o u s i n t h e p l o t o f 8, and 

k A as a f u n c t i o n o f i\Q i n f i g u r e V I - 5 . F r o m t h i s f i g u r e t h e s l o p e s 

d ( & / c ) A $ of 6, and 8 x were f o u n d t o be 

d(Si / c)d0 = 3 . 2 8 x 1 C * 1 5 / ° K V I - 4 

a n d 

d(S 2 / c ) d 9 = 2 . 3 6 x 1 0 " 1 5 / ° K V I - 5 

The l a t t e r s l o p e i s e q u a l , w i t h i n e x p e r i m e n t a l e r r o r , t o t h e s l o p e 

o b t a i n e d f r o m t h e measurements made i n t h e p r e v i o u s s e c t i o n of t h e 

g r o s s t e m p e r a t u r e s h i f t s v e r s u s t e m p e r a t u r e . T h i s agreement shows t h a t 

e q u a t i o n V I - 3 i s s u f f i c i e n t l y a c c u r a t e t o u s e f o r c a l c u l a t i n g t e m p e r ­

a t u r e s h i f t s . The s h i f t s , Sz, were a d d e d t o f i g u r e V I - 3 a ^ d a r e s e e n 

t o l i e o n t h e s o l i d t h e o r e t i c a l l i n e . F o r ( Q ) £ = 4 2 0 ° K t h e t h e o r e t i c a l 

s l o p e between Q = 2 5 0 ° K and Q = 3 5 0 ° K i s 

d ( S / c ) / d 6 = 2 . 3 4 x 1 0 - 1 5 / ° K V I - 6 

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

b e t w e e n t h e s o u r c e a n d a b s o r b e r b y means o f e q u a t i o n V I - 2 a r e t a b u l a t e d 

i n t a b l e V I - 5 . The v a l u e s o f h u s e d i n t h e s e c a l c u l a t i o n s were o b t a i n e d 

f r o m f i g u r e V I - 2 . F i g u r e V I - 6 shows t h e v a r i a t i o n o f t h e M o s s b a u e r l i n e 

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

s h i f t s . The e x p e r i m e n t a l p o i n t s a r e shown w i t h t h e i r e r r o r b a r s . The 

r e s u l t s i n d i c a t e t h a t t h e minimum l i n e w i d t h l i e s n o t a t = 0 ° K b u t 

a t AQ = 2 4 ° K . Hence i f i t i s assumed t h a t t h e r e s i d u a l l i n e b r o a d e n i n g 
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FIGURE VI - 5 A comparison of the temperature dependent line shifts, 
SLT and gg, calculated from equations VI - 1 and IV-6. 



a t A 0 = O°K i s due t o some r e s i d u a l i n t e r n a l m a g n e t i c f i e l d d i f f e r e n c e , 

A l l , a t A 0 = 0 ° K , t h e r e s u l t i n g v a l u e c a l c u l a t e d f o r A H i s .01 x 10^ oe 

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

a t A 0 = O ° K o f .0025 c m / s e c . (See t a b l e I I - 3 ) . The s o l i d l i n e i n 

f i g u r e V I - 6 i s t h e b r o a d e n i n g o f t h e M o s s b a u e r s p e c t r u m c a l c u l a t e d f r o m 

t h e t e m p e r a t u r e d e p e n d e n c e o f H . F o r t h i s c a l c u l a t i o n t h e minimum l i n e 

w i d t h was t a k e n as .0305 c m / s e c a t = 2 4 ° K . The t h e o r e t i c a l p o i n t s 

a r e i n d i c a t e d on t h e f i g u r e w i t h o u t e r r o r b a r s . 

6.5 D i s c u s s i o n o f R e s u l t s a n d C o n c l u s i o n s 

a) The Shape o f t h e S p e c t r a 

A t AG = 100°K, l8Q°K and -138°K a h y p e r f i n e s t r u c t u r e a p p e a r e d 

o n t h e M o s s b a u e r s p e c t r u m . T h i s s t r u c t u r e , shown a t A£) = 100°K i n 

f i g u r e V I - 2 , i n d i c a t e s t h a t t h e Zeeman s p l i t t i n g of t h e n u c l e a r l e v e l s 

0 ° K A 0 ° K h /_\(cm/sec) 

