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S M ABSTRACT

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

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

a n d  i n  c r y s t a l s  o v e r l a i d  w i t h  am o rp h o u s  s u r f a c e  l a y e r s .  The  e n e r g y  l o s s  

o f  l i g h t  i o n s  i n  d iam o nd  h a s  a l s o  b e e n  i n v e s t i g a t e d .

M e a s u re m e n t s  h a v e  b e e n  made o f  t h e  d e c h a n n e l l i n g  i n  good  d iam ond  

c r y s t a l s  f o r  t h e  t h r e e  m a j o r  a x e s  <1 1 0 > , <1 1 1 > a n d  <100> ,  a t  room 

t e m p e r a t u r e ,  o v e r  a  r a n g e  i n  e n e r g y  o f  1 . 0  MeV t o  8 . 9  MeV.and a t  1 . 0  MeV, 

a t  roo m  t e m p e r a t u r e ,  a t  300  eC and  a t  60 0  "C . M e a s u re m e n t s  a r e  a l s o  

r e p o r t e d  f o r  p l a n a r  c h a n n e l l i n g  a l o n g  { 1 1 0 } ,  {111}  an d  {100} a t  1 . 0  MeV 

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

i s  f o u n d  t o  s c a l e  w i t h  a  l e n g t h  z R w h ic h  d e p e n d s  on e l e c t r o n i c  s c a t t e r i n g ;  

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

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

r a t h e r  s m a l l  c o m p a re d  w . ' th  o t h e r  c r y s t a l s .  T he  e x p e r i m e n t a l  r e s u l t s  a r e  

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

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

The e f f e c t  o f  s u r f a c e  l a y e r s  o f  c a r b o n ,  g o l d  and  a lu m in iu m  on  t h e

1 . 0  MeV, <11 0> , y i e l d ,  b o t h  a t  t h e  s u r f a c e  an d  a s  a  f u n c t i o n  o f  d e p t h ,  

h a s  b e e n  i n v e s t i g a t e d .  The y i e l d  a t  t h e  s u r f a c e  i s  co m p ared  w i t h  

c a l c u l a t i o n s  b a s e d  on  T h o m a s-F e rm i  m u l t i p l e  s c a t t e r i n g  t h e o r y ,  w i t h  a  

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

c a l c u l a t e d  w i t h  t h e  e x p e r i m e n t a l  a z i m u t h a l - a v e r a g e d  a n g u l a r  y i e l d  i s  i n  

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



c o m p a re d  w i t h  d i f f u s i o n  m o d e l  c a l c u l a t i o n s ,  an d  good a g r e e m e n t  i s  f o u n d .  

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

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

a p p l i c a t i o n  o f  a  s c a l i n g  la w  f o r  d i f f e r e n t  l a y e r s ,  b a s e d  on  a  p o w e r - l a w  

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

t h e  a lu m in iu m  m e a s u r e m e n t s  f o r  a  s m a l l  amount o f  o x y g en  p r e s e n t  i n  t h e  l a y e r .

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

i n  T yp e  ! a  d ia m o n d  h a s  b e e n  i n v e s t i g a t e d  and  i t  i s  shown t h a t  t h e  i n c r e a s e  

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

t o  b e  p r e s e n t  i n  t h e  d ia m o n d  f ro m  i n f r a - r e d  s p e c t r o s c o p y .  M o d e ls  a r e  

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

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

b e t w e e n  p l a t e l e t s  an d  B - a g g r e g a t e s  o f  n i t r o g e n  i s  c o n s i d e r e d .

The e n e r g y  l o s s ,  i n  t h i n  d ia m o n d  c r y s t a l s ,  o f  3 t o  12 MeV p r o t o n s ,

12 t o  18 MeV a l p h a  p a r t i c l e s  and  24 MeV l i t h i u m  i o n s  h a s  b e e n  m e a s u r e d ,  

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

f o r  t h e  random  s t r a g g l i n g  o f  p r o t o n s .  F o r  ran do m  s t o p p i n g ,  t h e  r e s u l t s  

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

o f  c h a n n e l l e d  t o  random  s t o p p i n g - p o w e r  i s  co m p ared  w i t h  t h e  p r e d i c t i o n s  

o f  t h e  t h e o r i e s  o f  E s b e n s e n  and  G o lo v c h e n k o  a n d  o f  D e t tm a n n .  <Vn e x p r e s s i o n  

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

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

c h a n n e l l e d  e n e r g y  l o s s  i s  d e t e r m i n e d  i n  t h i s  c a s e  by  t h e  e n e r g y  l o s s  i n  

t h e  m a j o r  p l a n e  p a s s i n g  t h r o u g h  t h e  a x i s  u n d e r  s t u d y .
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INTRODUCTION

The phenom enon o f  c h a n n e l l i n g ,  t h e  g u i d e d  m o t i o n  o f  e n e r g e t i c  i o n s  

i n j e c t e d  i n t o  c r y s t a l s  c l o s e  t o  p r i n c i p a l  l a t t i c e  d i r e c t i o n s ,  was d i s ­

c o v e r e d  i n  c o m p u t e r  s i m u l a t i o n s  o f  t h e  s l o w i n g  down o f  i o n s  i n  c r y s t a l s  by

R o b in s o n  an d  Oen [Rob 6 3 a , b ]  i n  t h e  e a r l y  ' s i x t i e s ' ,  a n d  i s  now w e l l -

e s t a b l i s h e d .  (The h i s t o r i c a l  d e v e lo p m e n t  i s  d i s c u s s e d  i n  [Ge 74] an d  

[Th 7 3 1 . )  I t  was so o n  shown t h a t  t h e  c h a n n e l l i n g  e f f e c t  m a n i f e s t e d  

i t s e l f  i n  v a r i o u s  i o n - c r y s t a l  i n t e r a c t i c n s ,  f o r  i n s t a n c e ,  i n  t h e  fo rm  o f  

r e d u c e d  s t o p p i n g - p o w e r s  f o r  c h a n n e l l e d  i o n s  [Ne 6 3 ,  Dea 64] and  i n  r e d u c e d

n u c l e a r  r e a c t i o n  y i e l d s  [Ne 6 3 ,  B<Sg 6 4 ] .

The t h e o r e t i c a l  b a s i s  f o r  c h a n n e l l i n g  w as l a i d  b y  s e v e r a l  w o r k e r s  

[Ne 6 3 ,  Le 6 3 ,  E r  65] b u t  p a r t i c u l a r l y  b y  L i n d h a r d  [ L i n  6 4 a ,  6 5 ] .  I n  h i s  

1365 p a p e r ,  L in d h a r d  i n t r o d u c e d  a c r i t e r i o n  f o r  c h a n n e l l i n g  i n  t . i e  fo rm  

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

d i r e c t i o n  an d  i n t r o d u c e d  t h e  c o n c e p t  o f  ' t r a n s v e r s e  e n e r g y '  o f  a c h a n n e l l e d  

i o n ,  w h ic h  t o g e t h e r  w i t h  a s t a t i s t i c a l  t r e a t m e n t ,  a l l o w e d  g r e a t  t h e o r e t i c a l  

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

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

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

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

( f o r  e x a m p l e ,  s e e  [Ge 7 4 ] )  and  h a v e  b e e n  a p p l i e d  t o  t h e  s t u d y  o f  o t h e r  

p hen o m en a  i n c l u d i n g  r a d i a t i o n  damage [ E i  7 3 ] ,  f o r e i g n  a to m  l o c a t i o n



[D a s  7 3 ] ,  s u r f a c e  s t u d i e s  [Brfg 7 3 ,  J a c  7 6 ,  Tu 7 6 ] ,  t h e  s t u d y  o f  d e f e c t s  

i n  s o l i d s  [D e l  70 ]  and  t h e  m e a s u re m e n t  o f  n u c l e a r  l i f e t i m e s  [G i 7 3 ] .  The 

s u b j e c t  i s  r e v i e w e d  b y  Gemmel [Ge 74 ]  a n d  d i s c u s s e d  i n  d e t a i l  i n  a  book

e d i t e d  b y  M organ [Mog 7 3 b ] .

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

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

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

c o n c e r n e d  w i t h  i n i t i a l  m e a s u r e m e n t s  o f  b a s i c  p a r a m e t e r s  [ P i c  6 9 ,  S e l  -3 ]  

o r  t h e  e f f e c t  o f  i o n  i m p l a n t a t i o n  damage [Dad 6 9 ,  Dad 7 1 ] .  O n ly  r e c e n t l y  

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

minimum y i e l d s  b e e n  made [D e r  7 8 ] .  T h i s  w o rk  was u n d e r t a k e n  a s  an  

e x t e n s i o n  o f  t h e  work o f  I . E .  D e r r y  [D e r  7 8 ] ,  p a r t l y  i n  o r d e r  t o  e x t e n d  

m e a s u r e m e n t s  t o  d ia m o n d ,  s i n c e  much w ork h a d  b e e n  d o n e  on t h e  o t h e r  

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

u n i q u e  p r o p e r t i e s  o f  d ia m o n d  a l l o w  m e a s u r e m e n t s  t o  b e  e x t e n d e d  t o  r e g i o n s  

som ew hat d i f f e r e n t  t o  t h o s e  u s u a l l y  e n c o u n t e r e d .

The d e c h a n n e l l i n g  o f  i o n s  h a s  b e e n  much s t u d i e d ,  p a r t i c u l a r l y  in  

s i l i c o n  and  germ an iu m  [Cam 7 1 ,  F o t  7 1 ,  Mor ? 1 ,  Fu 7 1 a ,  7 1 b ,  7 2 ,  Fon 7 2 ] ,

T h i s  work i n d i c a t e s  t h a t  t h e r e  a r e  two p r o c e s s e s  i n h e r e n t  i n  t h e  c r y s t a l  

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

t h e  c h a n n e l  ( ' e l e c t r o n i c  s c a t t e r i n g ' )  an d  t h e  p e r t u r b a t i o n  o f  t h e  c h a n ­

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

v i b r a t i o n s  ( u s u a l l y  t e i m e d  ' n u c l e a r  s c a t t e r i n g '  b e c a u s e  o f  i t s  r e l a t i o n  

t o  t h e  u s u a l  m u l t i p l e  s c a t t e r i n g  by  n u c l e a r  c o l l i s i o n s  i n  random  m a t e r i a l s ) .  

I n  s i l i c o n  a n d  g e rm a n iu m ,  a x i a l  d e c h a n n e l l i n g  i s  d o m i n a t e d  by  n u c l e a r  

s c a t t e r i n g  [ F o t  7 1 .  Cam 7 1 ] .  Diamond h a s  b o t h  an u n u s u a l l y  low t h e r m a l



v i b r a t i o n  a m p l i t u d e  a t  room t e m p e r a t u r e  a n d  an  e x c e p t i o n a l l y  h i g h  Debye 

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

t e m p e r a t u r e  i n  t h e  r e g i o n  o f  room t e m p e r a t u r e .  A l s o ,  t h e  m a j o r i t y  ( t h a t  

i s ,  tw o t n i r d s )  o f  t h e  e l e c t r o n s  i n  d ia m o n d  a r e  v a l e n c e  e l e c t r o n s ,  w h ic h  

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

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

d e c h a n n e l l i n g  i n  d ia m o n d ,  an d  t h i s  h a s  i n d e e d  b e e n  f o u n d  t o  b e  t h e  c a s e .

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

r a d i a t i o n - d a m a g e d  r e g i o n s  an d  c r y s t a l  d e f e c t s .  L a y e r s  e v a p o r a t e d  o n t o  t h e  

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

a m o r p h i s e d  dam age r e g i o n s  [Rim 7 2 ,  Cam 7 3 ,  Lug 73] and  t h e  s c a t t e r i n g  h a s  

b e e n  f o u n d  t o  b e  w e l l  d e s c r i b e d  by  T h o m a s -F e rm i  p l u r a l  s c a t t e r i n g  t h e o r y  

[Mey 7 1 ,  S i  7 4 ] .  The u s e  o f  d iam o n d  h a s  e n a b l e d  t h e s e  m e a s u r e m e n t s  t o  

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

h a v e  a l s o  b e e n  s t u d i e d .  F u r t h e r m o r e ,  t h e  m e a s u r e m e n t s  h a v e  b e e n  e x t e n d e d  

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

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

The d ia m o n d s  u s e d  i n  t h i s  s t u d y  w e re  n a t u r a l  c r y s t a l s  and  t h e  

b e s t  d ia m o n d s  w e re  s e l e c t e d  from  a l a r g e  g r o u p .  T h i s  r a i s e s  t h e  q u e s t i o n  

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

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

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

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

F i n a l l y ,  m e a s u r e m e n ts  h a v e  b e e n  made o f  t h e  e n e r g y  l o s s  o f  l i g h t  

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



d ia m o n d  c x y s t a i s .  T h e  l a w  f r a c r i o n  o f  v a l e n c e  e l e c t r o n s  I n  d i - o n d  

a l l o w s  t h e  r o l e  of t h e s e  e l e c t r o n s  t o  b e  e x p l o r e d  I n  r e l a t i o n  t o  t h e o r i e s

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

The g e n e r a l  t h e o r e t i c a l  b a c k g r o u n d  t o  t h e  w o rk  i s  g i v e n  i n  

C h a p t e r  2 a n d  c e r t a i n  r e s u l t s  r e l e v a n t  t o  d . c h a n n . l l i n g  a n d  e n e r g y  l o s s  a r e

d e r i v e d .

i n  C h a p t e r  3 .  t h e  e x p e r i m e n t a l  a p p a r a t u s  an d  t e c h n i q u e s  u s e d  a r e  

d e s c r i b e d .

The p r o p e r t i e s  o f  d ia m o n d  r e l e v a n t  t o  t h e  w ork  i n  t h i s  t h e s i s  a r e  

d i s c u s s e d  i n  C h a p t e r  4 .  The  c l a s s i f i c a t i o n  s y s te m  f o r  n a t u r a l  d ia m o n d s  

an d  t h e  d e f e c t s  c h a r a c t e r i s t i c  o f  t h e s e  c l a s s e s  a r e  a l s o  d i s c u s s e d .  The 

s e l e c t i o n  an d  p r e p a r a t i o n  o f  t a r g e t  c r y s t a l s  i s  d e s c r i b e d .

i n v e s t i g a t i o n  o f  d . c h a n n . l l i n g  i n  ’p e r f e c t '  c r y s t a l s  o v e r  a  r a n g e  

o f  e n e r g i e s  and  t e m p e r a t u r e s  i s  r e p o r t e d  I n  C h a p t e r  5 .  a n d  c o m p a r i s o n s  

a r e  made w i t h  t h e o r e t i c a l  m o d e l s .

D e c h a n n e l l i n g  b y  s u r f a c e  l a y e r ,  o f  c a r b o n ,  a lu m in iu m  an d  g o ld  i s  

s t u d i e d  i n  C h a p t e r  0 .  An a p p r o x i m a t e  s c a l i n g  r e l a t i o n s h i p  b e tw e e n  

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

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

i n v e s t i g a t i o n ,  i n t o  t h e  a d d i t i o n a l  d e c h a n n . l l i n g  i n  d ia m o n d s  t h a t  

f a i l e d  t h e  s e l e c t i o n  c r i t e r i a  a r e  r e p o r t e d  i n  C h a p t e r  7 .  I t  i s  shown 

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



i n  t h e  d ia m o n d s ,  and  some i n f e r e n c e s  c a n  be d raw n  a b o u t  t h e s e  d e f e c t s .

E n e rg y  l o s s  o f  l i g h t  i o n s  i n  t h i n  d iam ond  c r y s t a l s  i s  r e p o r t e d  

i n  C h a p t e r  8 , and  com pared  w i t h  v a r i o u s  t h e o r e t i c a l  p r e d i c t i o n s .

The c o n c l u s i o n s  o f  t h e  t h e s i s  a r e  su m m ar ised  i n  C h a p t e r  9 .



2 . 1  INTRODUCTION

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

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

g l a n c e ,  a p p e a l i n g  b u t  b eco m e s  l e s s  s o  on f u r t h e r  c o n t e m p l a t i o n .  The 

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

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

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

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

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

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

p a r t i c l e s  a r e  a l s o  l i k e l y  t o  b e  s m a l l :  a  p r o t o n  o f  MeV e n e r g i e s  h a s  a 

w a v e l e n g t h  o f  some 30 fm, co m p are d  w i t h  t y p i c a l  l a t t i c e  p a r a m e t e r s  w h ic h  

a r e  f o u r  o r d e r s  o f  m a g n i tu d e  l a r g e r .  T h u s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  

s u c h  e f f e c t s  w e re  n e g l e c t e d  b e tw e e n  t h e i r  f i r s t  s u g g e s t i o n  by  S t a r k  i n  

1912 [ S t a  12] a n d  t h e  d i s c o v e r y  o f  c h a n n e l l i n g ,  i n  r a n g e  m e a s u re m e n ts  

and  i n  c o m p u t e r  s i m u l a t i o n s  ' f  t h e s e ,  i n  t h e  e a r l y  1 9 6 0 ' s .  I t  b ecam e 

c l e a r  t h a t  p a r t i c l e s  i n c i d e n t  c l o s e  t o  a  m a j o r  c r y s t a l  d i r e c t i o n  w e re  

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

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

w i t h  t h e s e  a to m s  [Le 6 3 ,  Ne 6 3 ,  L,in 6 4 a ,  E r  6 5 ] .  T h i s  l e a d s  t o  a d e c r e a s e  

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

p r o c e s s e s  t h a t  r e q u i r e  c l o s e  c o l l i s i o n s  w i t h  a t o m s .



I n  a  m a j o r  p a p e r ,  w h ic h  h a s  r e m a in e d  t h e  t h e o r e t i c a l  f o u n d a t i o n  

o f  c h a n n e l l i n g ,  L in d h a r d  [L in  6 Sj i n t r o d u c e d  t h e  i d e a  o f  a s t r i n g ,  an 

i d e a l i s e d  p i c t u r e  o f  a  row o f  a to m s  i n  a  c r y s t a l  a s  a  s m e a r e d - o u t  c o n t i n u u m  

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

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

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

w h ic h  p a r t i c l e s  w o u ld  becom e c h a n n e l l e d ,  f ro m  t h e  r e g i o n  i n  w h ic h  t h e y  

w o u ld  t r a v e l  a s  t h o u g h  i n  a  ran do m  a r r a y  o f  a to m s .

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

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

t r i b u t i o n s ,  u n d e r  c o n d i t i o n s  o f  s t a t i s t i c a l  e q u i l i b r i u m .  He d i s c u s s e d  

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

o f  i o n s ,  t h a t  i s ,  t h e  s c a t t e r i n g  o f  i o n s  f ro m  c h a n n e l s  i n t o  t h e  random  

beam  b y  i n t e n s i o n s  w i t h  e l e c t r o n s  and  t h e r m a l l y  v i b r a t i n g  c r y s t a l  a to m s .

In  t h i s  C h a p t e r ,  t h e s e  i d e a s  a r e  d i s c u s s e d ,  t o g e t h e r  w i t h  t h e i r  

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

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

t h i s  t h e o r y  t o  c h a n n e l l i n g  i n  d iam on d  i s  d i s c u s s e d  i n  t h e  r e l e v a n t  

e x p e r i m e n t a l  c h a p t e r s .  The b a s i c  s t r i n g  m odel  i s  d i s c u s s e d  i n  S e c t i o n  2 .2  

a n d  t h e  s t a t i s t i c a l  d e s c r i p t i o n  i s  d i s c u s s e d  i n  S e c t i o n  2 . 3 .  The t h e o r y  

o f  e n e r g y  l o s s  o f  i o n s  i n  c h a n n e l s  i s  d i s c u s s e d  i n  S e c t i o n  2 . 4  and  t h e  

t h e o r y  o t  d e c h a n n e l  l i n g ,  w h ic h  r e l i e s  t o  some e x t e n t  on t h e  t h e o r y  o f  

e n e r g y  l o s s ,  i s  d i s c u s s e d  i n  S e c t i o n  2 . 5 .  F i n a l l y ,  t h e  m odel f o r  t h e r m a l  

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

i s  g i v e n  i n  S e c t i o n  2 . 6 .



2 . 2  THE CONTINUUM MODEL

2 . 2 . 1  A x i a l  C h a n n e l l i n g

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

i t  i s  s c a t t e r e d  i n  s u c c e s s i v e  c o l l i s i o n s  w i t h  c r y s t a l  a tom s m u s t  be  s m a l l .  

I n  t h e  c l a s s i c a l  a p p r o a c h  w h ic h  i s  g e n e r a l l y  a d o p t e d ,  t h i s  m eans  t h a t  

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

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

a to m  v i a  a  Coulomb p o t e n t i a l  p a r t i a l l y  s c r e e n e d  b y  t h e  e l e c t r o n  c l o u d  

s u r r o u n d i n g  t h e  a to m .  T h i s  s c r e e n e d  p o t e n t i a l  may b e  w r i t t e n ,  f o r  an io n  

o f  c h a r g e  Z i e  an d  an  a tom  o f  c h a r g e  Z 2 'J,  i n  t e r m s  o f  t h e  s e p a r a t i o n ,  r ,  a s

ZiZ2e2
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w h e re  * i s  a  s c r e e n i n g  f u n c t i o n ,  a  i s  a  s c r e e n i n g  l e n g t h  s e t t i n g  t h e  s c a l e  

o f  » a n d  G a u s s i a n  e . s . u .  h a v e  k e e n  u s e d .

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

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

T h o m a s -F e rm i  s c r e e n i n g  f u n c t i o n ,  b a s e d  on a  s t a t i s t i c a l  d e s c r i p t i o n  o f  

t h e  a to m ,  i s  g e n e r a l l y  u s e d  t o  g i v e  a good  a p p r o x i m a t i o n  ( t h a t  i s ,  

a c c u r a t e  t o  a b o u t  10 %) t o  t h e  t r u e  i o n - a t o m  i n t e r a c t i o n  [Com 3 6 ,  L in  6 3 ] .  

W ith  t h i s  s c r e e n i n g  f u n c t i o n ,  t h e  s c r e e n i n g  l e n g t h  b ecom es  [ L i n  6 8 ] :



w h e re  a 0 i s  t h e  B ohr r a d i u s  ( a 0 -  5 2 . 9  pm ).  (An a l t e r n a t i v e  fo rm  du e  

t o  F i r s o v  [ F i  5 8 ]  i s  o f t e n  u s e d :

T he  d i f f e r e n c e s  a r e  w i t h i n  t h e  a c c u r a c y  o f  t h e  b a s i c  T h o m a s-F e rm i  

d e s c r i p t i o n . )  F o r  p r o t o n s  i n c i d e n t  on d ia m o n d ,  a  » 2 5 . 8  pm.

The T hom a*-F erm i s c r e e n i n g  f u n c t i o n  c a n  o n l y  b e  e v a l u a t e d  

n u m e r i c a l l y ,  an d  a p p r o x i m a t i o n s  a r e  g e n e r a l l y  u s e d .  M o l i j r e  [Mol 47] h a s  

g i v e n  a  good a p p r o x i m a t i o n :

a  -  0 . 8 8 5 3  a 0 ( z j / 2  ♦ Z^/ 2 ) ' 2 /3

3

ex p  (
a

( 2 . 2 . 1)
i -1

w h e re ( 0 . 1 ,  0 . 5 5 ,  0 . 3 5 }

( 6 . 0 ,  1 . 2  , 0 . 3  } .

A n o th e r  a p p r o x i m a t i o n  was i n t r o d u c e d  by  L in d h a r d  [L in  6 5 ] ,  w h ic h  

i s  l e s s  a c c u r a t e  t h a n  ( 2 . 2 . 1) b u t  i s  p a r t i c u l a r l y  s i m p l e :



w h e re  C i s  a  c o n s t a n t  w h ic h  may b e  c h o s e n  t -  f i t  t h e  r e g i o n  o f  t h e  

T h o m a s -F e rm i  f u n c t i o n  o f  i n t e r e s t .  I n  p r a c t i c e ,  i t  i s  u s u a l l y  t a k e n  t o  b e

c  -  / T  .

The b a s i s  o f  t h e  c o n t i n u u m  m odel o f  c h a n n e l l i n g  i s  t h a t  a  c h a n n e l l ­

e d  i o n  i s  " e e r e d  by  s u c c e s s i v e  c o l l i s i o n s ,  o f  a p p r o x i m a t e l y  t h e  same im­

p a c t  p a r a m e t e r ,  w i t h  a row  o f  a to m s  i n  a  c r y s t a l , e a c h  c o l l i s i o n  p r o d u c i n g  

o n l y  a  v e r y  s m a l l  d e f l e c t i o n  o f  t h e  i o n  [Le 6 3 ,  L in  6 5 ,  E r  6 5 ] .  Thus  

t h e  o r b i t  o f  t h e  io n  i s  d e t e r m i n e d  by  many c o r r e l a t e d  c o l l i s i o n s ,  an d  t h e  

s t r u c t u r e  o f  t h e  row o f  a to m s  i s  n o t  f e l t  b y  t h e  i o n .  I n  t h i s  c a s e  t h e  

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

i o n  v i a  t h e  a v e r a g e  a to m ic  p o t e n t i a l  a l o n g  t h e  s t r i n g ,  t h a t  i s  [L in  6 5 ] ,

1
U ( r )  = -  

d
VC J  z 2 + r z  )  dz ( 2 . 2 . 3 )

w h e i e  r  i s  t h e  p e r p e n d i c u l a r  d i s t a n c e  o f  t h e  i o n  from  t h e  s t r i n g  an d  d i_  

t h e  ( a v e r a g e )  d i s t a n c e  b e t w e e n  a tom s i n  t h e  s t r i n g .