335.0 297.5 36.5 .17 .0335 

323.0 297.5 25.5 .18 .0325 

315.0 297.0 18.0 .18 .0320 

310.5 297.5 13.0 .18 .033^ 

298.5 299.5 -1.0 .18 .0318 

279.0 299.5 -20.5 .17 .0330 

250.0 297.0 -47.0 .17 .03^0 

T a b l e V I - 5 

The l i n e w i d t h o f t h e M o s s b a u e r s p e c t r u m as a f u n c t i o n o f s m a l l 
t e m p e r a t u r e d i f f e r e n c e s b e t w e e n s o u r c e and a b s o r b e r 
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FIGURE VI-6 The variation of the Mossbauer line width as a function of the 

temperature difference between the source and absorber. The 
solid line and the points without error bars represent, the 
theoretical temperature dependence calculated from the known 
temperature dependence of E. 
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o f t h e s o u r c e and a b s o r b e r n u c l e i i s s u f f i c i e n t l y d i f f e r e n t t o be 

d e t e c t e d a t t h e s e t e m p e r a t u r e d i f f e r e n c e s . T h a t i s , t h e d i f f e r e n c e 

b e t w e e n t h e Zeeman s p l i t t i n g o f t h e n u c l e a r l e v e l s no l o n g e r p r o d u c e s 

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

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

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

a n d a b s o r b e r a r e p r e s e n t . A s s u m i n g t h a t II = H* a t A(9 - 2k°K, t h e n 

AH r .06 x 10 5 o e , .12 x 10 5 o e , and -.12 x 10 5 o e , f o r e a c h o f t h e 

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

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

c o n s i d e r t h e t r a n s i t i o n -3/2-> - l / 2 a t A 0 - l 8 Q ° K . The d i f f e r e n c e i n 

t h e t r a n s i t i o n e n e r g i e s o f t h i s l i n e o f t h e s o u r c e and a b s o r b e r i s 

c a l c u l a t e d , f r o m e q u a t i o n 11-44, t o p r o d u c e a l i n e s h i f t o f .0195 c m / s e c . 

T h i s s h i f t i s c o m p a r a b l e t o t h e m e a s u r e d l i n e w i d t h a t A 0 = 0°K o f 

.031 c m / s e c . The s h i f t i n t r a n s i t i o n e n e r g y i s g r e a t e s t f o r t h e two 

t r a n s i t i o n s -3/2 ~> - l / 2 and 3/2 - » l / 2 . (See t a b l e I I - 2 ) . M o r e o v e r , 

t h e t r a n s m i s s i o n p r o b a b i l i t i e s , W j ^ f o r t h e s e two t r a n s i t i o n s a r e g r e a t e r 

t h a n t h o s e o f t h e f o u r r e m a i n i n g t r a n s i t i o n s . T h e r e f o r e , a t t h e v e l o c i t i e s 

a t w h i c h t h e e m i s s i o n and a b s o r p t i o n l i n e s c o r r e s p o n d i n g t o t h e s e two 

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

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

b ) The L i n e S h i f t 

I n t h e t e m p e r a t u r e range c o n s i d e r e d (Q = 156°K t o 9 = 4 7 8 ° K ) , 

The m e a s u r e d l i n e s h i f t s a g r e e , w i t h i n e x p e r i m e n t a l e r r o r , w i t h t h e 

s h i f t p r e d i c t e d b y t h e J o s e p h s o n e f f e c t f o r (P) 0 = 4 2 0 ° K . The a g r e e m e n t , 

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

a b s o r b e r c o m b i n a t i o n , t h e q u a d r u p o l e moment a n d t h e i s o m e r s h i f t a r e 



m a g n e t i c f i e l d s b e t w e e n t h e s o u r c e and a b s o r b e r a t A 0 = 0 K c o u l d be 

57 

c a u s e d b y t h e f a c t t h a t t h e s o u r c e l a t t i c e i s a n a l l o y o f C o ' and F e 

whereas t h e a b s o r b e r l a t t i c e i s n a t u r a l F e . However , i t has b e e n f o u n d 

e x p e r i m e n t a l l y t h a t t h e i n t e r n a l f i e l d a t an F e n u c l e u s a r i s e s p r i m a r i l y 

f r o m t h e c o n t r i b u t i o n s o f i t s own e l e c t r o n s and depends o n l y s l i g h t l y 
16 

u p o n t h e m a g n e t i z a t i o n o f t h e s u r r o u n d i n g a t o m s . F o r e x a m p l e , t h e 

i n t e r n a l f i e l d a t 3 0 0 ° K a t t h e F e n u c l e i i n an F e l a t t i c e i s 3 . 3 3 x 1 0 5 o e 

whereas i t c h a n g e s t o 3 . 0 ^ 5 x l O ^ o e i n a Co l a t t i c e . S i n c e t h e 
57 

c o n c e n t r a t i o n o f Co i n t h e s o u r c e u s e d was l e s s t h a n 2.CO x 10 , 

any b r o a d e n i n g c a u s e d b y t h i s mechanism i s n e g l i g i b l e . A l s o , i f t h e 