W ith  t h e  c h o i c e  o f  L i n d h a r d ' s  s c r e e n i n g  f u n c t i o n  ( 2 . 2 . 2 ) ,  t h e  

s t r i n g  p o t e n t i a l  i s  [L in  6 5 ]



T h i s  i s  g e n e r a l l y  t e r m e d  1L i n d h a r d 1s s t a n d a r d  p o t e n t i a l 1. T h i s  fo rm  o f  

t h e  s t r i n g  p o t e n t i a l  w i l l  b e  g e n e r a l l y  u s e d  t h r o u g h o u t  t h i s  w o rk  a s  i t  

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

T he fo rm  a r i s i n g  f ro m  t h e  M o l i& re  p o t e n t i a l  i s  a  m ore  a c c u r a t e  a p p r o x i m a t i o n  

t o  t h e  T h o m a s -F e rm i  s t r i n g  p o t e n t i a l ,  a l t h o u g h  n o t  n e c e s s a r i l y  t o  t h e  a c t u a l  

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

e x p r e s s i o n s  t h a t  m u s t  b e  e v a l u a t e d  n u m e r i c a l l y .  I t  i s

w h e re  K0 i s  t h e  m o d i f i e d  B e s s e l  f u n c t i o n  o f  t h e  s e c o n d  k in d  a n d  z e r o - t h  

o r d e r  [A br 7 0 ] .  The two a r e  shown f o r  c o m p a r i s o n  i n  F i g u r e  2 . 1 .

a p p r o x i m a t i o n  h a v e  b e e n  i n v e s t i g a t e d  b y  L i n d h a r d  [ L in  6 5 ] ,  an d  h i s  t r e a t ­

m en t  i s  o u t l i n e d  b e lo w .  He dem anded  t h a t  t h e  s c a t t e r i n g  i n  t h e  v i c i n i t y  

o f  t h e  minimum d i s t a n c e  o f  a p p r o a c h ,  r m i n , t.o a s t r i n g  b e  d u e  t o  many 

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

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

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

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

m u l t i p l i e d  b y  t h e  v e l o c i t y  co m po nen t  p a r a l l e l  t o  t h e  s t r i n g ,  v c o s *  = v .

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



Lindhard
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T he  c o l l i s i o n  t i m e  i s  o f  t h e  o r d e r  o f  r ^ . y v  s i n * ,  l e a d i n g  t o  t h e  c o n ­

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

min _ ,
A t V C O S* 3  ---------- > “  •

T he minimum d i s t a n c e  o f  a p p r o a c h  i s  d e t e r m i n e d  by

U ( r m in ) -  j Mj (v  s i n * )

iM jv^*

w h e re  M, i s  t h e  m ass  an d  E i s  t h e  k i n e t i c  e n e r g y  o f  t h e  i o n .

F o r  s m a l l  d i s t a n c e s  r<* C a ,  t h e  s t r i n g  p o t e n t i a l  may b e  a p p ro x  

im a te d  a s

•5)

2 .6 )

a n d ,  d e t e r m i n i n g  r  f rom  t h i s ,  e q u a t i o n  ( 2 . 2 . 5 )  b eco m e s



w h e re
2 ZiZ?.e2 i

'('I = (   ) .
Ed

As * i n c r e a s e s  f rom  z e r o ,  t h e  i n e q u a l i t y  i s  f i r s t  v i o l a t e d  by 

t h e  d e c r e a s e  i n  t h e  e x p o n e n t i a l , p r o v i d e d  Ca/ifjd r e m a i n s  l a r g e ,  and  t h u s  

t h e  m odel i s  v a l i d  f o r

At lo w e r  e n e r g i e s ,  a n o t h e r  c o n d i t i o n  a p p l i e s :  t h i s  w i l l  n o t

b e  c o n s i d e r e d  a s  e n e r g i e s  i n  t h i s  r e g i o n  w e re  n o t  u s e d  i n  t h i s  w o rk .  

More d e t a i l e d  c o n s i d e r a t i o n s  [ L in  65] a l s o  l e a d  t o  s i m i l a r  c o n d i t i o n s  

f o r  v a l i d i t y .

L i n d h a r d  [L in  65] h a s  p o i n t e d  o u t  t h e  g r e a t  i m p o r t a n c e  o f  t h e  

a n g l e  (Jij i n  c h a n n e l l i n g .  I f  t h e  a n g l e  o f  i n c i d e n c e  o f  an  i o n  on  th e  

s t r i n g  i s  s m a l l e r  t h a n  t h e  i o n  m o t io n  w i l l  be  g o v e r n e d  b y  t h e

i f

o r E i  Z Z iZ ge2 —  'v 10 keV f o r  d ia m o n d .
a



c o n t i n u u m  p o t e n t i a l  and  t h e  i o n  w i l l  b e  c h a n n e l l e d .  The i o n  w i l l  be  

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

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

q u i r i n g  a c l o s e  e n c o u n t e r  w i t h  a c r y s t a l  a to m ,  s u c h  a s  n u c l e a r  r e a c t i o n s ,  

w i l l  be  s u p p r e s s e d .  F o r  i n c i d e n t  a n g l e s  much l a r g e r  t h a n  ^ , t h e

p a r t i c l e  w i l l  no  l o n g e r  b e  i n f l u e n c e d  by  t h e  c o n t in u u m  p o t e n t i a l , an d  w i l l  

t r a v e l  a s  t h o u g h  i n  a  random  medium. The c r i t i c a l  a n g l e ,  w h ich  

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

o f  t h e  o r d e r  o f  i|;l and  L i n d h a r d  g a v e  t h i s  a s  1(1 =■ 0 *%, w here

a  'v 1 -  2 .  T h i s  c r i t i c a l  a n g l e  i s  d i f f i c u l t  t c  m e a s u r e  d i r e c t l y :  a

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

i n c i d e n c e  a t  w h ic h  t h e  y i e l d  i n  a  c l o s e  e n c o u n t e r  p r o c e s s  i s  m id -w ay  

b e tw e e n  t h e  ran d o m  y i e l d  an d  t h e  minimum y i e l d  m e a s u re d  a t  z e r o  a n g l e  o f  

i n c i d e n c e  t o  t h e  c h a n n e l .

I t  may b e  n o t e d  t h a t ,  w i t h  t h e  a b o v e  d e f i n i t i o n  o f  * ! ,  t h e

L i n d h a r d  s t a n d a r d  p o t e n t i a l  b ecom es

C2a 2
U ( r )  * ------ I n  (   ♦ 1 )

W i th in  t h e  c o n t in u u m  m o d e l ,  t h e  m o t io n  o f  an  io n  o f  mass M moving 

a t  a  s m a l l  a n g l e  $ t o  a  s t r i n g  i n  t h e  z d i r e c t i o n ,  may b e  d e s c r i b e d  

u s i n g  t h e  H a m i l t o n i a n



w h e re  p ,  i s  t h e  momentum co m po nen t  a l o n g  t h e  s t r i n g ,  p^ * (P x «Py) i s  

t h e  momentum c o m p o n en t  t r a n s v e r s e  t o  t h e  s t r i n g ,  a n d  r L * ( x , y )  i s  t h e  

p o s i t i o n  o f  t h e  i o n  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  s t r i n g ,  en d  w h e re  

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

i s  i n d e p e n d e n t  o f  z ,  p z i s  a  c o n s t a n t  o f  t h e  m o t io n  a n d  t h e  m o t io n  c a n  b e  

d e s c r i b e d  u s i n g  t h e  m o t io n  i n  t h e  t r a n s v e r s e  x - y  p l a n e .  A l s o ,  U ( r 1 ) i s  

i n d e p e n d e n t  o f  t h e  v e l o c i t y  s o  t h a t  t h e  ' t r a n s v e r s e  e n e r g y ' ,

p 2
E1 -  U ( r J  > —

2M

W p l  1

« U ( r J  ♦ E* 2

i s  a l s o  a  c o n s t a n t  o f  t h e  m o t i o n .

A d e t a i l e d  t h e o r y  o f  c h a n n e l l i n g  w o u ld  e n t a i l  t h e  s o l u t i o n  o f  t h e  

e q u a t i o n s  o f  m o t i o n ,  w h ic h  w ou ld  be  a f o r m i d a b l e  t a s k ,  ev en  w i t h  t h e  

r e d u c t i o n  t o  tw o  d i m e n s i o n s  b r o u g h t  a b o u t  by t h e  c o n t in u u m  m o d e l .  H ow ev er ,  

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

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

o u t l i n e d  i n  t h e  n e x t  s e c t i o n .

The c o n t i n u u m  p o t e n t i a l  t h a t  o c c u r s  i n  t h e  H a m i l t o n i a n  i s  t h e  n e t t  

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

a  way t h a t  t h e  minimum p o t e n t i a l  i s  z e r o .  Two m o d e l s  o f  t h e  c o n t in u u m  

p o t e n t i a l  may b e  d i s t i n g u i s h e d :



T h s  m u l t i - s t r i n g  m odel [Kok 7 6 ,  P i c  7 6 ] .  T he  p o t e n t i a l  i s  

o b t a i n e d  a s  t h e  sum o f  t h e  s t r i n g  p o t e n t i a l s  due  t o  t h e  two 

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

Un ( r )  « £  U ( r  -  r . )  -

w h e re  U i s  a  c o n s t a n t  c h o s e n  s o  t h a t  m i n f ^ C r 1 ) = 0 .  T h i s  
min

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

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

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

T he  c a l c u l a t e d  p o t e n t i a l s  f o r  t h e  t h r e e  m a j o r  a x e s  i n  d ia m o n d  a r e  

shown i n  F i g u r e s  2 . 2  t o  2 . 4 .

The s i n g l e  s t r i n g  m o d e l  [ L in  6 5 ] .  B e c a u s e  c h a n n e l l i n g  t h e o r y  i s  

o f t e n  c o n c e r n e d  w i t h  p r o c e s s e s  c l o s e  t o  s t r i n g s  ( f o r  e x a m p le ,  

n u c l e a r  r e a c t i o n s ) , a d e t a i l e d  k n o w le d g e  o f  t h e  t r a n s v e r s e  

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

and  an a p p r o x i m a t i o n  may b e  u s e d  i n  w h ic h  o n l y  o n e  s t r i n g  i n  a  u n i t  

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

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

r g ,  d e f i n e d  by

w h e re  N i s  t h e  a t o m i c  d e n s i t y  o f  t h e  c r y s t a l .  C h o o s in g  t h e



F i g u r e  2 . 2 :  C o n t in u u m  m odel p o t e n t i a l  e n e r g y  c o n t o u r s  i n  u n i t s  o f

JE*2 « 34 eV f o r  p r o t o n s  i n c i d e n t  on d iam on d  a l o n g  <110>. The p o s i t i o n s  

o f  row s i n  t h e  t r a n s v e r s e  p l a n e  a r e  i n d i c a t e d  b y  (* )  and  t h e  minimum c f  

p o t e n t i a l  by (W ).



F i g u r e  2 . 3 :  C o n t in u u m  m odel p o t e n t i a l  e n e r g y  c o n t o u r s  i n  u n i t s  o f

* 28 eV f o r  p i o t o n s  i n c i d e n t  on d iam o nd  a l o n g  1 1 > . The p o s i t i o n ^  

o f  rows i n  t h e  t r a n s v e r s e  p l a n e  a r e  i n d i c a t e d  b y  (*)  and  t h e  minimum o f  

p o t e n t i a l  b y  (M ).



I

F i g u r e  2 . 4 :  C o n t in u u m  model p o t e n t i a l  e n e r g y  c o n t o u r s  i n  u n i t s  o f

m 24 eV f o r  p r o t o n s  i n c i d e n t  on d ia m o n d  a l o n g  <100>. The p o s i t i o n s  

o f  rows i n  t h e  t r a n s v e r s e  p l a n e  a r e  i n d i c a t e d  by  (* )  and t h e  minimum o f

p o t e n t i a l  by  (M)

: -



s t a n d a r d  p o t e n t i a l  ( 2 . 2 . 4 )  and  d e f i n i n g  J j ( r 0) ■ 0 ,  t h e  

s i n g l e - s t r i n g  p o t e n t i a l ,  U ] ,  i s

El 2
U i ( r ) A  i n  [ ( -----   ♦ 1 ) / A  "J ( 2 . 2 . 8 a )

2 r 2

w h e re  A 2
r 0

C2a 2
♦ 1 . ( 2 . 2 . 9 a )

W ith  t h i s  p o t e n t i a l ,  t h e  d i s t a n c e  o f  c l o s e s t  a p p r o a c h ,  r ^ ,  t o  a  

s t r i n g ,  o f  a  p a r t i c l e  w i t h  t r a n s v e r s e  e n e r g y  E 1 i s  g i v e n  by

,J1< W  “

w h ic h  may b e  s o l v e d  t o  g i v e

2E 1

r 2 . -  C2a 2 (A e 1 -  1) . ( 2 . 2 . 1 0 )
m in

The s i n g l e  s t r i n g  m o d e l  i s  v a l i d  f o r  r m in  «  r 0-

The a b o v e  d e f i n i t i o n  o f  A i s  o f t e n  u s e d ;  h o w e v e r ,  a  c l o s e r  

a p p r o x i m a t i o n  t o  t h e  m u l t i - s t r i n g  p o t e n t i a l  n e a r  t h e  s t r i n g  p o s i t i o n  

may b e  o b t a i n e d  w i t h  a d i f f e r e n t  d e f i n i t i o n .  T1 p o t e n t i a l  c l o s e  t o  

p a r t i c u l a r  s t r i n g ,  n ,  may b e  w r i t t e n



where U0 2 Umin -  L  U ( l r n " I j l )

T h u s ,  c l o s e  t o  t h e  s t r i n g ,

U J r )  -  U i ( r )

E*? C2a2
wi n U i ( r )  "   In [ (  — —  ♦ 1) /Ae f £] (2 .2 .8b)

2 r 2

2U0
w h e re  A * ex p  ( — -  } . ( 2 . 2 . 9 b )

e

V a lu e s  o f  A c a l c u l a t e d  f ro m  t h i s  d e f i n i t i o n  c o n v e r g e  r a p i d l y  
e t t

t o  a  l i m i t  a s  t h e  num ber o f  row s i n  t h e  su m m atio n  i s  i n c r e a s e d ,  a n d  a r e  

som ew hat d i f f e r e n t  f ro m  t h e  v a l u e s  c a l c u l a t e d  f ro m  ( 2 . 2 . 9 a ) . U s in g  t h e s e  

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



A x is

( 2 . 2 . 9 . )  f o r  p r o c e s s e s  t h a t  d e p e n d  m  c l o s e  . p p r o e c ) ,  t o  t h e  s t r i n g .  The 

v i n e s  f o r  t h e  ' t r e e  « j o r  a r e s  I n  d l a n o n d  e r e  g i v e n  I n  T a b , -  2 . 1 .

T a b l e  2 .1

rrweTAWTS FOR DIAMOND S INGLE-STRING POTENTIALS

A (c q n  2 . 2 . 9 a )  Ae f f  2 - 2 *9b)

1 .1 5 11 .2 7 8< 110>

1 . 6 1 :1 .3 4 0<111>
1 .5 9 51 .3 9 4< 100>

I ,  h a ,  b e e n  s u g g e s t e d  [ E r  6 5 ]  t h a t  t h e  e f f e c t  o f  t h e m a l  v i b r a t i o n s  

o f  c r y s t a l  . t o n s  on  t h e  p o t e n t i a l  s h o u l d  be  t a k e n  i n t o  a c c o u n t ,  an d  t h a t  

a  t e n p .  a t u r e - d e p . n d e n t  c o n t i n u u .  p o t e n t i a l  c a n  b e  d e t c r u i n e d  by a v e r a g i n g  

t h e  c o n t i n u u m  p o t e n t i a l  ( 2 . 2 . 3 ,  o v e r  t h e  d i s t r i b u t i o n  o f  t n e n v l  v i b r a t i o n  

a m p l i t u d e s .  T h u s  t h e  t h e t n a l . y  . e d i f i e d  s t r i n g  p o t e n t i a l  b e c o m e ,  [E r  6 5 )

M r ) d P ( s )  U ( | r  -  s | )

w h e re  d P ( s )  i s  t h e
d i s t r i b u t i o n  o f  t h e r m a l  v i b r a t i o n  a m p l i t u d e s  i n



w h e re  u 2 i s  t h e  r . m . s  t h e r m a l  v i b r a t i o n  a m p l i t u d e  i n  t h e  ( tw o  d i m e n s i o n a l )  

t r a n s v e r s e  p l a n e .

T h e  p o t e n t i a l ,  U p d ) ,  c a n n o t  b e  c a l c u l a t e d  a n a l y t - c a l l y  f o r  t h e  

s t a n d a r d  p o t e n t i a l  ( 2 . 2 . 4 ) .  The e f f e c t  o f  t h e m a l  v i b r a t i o n  i s  i m p o r t a n t  

o n l y  f o r  , . 1 1  r .  s o  t h a t  t h e  a p p r o x i m a t i o n  ( 2 . 2 . 6 )  may be  u s e d .  T h i s

y i e l d s :

E*1UT(r) - —
C2 a 2 r 2

[ I n  E j ( - y  ) ]

E*, C2a 2 r 2 1 r
[ I n  T  "

w h e re  E, (x )  i s  t h e  f u n c t i o n  [A br 7 0 ] ,



an d  y  -  0 .5 7 7 2 1 5  i s  E u l e r ' s  c o n s t a n t .  F o r  r  -  0 ,  t h e  t h e r m a l l y  

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

Ei^ C2a 2
= — -  ( I n  — j — * y )  . ( 2 . 2 . 12 )

2 u„

T h i s  g i v e s  a  t h e m a l  bound  t o  t h e  v a l i d i t y  o f  t h e  c o n t i n u u n  

a p p r o a c h  a s ,  f o r  t r a n s v e r s e  e n e r g i e s  h i g h e r  t h a n  U j (0 ) ,  t h e  i o n  w i l l  be  

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

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

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

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

r  4 , u 2 , w h e r e a s  t h e  r e g i o n  r  >  u 2 i s  g e n e r a l l y  m ore  i m p o r t a n t  i n

c h a n n e l l i n g .

2 . 2 . 2  P l a n a r  C h a n n e l l i n g

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

i n c i d e n t  on a  c r y s t a l  i n  a  d i r e c t i o n  f a r  f ro m  an  a x i s ,  b u t  s t i l l  n e a r l y  

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

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

i s  o n l y  t o u c h e d  upon  i n  t h i s  w o rk .

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

p o t e n t i a l  may be  d e r i v e /  b y  a v e r a g i n g  t h e  p o t e n t i a l  d u e  t o  a l a r g e  n um ber  

o f  a to m s  l y i n g  i n  a p l a n e .  T h i s  p l a n a r  c o n t in u u m  p o t e n t i a l  i s  [ L in  65]



Y(y) N d . 2 n r  d r  V ( / r 2 *• y 2 )

w h e r e  Nd i s  t h e  a v e r a g e  n um ber  p e r  u n i t  a r e a  o f  a to m s  i n  t h e  p l a n e  and  
P

d i s  t h e  ( a v e r a g e )  p l a n a r  s p a c i n g .  The p o t e n t i a l  ( 2 . 2 . 2 )  g i v e s  ( L in  65]
P

Y (y )  -  2 irZiZ2e 2Nd [ ( y 2 ♦ C2a 2 )^  -  y ]  . ( 2 . 2 . 1 J )

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

a p p r o a c h  t o  p l a n a r  c h a n n e l l i n g  i s  m ore  c o m p l i c a t e d  t h a n  i n  t h e  a x i a l  c a s e ,  

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

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

L i n d h a r d  [ L in  6 5 ] .  T he  p l a n a r  p o t e n t i a l  ( 2 . 2 . 1 3 )  i s  f i n i t e  a t  t h e  p l a n e  

(y  = 0 ) ,  a n d  i c r . c  w i t h  t r a n s v e r s e  e n e r g i e s  much g r e a t e r  t h a n  t h i s  b a r r i e r  

e n e r g y  Y (0) w i l l  t r a v e l  e s s e n t i a l l y  a s  t h o u g h  i n  a  ra n d o m  medium. T h i s  

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

2* Z iZ 2Nd Ca .

*. * ' ----------E ’

a n d ,  a s  w i t h  t h e  a x i a l  c a s e ,  t h e  c r i t i c a l  a n g l e  d i v i d i n g  c h a n n e l l e d  from 

ra n d o m  m o t io n  i s  e x p e c t e d  t o  be  o f  t h i s  o r d e r .



2 3 gTATTSTICAL E Q U IL IB M U & C i^ E L L I N G  Tf f i ORY 

"
2 3 .1  I n t r o d u c t i o n

T H , d . t . i U d  m o t io n  o f  i o n ,  i n  a  c r y . t . l  l » « t = «  “  

c o m p l i c a t e d ,  e v e n  when t h e  t « o - d i . = n s i = n . l  m o t i o n  i n  a  l a t t i c e  o f  , t t m g ,  

i ,  c o n . i d e r e d  r a t h e r  t h a n  t h e  f u l l  t h r e . - d i . . n , i o n » l  c a t . ,  » d  c a n  o n l>  .  

. c c d i e d  u s i n g  e l a b o r a t e  c o m p u t e r  s i m u l a t i o n ,  [Hog 7 3 a .  Ce 74 a n d  r e f e r e n c e s  

t h e r e i n ,  o r  c o m p u t e r  t i m e  c o n s - i n g  i n t e g r a t i o n s  o f  t h e  e q u a t i o n ,  o f  

m o t i o n  [ E l ,  7 8 ,  g o t  7 8 , .  L i n d h . r d  [ L i n  6 5 ,  h a s ,  h e a r e r .  sh o m  t h a t  t  « 

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

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

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

a s  - e a c t i o n  y i e l d s .

,  n o . ,  o f  i o n ,  e n t e r i n g  a  c r y s t a l  .  • h a v e  some i n i t i a l  P r o b a b i l i t y  

d i s t r i b u t i o n  i n  t r a n s v e r s e  momentum s p a c e .  As t i m e ,  o r  d e p t h  o f  p e n e t r a t i o n  

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

e q u i l i b r i u m  i n  t h e  t r a n s v e r s e  p h a s e  s p a c e .  L i n d h . r d  [ L i n  6 5 ,  h a s  

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

o r d e r  o f  1000  a t o m i c  l a y e r s .

„  i o n  w i t h  t r a n s v e r s e  e n e r g y  i i  i s  r e s t r i c t e d  t o  an  a c c e s s i b l e  

a r e a  A f E . )  i n  a  m i t  c e l l  o f  t h e  t r a n s v e r s e  l a t t i c e  o f  a r e a  A ,  ■ 1 /N d .  

T h i s  a c c e s s i b l e  a r e a  i s

A C E J d 2r
( 2 . 3 . 1 )

U ( r ) < E i



s i n c e  t h e  i o n  c a n  a p p t o . c h  a  s t r i n g  no  c l o s e r  t h a n  r  g i v e n  by  = . •

I n  t h e  s i n g l e - s t r i n g  m o d e l ,  t h i s  g i v e s

, 2 . 2  
A ( E J  -  i r ( r 0 -  r  )

( w i t h  A ,  .  I / N d  .  O nce e q u i l i b r i v ,  on  t h e  t r a n s v e r s e  e n e r g y

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

i n  t h e  t r a n s v e r s e  p h a s e  s p a c e  a c c e s s i b l e  t o  i t .  F o r  a x i a l  c h a n n e l l i n g ,  

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

E A a t  p o s i t i o n  r  b e i n g  g i v e n  by  [ L in  6 5 ) .

E 1 >  U ( r )
( 2 . 3 . 2 )

E A < U ( r )

T h i s  s i . p l .  form o f t h e  d i s t r i b u t i o n  i s  a  r e s u l t  o f  t h e  t w o - d i . e n s i o n a l  

n a t u r e  o f  t h e  t r a n s v e r s e  » o . e n t »  s p a c e .  I f  t h e  . o t i o n  i s  r e s t r i c t e d  t o  

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

( ^ ___ ) i  e ,  > v ( y )
E a -  Y (y )

E a < Y (y)
P o ( E i . y )

c
d_

P0 (E A, r )  «

1 /A (E a)

w h e re  C i s  a  n o r m a l i s i n g  c o n s . M t .  T h e  d i s c u s s i o n  t h a t  f o l l o w s  w i l l  d e a l  

m a i n l y  w i t h  t h e  a x i a l  c a s e .



T h e  a v e r a g e ,  on  a  t r a n s v e r s e  e n e r g y  s h e l l ,  o f  a n y  p r o p e r t y  o f  t h e  

i o n  t r a j e c t o r y  t h a t  i s  a  f u n c t i o n  f ( r )  o f  p o s i t i o n  i n  t h e  t r a n s v e r s e

p l a n e  may b e  d e t e r m i n e d  u s i n g  e q u a t i o n  ( 2 . 3 . 2 )  [ L i n  6 5 ) .  Thus

PoCEi.r) f(r) d2r

( 2 . 3 . 3 a )f ( r )  d2r

o r ,  w i t h i n  t h e  s i n g l e  s t r i n g  m o d e l ,

( 2 . 3 . 3 b )f ( r ) r  d r

F u r t h e r m o r e ,  i f  t h e  d i s t r i b u t i o n  o f  t r a n s v e r s e  e n e r g y ,  g ( F- J ,  15 known> 

t h e  a v e r a g e  o f  f  f o r  a l l  i o n s  i s  g i v e n  by [ L i n  65]



2 . 3 . 2  T r a n s v e r s e  E n e rg y  D i s t r i b u t i o n  a n d  R e a c t i o n

One o f  t h e  a im s  o f  a n y  c h a n n e l l i n g  t h e o r y  i s  t o  p r e d i c t  t h e  

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

r e a c t i o n ,  f o r  a  beam o f  i o n s  o f  e n e r g y  E im p i n g i n g  on a  c r y s t a l  a t  a

s m a l l  a n g l e  t o  an a x i s ,
an

T h e r e  a r e  e s s e n t i a l l y  t h r e e  s t a g e s  i n v o l v e d  i n  t h e  p a r t i c l e  

m o t io n  I L in  6 5 ] .

i )  The t r a n s m i s s i o n  t h r o u g h  t h e  c r y s t a l  s u r f a c e ,  w n ic h  r e s u l t s  i n

t h e  i o n  beam h a v i n g  some i n i t i a l  t r a n s v e r s e  e n e r g y  d i s t r i b u t i o n  

gC E i.O ) (w h ic h  d e p e n d s  g e n e r a l l y  on

i i )  T he  p a i s a g e  t o  some d e p t h  z i n  t h e  c r y s t a l ,  d u r i n g  w h ic h  t h e  

t r a n s v e r s e  e n e r g y  d i s t r i b u t i o n  g ( E i t z )  i s  m o d i f i e d  by 

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

i n  S e c t i o n  2 . 5 .