57 

a l l o y i n g o f Co a n d F e a f f e c t e d t h e i n t e r n a l m a g n e t i c f i e l d , t h e n 

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

a b s o r b e r n u c l e i . However , t h e f a c t t h a t A H = 0 f o r tsQ>0°K i n d i c a t e s 

t h a t a t A@ - 0 ° K t h e m a g n e t i c f i e l d a t t h e s o u r c e i s g r e a t e r t h a n 

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

t e m p e r a t u r e i n c r e a s e s . A p o s s i b l e c a u s e of t h e d i f f e r e n c e i n H b e t w e e n 

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

l e f t i n t h e s o u r c e as a r e s u l t o f t h e a n n e a l i n g t r e a t m e n t . M o r e o v e r , 

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

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

t h e M o s s b a u e r l i n e c a n be e x p e c t e d t o a p p e a r . U n f o r t u n a t e l y , i t i s 

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

An a d d i t i o n a l t e m p e r a t u r e d e p e n d e n t b r o a d e n i n g mechanism 

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

t h e change i n t h e a p p a r e n t s o u r c e t h i c k n e s s , t h r o u g h t h e t e m p e r a t u r e 

d e p e n d e n c e o f f . T h i s mechanism w o u l d o p e r a t e so as t o i n c r e a s e A f o r 

A0>o°K a n d d e c r e a s e A f o r A0 < 0 ° K . However , t h e v a r i a t i o n i n 7" i s 

v e r y s m a l l . (See f i g u r e V I - l ) 
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FIGURE VI-7 The difference between the theoretical and measured Moss­
bauer intensity plotted as a function of the temperature 
d i f f e r e n c e between t h e s o u r c e and a b s o r b e r and the d i f f ­
erence between the internal magnetic f i e l d s . 
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temperature independent or, at the most, their temperature variation 

is within the experimental error. Hence any variation of these two 

quantities, such as that found by S . DeBenedetti et al^was not observed 
28 

with this source and absorber combination. Figure II-4 showing S/c 

as a function of 0 for ( P ) 0 = > 4 2 0 O K a n d ( P ) 0 - 3 5 5°K illustrates the weak 

dependence of S/c on <Q0 above 2 0 0 ° K , so that the agreement between 

experimental and theoretical line shifts merely means that any v a r i ­

ation caused by a temperature dependence of ® 0 is small compared with 

the experimental error. This weak dependence of <Q)D on 0 also means 

that an error of ± 2 0 ° K must be associated with the assignment of 

( H ) D = 4 2 0 ° K to the source and absorber. In order to reduce this error, 

and to detect a difference in Debye temperature between the source 

and absorber, measurements would have to be conducted in the region 

below 0 r l 5 O ° K . 
o 

The residual shift found for £ . 0 = 0 K does not arise from 

a difference in Debye temperature between the source and absorber. 

Since the source was an alloy of Co 5? and Fe, i t is expected that 

©t> < © D w i l i c h would produce a positive shift whereas the observed 

residual shift is negative. It is concluded, therefore, that the 

residual shift is essentially an isomer s h i f t . 
c) The Line Width 

The observed temperature dependence of the line width is 

predicted, within experimental error, by the temperature dependence 

of the internal magnetic f i e l d and i t s effect upon the Zeeman splittings 

of the nuclear levels of the source and absorber nuclei. This result, 

however, is based upon the observation that the minimum line width 

occurs at AQ - 2k°K and not at A0 = O ° K . The difference in the internal 
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Figure VI-8 The temperature dependence of the Debye-Waller factor, f, 
and the approximate area beneath the Mossbauer spectrum, 
ihA. 



- 9 7 -

d) The L i n e I n t e n s i t y 

The t e m p e r a t u r e dependence o f f p r e d i c t s t h a t h s h o u l d 

d e c r e a s e as Q i n c r e a s e s . However , s i n c e J g and t h e r e f o r e A a r e t e m p e r ­

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

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

d e m o n s t r a t e d i n f i g u r e V I - 4 . The d i f f e r e n c e "between h a n d £ has "been 

p l o t t e d as a f u n c t i o n o f kQ i n f i g u r e V I - 7 . The AQ a x i s i n t h i s f i g u r e 

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

i l l u s t r a t e s a d e f i n i t e r e l a t i o n s h i p b e t w e e n AH and h . The p r o b a b l e 

mechanism p r o d u c i n g t h i s r e l a t i o n s h i p was d i s c u s s e d i n s e c t i o n 6 . 1 . d . 