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

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

f u n c t i o n  n ( E J .

T hus  t h e  e f f e c t i v e  c r o s s - s e c t i o n  c e f f  o f  a  p r o c e s s  w i t h  a random  

c r o s s - s e c t i o n  o ( h e r e  t a k e n  t o  be  much s m a l l e r  t h a n  an y  d i m e n s i o n  t y p i c a l  

o f  c h a n n e l l i n g ,  t h a t  i s  o «  a* )  i s ,  f ro m  ( 2 . 3 . 4 )  [L in  6 5 ]



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

t o  t h e  random  y i e l d ,  an d  t h u s

dEi g (EA, * i n , t ) n ( E J ( 2 . 3 . 5 )

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

a n d  n m u s t  b e  known.

An i o n  e n t e r i n g  t h e  c r y s t a l  a t  p o s i t i o n  r  w i t h  ( s m a l l )  a n g l e  ^  

t o  t h e  a x i s ,  w i l l  h a v e  a  t r a n s v e r s e  e n e r g y

E i - U(r) * Ei2in .

T he d i s t r i b u t i o n  i n  t r a n s v e r s e  e n e r g y  due  t o  t r a n s m i s s i o n  t h r o u g h  t h e  

s u r f a c e  i s  t h u s  g i v e n  by  t h e  t r a n s m i s s i o n  f a c t o r  [L in  6 5 ] .



w h e re  6 (x )  i s  t h e  D i r a c  5 f u n c t i o n .

32.

I n  g e n e r a l ,  t h e r e  w i l l  b e  some i n i t i a l  a n g u l a r  d i s t r i b u t i o n  

P (E * 2 ) dE*2i n  o f  i n c i d e n t  a n g l e s  a b o u t  t h e  i n c i d e n t  d i r e c t i o n  

due  t o  l a c k  o f  p e r f e c t  beam c o l l i m a t i o n  an d  due  t o  m u l t i p l e  s c a t t e r i n g  

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

u t i o n  i s  g i v e n  b y  [ L in  6 5 ] .

e ( E i , * i n ) - P ( * i n .E * 2 ) dE* 2
( 2 . 3 . 7 )

I f  * C * in » E* 2) i s  n o r m a l i 5 e d  t 0  u n i t y '  11 f o l l o w s  t h a t

g ( E i > i n ) d E ,  •

I t  f o l l o w s  fro m  e q u a t i o n  ( 2 . 3 . 6 )  t h a t

T ( E - ‘ * i n ) "  T ( F i  -  ^ i n 1

and T ( E i , * i n ) -  0 f o r E ,  < E* in

.....



S i m i l a r l y ,  f o r  * i n  * 0 ,

' P  ' - P

P (0 ,E « . i n ) -  0

33.

f o r

T h u s ,  f o r  * . n ■ 0 ,  ( 2 . 3 . 7 )  b ecom es

gCEx.O) P(Ei|.2 ) T ( E a -  E*2 )  (IE* 2

a n d ,  p r o v i d e d  P ( 0 )  i s  f i n i t e ,

( 2 . 3 . 8 a )

g ( 0 , 0 )  -  0 .

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

b y  a  g a u s s i a n  d i s t r i b u t i o n  w i t h  s t a n d a r d  d e v i a t i o n  * c o l :

P (E * 2 ) dE* 2 J L _  dE,=
2E* c o l

T h e n ,,  i f  , c o l  i ,  = . .1 1  ( f o r  e x u i p l e ,  «< H )  *»<1 T d o . ,  n o ,  v a r y  . u c h

'



o v e r  t h e  r a n g e  o f  P ( f o r  e x a m p le ,  f o r  t h e  u s u a l  t i g h t  e x p e r i m e n t a l  

c o l l i m a t i o n )  t h e n  g may b e  w r i t t e n  a p p r o x i m a t e l y  a s  ( f ro m  ( 2 . 3 . 8 a ) ) ,

P (E * 2 ) dE* 2g ( E i , 0 )  « T ( E i  -  E*<)

I

( 2 . 3 . 8 b )

(w h e re  Ei|/2 i s  t h e  a v e r a g e  v a l u e  o f  E*2 ) .

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

n e g l e c t e d ,  and  t h u s

P(iJ>.n ,Ei!/2 ) -  6 ( E $ ^  -  E* )

g i v i n g

w i t h ,  i n  g e n e r a l ,  T ( 0 , 0 )  r  0

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



35.

T ( E i , 0 )  -    A ( E J
dEx

w h e re A (Ex)
A (E x )  

Afl

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

s t r i n g  m o d e l , u s i n g  t h e  p o t e n t i a l  ( 2 . 2 . 8 )  t o  g i v e  [F o t  71]

Ae -  e i n )
( 2 . 3 . 9 )

I

w h e re  t h e  redu< s e  e n e r g y  tx  i s  d e f i n e d  by

an d
2*

i n
in
2

T h i s  m odel a l s o  g i v e s  [ F o t  71]

y  ■

2Ex 

2
E* 1

( 2 . 3 . 1 0 )



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

n u m e r i c a l l y ,  b u t  c e r t a i n  g e n e r a l  f e a t u r e s  may b e  d e d u c e d .  The t r a n s m i s s i o n  

f a c t o r  ( 2 . 3 . 6 )  may b e  w r i t t e n ,  u s i n g  t h e  p r o p e r t i e s  o f  t h e  6 f u n c t i o n ,

1
T ( E 1, 0 )  « —

>0
d 2 r

-  V

Ivu l

1

A0
d s

| v u | r . ;

w h e re  7tl i s  t h e  g r a d i e n t  o f  U an d  ds  i s  a  l i n e  e l e m e n t  o f  t h e  c u r v e  c i n  

t h e  u n i t  c e l l  a l o n g  w h ic h  U ( r )  = E1 . The p o t e n t i a l  U ( r )  i s  a  p e r i o d i c  

f u n c t i o n  o f  t h e  a rg u m e n t  r  an d  t h u s  a  t h e o r e m  o f  v a n  Hove [Ho 53] may b e  

a p p l i e d  t o  show t h a t

i )  T (E j . , 0 ) m u s t  h a v e  d i s c o n t i n u i t i e s  c o r r e s p o n d i n g  t o  m in im a  o r

maxima o f  U, t h a t  i s ,  a t  £ x = 0 an d  a t  E 1 * U (0) i f  a  t h e r m a l l y  

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



T ( E i , 0 )  m u s t  h a v e  l o g a r i t h m i c  s i n g u l a r i t i e s  c o r r e s p o n d i n g  

w i t h  s a d d l e  p o i n t s  i n  U.

T h us  T ( E i f O) w i l l  b e  n o v - t e r o  f o r  a l l  E ,  > 0 .  I n  p r a c c e  t h e  

l o g a r i t h m i c  s i n g u l a r i t i e s  i n  T a r e  u n o b s e r v a b l e ,  a s  g ( E J  r e m a i n s  

i n t e g r a b l e  a n d ,  f u r t h e r m o r e ,  t h e y  w i l l  r a p i d l y  b e  r e n d e r e d  f i n i t e  by 

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

T he  f u n c t i o n s  T ( E „ 0 )  f o r  t h e  t h r e e  m a j o r  a x e s  a r e  shown i n  F i g u r e  2 . 5  

f o r  t h e  s i n g l e -  a n d  m u l t i -  s t r i n g  m o d e l s .  H ie  s i n g l e - s t r i n g  : r a n s m i s s i o r  

f a c t o r s  u s e  t h e  e f f e c t i v e  A - v a l u e s  o f  T a b l e  2 . 1 ;  t h e  m u l t i - s t r i n g  f a c t o r s  

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

a p p r o x i m a t . l y  r e n d e r e d ,  b e c a u s e  o f  t ' . e  f i n i t e  g r i d  em p loy ed  i n  t h e  com p- 

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

b u t  a r e  r a t h e r  d i f f e r e n t  f o r  low e n e r g i e s .  T h a t  p o r t i o n  o f  t h e  m u l t i ­

s t r i n g  f a c t o r s  f ro m  E ,  -  0  t o  t h e  e n e r g y  o f  t h e  f i r s t  p e a k  r e p r e s e n t  

t h o s e  p a r t i c l e s  t h a t  a r e  t r a p p e d  w i t h i n  o n e  u n i t  c e l l :  t h e s e  a r e  so m e t im e s

r e f e r r e d  t o  a s  ' h y p e r c h a n n e l l e d '  [Ap 7 2 ] .

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

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

d t e r m i n i n g  t h e  c h a n n e l l e d  m o t i o n ,  s u c h  a s  a* o r  u * .  an d  t h u s  t h e  r e a c t i o n  

f u n c t i o n  i s  d e t e r m i n e d  by  t h e  d e n s i t y  o f  s c a t t e r i n g  a to m s i n  t h e  t r a n s v e r s e  

p l a n e .  T h e s e  a to m s  a r e  u s u a l l y  t h e  c r y s t a l  a to m s ;  t h e y  m ay , h o w e v e r ,  b e  

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

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

n o t i n g  t h a t  c h a n n . l l . d  i o n ,  a r e  s t e e r e d  a « a ,  f r o .  t h e  c r y s t a l  a x i s ,  a n d  

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



38.

Multi-string model 
Single str in g  model

<100>

0,5 1>U
TRANSVERSE ENERGY 61

r::;,Figure 2 . 5 :

'

i m s *



e n e r g y ,  t h e  I o n s  t r a v e l  a s  t h o u g h  i n  a  r a n d o .  n e d i u . ,  w i t h  t h e  r a n d o .  

r e a c t i o n  y i e l d .  T h i s  l e a d s  t o  t h e  ' s q u a r e - w e l l '  a p p r o x , n a t i o n  t o  t h e  

r e a c t i o n  f u n c t i o n  [Bod 72]

i 1 E i  > E?

•  1 0  E ,  < h i

( 2 . 3 . 1 1 )

T h e  ' c r i t i c a l '  e n e r g y  E? i s  o f t e n  t a k e n  t o  b e  d e f i n e d  b y  t h e  

( ^ e d ) h . l f . « g l . . f t h e d i p , t h a t i s ,  b u t a n e  c o n s i s t e n t

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

e q u a t i o n  ( 2 . 3 . 5 ) .  T h i s  I s a d ,  t o  v a l u e ,  t y p i c a l l y  a b o u t  10 % h i g h e r  t h a n  

E * ? .  The v a l u e s  o f  t h e  r e d u c e d  c r i t i c a l  e n e r g y  <  f o r  t h e  m u l t i - s t r i n g  

. . d e l  f o r  d i m n d  a t  r o o .  t e m p e r a t u r e  a r e  g i v e n  i n  T a b l e  2 . 2 ;  t h e  v a l u e ,  

o f  ♦ j  d e t e r m i n e d  b y  D e r r y  [D e r  7 8 ]  h a v e  b e e n  u s e d .

CRITICAL

Table 2.2

ANGLESAND ENERGIES FOR DIAMOND AT room TEMPERATURE

A x is *1 = 4
4

<110> 0 . 5 5 " 2 .6 9 2 . 9 6

<111> 0 . 4 9 " 2 .6 2 2 .7 5

<100> 0 . 4 2 " 2 .2 1 2 .4 4



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

o f  t h e  s c a t t e r i n g  a to m s  i n  t h e  t r a n s v e r s e  p l a n e .  S u p p o s e  t h a t  P ( r ) d 2r  i s  

t h e  p r o b a b i l i t y  o f  f i n d i n g  a n  a tom  i n  t h e  a r e a  d 2r  a t  p .  T h e n ,  f r o n

( 2 . 3 . 3 )  t h e  r e a c t i o n  f u n c t i o n  i s  g ^ v e n  by

n ( E j
1

A (E J
P ( x )  d 2 r  . 

U ( r ) < E A

( 2 . 3 . 1 2 )

T he c r y s t a l  a tom  d e n s i t y  i n  t h e  t r a n s v e r s e  p l a n e  w i l l  b e  g o v e r n e d  

by  t h e  t h e r m a l  v i b r a t i o n  d i s t r i b u t i o n  ( 2 . 2 . 1 1 ) .  T h i s  may b e  u s e d ,  

t o g e t h e r  w i t h  t h e  s i n g l e  s t r i n g  m o d e l ,  w h ich  i s  a d e q u a t e  s i n c e  t h e  a t o m ,  

c o n c e n t r a t e d  c l o s e  t o  t h e  s t r i n g ,  t o  g i v e  [ L in  65]a r e

n ( E j  -
•  T J

- 4
[ e  u 2 -  e  u i  :  .

A (E i )

( 2 . 3 . 1 3 a )

T h i s  e x p r e s s i o n  i s  n o t  s m a l l  o n l y  T o r  l a r g e  E i  w h e re  A (Ea ) « 1 .  T h e n ,  

w i t h  t h e  u s e  o f  ( 2 . 2 . 1 0 )  a n d  t a k i n g  r 0 »  u 2 , i t  b ecom es

C2 a 2
n ( c . )  -  ex p  (  - [A e£ i  -  I ] ' 1 )

( 2 . 3 . 1 3 b )

F i n a l l y ,  a  ’ s q u a r e - w e l l '  a p p r o x i m a t i o n  c a n  b e  d e t e r m i n e d  f o r



i n t e r s t i t i a l  a to m s  l o c a t e d  a t  r '  i n  t h e  t r a n s v e r s e  p l a n e  b y  a s s u m in g  

t h e i r  d e n s i t y  t o  be  g i v e n  b y  a  d e l t a  f u n c t i o n ,  6 ( r  -  r ' ) ,  t h a t  i s ,  t h e i r  

t h e r m a l  v i b r a t i o n s  a r e  i g n o r e d .  T h i s  g i v e s ,  , s i n g  ( 2 . 3 . 3 )

i n t

El  * U(r ' )

L i n d h a r d  [ L in  65 ]  u s e d  ( 2 . 3 . 1 2 )  and  ( 2 . 3 . 5 )  t o g e t h e r  w i t h  t h e  s i n g l e  

s t r i n g  m odel ( w i t h  A ■ 1 ,  t h a t  i s ,  t q  ■ * ) ,  t o  o b t a i n  a n  e s t i m a t e  o f  t h e  

minimum y i e l d  x ( * in  ■ 0 ) :

X (0 ) -  irNdUj E x i

T h i s  i s  t y p i c a l l y  1 t o  5 % o f  t h e  random  y i e l d .  L in d h a r d  a l s o  e s t i m a t e d  a 

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

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

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

X2 * ifNda2

He f u r t h e r  c o n s i d e r e d  t h e  e f f e c t  o f  i m p u r i t y  l a y e r s  on t h e  s u r f a c e ,  an d  by 

a s s u m in g  t h e s e  s c a t t e r e d  w i t h  t h e  R u t h e r f o r d  c r o s s - s e c t i o n ,  he  o b t a i n e d  

t h e i r  c o n t r i b u t i o n  t o  t h e  y i e l d :



X?,

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

t , „  . f f . «  o f  im purity i« y « »  “ U 1  be fu rth er  = o n ,ld e r t i  ln

Chapter 6.

T h e  r e a c t i o n  f u n c t i o n  ( 2 . 3 . 1 3 b )  b an  b e e n  n e e d  t o  c a l c u l a t e  

a p p r o x l n a t e l y  t h e  h e l f - a n f l .  o f  t h e  d i p  ( M e  6 9 ,  And 7 0 , .  w i t h  A -  1 ,  

, ( B . )  a p p r o x i n a t e d  by K E .)  a n d  t j  d e t e r x i n e d  f r o .

t h i s  g i v e s

-  [ U i ( u 2 ) / E ]

. [UiCl.18 ui)/E]!

1

( 2 . 3 . 1 4 )

2 . 3 . 3  P a r t i c l e  F lu x

T h e  c h a n n e l l i n g  e f f e c t  m , , t  l e a d  t o  a r . d i . t r t b u t i o n  o f  i o n  f l u x

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

t o  c h a n n e l l i n g  i m p l i e s  t h a t  t h e  f l u x  n e a r  t h e  s t r i n g s  i s  r e d u c e d  belov.
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t h a t  i n  a  random  m a t e r i a l .  Thus  t h e  f l u x  a t  o t h e r  p o i n t s  i n  t h e  t r a n s v e r s e  

p l a n e  m u s t  b e  i n c r e a s e d  a l 'o v e  t h e  random  [And 7 1 ,  VI 7 1 ,  Korn 7 5 ] .

The f l u x  a t  a  p o i n t  r  c a n  o n l y  r e c e i v e  c o n t r i b u t i o n s  from  i o n s  

w i t h  E ,  > U ( r ) .  T h e s e  i o n s  a r e  d i s t r i b u t e d  u n i f o r m l y  o v e r  t h e i r  

a c c e s s i b l e  a r e a  an d  i t  f o l l o w s  t h a ' .  F ( r , z . * i n ) .  t h e  f l u x  r e l a t i v e  t o  

r a n d o m  a t  p o s i t i o n  i  an d  d e p t h  z f o r  i n c i d e n t  a n g l e  * i n  i s  [B e l  7 3 ,  Ge 74]

F C r .* .< - in )  "

gCFi.'l’in^)

A ( E J

dE i  . ( 2 . 3 . 1 5 )

U ( r )

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

s c a t t e r i n g  a n d  beam d i v e r g e n c e  a r e  i g n o r e d  [And 7 1 ] ,

F ( r )  •  F ( £ , 0 , 0 )
1

A ( E J

d A (E . )  

d E .
d E .

U(r) I B

I n
A ( U ( r ) )

T h i s  d i v e r g e s  l o g a r i t h m i c a l l y  a t  t h e  minimum o f  t h e  p o t e n t i a l  (U (r ) -  0 ) .  

I n  p r a c t i c e ,  t h e  maximum -T u x  i s  r e n d e r e d  f i n i t e  b y  t h e  beam d i v e r g e n c e  

a n d  a n y  m u l t i p l e  s c a t t e r i n g ,  w h ic h  r e s u l t s  i n  g ( 0 )  -  0 .  The f l u x  i s



'

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

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

e x t e n s i v e l y  b y  v a n  V l i e t  [VI 7 1 ) .

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

F( r .* .* i n) P(I) d2r

w h e re  P ( r )  d 2 r  i s  t h e  p r o b a b i l i t y  o f  -in a to m  b e i n g  i n  d 2r  a t  r .

T h i s  i s  c o n s i s t e n t  w i t h  ( 2 . 3 . 5 ) :

g ( E i . * i n , z )  " ( E , )  dE

a s may b e  s e e n  b y  u s i n g  ( 2 . 3 . 1 5 ) ,  ( 2 . 3 . 2 )  an d  ( 2 . 3 . 1 2 ) .

T he f l u x  p e a k i n g  e f f e c t ,  t h a t  i s ,  t h e  r i s e  o f  t h e  f l u x  t o  a 

maximum a t  t h e  minimum o f  t h e  p o t e n t i a l ,  i s  i m p o r t a n t  f o r  l a t t i c e  l o c a t i o n  

w o r k ,  w h e re  i t  a l l o w s  t h e  p o s i t i o n  o f  i n t e r s t i t i a l  a to m s  t o  be  d e t e r m i n e d  

[And 71 ]  an d  i n  t h e  c a l c u l a t i o n  o f  s c a t t e r i n g  by  d e f e c t s  s u c h  a s  s t a c k i n g  

f a u l t s  [VI 7 1 ] .  I n  t h e « e  c a s e s ,  i t  i s  c l e a r  t h a t  t h e  a p p a r e n t  c r o s s -  

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

I h I



2 . 3 . 4  L i m i t a t i o n s  o f  t h e  E q u i l i b r i u m  C o n t i n u u n  Model

C e r t a i n  l i m i t a t i o n s  o f  t h e  e q u i l i b r i u m  c o n t i n u u m  m odel c a n  be  

fo u n d  when t h e  p r e d i c t i o n s  o f  t h e  m odel a r e  com pared  w i t h  t h e o r y ,  and  w i t h  

m ore d e t a i l e d  c a l c u l a t i o n s  s u c h  a s  c o m p u t e r  s i m u l a t i o n s .  Many w o r k e r s  

h a v e  n o t e d  d e v i a t i o n s  b e tw e e n  t h e  L i n d h a r d  minimum y i e l d  x i  o r  XI + X2 

an d  e x p e r i m e n t .  A n d e r s e n  a n d  L a e g s g l r d  [And 72] f o u n d  f o r  a  w id e  r a n g e  

o f  c r y s t a l s  a n d  a x e s ,  t h a t  ( 2 . 3 . 1 4 )  o v e r e s t i m a t e s  t h e  c r i t i c a l  a n g l e

b y  -v20 V

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

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

minimum y i e l d  a n d  f o r  t h e  h a l f - a n g l e  [B a 71] t h a t  a g r e e  w i t h  e x p e r i m e n t  

i n  many c r y s t a l s  [Ba 7 1 ,  Mog / 3 a ] .

.
T h e s e  a r e ,  f o r  t h e  minimum y i e l d

xmin X1B + X2B

H e r e ,

w h e re

' I B
CiNdrtu^l  ♦ C"2)^

icui

\(/jd

i s  u s u a l l y  s m a l l  a t  MeV e n e r g i e s ,  and

( 2 . 3 . 1 6 a )

iv.,. •>.



H e re  C u  C2 a n d  r  a r e  f i t t i n g  p a r a m e t e r s ,  t h e  f i r s t  tw o  d e p e n d i n g  on 

beam  d i v e r g e n c e .  F o r  z e r o  beam d i v e r g e n c e ,  B a r r e t t  f o u n d  [Be 71]

Ci ■ 3 . 0  ± 0 . 2

C2 -  0 . 2  ± 0 . 1  and

-  2 . 2

At MeV e n e r g i e s  ( 2 . 3 . 1 6 a )  b ecom es

X , i n  e  N d irC C ,^  ♦ C2a 2 )

F o r  d ia m o n d ,  D e r r y  [D e r  78] f o u n d  f ro m  e x p e r i m e n t ,

Ci -  3 . 2  ± 0 . 6

C2 '  0 . 0 5  t  0 . 0 5

F o r  t h e  h a l f - a n g l e ,  B a r r e t t  f o u n d  [Ba 71]

-  k [ U i ( m u i ) / E ] ;

. 3 . 1 6 b )

. 3 . 1 7 )



w h e re  k an d  m a r e  f i t t i n g  p a r a m e t e r s ,

k « 0 . 8  

m * 1 . 2

T h u s  ( 2 . 3 . 1 7 )  a g r e e s  w i t h  ( 2 . 3 . 1 4 )  fo u n d  w i t h  t h e  c o n t in u u m  m o d e l ,  

e x c e p t  f o r  t h e  f a c t o r  k .  T h i s  f a c t o r  c a n n o t  b e  a c c o u n t e d  co r  b y  t h e

d i f f e r e n c e  i n  t k ?  p o t e n t i a l  u s e d  by  A n d e r s e n  (And 7 2 ]  a n d  B a r r e t t  [Ba 7 1 ] .

F o r  d i a m o n d ,  D e r r y  [D e r  78] f o u n d

k -  0 . 8 3  (< 1 10 > ,  <111>) o r  0 . 7 6  (<100>)

m •  1 . 2  .

The c a u s e  o f  t h e  d i f f e r e n c e  b e tw e e n  t h e  e q u i l i b r i u m  m odel c a l c ­

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

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

v e r s e  e n e r g i e s  [Ba 7 3 ] .  I t  was fo u n d  t h a t  t h e s e  i o n s ,  a f t e r  a  c l o s e  

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

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

i o n s  w as o f  t h e  o r d e r  o f  a n d  t h e  e n h a n c e m e n t  o f  t h e  num ber  o f  t h e s e

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

i n c r e a s e  i n  y i e l d  o r  d e c r e a s e  i n  c r i t i c a l  a n g l e .  T h i s  am o u n ts  t o  a b r e a k ­

down o f  t h e  s t a t i s t i c a l  e q u i l i b r i u m  m odel o u t l i n e d  a b o v e .

T h i s  e f f e c t  c a n  be  t a k e n  i n t o  a c c o u n t  by  m o d i f y i n g  t h e  r e a c t i o n  

f u n c t i o n  [Kub 7 3 ] .  T h i s ,  h o w v v o r ,  l e a d s  t o  e x p r e s s i o n s  t h a t  m u s t  be 

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



F o r  t h i s  r e a s o n ,  i t  seems b e s t  t o  u s e  t h e  s i m p l e s t  app  a t i o n  f o r  

t h e  r e a c t i o n  f u n c t i o n ,  t h a t  i s ,  t h e  s q u a r e - w e l l  m odel ( 2 . 3 . 1 1 )  w h ic h  

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

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

w i t h  ( 2 . 3 . 1 6 b ) .

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

ra n d o m ,  an d  t h u s  s h o u l d e r s  on  d i p s  c a n n o t  be  o b t a i n e d .  A n d e r s e n  [And 6 7 ,

And 70] h a s  shown t h a t  t h e s e  c a n  b e  o b t a i n e d  u s i n g  t h e  ' h a l i w a y  plane-

m o d e l  '  [ L in  6 5 ] ,  a  r e f i n e m e n t  o f  t h e  c o n t in u u m  m o d e l  i n  w h ic h  t h e

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

b e tw e e n  a d j a c e n t  a t o n s  i n  t h e  s t r i n g .  I t  was f o u n d  t h a t ,  f c r  v a l u e s  o f

J i z .  > i  t h e  c o n t i n u u m  m odel was a p p r o a c h e d .  F o r  d ia m o n d ,  t h i s  p a r a m e t e r  
♦ xd
i s  o f  t h e  o r d e r  o f  3 and  h a l f - w a y  p l a n e  c a l c u l a t i o n s  f o r  d i a n o n d  do  show 

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

t h e  m o re  c o m p l i c a t e d  h a l f - w a y  p l a n e  m od e l  t o  d iam o n d  d o e s  n o t  seem 

w a r r a n t e d .

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

n o t  i m m e d i a t e l y  r e s u l t  f rom  t h e  h a l f - w a y  p l a n e  m od e l  s h o u l d e r s :  t h e y

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

t o  p l a n a r  c h a n n e l l i n g  [Ba 6 8 ] ,  The e q u i l i b r i u m  c o n t in u u m  m odel d o e s  

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

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

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

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

h o w e v e r ,  o n l y  come i n t o  p l a y  f o r  a n g l e s  s o  t h a t  t h i  minimum y i e l d



and ca lcu la tio n s  involving the h a lf-a n g le  are generally  not a ffec ted .

F i n a l l y ,  t h e  e q u i l i b r i u m  m odel d o e s  n o t  a l l o w  a n y  d e s c r i p t i o n  

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

a n d  y i e l d  a r e  e x p e c t e d  and  h a v e  b e e n  f o u n d  b o t h  e x p e r i m e n t a l l y  [Bog 7 2 ,

Abe 7 2 a ]  a n d  i n  c o m p u t e r  s i m u l a t i o n s  [Ba 7 1 ,  VI 7 1 ] .  H o w ev er ,  t h e  d e p t h  

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

s e e n .  T h e  e q u i l i b r i u m  m o d e l ,  c a n  i n  t h i s  r e s p e c t ,  b e  r e g a r d e d  a s  a 

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

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

c l o s e  t o  t h e  s u r f a c e  [Wag 7 8 ] .

2 . 4  ENERGY LOSS OF CHANNELLED IONS

2 . 4 . 1  I n t r o d u c t i o n  . .

I n  a  r a n  m  s o l i d ,  a t  t h e  e n e r g i e s  c o n s i d e r e d  i n  t h i s  w o rk ,  an

i o n  n a y  i o «  . n a r g y  b y  t » o  n a c h a n i s n s ,  f i r s t l y  b y  a l a a t l c  c o l l i s i o n s  w i t h  

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

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

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

n e c h a n i s n  by  a  f a c t o r  o f  t h e  o r d e r  o f  1 0 0 0 .  At l o w e r  e n e r g i e s ,  i n  t h e  

keV r e g i o n ,  t h e  f i r s t  n e c h a n i s n  be co m e s  i m p o r t a n t ;  a t  h i g h e r  e n e r g i e s ,  

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

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

w i t h  n u c l e i  ( g e n e r a l l y  c a l l e d  n u c l e a r  s t o p p i n g )  i s  g r e a t l y  r e d u c e d  a s  t h e  

i o n s  a r e  s t e e r e d  aw ay f r o .  a t o n s  [ L i n  6 5 ) .  The e f f e c t  o f  c h a n n e l l i n g  on 

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

s t o p p i n g  i n  r a n d o .  m a t e r i a l s  w i l l  b e  o u t l i n e d  b e l o w ,  a s  i t  i s  i n p o r t a n t



in  the d iscu ssion  o f m ultiple sca tter in g  mechanisms in  dechannel1 m g.

T h e  e n e rg y  l o s s  t o  e l e c t r o n s  ( ' e l e c t r o n i c  s t o p p i n g ' )  i s  a l s o  

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

p r o c e s s e s .  From a  c l a s s i c a l  v i e w p o i n t  t h e r e  a r e  tw o c o n t r i b u t i o n s  t o  t h e  

e n e r g y  l o s s :  l a r g e  im p a c t  p a r a m e t e r s  o r  d i s t a n t ,  r e s o n a n c e ,  c o l l i s i o n s

w i t h  e l e c t r o n s  and  s m a l ’. - i m p a c t  p a r a m e t e r s  o r  c l o s e  c o l l i s i o n s  w h ic h  a r e  

e s s e n t i a l l y  e l a s t i c  an d  w h e re  b i n d i n g  e f f e c t s  a r e  s m a l l  [Boh 4 8 ] .

From t h e  q u an tu m  m e c h a n i c a l  v i e w p o i n t  w h ic h  m u s t  b e  a p p l i e d  t h e  

d i s t i n c t i o n  m u s t  b e  b e tw e e n  s m a l l  an d  l a r g e  momentum t r a n s f e r s  w h ic h  

c o r r e s p o n d s  r o u g h l y  w i t h  t h e  c l a s s i c a l  s e p a r a t i o n  [Boh 4 8 ] .  T h u s ,  i f  t h e  

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

f o r  h i g h  momentum t r a n s f e r s  i s  n e g l i g i b l e  and  t h e  e n e r g y  l o s s  o f  t h e  

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

i o n s  L i n d h a r d  [ Z in  65 ]  a p p l i e d  a n  ' e q u i p a r t i t i o n  r u l e '  [L in  6 4 b ] ,  a c c o r d i n g  

t o  w h ic h  t h e  c o n t r i b u t i o n s  t o  t h e  s t o p p i n g - p o w e r  o f  ' c l o s e '  an d  ' d i s t a n t '  

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

t h a t  t h e  s t o p p i n g  w o u ld  b e  r e d u c e d  b y  a  f a c t o r  o f ~ , .  The e q u i p a r t i t i o n  

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

[ E r  6 8 ,  Br 70 ]  a n d  m ore  d e t a i l e d  t h e o r i e s  o f  s t o p p i n g  h a v e  b e e n  d e r i v e d .  

The m a j o r  t h e o r i e s  a r e  o u t l i n e d  b e lo w .

2 . 4 . 2  N u c l e a r  S t o p p i n g

L e t  doC E .T ) b e  t h e  d i f f e r e n t i a l  c r o s s - s e c t i o n  f o r  t h e  t r a n s f e r

o f  e n e r g y  T t o  an  a to m  b y  an  i o n  w i t h  k i n e t i c  e n e r g y  E, i n  a n  e l a s t i c

c o l l i s i o n .  T h e n ,  i n  a p a t h l e n g t h  Ax i n  a  medium o f  a to m ic  d e n s i t y  N

t h e  a v e r a g e  e n e r g y  l o s s  i s  [Boh 4 8 ] .
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w h e re  Tm i s  t h e  mraimmn e n e r g y  l o s s  i n  » »  e l a s t i c  c o l l i s i o n ,  g i v e n  f ro m  

t h e  c o n s e r v a t i o n  o f  « , : , n t u .  a n d  e n e r g y  ( s e e ,  f o r  e x a m p le  [Man 6 8 ] )

4M]M2

(Mi * M2 ) '

w h e re  Mi a n d  M2 a r e  t h e  m ass  

i n f i n i t e s i m a l s ,

o f  t h e  i o n  and  a to m .  I t  f o l l o w s  t h a t ,  t a k i n g

dE \
T d o ( E .T )

-  N Sn (E)

■

w h e re Sn (E) T d o ( E ,T )

$

i s  t h e  n u c l e a r  s t o p p i n g  c r o s s - s e c t i o n  and  -  dx 1  15
dE ) i s  t h e  n u c l e a r  s t o p p i n g



p o w e r  ( t h e  m in u s  s i g n  i s  i n t r o d u c e d  a s  e n e r g y  i s  l o s t  b y  t h e  i o n ) .

The n u c l e a r  e n e r g y  l o s s  h a s  t e e n  t r e a t e d  e x t e n s i v e l y  b y  L i n d h a r d  

a n d  c o - w o r k e r s  [ L in  6 3 ,  L in  6 8 ] ,  u s i n g  a  T h o m a s -F e n n i  a p p r o a c h .  I n  a 

g e n e r a l  a p p r o a c h ,  t h e  e l a s t i c  c r o s s - s e c t i o n  d e p e n d s  on  tw o v a r i a b l e s ,  E 

a n d  T (w h e re  T i s  g i v e n  b y  T = s i n 2 j  , w h e re  8 i s  t h e  c e n t r e - o f - m a s s

s c a t t e r i n g  a n g l e ) .  L in d h a r d  e t  a l  showed t h a t  i t  c a n  b e  w r i t t e n  t o  a  good  

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

T
e 2 —

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

( 2 . 4 . 1 )

M2

Z i Z 2 e 2 Mi + M2

T h e n  t h e  c r o s s - s e c t i o n  d o ( E , T )  may b e  w r i t t e n

d o  (E ,T )  « d o ( t )  * * a 2 J ’ sTZ f ( t 2 ) d t ( 2 . 4 . 2 )

w h e r e  f ( t z ) i s  a  f u n c t i o n  t h a t  d e p e n d s  on t h e  s c a t t e r i n g  p o t e n t i a l  and  

i s  t a b u l a t e d  f o r  t h e  T h c m a s -F e rm i  p o t e n t i a l  i n  [ L i n  6 8 ] .  An i n t e r p o l a t i o n  

f o r m u l a  h a s  b e e n  g i v e n  b y  W in te r b o n  e t  a l  [Win 70]



w h ic h  i s  a  good  f i t  t o  t h e  t a b u l a t e d  T h o m a s -F e rm i  f u n c t i o n  [ L i n  6 8 ] .

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

p a t h  l e n g t h

4Nira2
MiMg

(Ml ♦ M2 )2

a n d  w i t h  t h i s  d e f i n i t i o n ,  t h e  n u c l e a r  s t o p p i n g  p o w e r  b ecom es  [ L i n  68]

dc

*  ■ s » w
f ( t * )  d t 1 ( 2 . 4 . 3 )

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

t h e  T h o m a s -F e rm i  v a r i a b l e s  e  an d  p .  The f u n c t i o n  S ^ ( e )  i s  t a b u l a t e d  

i n  [ L i n  6 8 ] .  I t  c a n  b e  a p p r o x i m a t e d  i n  c e r t a i n  r e g i o n s  [ L in  68 ]  a s

0 ,9 8 1 e 1 /3

Sn (e ) 0 . 3 2 7  

1
2 e"

l n ( 1 . 2 9 e )

e < 0 .0 1

0 . 2  « e < 2 ( 2 . 4 . 4 )

5 < e

The interpolation  formula may a lso  be used to ca lcu la te



f m

\ Sn ( e )  a n d  g i v e s

9 X
s „ ( . )  -  -  -  1 ^ 7 7  b ^ 9) i .  b l  , 4 / 9  ]

“  4 f. D

e4 / 9  

b ( l  .  b

(2X) 2 / 3  -  X.8 9

F o r  h i g h  e n e r g i e s  t h i s  g i v e s

1
—  I n  ( 1 . 0 3  e )  
2c

( 2 . 4 . 5 )

T h .  d i f f e r e n c e s  i n  t h e  l , g . r « h . i =  t e r n s  i n  ( 2 . 4 . 4 )  an d  ( 2 . 4 . 5 )  b e e n . -  

u n i m p o r t a n t  a t  h i g h  e n e r g i e s  ( t  »  5 ) .  F o r  p r o t o n s  i n c i d e n t  on  d i a l e d

. ' t  1 MeV, c ■ 27 56 .

2 . 4 . 3  E l e c t r o n i c  S t o p p in g  i n  Random S o l i d s

The e n e r g y  l o s s  o f  i o n ,  i n  random  m a t t e r  by  e l e c t r o n i c  e x c i t a t i o n

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

r e g i o n  c o n s i d e r e d  i n  t h i s  . o r k  i s  g i v e n  by  t h e  " 1 1 -known B e t h . - g l o c h  

r e s u l t  [B e t  3 0 ,  B1 33 a ,  b]

'

r ' . '  i.



dE 4wZ?e4
NZ2 I n

2mev 2
( 2 . 4 . 6 )

T

w h e re  me i s  t h e  m ass  o f  t h e  e l e c t r o n ,  v  i s  t h e  v e l o c i t y  o f  t h e  i o n  and  

I i s  t h e  mean i o n i s a t i o n  p o t e n t i a l  o f  t h e  a to m ,  d e f i n e d  by

w h e re  f  i s  t h e  o s c i l l a t o r  s t r e n g t h  f o r  a  t r a n s i t i o n  i n  t h e  a to m  o f  
n

e n e r g y

U s in g  a  T h o m as-F e rm i  s t a t i s t i c a l  t r e a t m e n t  o f  t h e  a to m ,  B lo c h  

o b t a i n e d  f o r  t h e  i o n i z a t i o n  p o t e n t i a l

w i t h  Ig  «• 10 eV.

I n  an  a l t e r n a t i v e  a p p r o a c h  t o  e n e r g y  l o s s  p h en o m e n a ,  L in d h a r d  

[ L i n  54 ]  a n d  L i n d h a r d  and  W in t h e r  [ L i n  64 ]  h a v e  c o n s i d e r e d  t h e  e n e r g y  

l o s s  o f  an  i o n  t o  a  u n i f o r m  e l e c t r o n  g a s  i n  t e r m s  o f  t h e  c o m p le x  wave 

v e c t o r  a n d  f r e q u e n c y - d e p e n d e n t  d i e l e c t r i c  f u n c t i o n  e(k,u>) i n  t h e  random 

p h a s e  a p p r o x i m a t i o n .

The s t o p p i n g  po w er  i s  t h e n  [C a t  67]

Z? In  I -  £  f n  I n  V n

1 -  I B -  I 0z 2



v h e re  l o t . .}  r e p r e s e n t s  t h e  i m a g i n a r y  p a r t .

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

B e th e  sum r u l e  [ L i n  6 4 ,  D a t  67]

1 it 2
hi din Im { — ------  }   Wp

w h e re  01̂  i s  t h e  p la s m a  f r e q u e n c y  o f  t h e  e l e c t r o n  g a s ,  g i v e n  by

1
Wp « (4 im e e 2 /  me ) 1 

w h e re  n ^  i s  t h e  g a s  d e n s i t y .

The i n t e g r a n d  o f  e q u a t i o n  ( 2 . 4 . 7 )  h a s  b e e n  g i v e n  by  L in d h a r d  

[ L i n  6 4 ]  a n d  v a n i s h e s  o v e r  l a r g e  a r e a s  o f  t h e  k-w  p l a n e .  The fo rm  o f  t h e  

i n t e g r o n d  i s  s k e t c h e d  i n  F i g u r e  2 . 6 .  The i n t e g r a n d  i s  z e r o  e x c e p t  i n  

t h e  s i n g l e - p a r t i c l e  e x c i t a t i o n  r e g i o n  an d  a l o n g  t h e  p la s m o n  l i n e  w h ic h  

c o r r e s p o n d s  w i t h  c o l l e c t i v e  e x c i t a t i o n s  o f  t h e  g a s .  The F e rm i  v e l o c i t y  

a n d  momentum o f  t h e  g a s  a r e  vp and  k p ■ ^  v p = (3 tt2n e ) ^ . F o r  a



----------------------------

F i g u r e  2 , 6 :  S c h e m a t i c  d i a g r a m  o f  i n t e g r a n d  o f  e q u a t i o n  ( 2 . 4 . 7 )



d e g e n e r a t e  g a s ,  e x c i t a t i o n s  w i t h  u> < 0 a r e  f o r b i d d e n  b y  t h e  P a u l i  

e x c l u s i o n  p r i n c i p l e .

Fhe i n t e g r a t i o n  i n  ( 2 . 4 . 7 )  e x t e n d s  o v e r  t h e  r e g i o n  b e lo w  t h e  

l i n e  u  -  k v .  F o r  h i g h  v e l o c i t i e s ,  t h e  c r o s s - h a t c h e d  r e g i o n s  a r e  s m a l l  

a n d  a p p r o x i m a t e l y  e q u a l ;  t h e  s i n g l e  p a r t i c l e  r e g i o n  b e lo w  k -  k ^  

v a n i s h e s  a s  k** [ L i n  6 4 ] .  T hus  t h e  l i m i t s  o f  i n t e g r  i t i o n  i n  ( 2 . 4 . 7 )  may 

b e  r e s t r i c t n d  t o  b e tw e e n  k ^  an d  k ^ ,  an d  t h e  w i n t e g r a t i o n  e x t e n d e d  t o  

i n f i n i t y .  The sum r u l e  ( 2 . 4 . 8 )  may t h e n  b e  u s e d  t o  p e r f o r m  t h e  i n t e g r a t i o n  

g i v i n g

In
max

min

( 2 . 4 . 9 )

P
I n s p e c t i o n  o f  F i g u r e  2 . 6  shows t h a t  k ^  = “  and  

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

a  s y s t e m  o s c i l l a t i n g  a t  f r e q u e n c y  [ J a k  62 ]  a n d  t h e  l a t t e r  a s  t h e

maximum momentum t r a n s f e r  t o  a f r e e  e l e c t r o n .

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

max
2m.v

t!
The

dE

dx

2 4
4ir7*e

me v

In
2me v 2

( 2 . 4 . 1 0 )

L i n d h a r d  and  W in t h e r  a l s o  p ro v e d  an  e q u i p a r t i t i o n  r u l e  i n  w h ich  

t h e  l o g a r i t h m i c  t e r m



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

r e g i o n s  f o r  a  c h a n g e  i n  v .  T h i s  h a s  b e e n  s t a t e d  i n  t h e  fo rm  (B r  70]

d U

w h ere L ’  LR * LS

H e r e ,  LR i s  t h e  r e s o n a n c e  t e r m  and  4  i s  t h e  s i n g l e  p a r t i c l e  e x c i t a t i o n  t e r m .  

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

[Br 70 ]

Ls (v )  -  Lr (v ) ♦ C

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

C «  Lg an d  C «  l R

The e n e r g y  l o s s  o f  an  io n  i n  an  e l e c t r o n  g a s  w i t h  an e n e r g y  gap  

E , a s  a  m odel o f  a  s e m i c o n d u c t o r ,  h a s  b e e n  e x a m in e d  by B r a n d t  and  

R e i n h e i m e r  [B r 7 0 ] .  In  t h i s  c a s e  t h e  p la s m o n  l i n e  i s  g i v e n  a p p r o x i m a t e l y



w h i l e  k i s  a s  f o r  t h e  c a s e  E -  0 .  T h en  t h e  sum r u l e  g i v e s  max g

[B r  70]

dE 4wZ{e"

dx me

In
2me v 2

( 2 . 4 . 1 2 )

The e n e r g y  l o s s  t o  an e l e c t r o n  g a s  h a s  a l s o  b e e n  d i s c u s s e d  by 

P i n e s  [ P i n  5 3 ,  P i n  6 3 ] .  He showed t h a t ,  b e lo w  t h e  v a l u e  k * k ^  w here  

t h e  p l a i m o n  l i n e  m e e t s  t h e  s i n g l e  p a r t i c l e  s p e c t r u m  ( F i g u r e  2 . 6 ) ,  t h e  

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

i t  i s  m a i n l y  t o  t h e  s i n g l e  p a r t i c l e  e x c i t a t i o n s .  T h i s  d i v i d i n g  wave 

n u m b er  i s ,  a p p r o x i m a t e l y ,  [ P i n  63]

T h u s ,  i t  f o l l o w s  t h a t  [ E r  67]



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

an e n e r g y  ga p  [D es  7 7 ] .  In  t h i s  c a s e ,  t h e  d i v i d i n g  w a v e -n u m b e r ,  k _ , i s  

d e t e r m i n e d  by  t h e  i n t j r s e c t i o n  o f  t h e  p la s m o n  l i n e  ( 2 . 4 . 1 1 )  a n d  t h e  

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

[Des 77]

w * + fl2 kkp  ♦ C 1 -  - h r  )
4h 2 k J

( 2 . 4 . 1 4 )

The v a l u e s  o f  a n d  Lg f o r  h i g h  v e l o c i t i e s  o b t a i n e d  u s i n g  ( 2 . 4 . 9 )  and  

k c f ro m  ( 2 . 4 . 1 4 )  an d  ( 2 . 4 . 1 1 )  a g r e e  w i t h  t h o s e  c a l c u l a t e d  n u m e r i c a l l y  

f rom  e q u a t i o n  ( 2 . 4 . 7 )  by  B r a n d t  and  R e in h e i n t e r  t o  w i t h i n  a b o u t  10 % 

(The sum r u l e  r e s u l t  ( 2 . 4 . 1 2 )  a g r e e s  w e l l  w i t h  t h e i r  n u m e r i c a l  r e s u l t s  

[B r  7 0 ] . )

C o n t a c t  b e tw e e n  t h e  B e t h e - B l o c h  an d  t h e  e l e c t r o n  g a s  m o d e l s  c a n  

b e  made v i a  t h e  1 l o c a l  d e n s i t y '  a p p r o x i m a t i o n .  In  t h i s  a p p r o x i m a t i o n ,  

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

e l e c t r o n  g a s ,  a n d  t h e  s t o p p i n g  po w er  i s  d e t e r m i n e d  by i n t e g r a t i n g  o v e r  

t h e  w h o le  a tom  [ L in  S 3 ] ,  g i v i n g  from  ( 2 . 4 . 1 0 ) ,



62.

dE

dx

i v 7 \ S

meV

2me v 2
p ( r )4 i r r2 In  ------------  d r

aflUp ( r )

( 2 . 4 . 1 5 )

- -V

I

'

w h e re  » ( r )  i s  t h e  d e n s i t y  o f  e l e c t r o n s  a s  a  f u n c t i o n  o f  r a d i u s ,  « p ( r )  i s  

t h e  l o c a l  p l a s s i a  f r e q u e n c y  , p ( , ( r ) )  an d  c / I  i s  a  c o n s t a n t  i n t r o d u c e d  

t o  t a k e  a c c o u n t  o f  b i n d i n g  e f f e c t s  [ L i n  5 3 ] .

I t  f o l l o w s  from  ( 2 . 4 . 1 5 )  t h a t  t h e  l o c a l  d e n s i t y  a p p r o x i m a t i o n  

f o r  t h e  i o n i z a t i o n  p o t e n t i a l  i s  [ L i n  53]

Z2 In I * p ( r )4 ir r2 In (afiw ( r ) ) ( 2 . 4 . 1 6 )

The a p p r o x i m a t i o n  may a l s o  b e  u s e d  t o  d e f i n e  an  o s c i l l a t e -  s t r e n g t h  

d i s t r i b u t i o n  [E s  7 8 ,  Br 77]

d f

dw
p ( r ) 4 i r r 2 6 (u -  ( r ) )  d r

w h i c h ,  w i t h  ( 2 . 4 . 6 a ) ,  g i v e s  ( 2 . 4 . 1 6 )



The l o c a l  d e n s i t y  a p p r o x i m a t i o n  h a s  b e e n  fo u n d  t o  g i v e  good  

a g r e e m e n t  w i t h  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  o f  I ,  when H a r t r e e - F o c k  

w a v e - f u n c t i o n s  a r e  u s e d  t o  c a l c u l a t e  p ( r )  [Chu 7 2 ] ,

2 . 4 . 4  E n e rg y  L o s s  o f  C h a n n e l l e d  I o n s

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

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

a r e  t r e a t e d  s e p a r a t e l y  f ro m  t h e  c o r e  e l e c t r o n s .  In  some t r e a t m e n t s  t h e  

e f f o c t s  o f  c o r e  e l e c t r o n s  a r e  n e g l e c t e d  [Ap 6 7 ,  Bc.i 7 0 ,  Des 7 7 ] ;  t h i s  i s  

e x p e c t e d  t o  b e  v a l i d  a t  lo w e r  e n e r g i e s :  t h e  maximum d i s t a n c e  at. w h ic h  a

p a r t i c u l a r  e l e c t r o n  s h e l l  may b e  e x c i t e d  c a n  b e  e s t i m a t e d  w i t h  a n  a d i a b a t -  

i c i t y  c r i t e r i o n

■hv

w h e re  AE i s  t h e  b i n d i n g  e n e r g y .  I n  o t h e r  t r e a t m e n t s ,  t h e  c o r e  e l e c t r o n s  

a r e  i n c l u d e d  [L un  6 8 ,  Korn 7 4 ,  Mel 7 5 ,  B e l  7 8 ,  D et  7 5 ,  K i t  7 2 ] .  I n  t h e  

s e c o n d  a p p r o a c h ,  t h e  s t o p p i n g  t o  a l l  e l e c t r o n s  i s  c o n s i d e r e d  on t h e  same 

b a s i s  an d  no  a  p r i o r i  s e p a r a t i o n  i s  made b e tw e e n  c o r e  a n d  v a l e n c e  e l e c t r o n s  

[D e t  7 4 ,  Es 7 8 ] .  At t h i s  t i m e ,  b o t h  o f  t h e s e  a p p r o a c h e s  a p p e a r  t o  be  

v a l i d .