I t i s i n t e r e s t i n g t o n o t e t h a t t h e c u r v e o f f i g u r e V I - 7 has a minimum 

a t a p p r o x i m a t e l y A 0 = 2k°K s i m i l a r t o t h e c u r v e o f f i g u r e V I - 6 , 

t h e r e b y s u p p o r t i n g t h e c o n c l u s i o n t h a t A H =r 0 a t A Q = 2k°K. The 

t e m p e r a t u r e dependence o f h , t h e r e f o r e a p p e a r s t o be t h e r e s u l t a n t 

o f t h e t e m p e r a t u r e dependence o f f a n d H . 

I t i s e x p e c t e d t h a t t h e p r o d u c t , | h A , w h i c h i s t h e a p p r o x i m a t e 

a r e a u n d e r t h e M o s s b a u e r s p e c t r u m , s h o u l d f o l l o w t h e same t e m p e r a t u r e 

d e p e n d e n c e as f . I n f i g u r e V I - 8 ^ , - h k a n d f a r e p l o t t e d as f u n c t i o n s o f 

Q. F r o m t h i s f i g u r e i t i s s e e n t h a t , b e t w e e n 2 0 0 ° K a n d kOQ°K, t h e s e 

two q u a n t i t i e s do have t h e same t e m p e r a t u r e dependence b u t b e y o n d 

t h e s e l i m i t s t h e agreement b r e a k s i down. 
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A p p e n d i x A 

THE COMPUTER PROGRAM 

I n o r d e r t o compare t h e t h e o r e t i c a l p a r a m e t e r s o f t h e M o s s b a u e r 

l i n e w i t h t h o s e o b t a i n e d e x p e r i m e n t a l l y e q u a t i o n I I - 1 8 h a d t o be e v a l ­

u a t e d . T h i s e v a l u a t i o n was t o be done n u m e r i c a l l y u s i n g t h e IBM 1620 

a t t h e UBC C o m p u t i n g C e n t r e a n d t h e IBM 7 0 9 0 a t t h e U n i v e r s i t y o f 

T o r o n t o ' s C o m p u t i n g C e n t r e . 

O r i g i n a l l y , t h e p r o g r a m was f o r m u l a t e d u s i n g S i m p s o n ' s r u l e 

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

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

t h e l i m i t s o f i n t e g r a t i o n . The f i n a l v a l u e s u s e d were s t e p s i z e , l x l O " ^ e v , 

number o f s t e p s , 6 0 1 , a n d t h e l i m i t s o f i n t e g r a t i o n , - 3 x l 0 " ? e v t o 

3 x 1 0 * e v . The t i m e r e q u i r e d t o e v a l u a t e t h e p r o g r a m u s i n g t h e s e v a l u e s 

was 53 m i n u t e s p e r p o i n t u s i n g t h e IBM 1 6 2 0 . The number o f p o i n t s t h a t 

were r e q u i r e d f o r e a c h o f t h e f o u r a b s o r b e r t h i c k n e s s e s was 3 ° , h e n c e 

a r r a n g e m e n t s were made t o s e n d t h e p r o g r a m t o t h e U n i v e r s i t y o f T o r o n t o ' s 

C o m p u t i n g C e n t r e where t h e c o m p l e t e e v a l u a t i o n o f t h e 120 p o i n t s w o u l d 

r e q u i r e o n l y 20 m i n u t e s o n t h e IBM 7 0 9 0 . 

I f t h e p r o g r a m u s e d was c o r r e c t , R ( v = ° ° ) s h o u l d b e 1 . The 

d i f f i c u l t y t h a t r e m a i n e d , h o w e v e r , was t h a t R ( v = <*>), c a l c u l a t e d b y t h e 

above p r o g r a m was . 9 7 0 1 2 5 r a t h e r t h a n I . S i n c e t h i s e r r o r was t h o u g h t 

t o be i n h e r e n t i n t h e s t e p s i z e , t h e l i m i t s o f i n t e g r a t i o n , o r t h e 

v a l u e o f v u s e d f o r v =00, a s e r i e s o f c h e c k r u n s were made o n t h e 

IBM 1620 i n w h i c h t h e s e v a l u e s were v a r i e d . I n e a c h c a s e , however , t h e 

v a l u e o f R ( v = ° o ) was l e s s t h a n . 9 7 i n d i c a t i n g t h a t t h e e r r o r l a y e l s e w h e r e . 