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

i o n  e n e r g y  l o s s  t h a n  L i n d h a r d ' s  e s t i m a t e s  [ L i n  6 5 ] ,  A p p l e t o n  e t  a l  c o n s i d e r e d  

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

w i t h  t h e  B o h m -P in e s  s e p a r a t i o n  i n t o  r e s o n a n c e  and  s i n g l e - p a r t i c l e  

e x c i t a t i o n s ,  f o r  e x a m p l e ,  ( 2 . 4 . 1 3 ) .  T hey  a r g u e d  t h a t  r e s o n a n c e  l o s s e s



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

d e p e n d  on t h e  l o c a l  e l e c t r o n  d e n s i t y ,  an d  o b t a i n e d  [Ap 67 ]

dE

dx ) v a l

A irZjC 1*

me
N ‘ z v lr  4 2LCCLsl ( 2 . 4 . 1 8 )

w i t h In In
2m w c e r

■fid)

w h e re  Zy  i s  t h e  num ber o f  v a l e n c e  e l e  t r o n s  a n d  N Z ^_ . i s  t h e  l o c a l  

e l e c t r o n  d e n s i t y  on t h e  i o n  p a t h .  T hey  u s e d  an  a d i a b a t i c i t y  c r i t e r i o n  t o  

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

n e g l i g i b l e .  The  c o n t r i b u t i o n  o f  c o r e  e l e c t r o n s  was c o n s i d e r e d  b y  D a t i  

e t  a l  [D a t  6 7 ] ,  who u s e d  t h e  w e l l - k n o w n  r e s u l t  f o r  t h e  e n e rg y  l o s s  t o  a  

h a r m o n i c a l l y  bo u n d  c h a r g e  i n  t h e  d i p o l e  a p p r o x i m a t i o n  ( f o r  e x a m p l e ,

[ J a k  6 2 1 ) :

&E(b)
2 Z i e 2 mb oib

h>)2 (Kg ( —  ) ♦ K1 ( —  )}  
v v

( 2 . 4 . 1 9 a )

2Z2 e 4

me v 2 b

mb 
—  «  1
v

( 2 . 4 . 1 9 b )

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



Kg a n d  K* a r e  t h e  m o d i f i e d  B e s s e l  f u n ' - . t i o n s  o f  t h e  s e c o n d  k i n d  and  

z o r o - t h  and  f i r s t  o r d e r s ,  and  AE i s  t h e  e n e r g y  l o s t  i n  a  s i n g l e  c o l l i s i o n .  

The a p p r o x i m a t i o n  ( 2 . 4 . 1 9 b )  was u s e d  t o g e t h e r  w i t h  t h e  v a l e n c e  e l e c t r o n  

t r e a t m e n t  o f  A p p l e t o n  e t  a l  jAp 67 ]  b y  L u n tz  an d  B a r t r a m  [Lun 68 ]  and  

M e l v in  an d  T o m b r e l lo  {Mel 7 5 ] ,  The  l a t t e r  a u t h o r s  f o u n d  good  a g r e e m e n t  

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

e l e c t r o n  d e n s i t i e s  c a l c u l a t e d  f ro m  M o l i b r e ' s  a p p r o x i m a t i o n  t o  t h e  Thom as-  

F e rm i  p o t e n t i a l .

W h ile  t h i s  t h e o r y  d e e s  a p p e a r  t o  g i v e  good  r e s u l t s ,  i t  d o e s  

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

[Bon 70] t h a t  t h e  r a n g e  o f  im p a c t  p a r a m e t e r s  f o r  s i n g l e  p a r t i c l e  c o l l i s i o n s  

e x t e n d s  fro m

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

e l e c t r o n  d e n s i t y  N Z ^ .  s h o u l d  a c t u a l l y  b e  a v e r a g e d  o v e r  some a r e a  o f  

t h e  c h a n n e l .  F u r t h e r m o r e ,  t h e r e  i s  some e f f e c t  o f  c h a n n e l l i n g  on t h e  

p la s m o n  l o s s e s  [Bon 7 0 ] .  F i n a l l y ,  t h e  T h o m a s-F e rm i  a p p r o a c h  ( v i a  t h e  

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

e r r o r s  a t  t h e  c h a n n e l  c e n t r e .

F o r  t h i s  r e a s o n ,  B o n s i g n o r i  a n d  D e s a l v o  [Bon 6 9 ,  Ben 70] t r e a t e d  

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



t h e  s t o p p i n g  po w er  u s i n g  t h e  d i e l e c t r i c  f u n c t i o n  i n  t h e  random  p h a s e  

a p p r o x i m a t i o n  [Ad 6 2 ,  Wis 6 3 ] .  B o n s i g n o n  a n d  D e s a l v o  o b t a i n  [Bon 69]

dE
( r )

dx
£1
n 2v

d 3k

"17 w dm Im { K (k >iu ,r )}6 (u>  -  k - v ) ( 2 . 4 . 2 0 )

w h e r e  r  i s  t h e  p o s i t i o n  o f  t h e  o r b i t  o f  t h e  i o n  i n  t h e  t r a n s v e r s e  p l a n e ,  

an d  K i s  t h e  r e s p o n s e  f u n c t i o n ,  w h ic h  i n  t h e  t r a n s l a t i o n a l l y  i n v a r i a n t  c a s e  

r e d u c e s  t o  X -  - 4 — r  . The r e s p o n s e  f u n c t i o n  may b e  e x p a n d e d  i n  a  F o u r i e r  

s e r i e s  [Bon 6 9 ] :

K (k ,u > ,r )  -  I  K ( k ,u ,G )  e  1 - -
G

w h e re  t h e  sum r u n s  o v e r  a l l  r e c i p r o c a l  l a t t i c e  v e c t o r s  G w h ic h  a r e  

p e r p e n d i c u l a r  t o  t h e  c h a n n e l .  ( O t h e r  r e c i p r o c a l  l a t t i c e  v e c t o r s  d r o p  o u t  

i n  a v e r a g i n g  a l o n g  t h e  c h a n n e l . T hu s



I n  t h e  weak b i n d i n g  a p p r o x i m a t i o n  [F a  60] t h e  r e s p o n s e  f u n c t i o n  i s

w h e re  e(k,< i),G) a r e  t n e  F o u r i e r  c o m p o n e n ts  o f  t h e  p e r i o d i c  d i e l e c t r i c  

f u n c t i o n  c ( k . w . r )  [Ad 6 2 ,  Wis 6 3]  i n  w h ic h  l o c a l  f i e l d  e f f e c t s  a r e  

c o n s i d e r e d .  I f  t h e s e  a r e  a v e r a g e d  o v e r ,  o n l y  t h e  G = 0  t e r m  i s  r e t a i n e d ,  

w h ic h  i s  i d e n t i c a l  t o  t h e  c a s e  t r e a t e d  b y  B r a n d t  an d  R e in h e i m e r  [B r 70] i n  

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

e n e r g y  g a p .

In  t h i s  t h e o r y ,  t h e  p a t h - d e p e n d e n t  c h a n n e l l e d  i o n  s t o p p i n g  pow er



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

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

h a s  b e e n  a p p l i e d  w i t h  go od  r e s u l t s  {Bon 7 0 ,  Korn 7 4 ,  D es 7 7 ] ;  h o w e v e r ,  

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

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

( 2 . 4 . 2 0 ) ,  I n  f a c t ,  sum r u l e s  c a n  b e  u s e d  t o  p e r f o r m  r n  a p p r o x i m a t e  

e v a l u a t i o n  o f  e q u a t i o n  ( 2 . 4 . 2 0 )  f o r  h i g h  v e l o c i t i e s ;  t h i s  i s  d i s c u s s e d  

i n  S e c t i o n  2 . 4 . 5 .

R e c e n t l y ,  a t t e m p t s  h a v e  b e e n  made t o  c a l c u l a t e  t h e  s t o p p i n g  po w er  

o f  c h a n n e l l e d  i o n s  i n  t h e  h i g h  v e l o c i t y  ( B e t h e - B l o c h )  r e g i o n  u s i n g  a  more 

f u n d a m e n t a l  a p p r o a c h  [D e t  7 4 ,  D et  7 5 ,  Es 7 8 ] .  B o th  o f  t h e s e  t h e o r i e s  

t r e a t  t h e  s t o p p i n g  po w er  i n  f i r s t  B o m  a p p r o x i m a t i o n  b u t  d i f f e r  som ewhat 

i n  p h i l o s o p h y  a n d  a p p r o a c h .

D e t tm a n n  [D et 75] t r e a t s  t h e  v a l e n c e  e l e c t r o n s  s e p a r a t e l y  from  

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

f o r  w h ic h  t h e  L in d h a r d  r e s u l t  ( e q u a t i o n  ( 2 . 4 . 1 0 ) )  a p p l i e s :  t h e  l a t t e r

a r e  t r e a t e d  i n  a n  i n d e p e n d e n t  p a r t i c l e  m odel u s i n g  a H a r t r e e - F o c k  a p p r o a c h .  

Thus  t h e  c o r e  c o n t r i b u t i o n  i s  a  s u m  o v e r  i n d e p e n d e n t  c o n t r i b u t i o n s  

f ro m  e a c h  e l e c t r o n .

F o r  rand om  i m p a c t ,  t h e  e n e r g y  l o s s  t o  e a c h  c o r e  e l e c t r o n  i s  

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

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

t h e  t r e a t m e n t  f o r  t h e  e l e c t r o n  g a s ,  o u t l i n e d  a b o v e .  The low momentum 

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



w h ic h  i s  n e g l e c t e d  i n  t h i s  p r o c e d u r e  i s  c o m p e n s a te d  b y  t h a t  a d d e d :  t h i s

c o n d i t i o n  d e t e m i n e s  a  mean e x c i t a t i o n  e n e r g y  i n  t e r m s  o f  t h e  H a r t r e e - F o c k

w a v e - f u n c t i o n s  o f  t h e  a to m . The random  s t o p p i n g  p o w e r  i s  d e t e r m i n e d  a s  

[D e t  7 5 ] :

dE \  4irZ?eU 2m v 2 Z -

'  '  " d „  T y "  Ntz>- " - t - ' t
,  .  
2m v 2

I n  e
' r a n  “V  j - i  fiwj

w h e re  Z ,̂ i s  t h e  n u m b er  o f  c o r e  e l e c t r o n s  and

w h e re  p  a n d  r  a r e  t h e  momentum an d  p o s i t i o n  o p e r . t o r s  and  | j >  i s  t h e  

H a r t r e e - F o c k  wave f u n c t i o n  f o r  e l e c t r o n  j .  N o te  t h a t  i s  d e t e r m i n e d  

u s i n g  t h e  v a l e n c e  e l e c t r o n  d e n s i t y .  T h i s  e q u a t i o n  c a n  b e  w r i t t e n  i n  t h e  

B e t h e - B l o c h  fo rm  ( 2 . 4 . 6 ) ,  w i t h  t h e  mean i o n i z a t i o n  p o t e n t i a l

1 " *  [ “ p j f j  “ j  ] 1 / " 2 ( 2 . 4 . 2 2 )

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

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

e x c i t a t i o n s .  T h i s  g i v e s  [D e t  75]



th e r e  S a n d  S a r e  t h e  ran do m  h i g h  e x c i t a t i o n  an d  low e x c i t a t i o n  
r , H  r , L

: o n t r i b u t i o n s  a n d  t lu .  i s  t h e  b i n d i n g  e n e r g y  o f  t h e  j - t h  e l e c t r o n .  At 

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

and

Sr . H  ■ S, . L

F o r  t h e  c a s e  o f  c h a n n e l l e d  i o n s ,  D e t tm a n n  c o n s i d e r e d  t h e  h i g h  and  

low  c o r e  e x c i t a t i o n s  s e p a r a t e l y .  The e n e r g y  l o s s  f o r  low e x c i t a t i o n s  

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

a l l  i m p a c t  p a r a m e t e r s  s h o u l d  g i v e  t h e  random  r e s u l t  ( 2 . 4 . 2 3 ) .  T h i s  

c o n d i t i o n  s u p p l i e d  a  mean e x c i t a t i o n  e n e r g y

3

“ i  "  2 < j | r 2 | j >

f o r  low e x c i t a t i o n s .  The e n e r g y  l o s s  t o  a s i n g l e  atom  was t h e n  e v a l u a t e d



as a function of impact parameter b, and for b »  <jlr|j> the dipole 

result (namely equation (2.4.19)) was obtained [Det 75]

2 Z V  b , b
AE. (b) - —  — —  X  w! { ( —  ) ♦ K1 ( —  ) )

L \  “ - 1 1 b )  b j

( 2 . 4 . 2 4 )

where

AE(b) decreases exponentially for b» b; and thus b . plays the part of a 

critical impact parameter. For b ■ 0, a finite result for AE(b) was 

obtained, and the full b dependence can be obtained by scaling from 

results obtained using a hydrogen-like ground state [Det 74]. However, the 

region b «  <j|rjj> for core electrons is less important for channelled 

ions and need not be considered in detail. The high core excitations 

were treated using an impulse approximation and found to be highly local 

in the electron density, giving [Det 75]

AEH (b)
2 * 2 * 6 “

m v2 j-1 ^
(b) In   -

I

where p .(b) is the density of the j-th electron, averaged along the channel 

The core electron density is very small for most channelled ions, and this 

contribution is usually negligible. The core contribution to the stopping 

of channelled ions is then obtained by summing (2.4.24) over all atoms in



the ranje b «{ . This can result in contributions from atoms far from

the immediate axial channel being included, especially at high velocities, 

where b̂  becomes large. Dettmann regarded the valence electrons as a 

uniform electron gas, that gave equal stopping to channelled and random 

ions, and thus the same valence stopping was used for both cases.

Certain features of the theory as given by Dettmann appear to be 

unsatisfactory. The use of a uniform electron gas to treat the valence 

electrons is the most important of these. Arguments have been advanced 

to support this, based on the long range b-dependence obtained from 

(2.4.24) [Jar 77], and it is claimed that variations in electron density 

are averaged out. This is contradicted by calculations using a spatially 

periodic electron gas [Bon 70, Des 77]. Furthermore, at high velocities, 

the contribution of core electrons far from the channel would seem to be 

important. However, it is probable that polarization effects would become 

important for these, and a treatment similar to that of Fermi [Fer 40] 

for the density effect would be needed.

Esber.sen and Golovchenko [Es 78], while also starting from the 

first Bom approximation, choose to treat the atom as a whole and calculate 

the stopping in terms of the dipole oscillator strengths 1^. The 

periodicity of the crystal is exploited to expand the stopping power as 

a function of position b in the transverse plane in a Fourier series



w h e re  t h e  sum is over all transverse reciprocal lattice vectors G.

The function S(G) is given by [Es 78]

S(G)
1
-  I
2 ir n

nO
dk

(k 2 -  iG 2 ) 6 ( k x -  

Ik + iG|2|k - j G |2

for a unit transverse lattice cell containing one atom. The ion motion 

has been chosen in the x direction. The function FnQ(k,G) is a generalised 

oscillator strength, satisfying the sum rule [Es 78]

Z Fn0(k,G) " <0|ei-*-|0>
n

which, for G - 0 reduces to the Bethe sum rule [Bet 30]. On averaging 

equation (2.4.25) over all positions in the transverse cell, only the 

G ■ 0 term is non-vanishing and thus the Bethe result is obtained (see, 

equation (2.4.6))



74.

For channelled ions the function S(G) must, be evaluated for 

G ? 0 . Golovchenko and Esbensen acccsplished this approximately by 

using, for small G, a dipole approximation for small k and a sum rule

for large k and for large G by using the sum rule. The small G

and large G regions were joined by constructing an expression which

matched both regions, giving [Es 78]

S(G) - <0|e1-*-|0>

2m v
1” (1 * [ T B -  I2)

where

♦ *(Gv) } (2.4.26)
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where JnQ(G) is a generalised dipole oscillator strength which satisfies 

a sum rule

I Jn0(G) - < 0 | e i ' * - | 0 >

and which tends to the dipole oscillator strength fnQ for G » o. For 

G - 0 ,  the expression ( 2 . 4 . 2 6 )  g i v e s  the random result ( 2 . 4 . 6 )  .



Certain difficulties arise Li the evaluation of this expression, 

especially as regards the dipole oscillator strength J^CG) ".d the 

transition frequencies % Q . For this reason, an approximation for 

was introduced [Es 78].

—  f_/><0|e1-*-10>
Z2

nO
(2.4.27)

which satisfies the sum rule, gives the correct random result, and is 

exact for electrons bound in a harmonic oscillator potential and initially 

in the ground state. Esbensen and Golovchenko then evaluated the sum in

(2.4.26) using the local density approximation for the oscillator strength 

distribution (equation (2.4.17)). The Fourier transforms of the charge 

density, <0|e^'E|o>, are given by kinematic X-ray scattering factors.

Esbensen and Golovchenko used the Lenz-Jensen model [Je 32] to 

define the electron density for the local density approximation. Thus

(2.4.26) may be written



a n d  F(G) i s  t h e  k i n e m a t i c  X - r a y  s t r u c t u r e  f a c t o r ,  w h ic h  t a k e s  a c c o u n t  

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

F o r  h i g h  v e l o c i t i e s ,  t h e  f u n c t i o n  * (G v)  becom e s  v e r y  s m a l l  f o r  

G „ and  t h e  s t o p p i n g  p o w e r  may b e  w r i t t e n  [E s  78]

dE 4irZ^e4 2m v2
 (b) -   N { Z2 In — 2—  (2.4.29)

dx '  m v 2 Ic
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BThis is valid for v »  Z> ---- where vD and a_ are the Bohr
G0a B B B

v e l o c i t y  and radius and 5q is the minimum non-zero transverse reciprocal

l a t t i c e  v e c t o r .

Esbensen and Golovchenko found good agreement of the theory with

stopping of a-particles in silicon <110> and <111> determined experimentally



by Eisen et al [Ei 72]. They do point out, however, that the model

(2.4.27] is likely to be rather crude at lower velocities; they ao not 

give any range of velocity over which (2.4.27) is expected to be valid.

2.4.5 F.nerpv Loss in " Periodic Electron Gas

As mentioned above, the stopping power of a spatially periodic 

electron gas is given bv equation (2.4.20) and may be written in the form,

for a gas of density n^ ,

dE
 (r)
dx v ITU)

1(G)

where KG)
d3k

-

dw Im (K(k,u,G)) 6 (w - k-y)

with K(k,ui,G) given by (2.4.21).

In the high velocity region, a sum rule may be applied in the 

approximate evaluation of the int.,,.1 1(G). Tne dielectric response of

non-metals (with application to diamond) has been examined by Johnson 

[jo 74] usin, the dielectric formation of Adler and Wiser [Ad 62. Wis 631

He found [Jo 74]



where (Gj is the valence electron X-ray structure factor, normalised 

so that (0) * 1, and e(x) is a unit vector in the direction of x.

From this a sum rule [Jo 74]

u> Im { e(k,w,G)} du w:F'(G) e(k) • e(k ♦ G)

follows from the principle of causality (for example, [Pin 63, Lin 64])

Similarly, it follows that

l im K (k ,w ,G ) 0,9

2

♦ ! £
ti)2

f ; cg) e ( k )  * 5 ( k  ♦ <?)

from which may be derived the sum rule

* -  t / F  (G) e ( k )  • e ( k  ♦ G)
2 P V * * *

( 2 . 4 . 3 0 )w Im ( K ( k , w , G ) } dw

B e c a u s e  r e c i p r o c a l  l a t t i c e  v e c t o r s  G p e r p e n d i c u l a r  t o  t h e  c h a n n e l  

a x i s  an d  t o  t h e  v e l o c i t y  v e c t o r  v  n e e d  o n l y  b e  c o n s i d e r e d ,



In  an  i s o t r o p i c  s y s t e m ,  K i s  i n d e p e n d e n t  o f  9 .  I n  t h e  p e r i o d i c  

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

v a r i a t i o n  o f  K w i t h  6 c a n  b e  i g n o r e d  i n  a  f i r s t  a p p r o x i m a t i o n  t o  o b t a i n ,  

a f t e r  i n t e g r a t i n g  o v e r  6 ,

2ir “  kv

1
1(G ) .  -

V

dk d*

k
todui Im{K(k,t i) ,G)} . ( 2 . 4 . 3 2 )

0 0

Now, c o n s i d e r i n g  ( 2 . 4 . 3 1 )  f o r  l a r g e  k ,  k i s  a p p r o x i m a t e l y  p a r a l l e l  t o  

v  an d  s i n e  = 0  s o  t h a t

COS l|/
/kZ ♦ G2

I n t e g r a t i n g  o v e r  $ g i v e s



• i k + G )

F i g u r e  2 . 7 :  S c h e m a t i c  r e p r e s e n t a t i o n  o f  q u a n t i t i e s  i n  e q u a t i o n  ( 2 . 4 . 3 1 )



For small %, k i s  approximately perpendicular to y and Si.n8» 1. Then

k ♦ G c o s  *
c o s  i(. -  , ■  r r : .

/  k2 + G2 ♦ 2kG c o s  $

T h i s  c a n  b e  i n t e g r a t e d  o v e r  * t o  y i e l d

c o s T  -  4 ( ^ - K ( g - ) + ^ - ( K ( j > ) - E ( ^ - ) )  f o r  j r  < 1

V
=■ ir ; k -► 0

w h e re  K and  E a r e  e l l i p t i c  f u n c t i o n s .  A s i m p l e  f u n c t i o n  t h a t  may b e  c h o s e n  

t o  j o i n  t h e  h i g h  k and  low k r e g i o n s  i s

  2 w k

c o , i '

T h en  ( 2 . 4 . 3 2 )  may b e  u s e d  w i t h  t h e  sura r u l e  ( 2 . 4 . 3 0 )  t o  g i v e ,  w i t h  

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



where “g " “p * Eg/f|2

A s e p a r a t i o n  i n t o  c l o s e  and  d i s t a n t  c o l l i s i o n s  c a n  b e  made i f  k c i s  

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



The r e s u l t s  o f  t h i s  a p p r o x i m a t e  t h e o r y  a r e  co m p a re d  i n  T a b l e  2 . 3  

w i t h  t h e  n u m e r i c a l l y  c a l c u l a t e d  v a l u e s  o f  D e s a iv o  and  R o sa  [Des 77] f o r

T a b l e  2 . 3

FOURIER COMPONENTS OF STOPPING NUMBER, L •  LR ♦ L g ,  FOR 

SILICON AS CALCULATED BY DESALVO AND ROSA AND FROM EQ 2 . 4 . 3 3

E n e rg y  (keV) G L [D es 77] L (e q n  2 . 4 . 3 3 )

100 ( 0 0 0 ) 2 .3 7 3 2 .5 1 1

100 (11 1} 0 . 3 5 5 0 . 3 5 9

100 {222} 0 .0 5 5 0 .0 4 2

2000 (000} 5 .6 2 2 5 . 5 0

200 0 {111} 0 . 9 0 6 0 .8 1 9

2000 {222} 0 . 1 3 9 0 .1 1 7

p r o t o n s  i n  s i l i c o n .  The r e s u l t s  a r e  f o u n d  t o  be  q u i t e  g o o d ,  c o n s i d e r i n g  

t h .  a p p r o x i m a t i o n s  . a d o ,  ov en  a t  100  keV . ( I t  may bo  n o t o d ,  t h a t  f o r  t h o  

rand om  2 M.V c a s e  (C •  ( 0 0 0 1 )  t h e  r e s u l t s  o f  D e s a lv o  and  R osa  a r e  a b o u t  

5 % a b o v e  t h o s e  o f  B r a n d t  and R e i n h e i m e r . )



The r e s u l t  ( 2 . 4 . 3 3 )  h a s  c e r t a i n  i n t e r e s t i n g  c o n s e q u e n c e s .  

A v e r a g i n g  o v e r  t h e  u n i t  c e l l  t o  d e t e r m i n e  t h e  random  e n e r g y  l o s s  l e a v e s  

o n l y  t h e  t e r m  G •  0 ,  g i v i n g

4irZ e 2m v 2
------------ n  In -----------

m v 2 e  flu,
e  g

w h ic h  i s ,  a s  i s  t o  b e  e x p e c t e d ,  j u s t  t h e  r e s u l t  t o r  t h e  e l e c t r o n  g a s  w i t h  

a  g a p ,  e q u a t i o n  ( 2 . 4 . 1 2 ) .  F o r  l a r g e  v »  G ( 2 . 4 . 3 3 )  r e d u c e s  t o

dE
-  —  ( r )

dx

T h i s  i s  c l e a r l y  r e l a t e d  t o  t h e  r e s u l t  ( 2 . 4 . 2 9 )  o f  E s b e n s c n  and  G o lo v c h e n k o ,  

an d  may be  s e e n  t o  g i v e  t h e  l a t t e r  on a p p l i c a t i o n  o f  t h e  l o c a l  d e n s i t y  

a p p r o x i m a t i o n .  The r e s u l t  ( 2 . 4 . 3 5 )  h a s  a l s o  b e e n  o b t a i n e d  f o r  t h e  

p e r i o d i c  e l e c t r o n  g a s  by  B uren k ov  an d  Komarov [Bun 7 9 ] .

A r e - a r r a n g e m e n t  o f  ( 2 . 4 . 3 5 )  g i v e s ,  w i t h  n^ •  ZyN,

4 ttZ^ e 4

me v

2m v 2

hw GfO

v_ v —< _ 2m v
" , [ 1" ♦ Z i  e 5 F f; (G) In - 2 -  ]

MG

( 2 . 4 . 3 5 )

- - )  -
dx  /  r a n



T h i s  g i v e s  t h e  r e s u l t  ( 2 . 4 . 1 8 )  o f  A p p l e t o n  e t  a l  [Ap 6 7 ] ,  t o g e t h e r  

w i t h  a  c o r r e c t i o n  t e r m  w h ic h  t a k e s  i n t o  a c c o u n t  t h e  v a r y i n g  g a s  d e n s i t y ;  

t h e  A p p l e t o n  e t  a l  r e s u l t  i s  v a l i d  i n  t h e  h i g h  v e l o c i t y  r e g i o n ,  w h e re  t h e  

c o r r e c t i o n  t e r m  c a n  be  n e g l e c t e d .  H ow ev er ,  t h e  s lo w  v a r i a t i o n  o f  t h e  

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

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

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

F i n a l l y ,  ( 2 . 4 . 3 5 )  may b e  w r i t t e n



w h ic h  i s  r e l a t e d  t o  an  e x p r e s s i o n  d e r i v e d  f ro m  ( 2 . 4 . 2 9 )  b y  E s b e n s e n  and 

G o lo v c h e n k o  [E s  7 8 ;  t h e i r  e q u a t i o n  2 4 ] .

The r e s u l t  ( 2 . 4 . 3 3 )  ( o r  ( 2 . 4 . 3 5 ) )  c a n  be  co m b in e d  w i t h  a  s u i t a b l e  

t r e a t m e n t  o f  c o r e  e l e c t r o n s  ( f o r  e x a m p l e ,  t h a t  o f  D e t tm a n n  [D e t  7 5 ] )  t o  

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

2 . 5  DECHANNELLING OF IONS

2 . 5 . 1  I n t r o d u c t i o n

I t  was p o i n t e d  o u t  b y  L in d h a r d  [ L i n  6 5 ]  t h a t  t h e  t r a n s v e r s e  

e n e r g y  o f  an  i o n  i s  n o t  s t r i c t l y  c o n s e r v e d .  T h i s  n o n  . - c o n s e r v a t i o n  c a n  

a r i s e  f ro m  s e v e r a l  s o u r c e s .  The f o r c e  s e e n  b y  an  i o n  m u s t  f l u c t u a t e  d u e  t o  

t h e r m a l  v i b r a t i o n s ;  t h i s  g i v e s  r i s e  t o  a  m u l t i p l e  s c a t t e r i n g  o f  t h e  io n  

away f ro m  t h e  o r b i t  i t  w o u ld  f o l l o w  i f  t h e r e  w e re  no  v i b r a t i o n s  a n d  t h u s  

t o  a n  i n c r e a s e  i n  t h e  t r a n s v e r s e  e n e r g y .  A s i m i l a r  i n c r e a s e  a r i s e s  from  

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

e f f e c t s  a r i s e  f ro m  t h e  f a c t  t h a t  t h e  s t r i n g  i s  made up  o f  a d i s c r e t e  

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

o f  d e f e c t s  i n  t h e  c r y s t a l .  A l l  t h e s e  l e a d ,  on  t h e  a v e r a g e ,  t o  an  i n c r e a s e  

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

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

i o n  o f  t r a n s v e r s e  e n e r g y  E1 l o s e s  e n e r g y  6E t h e n  t h e  t r a n s v e r s e

e n e r g y  w i l l  c h a n g e  b y  an  am oun t 6E1 ~ 6 E ^  [ L i n  6 5 ] .  L in d h a r d  [ L i n  65] 

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

A l l  t h e s e  e f f e c t s ,  o f  w h ic h  t h e  m u s t  i m p o r t a n t  i n  ' d e f e c t - f r e e '  

c r y s t a l s  a r e  m u l t i p l e  s c a t t e r i n g  b y  th e n -  J ’ /  v i b r a t i n g  a to m s  and  b y  

e l e c t r o n s ,  l e a d  t o  c h a n g e s  i n  t h e  t r a n s v e r s e  e n e r g y  o f  an  io n  a s  i t  p r o c e e d s



i n t o  a  c r y s t a l . I n  g e n e r a l ,  t h e  t r a n s v e r s e  e n e r g y  i n c r e a s e s ,  w i t h  t h e  

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

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

i o n  beam i s  s a i d  t o  become d e c h a n n e l l e d .

In  a  random  s y s t e m ,  m u l t i p l e  s c a t t e r i n g  o f  an  i o n  beam , o n  a  

p a t h l e n g t h  6z l e a d s  t o  a  m e a n - s q u a r e  f l u c t u a t i o n  i n  a n g l e  6 a 2 a b o u t  t h e  

i n i t i a l  d i r e c t i o n  [Boh 4 8 ] .  I f  t h e  s c a t t e r i n g  p r o c e s s e s  r e s u l t  i n  o n l y  

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

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

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

t h e  m e a n - s q u a r e  f l u c t u a t i o n  i n  a n g l e  g i v e s  r i s e  t o  a  mean f l u c t u a t i o n  i n  

t r a n s v e r s e  k i n e t i c  e n e r g y  SEfi2 a n d ,  h e n c e ,  a s  6z +  0 ,  a  mean f l u c t u a t i o n  

i n  t r a n s v e r s e  e n e r g y ,  6E1 . I n  t h e  ran d o m  s y s t e m ,  t h e  m u l t i p l e  s c a t t e r i n g  

w i l l  b e  i n d e p e n d e n t  o f  p o s i t i o n  a n d ,  t h u s ,  by ( 2 . 3 . 3 ) ,  i n d e p e n d e n t  o f  t h e  

t r a n s v e r s e  e n e r g y .

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

v a r y  '  , t b  p o s i t i o n ,  and  t h u s  t h e  mean c h a n g e  i n  t r a n s v e r s e  e n e r g y  w i t h  
dE,

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

p l a n e ,  w i l l  d e p e n d  on t h e  t r a n s v e r s e  e n e r g y .  The d i f f u s i o n  i n  t h e  a n g l e  

can  t h e n  become s m a l l  co m p ared  w i t h  t h e  c h a n g e  i n  t h e  a v e i u g e  d i r e c t i o n ,  

o r  t h e  s p r e a d  i n  t r a n s v e r s e  e n e r g y  s m a l l  co m p ared  w i t h  t n e  c h a n g e  i n  

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

[ L in  6 5 ] .

T h e s e  c r  s i d e r a t i o n s  l e a d  t o  two m o d e l s  o f  d e c h a n n e l l i n g ,  w i t h i n  

t h e  e q u i l i b r i u m  c o n t i n u u m  m o d e l ,  b o t h  o f  w h ic h  r e q u i r e  k n o w le d g e  o f  .



I n  t h e  f i r s t  and  m o re  g e n e r a l  m o de l  ( t h e  ' d i f f u s i o n  m o d e l '  [ L in  6 5 ,  Ap 6 7 ,  

Bod 7 2 ,  Bel 7 2 ] ) ,  t h e  d e c h a n n e l l i n g  i s  r e g a r d e d  a s  a d i f f u s i o n  p r o c e s s  

i n  t r a n s v e r s e  e n e r g y  s p a c e  ( o r  s o m e t im e s  t r a n s v e r s e  momentum s p a c e )  w i t h  

t h e  t r a n s v e r s e  e n e r g y  d i s t r i b u t i o n  b e i n g  g o v e r n e d  b y  a  F o k k e r - P l a n c k  

e q u a t i o n .  I n  t h e  s e c o n d ,  s i m p l e r  m od e l  ( t h e  ' s t e a d y  i n c r e a s e '  m odel  [ L i n  6 5 ,  

For. 7 1 ] ) ,  t h e  d i f f u s i o n  i s  n e g l e c t e d  a n d  t h e  t r a n s v e r s e  e n e r g y  o f  a 

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

. T h i s ,  i n  t u r n ,  g o v e r n s  t h e  c h a n g e  i n  d i s t r i b u t i o n  w i t h  d e p t h .

I n  b o t h  o f  t h e s e  m o d e l s ,  t h e  y i e l d  a t  a  g i v e n  d e p t h  c a n  t h e n  b e  o f - i n e d  

f ro m  e q u a t  i o n  ( 2 . 3 . 5 ) :

X ( z , * i n ) g ( E i» 'l,i n ' z  ̂ " ( E i )  d E i

T h e s e  tw o  m o d e l s ,  a n d  t h e  f u n c t i o n s  ^  f o r  t h e  tw o m am  

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

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

2 . 5 . 2  S c a t t e r i n g  b v  N u c l e i  an d  T h e r m a l l y V i b r a t i n g  Ate, s

I n  a  ran do m  s o l i d ,  t h e  m e a n - s q u a r e  f l u c t u a t i o n  i n  a n g l e  d u e  t o  

e l a s t i c  c o l l i s i o n s  w i t h  n u c l e i  ( ' n u c l e a r  c o l l i s i o n ' )  i '  B- a p p r o x i m a t e l y



w h e re  6En i s  t h e  e n e r g y  l o s t  i n  n u c l e a r  c o l l i s i o n  on  t h e  p a t h - l e n g t h  

6 z ,  a n d  NE^(E) i s  t h e  n u c l e a r  s t o p p i n g  p o w e r . ( T h i s  e x p i e s s i o n  c o n t a i n s  

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

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

f o r  t h e  m e a n t im e ,  b u t  t h i s  p o in *  w i l l  b e  c o n s i d e r e d  a g a i n  b e l o w . )

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

M2
5 1 7  -  E6fi2 -  —  N S (E) 5z

n Mt n

w h e re  5 1 7  i s  t h e  a v e r a g e  f l u c t u a t i o n  i n  t r a n s v e r s e  e n e r g y  on t h e  

p a t h l e n g t h  5z f o r  a  p a r t i c l e  w i t h  i n i t i a l  t r a n s v e r s e  e n e r g y  E ^ .

T h us  a  r a t e  o f  c h a n g e  o f  t r a n s v e r s e  e n e r g y  w i t h  d e p t h  may b e

d e f i n e d



w h e re  R i n d i c a t e s  t h a t  i t  i s  f c r  a  ran do m  s y s t e m .  I t  i s  c o n v e n i e n t  t o
2Ei

w r i t e  t h i s  i n  t e r m s  o f  t h e  r e d u c e d  t r a n s v e r s e  e n e r g y  = — -

A c h a n n e l l e d  i o n  w i l l  b e  s t e e r e d  away f ro m  a to m s  i n  t h e  c r y s t a l ,  

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

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

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

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

s c a t t e r e r s  a t  t h a t  p o i n t .  T h en  a  s q u a r e - w e l l  a p p r o x i m a t i o n  c a n  b e  d e f i n e d  

i n  w h ic h  i o n s  w i t h  E x s  EJ a r e  r e g a r d e d  a s  c h a n n e l l e d ,  w i t h  no  m u l t i p l e  

s c a t t e r i n g  and  t h o s e  w i t h  E x > E* a r e  r e g a r d e d  a s  t r a v e l l i n g  a t  r a n d o m ,  

when ( 2 . 5 . 2 a )  a p p l i e s .  A som ewhat b e t t e r  a p p r o x i m a t i o n  i s  g i v e n  b y  t a k i n g  

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

d i s t r i b u t i o n  ( 2 . 2 . 1 1 ) .  The s c a t t e r i n g  may t h e n  b e  a v e r a g e d  o v e r  t h e  

a c c e s s i b l e  a r e a  t o  g i v e  [K i 7 3 ,  Sc 75]

( 2 . 5 . 2 b )

( 2 . 5 . 3 )

w h e re  n ( e j  i s  g i v e n  b y  ( 2 . 3 . 1 3 )  a n d  n i n d i c a t e s  t h a t  t h e  s c a t t e r i n g  

i s  d u e  t o  n u c l e i .



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

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

b e  r e g a r d e d  a s  a  - . l o s e - e n c o u n t e r  p r o c e s s .  T hu s  ( 2 . 5 . 3 )  w i l l  u n d e r - e s t i m a t e  

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

d i s t a n c e  f ro m  t h e  s t r i n g ) .  L in d h a r d  [ L i n  65 ]  h a s  t r e a t e d  t h i s  l a t t e r  c a s e  

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

d
< ( S F ( r ) ) 2 > Sz

4E

w h e re  F ( r )  i s  t h e  t r a n s v e r s e  f o r c e  a t  r ,  F ( r )  -  -  g r a d  U ( r ) ,  an d  < . . . . >  

d e n o t e s  t h e  a v e r a g e  o v e r  t h e  a c c e s s i b l e  a r e a ,  e q u a t i o n  ( 2 . 3 . 3 ) ,  and  6 F ( i )  

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

t h a t  i s  ( s e e  F i g u r e  2 . 8 )

( 6 F ( r ) ) 2

2ir
f

d$

2 IT

d s 2
e ' [F2 ( r )

♦ F2 ( r  -  s )  -  2 F ( r )  • F ( r  -  s ) ]  . ( 2 . 5 . 4 )

L i n d h a r d  e x p a n d e d  t h i s  t o  f i r s t  o r d e r  i n  t o  o b t a i n  { L in  65]

,  U2 F2(r)
< ( 6 F ( r ) ) 2 > -  —  <   + F ' 2 ( r )

r 2



S i - U i  s c h - t u  r e p r e s e n t a t i o n  o f  e n t i t i e s  i n  e q u a t i o n



i  • : s

E x p a n s i o n s  t o  s e c o n d  o r d e r  h a v e  a l s o  b e e n  p e r f o r m e d  [Sc  7 5 ,  G ot 7 5 a ] .  

The e x p r e s s i o n s  c a n  be  e v a l u a t e d  i n  t h e  s i n g l e - s t r i n g  m o de l  ( 2 . 2 . 1 5 )  t o  

g i v e  [ L i n  6 5 ,  Sc 7 5 ,  Got 7 5 a ,  Cam 7 1 ,  B e l  72]

d c i  \  d c 1 x

  ) "  ) (Y1 * y2)
d z  / n  dz  / R

<k1
( 2 . 5 . 5 a )

w h e re  t h e  r e d u c t i o n  f a c t o r s  Y ^ t i )  ( f i r s t  o r d e r  e x p a n s i o n )  an d  ( c ^ )  

( s e c o n d  o r d e r  e x p a n s i o n )  a r e  g i v e n  b y

• t .

A ( t l ) 2Ln C2 a 2
[ ( A e £ l  ♦ 2 / 3 )  ( 1 -------------

A

-  (A ♦ 2 / 3 )  (1 -  1 / A ) 3 ] ( 2 . 5 . 5 b )

1 u .
Y2

A ( C l ) 2Ln C V *
[(A  e 2 C l -  2AeCl -  -  e ' Ci 

A

A2 A3
e ‘ 3E  ̂ -  —  e ‘ 4Ci > —  e ' 5El ) 

A4 5A5

-  (A2 -  2A -  4 /A  -  7 /A 2 ♦ 2 6 /A 3 -  24 /A 4 + 7 . 2 / A 5) ]

( 2 . 5 . 5 c )

w m

Mi



w h e re  L ■ I n  1 . 2 9 e  i s  t h e  l o g a r i t h m i c  t e r m  i n  ( 2 . 4 . 4 ) .  
n

dcx \
I f  o n l y  t h e  f i r s t  o r d e r  e x p a n s i o n  i s  u s e d ,  - —  may b e  w r i t t e n

d z  / n

[Bod 7 2 ,  B e l  7 2 j ,

— L \  ■ —  — . —  [ ( A e £ l  ♦ 2 / 3 )  (1 - --------------- - ) 3
d z  / n  A t t i ) 4z  A

-  (A * 2 / 3 )  (1 -  1 / A ) 3 ]

C2a 2 1
w h e re

irNd2*!̂

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

( i f  d i f f e r e n c e s  i n  A a r e  s m a l l ) ,  e n e r g i e s  a n d  t e m p e r a t u r e s .  W ith  t h e  

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

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

b u t  may s t i l l  be  u s e d  t o  s e t  t h e  a p p r o x i m a t e  s c a l e  f o r  t h e  ph en o m en a .

The e x p a n s i o n s  l e a d i n g  t o  ( 2 . 5 . 5 )  a r e  v a l i d  f o r  r  «  u^  , t h a t  i s ,  

( 2 . 5 . 5 )  i s  v a l i d  f o r  E x «  U ^ ( u ^ ) .  At h i g h  t r a n s v e r s e  e n e r g i e s ,  f o r  

e x a m p l e ,  f o r  t r a n s v e r s e  e n e r g i e s  g r e a t e r  t h a n  t h e  maximum v a l u e  o f  t h e  

t h e r m a l l y  m o d i f i e d  p o t e n t i a l  ( 2 . 2 . 1 2 )  [S c  7 5 ] ,  t h e  r a t e  o f  i n c r e a s e  o f  

t h e  t r a n s v e r s e  e n e r g y  w i t h  d e p t h  s h o u l d  t e n d  t o  t h e  random  v a l u e .

T he  random  v a l u e  ( 2 . 5 . 2 b ) ,  h o w e v e r ,  c o n t a i n s  c o n t r i b u t i o n s  from



l a r g e  a n g l e  s c a t t e r i n g  and  t h u s  o v e r e s t i m a t e s  t h e  d i f f u s i o n  [S c  7 5 ] .  

S c h i d t t  e t  a l  [S c  75] f o u n d ,  i n  t h e  c a s e  o f  t h e i r  c a l c u l a t i o n s  f o r  s i l i c o n ,  

t h a t  t h e  m e a n - s q u a r e  f l u c t u a t i o n  i n  a n g l e ,  a s  c a l c u l a t e d  f r c m  ( 2 . 5 . 1 ) ,  was 

a b o u t  two t o  t h r e e  t i m e s  l a r g e r  t h a n  t h e  G a u s s i a n  p a r t  ( d u e  t o  s m a l l  a n g l e  

m u l t i p l e  s c a t t e r i n g )  an d  t h e y ,  t h e r e f o r e ,  r e d u c e d  t h e  random  t e r m  by  t h i s  

a m o u n t .  T hey  f u r t h e r  s u g g e s t e d  t h a t  t h e  s i n g l e  s c a t t e r i n g  t e r m  ( t h a t  i s ,  

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

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

A s y s t e m a t i c  way i n  w h ic h  t h i s  p r o b l e m  may b e  t r e a t e d  i s  t o  

c o n s i d e r ,  i n  ( 2 . 5 . 1 )  o r  ( 2 . 5 . 2 ) ,  t h e  e n e r g y  l o s s  r e s t r i c t e d  t o  c o l l i s i o n s  

w i t h  s c a t t e r i n g  a n g l e  s m a l l e r  t h a n  some c u t - o f f  v a l u e  i|id . C o l l i s i o n s  w i t h  

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

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

t h e  random  b e a r . .  F o r  c h a n n e l l e d  i o n s ,  t h e  a n g u l a r  s c a l e  i s  s  :  b y  t h e  a n g l e  

tjil, a n d  i t  seem s r e a s o n a b l e  t o  t a k e  o f  t h i s  o r d e r .  A c o n v e n i e n t  c h o i c e

i s  * D ■ * i ,  an d  i t  t u r n s  o u t  t h a t  t h e  v a l u e  i s  n o t  c r i t i c a l . T hen  t h e  

n u c l e a r  s t o p p i n g - p o w e r  f o r  c o l l i s i o n s  w i t h  a n g l e s  l e s s  t h a n  t|/„ i s  g i v e n  by



U s in g  t h e  T h o m a s -F e rm i  a p p r o a c h ,  t h e  s t c p p i n g - p o w e r  b e c o m e s ,  w i t h  ( 2 . 4 .  

and  ( 2 . 4 . 1 )

t i

d t  x

dp /n , i )  n ' 1
(e)  ■ - f ( t * )  d t *

w h e re

T h i s  may b e  w r i t t e n

a
s„ y - ’

a

f ( t * )  d t*

t *

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

m o t i o n  i s

1
\

d z  / R , I Mi E*‘

d c i \  ,  M2 N ^  S ( t* )
2

n • (2

3)

5 . 6 )

T h i s  i s  a l s o ,  t y p i c a l l y ,  a  f a c t o r  o f  2 t o  3 s m a l l e r  t h a n  ( 2 . 5 . 2 ) .  F o r



1 MeV p r o t o n s  i n c i d e n t  on  d iam o n d  <110> a x i s ,  ( 2 . 5 . 6 ’j i s  s m a l l e r  t h a n  

( 2 . 5 . 2 )  b y  a  f a c t o r  o f  7 . 0 4 ;  d o u b l i n g  o r  h a l v i n g  l e a d s  t o  a  c h a n g e  i n  

t h e  v a l u e  g i v e n  b y  ( 2 . 5 . 6 )  o f  a b o u t  25 %.

W ith  t h i s  v a l u e  f o r  t h e  random  s c a t t e r i n g ,  an d  w i t h  ( 2 . 5 . 5 )  p r o v i d i n g  

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

v e r s e  e n e r g i e s  c a n  b e  fo u n d  b y  b r i d g i n g  t h e  gi.p S c h i d t t  e t  a l  [S c  75) 

h a v e  p r o p o s e d  an  e x p r e s s i o n ,  b a s e d  on t h e  s e r i e s  e x p a n s i o n  ( 2 . 5 . 5 )  a n d  w h ic h  

g a v e  goo d  r e s u l t s  i n  a  n um b er  o f  c r y s t a l s  [Red 7 5 ) .  T h i s  i s

w h e re  k ■ 1 .  T h i s  e x p r e s s i o n  was a p p l i e d  f o r  a l l  v a l u e s  o f  b e lo w  t h e  

v a l u e  f o r  w h ic h

The a p p l i c a t i o n  o f  t h i s  t o  f ' a m o n d  i s  c o n s i d e r e d  i n  C h a p t e r  5 .

f ! i )  Y . f ! i )
d z  / R  d z  '  R.I

2 . 5 . 3  S c a t t e r i n g  by  E l e c t r o n s

F o r  rand om  m o t io n  i n  m a t t e r  c o n t a i n i n g  e l e c t r o n s ,  t h e  m e a n - s q u a r e



f  /

7
,/ -j'" *\ »



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

a p p r o x i m a t i o n .

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

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

d e p t h ,  d u e  t o  e l e c t r o n s ,  b eco m e s  [ L i n  65 ]

f i )  -  c S.
d z  I t  Mi

. h e r e   ..............  r e p r e s e n t ,  t h .  e v e r . , i n ,  o v e r  t h e  a c c e s s i b l e  . . . . .  « " d  e t r t

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

t h .  s t r i n g .  W i th  a n  e l e c t r o n  d e n s i t y  o b t . i n e d  f ro m  t h .  s t r i n g  p o t e n t i a l  

b y  a p p l y i n g  P o i s s o n ' s  e q v o t i o n ,  t h i s  b eco m e s  t u n  6 5 ,  Bod 7 . ,  B el 7 . ]

.  L  ( 1 -  —
dz I t  Z ,  A

( 2 . 5 . 8 )

( w i t h  c  ■ i ) ,  w h e re



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

NZ„

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

i s  t o o  s m a l l  f o r  s m a l l  c 1 , a s  i t  u s e s  a  mean i o n i z r t i o n  p o t e n t i a l  an d  d o e s

n o t  t a k e  i n t o  a c c o u n t  t h e  r e d u c t i o n  i n  i o n i z a t i o n  f o r  t i g h t l y  bo un d

e l e c t r o n s  [Bj 7 2 ] .  An e l e c t r o n  g a s  m odel h a s ,  t h e r e f o r e ,  b e e n  s u g g e s t e d ,
'

i n  w h ic h  t h e  t  asmon f r e q u e n c y ,  w ^, d e p e n d s  on t h e  l o c a l  e l e c t r o n  d e n s i t y

[Bj 7 2 ,  Bod 7 2 ] .  

s t a n d a r d  p o t e n t i a .  

o b t a i n e d

t h e  e l e c t r o n  d e n s i t y  o b t a i n e d  from  t h e  L in d h a r d  

> e  s i n g l e - s t r i n g  m o d e l ,  B o n d e ru p  e t  a l  [Bod 72]

til.) .  1
dz  / e  Z.

(1
1 e ^

[1 - —  In (1 -    ) j , ( 2 . 5 . 1 0 )
L A

T h e s e  e x p r e s s i o n s  ( ( 2 . 5 . 8 )  and  ( 2 . 5 . 1 0 ) )  d e p e n d  on t h e  s t r i c t  e q u i -  

p a r t i t i o n  o f  c l o s e  and  d i s t a n t  c o l l i s i o n s  ( t h a t  i s ,  c  ■ 4 ) ,  w h ic h  d o e s  n o t  

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

( e q u a t i o n  2 . 2 . 7 )  i s  i g n o r e d ,  an d  t h e  u s e  o f  t h e  s t a n d a r d  L i n d h a r d  p o t e n t i a l  

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

o f  M  [S c  7 5 ] .  C o r r e c t i o n s  t o  t a k e  i n t o  a c c o u n t  t h e s e  l a s t  two p r o b l e m s



„ „  d i s c „ , s «d  b y  S c h K t t  e t  a l  [S= 7 S ] . H c v e r ,  an  a p p r o a c h  b a a a d  on 

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

a s ,  f o r  i n s t a n c e ,  i n  e q u a t i o n  ( 2 . 4 . 3 4 1  s e e . s  t o  o f f e r  t h e  b e s t  e s t i m a t e  

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

m e n t s ,  t i e  c o n t r i b u t i o n  o f  r e s o n a n c e  ( d i s t a n t )  c o l l i s i o n ,  i s  n e g l e c t e d ,  

b u t  e q u i p a r t i t i o n  i s  n o t  d e m a n d e d ,  w h ic h  c a n  l e a d  t o  an  i n c r e a s e  i n  t h e  

ran do m  m u l t i p l e  s c a t t e r i n g  o f  20 3 t o  4 0  3 .  A l s o ,  a  r e a l i s t i c  e l e c t r o n  

d e n s i t y  c a n  be  i n c o r p o r a t e d  i n t o  t h e  t h e o r y  t h r o u g h  t h e  u s e  o f  X - r a y  

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

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

p a r t i c l e  an d  r e s o n a n c e  c o l l i s i o n s .

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



w h e r e  dE \ i s  t h e  s i n g l e  p a r t i c l e  s t o p p i n g  pow er a t  t h e  p o s i t i o n
d z   ̂S |  min

o f  t h e  p o t e n t i a l  minimum.

E q u a t i o n  ( 2 . 5 . 1 1 )  c a n ,  i n  g e n e r a l ,  b e  e v a l u a t e d  n u m e r i c a l l y  u s i n g  

t h e  many s t r i n g  m o d e l .  H ow ever ,  — ) e  o n l y  v a r i e s  by  a  f a c t o r  o f  ~2 

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

E i  * 0  t o  a  c o n s t a n t  v a l u e  f o r  E A > Ei|)^.