B e f o r e f u r t h e r t e s t s were made o n t h e p r o g r a m , i t was c h a n g e d b y 

r e p l a c i n g a l l d i v i s i o n s by c o n s t a n t s , b y m u l t i p l i c a t i o n s , and b y 
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r e p l a c i n g S i m p s o n ' s r u l e b y a G a u s s i a n f o r m u l a f o r t h e i n t e g r a t i o n . 

E i g h t , f o u r - p o i n t G a u s s i a n i n t e g r a t i o n s were u s e d o v e r t h e r a n g e o f 

i n t e g r a t i o n i n d i c a t e d a b o v e . T h i s p r o g r a m y i e l d e d t h e same r e s u l t s as 

d i d t h e f o r m e r p r o g r a m b u t i n an a v e r a g e t i m e o f 2-|- m i n u t e s p e r p o i n t . 

Some f i n a l r e s u l t s o b t a i n e d w i t h t h i s p r o g r a m a r e s u m m a r i z e d i n T a b l e 

A - l . Bothithe o r i g i n a l a n d f i n a l p r o g r a m s a r e o n f i l e i n t h e c a r e o f 

D r . B . L . W h i t e , Depar tment o f P h y s i c s , U B C . 

V 
c m / s e c 

E ( v , t i ) R ( v , t 2 ) R f v / f c ^ ) R ( v , t J ) 

0 • 9 0 6 0 .8614 . 8 0 9 9 . 7 3 9 3 

. 9^00 . 9 1 7 1 . 8 8 9 2 . 8 4 8 1 

.04 . 9 6 9 0 . 9 6 6 2 . 9 6 2 7 . 8 5 7 2 

. 1 1 . 9 7 2 3 . 9 7 2 0 -9717 . 9 7 1 0 

if «.9726 . 9 7 2 9 . 9 7 2 3 . 9 7 2 6 

T a b l e A - l 

. . » 1 t 
T e s t r e s u l t s o f t h e n u m e r i c a l e v a l u a t i o n o f R ( v ) . t i , t 2 , t 3 
and tl , r e f e r t o t h e a b s o r b e r t h i c k n e s s e s o f . 0 0 0 2 " , . 0 0 0 3 5 " , 

. 0 0 0 5 5 " and . 0 0 1 " . 
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Appendix B 
57 THE PREPARATION OF AH ENRICHED Fe ABSORBER 

As investigation was made into the possibility of making 
57 57 an enriched Fe absorber. Enriched F e " is supplied in the compound 

FegO^ so that the following procedure was devised to prepare the 

metallic absorber from the oxide. 

1. Reduce the f e r r i c oxide to Fe by placing the oxide in 

a hydrogen atmosphere at 900°C for one hour. 

2. Add HgSO^ (dilute) to the Fe to prepare FegfSQi^ 

containing 10 mg of Fe/ml. 
27 

3. Prepare the following electroplating solution 

2.5 ml Fe2(S0l!)3 

85.O ml (HH^JgCgOi, (saturated) 

1.0 ml 3M HgSO^ 

4. Use the following plating characteristics 
current O.85 amps 
voltage 8 - 1 0 volts 
time 2.25 hours 
I n i t i a l pH k 
f i n a l pH less than 7 
i n i t i a l solution colour yellowish green 
time for colourless solution 0.75 hours 

5. Use Pt for the anode and Cu for the cathode. 

6. Maintain the plating solution temperature at 70°C 

7. Offset the tendancy of the plating solution to become 

basic by dropwise additions of 3M HgSOij. 

The above procedure was used to produce several discs of 

natural Fe electroplated on Cu. The layer of Fe was shiny but was 

unevenly distributed in every case. This uneven distribution made 
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the preparation of the enriched absorber impractical since a uniform 

absorber thickness i s necessary for the interpretation of the experi­

mental results. Also, the thickness of the absorber had to be known 

but no method could be devised whereby the electroplated layer could 

be measured except by destroying the absorber. 

t 

D 
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Appendix C 

GEOMETRIC CORRECTIONS TO R(v}, 

To determine the effect the experimental geometry had on 

R(v), the two assumptions 

1. the- source thickness is zero and 

2. the emission and absorption spectra each consist of a 

single line 

were made. Under these conditions equation II-18 becomes 

IQ JO C-l 

Jo 

In the above equation 

= 2trsin<}) C-2 

ijVD) ~ (1 - e r) where/<p is the linear absorption 
coefficient for Ar C-3 

J2> = VQ/C C-4 

o-m(E,v0,(J^) = f o b r 2 / 4 / [ E - Eo(l +^cos ) J 2 + (-2/4 c-5 

57 . o 
and n is the number of Pe atoms/cm . 