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

^  ^  on  El seem  o u t  o f  p l a c e  i n  a t r e a t m e n t  w h ic h  m u s t ,  o f  n e c e s s i t y ,

c o n t a i n  many a p p r o x i m a t i o n s ,  e s p e c i a l l y  a s  t h e  c a l c u l a t e d  y i e l d s  do n o t

d e p e n d  t o o  much on  how t h e  r e g i o n s  E ,  * 0 an d  E ,  ~  E * j  a r e  j o i n e d ,

b e c a u s e  o f  t h e  5 l o «  i n c r e a s j  o f  ^ - | e  - i t h  . . .  The f u n c t i o n

c a n  b e  e x p e c t e d  t o  v a r y  i n  t h e  s a » =  g e n e r a l  f a s h i o n  a s  ( 2 . 5 . 8 )  a n d  ( 2 . 5 . 1 0 ) ,

d e i  \
w h ic h  s u g g e s t s  a s  a n  a p p r o x i m a t i o n  t o r  - j —  je



a n d  w h e re  z , ,  a s  o b t a i n e d  f rom  ( 2 . 5 . 9 ) ,  h a s  b e e n  r e t a i n e d  a s  a  s t a n d a r d  

l e n g t h  c l * c r i “t e r i s t i c  o f  t h e  s c a t t e r i n g .  The v a l u e s  o f  ) e  f o r

E l  -  0  an d  c ,  *  «  may b e  o b t a i n e d  f ro m  ( 2 . 5 . 1 2 )  an d  f ro m  t h e  random

T h i s  e x p r e s s i o n  c l e a r l y  c o n t a i n s  ( 2 . 5 . 8 )  ( t h a t  i s ,  s r  ■ 1 ,  s c 

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

t h e  e x p r e s s i o n  ( 2 . 5 . 1 0 ) .  I t  m ay ,  t h e r e f o r e ,  oe e x p e c t e d  t o  g i v e  a 

r e a s o n a b l e  a p p r o x i m a t i o n  t o  e q u a t i o n  ( 2 . 5 . 1 1 ) .  The  e x p r e s s i o n  h a s  b e e n  

a p p l i e d  t o  t h e  c a s e  o f  d iam o n d  i n  t h i s  w o rk .  T h e  a p p l i c a t i o n  o f  t h i s  

f u n c t i o n  i s  d i s c u s s e d  f u r t h e r  i n  C h a p t e r  5 .

2 . 5 . 4  Damping

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

e n e r g y  l o s s  o f  t h e  i o n .  I n  a p a t h l e n g t h  dz  a  l o s s  o f  e n e r g y  <iF w i l l  

l e a d  t o  a  r e d u c t i o n  i n  t r a n s v e r s e  e n e r g y  [Bj 7 2 ] :

dEi  dE
  ( r )  * -  —  *
dz  dz

w h e re E 1 -  E*2 + U ( r )



Averaging t h i s  ovei the access ib le  area leads to [Bj 72]

w h e re  0 * 0 . 5  and  < j p  > i s  t h e  e l e c t r o n i c  e n e r g y  l o s s  a v e r a g e d  o v e r  

A ( E J .  S i n c e  t h i s  t e r m  h a s  a  r e l a t i v e l y  s m a l l  e f f e c t  on  t h e  d e c h a n n e l l i n g  

[B j 7 2 ] ,  a  r e l a t i v e l y  c r u d e  a p p r o x i m a t i o n  i s  j u s t i f i e d  an d  < "jf- > may be  

r e p r e s e n t e d  i n  a  m an n e r  s i m i l a r  t o  e q u a t i o n  ( 2 . 5 . 1 3 )

dE dE e " Ei

d z  dz a

w h e re  a  i s  a  c o n s t a n t  a d j u s t e d  t o  f i t  t h e  minimum e n e r g y  l o s s  a t  t h e  

c h a n n e l  c e n t r e .

2 . 5 . 5  S t e a d y  I n c r e a s e  Model o f  D e c h a n n e l l i n g
d c i

I f  t h e  r a t e  o f  c h a n g e  o f  t r a n s v e r s e  e n e r g y  w i t h  d e p t h ,  - j p "  » 

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

t r a n s v e r s e  e n e r g y  w i l l  b e  much s m a l l e r  t h a n  t h e  n e t t  c h a n g e  i n  t r a n s v e r s e  

e n e r g y ,  a l o n g  some p a t h l e n g t h  6z [ L i n  6 5 j . In  t h i s  c a s e ,  t h e  d i f f u s i o n  

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

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

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

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

i n c r e a s e s  r a p i d l y  i n  t h e  r e g i o n  E x t  Eil  ̂ . F o r  t h i s  r e a s o n , t h e  s t e a d y



i n c r e a s e  m o d e l  [ F o t  7 1 ,  Bj 7 2 ,  Gr 7 7 ]  h a s  b e e n  a p p l i e d  t o  d e c h a n n e l l i n g  

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

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

(T h e  i n c l u s i o n  o f  a  d am p in g  t e r m  i s  c o n s i d e r e d  by  B j t i r k v i s t  e t  a l  [Bj 7 2 ] ;  

i t s  e f f e c t  i s  f o u n d  t o  b e  s m a l l . )

The t r a n s v e r s e  e n e r g y  o f  an  i o n  w i t h  i n i t i a l  t r a n s v e r s e  e n e r g y  Ei0  

w i l l  i n c r e a s e  a c c o r d i n g  t o  ( 2 . 5 . 1 4 )  u n t i l ,  a t  a  d e p t h  z * ,  t h e  t r a n s v e r s e  

e n e r g y  i s  E* ant, t h e  i o n  i s  c o n s i d e r e d  t o  b e  d e c h a n n e l l e d  i n t o  t h e  random  

beam  ( t h a t  i s ,  t h e  s q u a r e - w e l l  a p p r o x i m a t i o n  ( 2 . 3 . 1 1 )  i s  a p p l i e d )  [ F o t  7 1 ] .  

T he  f u n c t i o n  ( 2 . 5 . 1 4 )  i n c r e a s e s  m o n o t o n i c a l l y  and  t h u s  an  i o n  w i t h  

E ,  > E ,o  w i l l  d e c h a n n e l  a t  a  d e p t h  o f  z < z* . The  y i e l d  a t  z i s



Exo * Ej-oCz*) .

The d e p t h  z* i t  d e t e r m i n e d  b y  [ F o t  71]

e :

zw(Ei 0 ) d E i  .

Exo

( 2 . 5 . 1 6 )

The y i e l d  a t  any  d e p t h  z *  may t h u s  b e  fo u n d  f ro m  G (E i 0 ) and  

E x o U * ) .  d e f i n e d  i m p l i c i t l y  b y  ( 2 . 5 . 1 6 ) .  The  f u n c t i o n s  ( 2 . 5 . 1 5 )  an d

( 2 . 5 . 1 6 )  may b e  e a s i l y  co m p u ted  b y  n u m e r i c a l  i n t e g r a t i o n ,  and  t h e  y i e l d

X (z )  -  G(Exo(z) )

d e t e r m i n e d  m o s t  c o n v e n i e n t l y  b y  g r a p h i c a l  s o l u t i o n  o f  z *  (E 1q) "  z>

2 . 5 . 6  D i f f u s i o n  M jde l  o f  A x i a l  D e c h a n n e l l i n g

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

e q u i l i b r i u m  m odel  i s  g i v e n  b y  t h e  d i f f u s i o n  m odel [ L in  6 5 ,  Bod 7 2 ,  Bel 7 2 ] .

I n  t h i s  a p p r o a c h ,  t h e  m o t io n  o f  i o n s  t o  h i g h a r  t r a n s v e r s e  e n e r g i e s  i s  

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

s c a t t e r i n g  t h r o u g h  t h e  f u n c t i o n  ( 2 . 5 . 1 4 ) .



1 0 7

From an  a p p r o a c h  b a s e d  on t h e  k i n e t i c  e q u a t i o n  f o r  t r a n s v e r s e  

m o t i o n ,  t h e  f o l l o w i n g  F o k k e r - P l a n c k - l i k e  e q u a t i o n  ( t h e  ' d i f f u s i o n  e q u a t i o n ' )  

h a s  b e e n  d e r i v e d  [Bod 7 2 ,  Bel 7 2 ,  Sc 75]

SfCri.z)

3z

1 3 rl[AUJDfeJ ------------ ]
A(ci ) aci 3 c ,

3 d c ,  \
  [A (c ,  ) f ( E l , z )   J J
3 c ,  dz  /  damp

( 2 . 5 . 1 7 )

w h e re
S ( e ,  , z )  

A ( c , )

a n d  w h e re  t h e  d i f f u s i o n  f u n c t i o n  D ( c , )  i s  g i v e n  b y  [Bod 72] I

d c .
  -  --------    [ A ( c J D ( c J ]
dz A (cJ  dc.

( 2 . 5 . 1 8 a )

w i t h  D (0)  -  0 .  Thus

D ( e , )
A ( c , ,

d c ,
A ( c [ )    ( c l )  d c ;  .

dz
( 2 . 5 . 1 8 b )

dc.
H e re  i s  g i v e n  by  e q u a t i o n  ( 2 . 5 . 1 5 )  a n d  - j ~ -  )

^ E,  1 i s  t h e  rate o f
damp



c h a n g e  o f  t r a n s v e r s e  en e rf -y  due  t o  d a m p in g  o f  t h e  t r a n s v e r s e  m o t i o n .

I h e  e f f e c t  o f  t h e  d am ping  t e r m  i s  s m a l l  [B j 7 2 ,  Sc 75 ]  a n d  i t  may o f t e n  

b e  n e g l e c t e d ,  t o  g i v e

1 1 3 f
----- [ A ( t 1 ) D ( c 1) -----

A ( « * ) 3Ci 3*1

32 f d c A 3 f
D ( c J

# e f dz  3c^

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

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

y i e l d s .  T h en  A ( c J  * 1 an d  ( 2 . 5 . 1 9 )  r e d u c e s  t o  [Bod 72]

3 g ( c A, z )  3 2g d e ,  3g
--  ■ D ( c J  — -  ♦ —  ' —

3z 3 c l  d z  3 c i

( 2 . 5 . 2 0 )

w i t h D ( E j   ( « D

T h e s e  e q u a t i o n s  m u s t , i n  g e n e r a l ,  b e  s o l v e d  n u m e r i c a l l y  f o r  g ( E i )  

an d  t h e  y i e l d  c a n  t h e n  be  d e t e r m i n e d  fro m



T he  n u m e r i c a l  . s o l u t i o n  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  5 .

S im p le  s o l u t i o n s  t o  e q u a t i o n  ( 2 . 5 . 2 0 )  h a v e  a p p e a r e d  i n  v a r i o u s  

g u i s e s  i n  t h e  l i t e r a t u r e .  S u p p o se  t h a t  t h e  m u l t i p l e  s c a t t e r i n g  i s  

i n d e p e n d e n t  o f  p o s i t i o n .  Then i t  may b e  w r i t t e n  i n  t h e  form

* 2
SO2 •  —  6z ( 2 . 5 . 2 1 a )

ZD

w h e re  i s  t h e  d i s t a n c e  i n  w h ic h  <02 b ecom es  e q u a l  t o  * 2 . Then

d e 1 2
—  * —-  t ( 2 . 5 . 2 1 b )
dz  z -

W ith  t h i s ,  e q u a t i o n  ( 2 . 5 . 2 0 )  may b e  s o l v e d  u s i n g  L a p l a c e  t r a n s f o r m s  t o  

g i v e ,  w i t h  a n  i n i t i a l  t r a n s v e r s e  e n e r g y  d i s t r i b u t i o n  g ( c 1 , 0 )  -  6 ( 0 ) ,

. £i2D  
,  ,  ZD 2z

g f . t i . z )  ■ —  e 
2z

U s in g  t h e  s q u a r e - w e l l  a p p r o x i m a t i o n  t o  t h e  r e a c t i o n  f u n c t i o n



This equation has been derived by Ellegaard and Lassen [ e l l  67] by a 

simpler route from equation (2 .5 .2 1 a )  (and a ls o  using  -} ■ E i^ ) ;  t h e ir  

approach has sometimes been considered d i s t i n c t  .’rom the d i f f u s io n  approach 

[Ge 7 4 ] .  Equation (2 .5 .2 2 )  p r e d ic t s  x(0) ■ 0, and th ere fo re  Ellegarvo and 

Lassen incorporated the measured x(0) ■ xmin and wrote [E ll  67]

X (« )  -  XB in  * (1 -  xm ln ) e x p  { -  - £  } .

They obtained a good f i t  to  t h e ir  experimental measurements '  5 MeV protons  

dechannelling  in bismuth by varying zD; reasonable va lues  o f  the f i t t i n g  

parameter were obta ined . This approach was extended by Fujimoto e t  s i  

[Fu 71 a ,b] who allowed some i n i t i a l  spread in the tran sverse  energy 

d is t r ib u t io n  and obtained [Fu 71 a,b]



■ *min * (1 -  * m in )  CXP < --------- —  )  .
z + Az

Both zD and Az were regarded as f i t t i n g  parameters and good f i t s  were 

obtained with experimental measurements o f  the dechannelling  o f  protons  

xn s i l i c o n  fFu 71a] and germanium [Fu 72] .  R ecently ,  Kitagawa [Ki 76] 

attempted to  r e l a t e  t h i s  approach to the general d i f f u s io n  approach, by 

determining zD from an average o f  the general (CJ  over the

channelled ' region o f  tran sverse  energy space, c A ? c j  .

Because o f  t h i s  in t e r e s t  in simple s o lu t io n s  o f  equation ( 2 .5 .2 0 ) ,  

u sin g  ( 2 .5 .2 1 b ) ,  i t  i s  o f  in t e r e s t  to  note that  the equation can be solved  

usin  the tran sverse  energy d i s t r ib u t io n  for  the s i n g le - s t r in g  model, which 

in  th e  absence o f  beam divergence and for  *1r -  0, may be w r it te n ,  from 

( 2 .3 .9 )

AeCA
8 U i , 0 )  -  (A -  1 ) ---------------------

(AeCl -  1)2 ‘

Because 2 j —  < 1 th is  may be expanded as

8 ( ^ , 0 )  ■ (A -  1) ^  ~  e - n £ i ( ( 2 . 5 . 2 3 )

n-1 A

E q u a t i o n  ( 2 . 5 . 2 0 )  com b ined  w i t h  ( 2 . 5 . 2 1 b )  may b e  w r i t t e n



where the fa c to r  -y- has been absorbed in  the depth s c a le ,  that i s ,  z i s
Zt)

measured in  u n i t s  o f  - y  . This equation may be so lved  using  Lap'ace t r a n s ­

forms and the  i n i t i a l  d is t r ib u t io n  ( 2 .5 .2 3 ) ;  on 'y  one term o f  (2 .5 .2 5 )  need 

be considered owing to  the  l i n e a r i t y  o f  the transform. Thus, introducing  

th e  two-dimens4,'nel transform

g ( n , s ) g ( c 1 ,z )  e*Eln " sz d e i  dz

equation ( 2 .5 .2 4 )  becomes, with g ( c 1,0 )  ■ e nEl

d g (n .s )
+ ( s +  n )g (n ,s )  ■ ---------

di) n ♦ n

which has the  s o lu t io n ,

g ( n ,s )  -
1 1

Ei (s ( — ♦ -  ) "I
nn

where



Applying the  inverse transform g iv e s

Rc,

g U i . z )  -

Restoring the  e x p l i c i t  dependence on z ^ / t ,  the tran sverse  energy  

d is t r ib u t io n  at depth z i s

g ( c i , z )  -  (A-l) ^  i -
^ .11

n-1 A 2nz * ZD

-!!!£ —  exp { - ■n2DEi }
2nz ♦ zr

and t h e  y i e l d ,  w i t h  t h e  s q u a r e - w e l l  a p p r o x i m a t i o n ,  i s

x(z)
n - l

e x p  { -  } .
2nz > z_

( 2 . 5 . 2 5 )

T h i s  e q u o t M r  : i  a p p l i c a b l e  a t  s m a l l  d e p t h s  w h e re  ( 2 . 5 . 2 0 )  a p p l i e s .  

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

t h e  r e g i o n  Ct -  e %  an d  a  d i f f u s i o n  c o n s t a n t ,  z ^ ,  w h ic h  a p p l i e s  i n  

t h i s  c a s e  i s  s o u g h t .  The a v e r a g e d  v a l u e  o f  K i tag a w a  { K i t  76] may be  u s e d ;  

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



1 1 4 .

. 0 4 .  Ca« ,

- . 1 1  a p p 4 . x i m . t i o n  may b ,  , p p l i M  t o  ( 2 . 5 . 1 9 )  f . ,  ,  .  0> t | ] e

r e s u l t ,  a f t e r  i n t e g r a t i o n  by  p a r t s

3 f  \
A (e * ) D ( E; )  ------)

3 ei  A i - c ;

d ( e ; )

3e i  /  Ei " C j

. i n c .  * ( . . )  ,  1 . T h i s  . 1 = 0  h o l d s  fo(2 . 5 . 2 4 ) .  T h u s ,  f o r  s m . l l  d . p t h s ,  

ZD c a n  b e  d e t e r m i n e d  by

1

Z-
d ( e D

2 = ! ( 2 . 5 . 2 6 )

» h . 4 .  D ( , . )  i ,  d e t e n n i n e d  f ro m  e q u a t i o n  ( 2 . 5 . 1 8 ) .  Thus ( 2 . 5 . 2 5 ) ,  „ , h  

( 2 . 5 . 2 6 ) ,  i s  . x p . c t , d  t o  h e  a  pood  a p p T o x im a t io h  f o r t h ,  y i . l d  a s  ,  f u m . t l o n

d e P t h '  d e P t h S - « - n i c . .  s o l u t i o n  o f  t h .  d i f f u s i o n

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

A n o t h e r  v e r s i o n  o f  a  d i f f u s i o n  e q u a t i o n  h a s  b e e n  g i v e n  by  X i t a g a u ,

0 h t 5 U k i  11:11 731 • « t h  t h i s  e q u a t i o n  a r e  n o t  i n
a g r e e m e n t  w i t h  e x p e r i m e n t  fOm 77] ,



2 . 5 . 7  D e c h a n n e l l i n g  by  D e f e c t s

I f  d e f e c t s  a r e  p r e s e n t  i n  t h e  c r y s t a l  ( t o r  e x a m p l e ,  a to m s  d i s p l a c e d  

b y  r a d i a t i o n  d am ag e ,  d i s l o c a t i o n s  o r  s t a c k i n g  f a u l t s ,  e t c )  t h e s e  w i l l  

s c a t t e r  i o n s  and  l e a d  t o  an  i n c r e a s e  i n  y i e l d .  The d i s t r i b u t i o n  o f  d e f e c t s  

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

s q u a r e - w e 11 a p p r o x i m a t i o n  i s  u s e d .  I n  t n i s  a p p r o x i m a t i o n ,  t h e  p o r t i o n  o f  

t h e  beam w i t h  e 1 (  e* may b e  r e g a r d e d  a s  c h a n n e l l e d ,  and  t h a t  w i t h  

e i  > E* a s  ran d o m .  T h e r e  a r e  t h e n  tw o c o n t r i b u t i o n s  t o  t h e  d e c h a n n e l l e d  

y i e l d :  a c o n t r i b u t i o n  x RU )  f ro m  t h e  ran do m  p o r t i o n  o f  t h e  beam , w h ich

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

t ,  a n d  a  c o n t r i b u t i o n  f ro m  d i r e c t  s c a t t e r i n g  from  t h e  d e f e c t s  a t  d e p t h  z .

I f  n D( z )  i s  t h e  p r o b a b i l i t y  o f  b a c k - s c a t t e r i n g  o f  a  ran d o m  beam from  

t h e  d e f e c t s  a t  t ,  t h e  t o t a l  y i e l d  a t  z b eco m e s  [B^g 6 7 ]

XT ( z )  * XR( z )  ♦ (1 * XR( z ) )  n [) (z ) • ( 2 . 5 . 2 7 )

E x te n d e d  d e f e c t s  s u c h  a s  d i s l o c a t i o n  h a v e  a  l a r g e  d e c h a n n e l l i n g  e f f e c t  

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

XT ( z )  ■ XR Cz) .

T he  random  y i e l d  X r ( z )  c o n t a i n s  c o n t r i b u t i o n s  f ro m  t h e  beam d e c h a n n e l l e d  

b y  t h e  d e f e c t s  up  t o  d e p t h  z ,  a n d  t h e  m a in  p ro b le m  o f  t h e  t h e o r y  i s  t o  

p r e d i c t  XR ( z ) .  The y i e l d  a t  d e p t h  z i n  a  p e r f e c t  c r y s t a l ,  Xp ( z ) ,  i s

u s u a l l y  a s s u m e d  known. T h re e  m o d e l s  a r e  u s e d  [Beh 7 6 ] :  a  s i n g l e  s c a t t e r i n g

m od e l  [B^g 67 ]  w h ic h  a p p l i e s  f o r  s m a l l  d e f e c t  c o n c e n t r a t i o n s ,  a  m u l t i p l e



s c a t t e r i n g  m odel  [Bdg 6 7 ,  Fr 7QJ w h ic h  a p p l i e s  f o r  l a r g e  c o n c e n t r a t i o n s  

o f  r a n d o m ly  d i s p l a c e d  a t c r . s , z a n d  a  p l u r a l  s c a t t e r i n g  m odel [Wes 70] w h ic h  

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

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

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

The s i n g l e  s c a t t e r i n g  m odel may b e  a p p l i e d  t o  c a s e s  i n  w h ic h  t h e  

c o n c e n t r a t i o n  o f  d i s p l a c e d  a to m s  i s  s m a l l ,  o r  i n  w h ic h  t h e  s c a t t e r i n g  c r o s s -  

s e c t i o n  i s  l a r g e  ( t h a t  i s ,  l a r g e r  t h a n  t h e  ' a r e a ' ,  1 /N d ,  o f  a  c h a n n e l )  and  

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

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

d e c h a n n e l l e d ,  S u p p o s e  t h a t  t h e  c o n c e n t r a t i o n  o f  d e f e c t s  i s  n D( z )  and  t h e  

c r o s s - s e c t i o n  f o r  s c a t t e r i n g  t h r o u g h  a n g l e s  l a r g e r  t h a r  i s  Op. Then

t h e  f r a c t i o n  o f  t h e  beam t h a t  h a s  b e e n  s c a t t e r e d  a t  d e p t h  z i s  [B<ig 67]

Pq ( z )  -  1 -  e x p  { -

and  t h u s ,  f ro m  ( 2 . 5 . 2 7 )  a p p l i e d  t o  xp ,

n D( z ) o  dz  }

x R ( z )  * ^  z )  * (1 -  X p ( z ) )  P g ( z )

In  t h e  m u l t i p l e  and  p l u r a l  s c a t t e r i n g  m o d e l s  [B«Sg 6 7 ,  F e l  7 0 ,  Wes 7U], 

t h e  c h a n n e l l e d  p o r t i o n  o f  t h e  beam i s  a s su m e d  t o  b e  s p r e a d  i n  a n g l e  fro m  an 

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

m u l t i p l e  s c a t t e r i n g  d i s t r i b u t i o n  a t  d e p t h  z i s  f (1(1, 2 ) ,  t h e  f r a c t i o n  o f  

t h a t  h a s  b e e n  s c a t t e r e d  b ey o n d  and  i s  d e c h a n n e l l e d  i s  [B4g 67]

ill d ill f ( i | ) , z )

an d  t h e  y i e l d  a t  z i s  t h u s

XR ( z )  -  xp ( z )  ♦ (1 -  xp ( z ) )  PM(z )

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

u s e d  f o r  f ( * , z ) ,  w h ic h  i s  a  f u n c t i o n  o f

n D( z )  d z  .

I

The m u l t i p l e  s c a t t e r i n g  m odel a s s u m e s  a  G a u s s i a n  d i s t r i b u t i o n  w i t h  a 

m e a n - s q u a r e  d e v i a t i o n  i n  a n g l e  i n t e g r a t e d  fro m  e q u a t i o n  ( 2 . 5 . 1 ) .  T hus  

[Beh 76]

ex p  {
fi2 ( z )



T h i s  n e g l e c t s  t h e  c o n t r i b u t i o n  o f  s i n g l e  s c a t t e r i n g  t o  t h e  t a i l  o f  t h e  

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

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

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

s u c h  a s  t h a t  o f  M eyer  [Mey 7 1 ,  S i  7 4 ] .

B o th  o f  t h e s e  l a t t e r  m o d e l s  s u f f e r  f ro m  t h e  d e f e c t  t h a t  t h e  

s p r e a d  i n  t r a n s v e r s e  e n e r g i e s  i s  n e g l e c t e d ,  an d  t h e  c h a n n e l l e d  beam i s  

c o n s i d e r e d  t o  b e  s p r e a d  o n l y  by  t h e  d e f e c t s .  The d e c h a n n e l l e d  f r a c t i o n  o f  

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

A b e t t e r  a p p r o x i m a t i o n  may b e  t o  a '* um e  ( i n  t h e  m u l t i p l e  s c a t t e r i n g  m o d e l )

x R ( z ) exp  { -
fi2 ( z )  + f i n ( z )

w h e re Xp ( z ) ex p , . A
n £ ( z )

d e f i n e s  t h e  f u n c t i o n  a £ ( z ) .  T h i s  t r e a t s  t h e  d i f f u s i o n  i n  t h e  p e r f e c t  and 

d am aged  c r y s t a l s  on  t h e  same b a s i s ,  a l t h o u g h  i t  i n  e f f e c t  a s s u m e s  a  c o n s t a n t  

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

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

The b e s t  way o f  d e s c r i b i n g  t h e  s c a t t e r i n g  e f f e c t s  o f  d e f e c t s  i s  t o  

i n c l u d e  th em  i n  t h e  d i f f u s i o n  m odel o f  d e c h a n n e l l i n g .  T h i s  h a s  b e e n  

a t t e m p t e d  by  Mat sunam i a n d  I t o h  [Mas 7 3 ,  Mas 75] who c a l c u l a t e d  a  d i f f u s i o n  

f u n c t i o n  f o r  d e f e c t s  l o c a t e d  i n  s p e c i f i c  i n t e r s t i t i a l  s i t e s  i n  KC1 c r y s t a l s .