When (pr 0,^(0) = _rv(0),77 W>) = 7^(0), cos0 = 1 and 

-<3m(E,v0)n R(v o .0) = 1 - f 
2*ffB - Eo(l + /3)J24- r 2 A " C-6 

When 0 m is small, the substitution costf) = 1 r<^/2 can be 

used. For a proportional counter window of 6" width, and a source to 

counter distance of 15", <t>m = .2rad. and the use of the expansion of 

cos(j) introduces an error of .1% in the value of cos0.Hence, when<J)m 

is small 



- 1 0 3 -

-r\&) = 2K® - g?/6) C - 2 ' 

71(0)= 7 J ( 0 ) [ l + » A 2 # ] C - 3 ' 

where the fact that yu px = 0 . 8 5 for the Ar-CH^ proportional counter 

has been used, and 

exp(-4n/cos0) = exp(-c£n)(l - ,^ 2) C-7 

Hence 

Jd0^(0)7J(^)exp(-c^n/co&0) = 2 i t7^O)exp(-c4n)J^(0 -<jfi/6) 

x (1 + ..l»2tfp)(l - .7^) 
C-8 

Also 

exp(- $a/cos0) = eatp(-<&(0 = O)ii)[l - <̂ {0 = 0 ) 0 3 ^ / 2 ] C-U* 

in the derivation of which the approximation (E - Eo(l *• J3)) - 2 p 

57 

has been made. C m ( 0 = o)ni has a maximum value at E = E Q of h (for Fe , 

a .001" thick natural Fe absorber, and f = .7)» and an average value 

of 1 over the range of integration, hence 

^° [E -£o(I +/8cos^f + "TV 

° ' n ' _d"r 
d0e (0 - . 1 , - , y ^ w , , ^ - . ^ 

f0 [ E - £ o O ^ P • # ^ } 

f "7J(0)e |^L£_£ 160(0- 1$*) 
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Thus 

i 2<t MoUt/3)] + r ^ f % < 0 -«v'/4)(i - . 2 % f ) J 
1 - f f l - Affd£exp(-c^n) . 

C-10 

where A is the geometrical correction factor. Values of A corres­

ponding to the four absorber thicknesses used in the experimental 

work are given below. 

Absorber Thickness 

. 0 0 1 0 

. 0 0 0 5 5 

. 0 0 0 3 5 " 

. 0 0 0 2 * 

Correction Factor 

.97 

-98 

•99 

.996 

- A 

i 
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Appendlx D 

STATISTICAL DESIGN OF THE EXPERIMENT 

Since a variety of absorber thicknesses vere available for 

the experimental work, (.0002", .00035", and .001"), the following 

analysis was made to determine which thickness would give the most 

significant results in a given counting time T. The assumption made 

in this analysis is that the emission and absorption spectra consist of 

single lines. 

Assuming that cos0 = 1, the change in count rate from that at 

v - oo, to that at v = 0, is given by 

> = N(vr <*>) - N(v = 0) 

= N s e - ^ - N^fe-'** + U-f U'** > 

= V ( i -

D-l 

where N g is the count rate with no absorber, and/^m and/* e are the 

linear absorption coefficients of the Mossbauer and electronic absorption 

respectively. Also 

(- dE D-2 
I (Eo-E) 2 + r 2 A 

= e ^ 2 I 0 y y n jx / 2 ) 

where I 0 ^ m x / 2 ) - ^ ( 1 / ^ / 2 ) is the Bessel function of the f i r s t order 1 0. 

The s t a t i s t i c a l error in the count rate is 

e = (MQe->**)* D-3 

Then, for the given counting time T, the absorber thickness x, for 
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which the most significant results are obtained is that value at which 

the ratio X/e has i t s maximum value. How 

X/e = f ( H B T ) * e " 5 ^ / a ( l - e'1UmX/2I0{^x/2)) D»4 

so that for a fixed N s and T, whenX/e is a maximum 

dCVe)/dx = 0 

s/l9/2[l - e " ^ 2 I 0 ^ x / 2 ) ] + Ma^lh*/*Jo(r*K/2) 

- /W2e" /* l X / 2I 1( )a mx/2) D-5 

where the relationship Io'(z)= I i ( z ) has been used. Using z =jumx/2e 

the condition determining the value of x at which X/e is a maximum is 

that 

e I 0 ( z ) = /*e/^um+/ie) -tMia/^m + yue> e" zI].(*) D-6 

Since the experimental measurements were done with Zeeman 

s p l i t spectra rather than with the single line spectra that the above 

theory assumes, a difference between the experimentally determined 

value of x at whichX/e is a maximum and the theoretical value is not 

unexpected. 
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Appendix E 

THE ROOT MEAN SQUARE DIFFUSION DEPTH 

Using the assumptions given in Chapter IV, the number of 

diffused atoms between x and x +dx is 

c(x)= Qexp^-x2/4Dt) 

^ TX 

o 
2Dt 

E - l 

2 

Therefore, the mean square penetration depth x is 

~T fx 2Oexp_(-x 2ADt )dx 
x _ Jo -\f-h-Dt E-2 

~ texp(-xg/4Dt)dx 

Hence, the root mean square diffusion depth is 

= (act) 5 E-3 

file://-/f-h-Dt


- 1 0 8 -

B i b l i o g r a p h y 

1 . R . < L . M o s s b a u e r , K e r n r e s o n a n z f l u o r e s z e n z v o n G a m m a s t r a h l u n g i n I r ^ l , 
Z . P h y s i k , 151 , 124 ( 1 9 5 8 ) 

2 . H . F r a u e n f e l d e r , ( e d . ) , " T h e M o s s b a u e r E f f e c t " , W. A . B e n j a m i n , I n c . , 
New Y o r k , 1 9 6 2 . 

3 . B . M . J . Compton, and A . H . S c h o e n , ( e d s . ) , " p r o c e e d i n g s o f t h e 
S e c o n d I n t e r n a t i o n a l C o n f e r e n c e on t h e M o s s b a u e r E f f e c t , S a c l a y , 
F r a n c e , S e p t . 1 3 - 1 6 , 1 9 6 l " , W i l e y , New Y o r k , 1 9 6 2 . 

4 . A. J . B o y l e , and H . e . H a l l , The M o s s b a u e r e f f e c t , S t r i c k l a n d , A . C , 
( e d . ) , " R e p o r t s on P r o g r e s s i n P h y s i c s " , The I n s t i t u t e o f P h y s i c s 
and t h e P h y s i c a l S o c i e t y , L o n d o n , 1 9 6 2 , V o l . 2 5 , pp 4 4 1 - 5 2 5 . 

5 . S . M a r g u l i e s , and J . R. Ehmnan, T r a n s w i n s i o n a n d l i n e b r o a d e n i n g o f 
r e s o n a n c e r a d i a t i o n i n c i d e n t on a reson.'.oice a b s o r b e r , N u c l e a r I n s t r . , 
1 2 , 131 ( I 9 6 l a ) 

6 . J . G . B a s h , R. D . T a y l o r , D . E . N a g l e , P . P . C r a i g , a n d W. M . V i s s c h e r , 
P o l a r i z a t i o n o f C o 5 ? i n F e m e t a l , P h y s . R e v . , 1 2 2 , l l l 6 ( 1 9 6 1 ) 

7 . S . S . Hanna , J . H e r b e r l e , C . L i t t l e j o h n , 0 . J . P e r l o w , R . S . P r e s t o n , 
and D . II. V i n c e n t , P o l a r i z e d s p e c t r a a n d h y p e r f i n e s t r u c t u r e i n F e - , 
P h y s . R e v . L e t t e r s , 4 , 177 ( 1 9 6 0 a ) 

8 . L . R. W a l k e r , G . K . W e r t h e i m , and V . J a c c a r i n o , I n t e r p r e t a t i o n o f t h e 
F e 5 ? i s o m e r s h i f t , P h y s . R e v . L e t t e r s , 6 , 9 8 (1961) 

9 . J . C . v o n d e r B o s c h , The Zeeman e f f e c t , P . H . X X V I I I , 3 1 7 . 

1 0 . E . J a h n k e , and F . E n d e , " T a b l e s o f F u n c t i o n s w i t h F o r m u l a s and C u r v e s " , 
D o v e r , New Y o r k , 1 9 4 5 , p g . 2 2 6 . 

1 1 . B . D . J o s e p h s o n , T e m p e r a t u r e d e p e n d e n t s h i f t o f gamma r a y s e m i t t e d 
b y a s o l i d , P h y s . R e v . L e t t e r s , 4 , 341 ( i 9 6 0 ) 

1 2 . A . J . D e k k e r , " S o l i d S t a t e P h y s i c s " , P r e n t i c e H a l l I n c . , E n g l e w o o d 
c l i f f s , New J e r s e y , i 9 6 0 , p g . 4 2 . 

1 3 . R . V . P o u n d , G . B . B e n e d e k , and R. D r e v e r , E f f e c t o f h y d r o s t a t i c 
c o m p r e s s i o n on t h e e n e r g y o f t h e lk.k k e v gamma r a y f r o m F e ^ f i n 
i r o n , P h y s . R e v . L e t t e r s , 7 , 405 (1961) 

1 4 . A . H . W i l s o n , " T h e r m o d y n a m i c s and S t a t i s t i c a l M e c h a n i c s " , C a m b r i d g e 
U n i v e r s i t y P r e s s , C a m b r i d g e , 1 9 5 7 , p g . 1 5 8 . 

1 5 . S . L . Ruby, and J . M . H i c k s , L i n e shape i n M o s s b a u e r s p e c t r o s c o p y , 
R e v . S c . I n s t r . , 3 3 , 2 7 , ( 1 9 6 2 ) 

1 6 . G . K . W e r t h e i m , M o s s b a u e r e f f e c t ; a p p l i c a t i o n s t o m a g n e t i s m , J . A p p l . 
P h y s . , ( s u p p l . ) , 3 2 , 110S ( I 9 6 l b ) 

1 7 . P . G . K l e m e n s , L o c a l i z e d modes and s p i n - l a t t i c e i n t e r a c t i o n s , P h y s . 
R e v . , 1 2 5 , 1795 (1962) 



1 8 . R. B r o u t , and W . V i s e h e r , . S u g g e s t e d e x p e r i m e n t on approxi ruate 
l o c a l i z e d modes i n c r y s t a l s , P h y s . R e v . L e t t e r s , 9, 54 ( 1 9 6 2 ) 

1 9 . T . E. B o r t n e r , , a n d G . S . H u r s t , I o n i z a t i o n o f p u r e g a s e s a n d 
m i x t u r e s of g a s e s by 5 'Mev a l p h a p a r t i c l e s , P h y s . R e v . , 93> 

1236 ( 1 9 5 4 ) 

2 0 . R . V . P o u n d , and G . A . Rebka , J r . , R e s o n a n t a b s o r p t i o n of t h e 
14 .4 k e v gamma r a y f r o m O . l O ^ i s e c F e ^ T , P h y s . R e v . L e t t e r s , 3> 

554 ( 1 9 5 9 a ) 

2 1 . W. B o a s , " P h y s i c s o f M e t a l s and A l l o y s " , J o h n W i l e y and S o n s , 
I n c . , 1947 

22 . P . P . C r a i g , D . E . N a g l e , a n d D . R. F . C o c h r a n , Zeeraan e f f e c t 
i n t h e r e c o i l l e s s gamma r a y r e s o n a n c e o f Zn , P h y s . R e v . L e t t e r s , 
4, 5 6 I ( I 9 6 0 ) 

2 3 . K . E . C a r t e r , and F . D . R i c h a r d s o n , An e x a m i n a t i o n o f t h e d e c r e a s e 
o f s u r f a c e a c t i v i t y method o f m e a s u r i n g s e l f - d i f f u s i o n c o e f f i c i e n t s 
i n w u s h i t e ( F e C ^ ) and c o b a l t o u s o x i d e , J o u r , o f M e t a l s . 6 , 1244 
(195*0 

2 4 . 0 . C . K i s t n e r and A . W, S u n y a r , E v i d e n c e f o r q u a d r u p o l e i n t e r a c t i o n 
o f F e 5 7 m and i n f l u e n c e o f c h e m i c a l b i n d i n g o n n u c l e a r gamma r a y 
e n e r g y , P h y s . R e v . L e t t e r s , 4 , 412 ( i 9 6 0 ) 

2 5 . R . V . Pound and G . A . R e b k a , A p p a r e n t w e i g h t of p h o t o n s , P h y s . 
R e v . . L e t t e r s , 4 , 337 ( i 9 6 0 ) 

2 6 . D . E . N a g l e , H F r a u e n f e l d e r , R . D . T a y l o r , D . R. F . C o c h r a n , and 
B . T . M a t h a i s , T e m p e r a t u r e d e p e n d e n c e o f t h e i n t e r n a l f i e l d i n 
f e r r o m a g n e t s , P h y s . R e v . L e t t e r s , 5> 364 ( I 9 6 0 ) 

2 7 . C . L c M a l e t s k o s , and J . W. I r v i n e , J r . , Q u a n t i t a t i v e e l e c t r o -
d e p o s i t i o n o f r a d i o a c t i v e c o b a l t , z i n c a n d i r o n , N u c l e o n i c s , 14 , 
84 ( 1 9 5 6 ) 

2&. S . D e B e n e d e t t i , G . L a n g , a n d R. I n g a l l s , E l e c t r i c q u a d r u p o l e 
s p l i t t i n g a n d t h e n u c l e a r volume e f f e c t i n t h e i o n s o f Fe^l} p h y s . 
R e v . L e t t e r s , 6 , 6 0 - ( 1 9 6 1 ) 