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

a n d  l a r g e  a n g l e  s c a t t e r i n g  w as n e g l e c t e d .

A g e n e r a l  t r e a t m e n t  o f  t h e  d e c h a n n e l l i n g  by  d e f e c t s  w o u ld  b e  b a s e d  

o n  t h e  d i f f u s i o n  m odel and  w o u ld  i n c l u d e  t h e  e f f e c .  -  s i n g l e  s c a t t e r i n g .  

S c a t t e r i n g  t h r o u g h  a n . - l e s  s m a l l e r  t h a n  some c u t - o f f  * c a r e  i n c l u d e d  i n  

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

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

c h a n n e l l e d  beam ( t h a t  i s ,  t h e y  a r e  s c a t t e r e d  t o  a  l a r g e  a n g l e  an d  t h e  

p r o b a b i l i t y  o f  d i f f u s i n g  t o  s m a l l  t r a n - v e r s e  e n e r g i e s  i s  n e g l i g i b l e )  and  

may b e  i n c l u d e d  i n  an  a b s o r p t i o n  t e r m .  S c a t t e r i n g  t h r o u g h  a n  a n g l e  l a r g e r  

t h a n  * c  ~  ^  r e q u i r e s  a  s m a l l  im p a c t  p a r a m e t e r ,  a n d  t h e  r e a c t i o n  f u n c t i o n  

f o r  t h e s e  i o n s  may b e  d e t e r m i n e d  f ro m  che  d i s t r i b u t i o n  PD( r )  o f  d e f e c t  

a to m s  i n  t h e  t r a n s v e r s e  p l a n e ,  t h a t  i s

y o PD( r )  d 2 r

U ( r ) 4 E 1

I f  t h e  c r o s s - s e c t i o n  o f  t h e  d e f e c t s  i s  o D, t h e  c h a n g e  i n  t h e  t r a n s v e r s e  

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

— . ■ ■■ —  = *" °D D & '
dz

S c a t t e r i n g  t h r o u g h  a n g l e s  s m a l l e r  t h a n  * c c o n t r i b u t e s  t o  t h e  r a t e  o f



120.

dcx
c h a n g e  o f  t r a n s v e r s e  e n e r g y  w i t h  d e p t h  t h r o u g h  a  t e r m  — -  ) . T hu s  t h e

d z  '  D
d i f f u s i o n  e q u a t i o n  becom es  ( f ro m  2 . 5 . 1 7 )

3 f  32 f  3e1 \  3 f

3z 3 e 2 3z /  T 3 c i

w h e re

> —  [ A f c J  f  — )  ] -  o D nD ( c j  f  ( E x . z )  ( 2 . 5 . 2 8 )
a c t  ?z  /d am p

3e i \  3c, 3c, X

3z /  f  3z 3z /  I

DT ( e , )  ■ D ( c , )  ♦ Dd ( c , )

W i th  t h e  i n c l u s i o n  o f  t h e  l a s t  t e r m  i n  ( 2 . 5 . 2 8 ) ,  t h e  t r a n s v e r s e  e n e r g y  

d i s t r i b u t i o n  i s  no l o n g e r  n o r m a l i s e d  t o  u n i t y ,  an d  t h e  f r a c t i o n  o f  i o n s  

a b s o r b e d  i s

< xAU) g ( c , , z )  dz

The y i e l d  a t  d e p t h  z t h e n  becom es



T h i s  e q u a t i o n  may b e  a p p l i e d  t o  t a k e  a c c o u n t  o f  t h e  s i n g l e  

s c a t t e r i n g  b y  t h e r m a l l y  v i b r a t i n g  a to m s  d i s c u s s e d  i n  S e c t i o n  2 . 5 . 2 .  The 

c r o s s - s e c t i o n  f o r  s c a t t e r i n g  t h r o u g h  an  a n g l e  l a r g e r  t h a n  ^  may be  

d e t e r m i n e d  u s i n g  t h e  im p u l s e  a p p r o x i m a t i o n  t o  t h e  s c a t t e r i n g  a n g l e  [ L in  6 5 ] .  

T h i s  g i v e s  t h e  s c a t t e r i n g  a n g l e  # a s  a  f u n c t i o n  o f  im p a c t  p a r a m e t e r  b 

a s  [ L i n  65 ]

d d l J ( r )
' l '(b) -

2E d r  r - b

W ith  t h e  a p p r o x i m a t i o n  ( 2 . 2 . 6 )  v a l i d  f o r  s m a l l  r ,  t h i s  g i v e s

•K b) ■
Z1Z2=2 1
F b

a n d ,  t h u s

-ZiZ2e2 i 2 1

E

In  t h e  a p o l i c a t i o n  o f  ( 2 . 5 . 3 0 )  t o  t h e r m a l  v i b r a t i o n  s c a t t e r i n g ,  t h e



d i s t r i b u t i o n  o f  v i b r a t i n g  a to m s  a s  a  f u n c t i o n  o f  c 1 i  g i v e n  by ( 2 . 3 . 1 3 )  

t h a t  i s ,

r Z i Z z e 2 -|2 1 C2a 2
°T nT --------------  —  exP t —y  t Ae£i -  1 ] ' l  } . ( 2 . 5 . 3 1 )

L E J  *0 U2

2 . 5 . 8  P l a n a r  D e c h a n n e l l i n g

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

p l a n a r  d e c h a n n e l l i n g ,  e x c e p t  t h a t  t h e  m o t io n  a n d  s c a t t e r i n g  a r e  o n e ­

d i m e n s i o n a l :  s c a t t e r i n g  p a r a l l e l  t o  t h e  p l a n e  h a v i n g  no e f f e c t  on t h e

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

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

t h e  a x i a l  c a s e .  However,  i t  i s  o b s e r v e d  e x p e r i m e n t a l l y  ( f o r  ex a m p le ,

[Ap 6 8 ] )  t h a t  t h e  c h a n n e l l e d  f r a c t i o n  o f  t n e  beam ( t h a t  i s ,  1 -  x ( x ) )  

d e c r e a s e s  e x p o n e n t i a l l y  a s  t h e  d e p t h  x i n c r e a s e s ,  t h a t  i s ,  x ( x )  may

b e  r e p r e s e n t e d  a s

- 0 . 6 9 3  1 -
(1 -  X ( x ) ) -  (1 -  X( 0 ) )  e x i

w h e re  x^ i s  a  d e c h a n n e l l i n g  h a l f - l e n g t h .

Such b e h a v i o u r  c a n  be  o b t a i n e d  t h e o r e t i c a l l y  from  s o l u t i o n s  t o  a  

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

p o s i t i o n  i n  t h e  c h a n n e l , and  w i t h  f i x e d  b o u n d a ry  c o n d i t i o n s  n (8  , x )  ■ 0, 

w h e re  n ( 6 , x )  i s  t h e  d i s t r i b u t i o n  i n  c r o s s i n g  a n g l e  0 d e f i n e d  by E02 -  E1#



X i s  t h e  d e p t h ,  and  6 c i s  t h e  c r i t i c a l  c r o s s i n g  a n g l e  8g " 

N e g l e c t i n g  t h e  n u c l e a r  s c a t t e r i n g  t e r m  w h ic h  i s  r e l a t i v e l y  s m a l l  u n d e r  

p l a n a r  c h a n n e l l i n g  c o n d i t i o n s  ( f o r  8 < 8 ^  an d  a s s u m in g  e q u i p a r t i t i o n  

b e t w e e n  c l o s e  a n d  d i s t a n t  e l e c t r o n i c  c o l l i s i o n s ,  F e ld m an  e t  a l  [ F e l  68 ]  

o b t a i n e d  s u c h  a  s o l u t i o n ,  w h ic h  y i e l d s

F M1 2
« 0 . 6 2  —  H8c

1 HI

S i m i l a r  r e s u l t s  h a v e  b e e n  o b t a i n e d  by  M o r i t a  an d  I t o h  [Mor 7 1 ] ,  and  

B e l o s h i t s k y  e t  a l  [B e l  7 3 ] .  I t  s h o u l d  b e  n o t e d  t h a t  t h i s  a p p r o a c h  a s s u m e s  

t h a t  t h e  c h a n n e l l e d  a n d  random  f r a c t i o n s  o f  t h e  beam a r e  i n d e p e n d e n t  and  

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

M organ [Mog 79] h a s  p o i n t e d  o u t  t h a t  t h e  i n i t i a l  d e c h a n n e l l i n g  

r a t e  o b t a i n e d  from  t h i s  a p p r o a c h  i s  a  f a c t o r  o f  ~4 t o o  l a r g e  c o m p ared  

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

i s  t o o  s m a l l  b y  t h i s  f a c t o r .  He h a s  p o i n t e d  o u t  t h a t  t h e  w h o le  d e c h a n n e l  1 m g  

c u r v e  i s  d e t e r m i n e d  b y  t h e  i n i t i a l  d e c h a n n e l l i n g  r a t e  an d  h a s  e v a l u a t e d  

t h i s  i n  a s t e a d y - i n c r e a s e  a p p r o x i m a t i o n .  T h i s  a p p r o a c h  [Mog 79] y i e l d s

M -
Xi -  0 . 6 9 3  —  d Y' (y  ) ----------  ( 2 . 5 . 3 3 )

' *= P §

w h e re  Y ' ( y c ) i s  t h e  s l o p e  o f  t h e  c o n t in u u m  p l a n a r  p o t e n t i a l

a t  t h e  c r i t i c a l  a p p r o a c h  d i s t a n c e  y c d e f i n e d  b y  Y (y ^ )  -  E e^ ,  and

( 2 . 5 . 3 2 )
dE
3 7



124.

w h e re  e q u i p a r t i t i o n  h a s  b e e n  a s s u m e d . M organ  fo u n d  t h a t  t h i s  a p p r o a c h  g a v e  

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

f o r  d ia m o n d  i s  c o n s i d e r e d  i n  C h a p t e r  5 .

2 . 6  THERMAL VIBRATION AMPLITUDES

T he  m ea t  t h e r m a l  v i b r a t i o n  a m p l i t u d e  i s  o f t e n  r e q u i r e d  i n  c a l c u l a t ­

i n g  q u a n t i t i e s  i n  c h a n n e l l i n g  t h e o r i e s .  T h i s  i s  d e n o t e d  u j  f o r  v i b r a t i o n s  

i n  o n e  d i m e n s i o n  an d  u g . u ;  f o r  v i b r a t i o n s  i n  two o r  t h r e e  d i m e n s i o n s ,  w i t h

u 3 / 3  u j  anu u 2 / 2  u%

I n  common w i t h  o t h e r  w o rk s  on  c h a n n e l l i n g ,  t h i s  h a s  b e e n  c a l c u l a t e d  

f ro m  t h e  D ebye a p p r o x i m a t i o n  ( f o r  e x a m p l e ,  [Ge 7 4 ] )

♦ ( * )  i  *
ui  -  1 2 . 1  { [   ♦ t ]  /  M2 6d >5

x

w h e re  * ( x )  i s  t h e  Debye f u n c t i o n  p l o t t e d ,  f o r  e x a m p l e ,  i n  [Ge 74] and

®D
t a b u l a t e d  i n  [A br 7 0 ] ,  x •  -=- w h e re  T i s  t h e  c r y s t a l  t e m p e r a t u r e  i n  

K e l v i n ,  an d  6 ^  i s  t h e  Debye t e m p e r a t u r e .  The v a l u e  u s e d  f o r  6^  f o r  

d iam o n d  was i?D -  1860 K [V ic  6 2 ] .  The c a l c u l a t e d  t h e r m a l  v i b r a t i o n  

a m p l i t u d e ,  u 2 , a s  a  f u n c t i o n  o f  t e m p e r a t u r e  i s  shown i n  F i g u r e  2 . 9 .
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F i g u r e  2 . 9 :  Two-dlmer.iioniil t h e r m a l  v i b r a t i o n  a m p l i t u d e  f o r  d iam o nd

a s  a  function of t e m p e r a t u r e .



APPARATUS AND METHODS

INTRODUCTION

The b a s i c  r e q u i r e m e n t s  f o r  t h e  p e r f o r m a n c e  o f  i o n - c h a n n e l l i n g

f y
e x p e r i m e n t s  a r e  w e l l  known [Ge 7 4 ] .  I n  a d d i t i o n  t o  t h e  u s u a l  e x p e r i m e n t a l  

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

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

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

c o l l i m a t i o n  o f  t h e  i o n  beam i n c i d e n t  on t h e  t a r g e t ,  an d  some m ean s  o f  

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

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

The e x p e r i m e n t s  d e s c r i b e d  i n  t h i s  work w e re  p e r f o r m e d  on t h e  

c h a n n e l l i n g  l i n e s  o f  t h e  two a c c e l e r a t o r s  o f  t h e  N u c l e a r  P h y s i c s  R e s e a r c h  

U n i t  (NPRU). The a p p a r a t u s  u s e d  i n  t h e s e  m e a s u r e m e n t s ,  and  t h e  g e n e r a l  

e x p e r i m e n t a l  m e th o d 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 .

3 . 2  APPARATUS

3 . 2 . 1  A c c e l e r a t o r s

Two a c c e l e r a t o r s  w e re  u s e d  f o r  t h e  m e a s u r e m e n t s .  'L o w ' e n e r g y  

e x p e r i m e n t s ,  w i t h  beam e n e r g i e s  l e s s  t h a n  1 .4  MeV w ere  p e r f o r m e d  on a 

P h i l i p s  PW5121 p r e s s u r i s e d  C o c k c r o f t - N a l t o n  a c c e l e r a t o r .  Beams o f  p r o t o n s  

d e u t e r e n s  o r  a l p h a  p a r t i c l e s  c o u l d  be  o b t a i n e d  from  an  O r t e c  R F io n  

s o u r c e .  ' H i g h '  e n e r g y  e x p e r i m e n t s ,  w i t h  beam e n e r g i e s  g r e a t e r  t h a n  2 MeV 

w e re  p e r f o r m e d  on a  HVEC EN Tandem v a n  d e  G r a a f f  a c c e l e r a t o r .  P r o t o n s ,  

a l p h a ' s  o r  7Li  i o n s  w ere  p r o d u c e d  from  a  d u o p l a s m a t r o n  io n  s o u r c e .



Beam e n e r g i e s  w e re  c a l i b r a t e d  u s i n g  n u c ' e a r  r e a c t i o n s ,  w i t h  an  

a c c u r a c y  o f  0 .4%  f o r  t h e  low e n e r g y  m a c h in e  a n d  0 .06%  f o r  t h e  h i g h  e n e r g y  

m a c h i n e .  The beam e n e r g y  was s t a b i l i s e d  i n  t h e  u s u a l  w ay ,  w i t h  f e e d b a c k  

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

t h e  beam , a s  d e f i n e d  by  t h e  s l i t s  and  a n a l y s i n g  m a g n e t ,  was 0 .3% f o r  t h e  

low  e n e r g y  m a c h in e  and  0 .06%  f o r  t h e  h i g h  e n e r g y  m a c h i n e .

3 . 2 . 2  C h a n n e l l i n g  Beam L in e  and  S c a t t e r i n g  Chamber

The beam l i n e  i s  shown d i a g r a m m a t i c a l l y  i n  F i g u r e  3 . 1 .  The beam 

w as c o l l i m a t e d  b e f o r e  e n t e r i n g  t h e  ch am b e r  b y  two a p e r t u r e s ,  s p a c e d  2 J  m 

a p a r t  on t h e  low  e n e r g y  m a c h in e  a n d  5 . 1  m a p a r t  on t h e  h i g h  e n e r g y  m a c h i n e .  

T he  d o w n s t r e a m  c o l l i m a t o r  was fo rm ed  b y  a  c i r c u l a r  a p e r t u r e  0 . 5  mm o r  

0 . 7  mm i n  d i a m e t e r ,  i n  a  t a n t a l u m  d i s c .  T h i s  was f o l l o w e d  by  an  a n t i s c a t t e r  

c o l l i m a t o r .  The  u p s t r e a m  c o l l i m a t o r  was fo rm e d  b y  tw o s e t s  o f  s l i t s ,  

p l a c e d  a t  r i c h t  a n g l e s  t o  o n e  a n o t h e r .  T h e s e  s l i t s  w e re  a d j u s t e d  t o  g i v e  

an  a p e r t u r e  o f  0 . 5  t o  1 . 0  mm, so  t h a t  t h e  h a l f  a n g l e  o f  beam d i v e r g e n c e  

d e f i n e d  by  t h e  c o l l i m a t o r  s y s te m  was l e s s  t h a n  5% o f  t h e  c r i t i c a l  a n g l e  

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

0 . 3  m r a d  a t  1 MeV and 0 . 1  m r a d  a t  12 MeV. The s l i t  e d g e s  and  b o r e  o f  

t h e  d o w n s t r e a m  c o l l i m a t o r  w e re  p o l i s h e d  t o  a  h i g h  f i n i s h  t o  mi .m i s e  s l i t  

e d g e  s c a t t e r i n g  [R es  6 9 ] .  T h i s  p r o c e d u r e  r e d u c e d  t h e  s c a t t e r i n g  t o  

n e g l i g i b l e  p r o p o r t i o n s ,  a s  d e t e r m i n e d  by b a c k s c a t t e r i n g  fro m  a  t a r g e t  w i t h  

a n  a p e r t u r e  w h ic h  a l l o w e d  t h e  n o n - s c a t t e r e d  beam t o  p a s s  t h r o u g h .

The s c a t t e r i n g  c h a m b e r s  w ere  pumped w i t h  B a l z e r r  t u r b o - p u m p s .

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

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

o p e r a t i n g  v a c u a  w ere  l e s s  t h a n  1 0 '=  t o r r .  The c h a m b e rs  w e re  p r o v i d e d
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w i t h  a  num ber o f  p o r t s  f o r  w indow s and  f e e d - t h r o u g h s .  I n  t h e  low  e n e r g y  

c h a m b e r  a  PHI i o n  s p u t t e r i n g  gun  was m o u n te d  i n  one  o f  t h e s e  p o r t s  i n  a 

s l i d i n g  h o l d e r  w h ic h  e n a b l e d  i t  t o  b e  p o s i t i o n e d  2 cm f ro m  t h e  t a r g e t  i f  

s p u t t e r i  g was r e q u i r e d ,  o r  t o  b e  r e t r a c t e d  when i t  was n o t  r e q u i r e d .

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

q u a l i t y  a r g o n  t o  a  p r e s s u r e  o f  5 x 10 5 t o r r .

3 . 2 . 3  G o n io m e te r

The g o n i o m e t e r  d e s i g n  h a s  b e e n  f u ^ i y  d e s c r i b e d  b y  D e r r y  [D e r  7 8 ] .

I t  i s  a  t w o - a x i s  d e s i g n ,  d e s i g n e d  a n d  b u i l t  a t  t h e  NPRU, w i t h  f u l l  360* 

r o t a t i o n  on b o t h  p o l a r  ( ’ 6 ' )  a n d  a z i m u t h a l  ' $ ’ ) a x e s ,  i n  s t e p s  o f  0 . 0 1 * .  

S e t t i n g s  w e re  a lw a y s  made b y  a p p r o a c h i n g  t h e  r e q u i r e d  v a l u e  i n  t h e  d i r e c t i o n  

o f  i n c r e a s i n g  a n g l e ,  i n  o r d e r  t o  m i n im i s e  t h e  e f f e c t s  o f  b a c k l a s h ;  t h i s  

a l l o w e d  an  a c c u r a c y  o f  ± 0 .0 1 *  t o  b e  a c h i e v e d .  The g o n i o m e t e r  m o t i o n s  

w e re  d r i v e n  f ro m  o u t s i d e  t h e  vacuum  b y  s t e p p i n g  m o t o r s  c o n t r o l l e d  fro m  t h e  

d a t a  g a t h e r i n g  a r e a  o f  t h e  a c c e l e r a t o r  c o n t r o l  room . The c o n t r o l s  p r o v i d e d  

v a r i a b l e  s p e e d s ,  a l l o w e d  t h e  s e t t i n g  o f  u p p e r  an d  lo w e r  l i m i t s  t o  0 .0 1 *  

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

The t a r g e t  was m o u n ted  i n  a t r a n s l a t i o n  s t a g e  c o n t a i n e d  i n  t h e  

ij> s p o o l  o f  t h e  g o n i o m e t e r .  The p o s i t i o n  o f  t h e  b e a r  on  t h e  t a r g e t  c o u ld  

b e  a d j u s t e d  t o  a n  a c c u r a c y  o f  0 . 1  mm a l o n g  tw o m u t u a l l y  p e r p e n d i c u l a r  

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

beam p o s i t i o n .  A d j u s t m e n t  c o u l d  b e  made f rom  o u t s i d e  t h e  vacuum and  

c o v e r e d  a r a n g e  o f  4 mm on  b o t h  a x e s . The t r a n s l a t i o n  s t a g e  was d e s i g n e d  

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

e l e c t r i c a l  i n s u l a t i o n  o f  t h e  t a r g e t  by  m eans  o f  a p y r o p h y l l i t e  o r  Makor



(Do .  C o m i n g  I n c ,  i n n e r , .  The g o n i o . . , . ,  ' c , ^ .  i n c h i n g  t h e  t m n n i n . i o n  

s t a g e , p e m i t t e d  a n g . e e  o f  i n c i d e n c e  u p  7 0 '  f r o .  t h e  t a r g e t  n o m a ,  t o

be u s e d .

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

C h . g o n i o r o e t e r  i n  a  u n i q u e  o r i e n t a t i o n ,  a s  an  a i d  t o  a l i g n . . . ,  o f  t h e  

t a r g e t .  The t a r g e ,  . . .  c l a w e d  r i g i d l y  b e tw e e n  tw o  s e c t i o n s ,  w i t h  t h e  

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

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

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

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

e r a t u r e ,  o f  7 5 0  -C c o u l d  b e  a c h i e v e d  w i t h  a  p e e r  i n p u t  o f  100  W. The 

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

a n d  r o s e  t o  120 "C a t  t h e  m axim ™  t a r g e t  t e . p e r . t u r e  o f  7 5 0  M .  T he  

h e a t e r  was p o w e re d  by  l e a d - a c i d  b a t t e r i e s  a s  i t  was fo u n d  t h a t  l e a k a g e  

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

m e a s u r e m e n t s .

3 2 4 n,»f«sctoTS and  P u l s e  H an d l j j tg .

B a c k s c a t t e r e d  p a r t i c l e ,  w e re  d e t e c t e d  i n  b o t h  c h a . b e r ,  b y  

s i l i c o n  d e t e c t o r s  m o u n te d  a t  a  s c a t t e r i n g  a n g l e  o l  . 5 5 * •  C o l l i m a t o r s  i n  

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

c o m p ro m ised  b y  t h e  k i n e . a t i c  s p r e a d  i n  e n e r g y  i n t r o d u c e d  by  t h e  a n g l e  

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

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

o e „  and  t h e  g o . l o . e t c r  « a x i s  ( F i g u r e  S . D -  The p a r t i c l e  p a t h l e n g t h s  f o r

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

d e p e n d e n t  o f  t h e  9 s e t t i n g .



F o r  r o o m - t e m p e r a t u r e  s t u d i e s ,  a n  O r t e c  BU-014-0S0-1CC d e t e c t o r  

(14  VeV r e s o l u t i o n )  - a s  u s e d  on  t h e  l o «  e n e r g y  a p p a r a t u s  a n d  a  B E -012- 

0 5 0 - 5 0 0  on  t h e  h i g h  e n e r g y  a p p a r a t u s .  A t e l e v a t e d  t e m p e r a t u r e ,  O r t e c  

r u g g e d i s e d  s e r i e s  ( K . - 0 1 6 - 0 5 0 - 1 0 0  o r  0 1 6 - 0 5 0 - 1 0 0 0 )  w e re  u s e d ,  a s  t h e  

r e f l e c t i v e  a lu m in iu m  f r o n t  e l e c t r o d e  o f  t h e s e  r e n d e r e d  t h e .  i n s e n s i t i v e  

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

t h e  n o i s e  l e v e l  from  s t a n d a r d  g o l d  e l e c t r o d e  d e t e c t o r s .

.he  low  e n e r g y  c h a m b e r  a l s o  c o n t a i n e d  an  O r t e c  T C - 0 1 8 - 1 5 0 - 5 0 0  

a n n u l a r  d e t e c t o r  m o u n ted  c o n c e n t r i c a l l y  w i t h  t h e  b e a r  a t  a  mean s c a t t e r i n g  

a n g l e  o f  1 7 7 ' .  T h i s  s u b t e n d e d  a  l a r g e r  s o l i d  a n g l e  t h a n  t h e  1 5 5 '  d e ­

t e c t o r  M O - 2 a r )  o u t  h a d  u o r s e  r e s o l u t i o n .  I t  - a ,  g e n e r a l l y  u t e d  f o r  

a l i g n m e n t  o f  t h e  t a r g e t ,  - h e r e  t h e  h i g h e r  c o u n t  r a t e  a t  a  g i v e n  beam 

f l u e n t , ,  c o m p a r e d  w i t h  t h e  1 5 5 '  d e t e c t o r  ( t h e  i n c r e a s e  i n  s o l i d  a n g l e  

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

l a r g e r  s c a t t e r i n g  a n g l e )  m e a n t  t h a t  l e s s  t a r g e t  dam age  o c c u r r e d .

The h i g h  e n e r g y  ch am b e r  c o n t a i n e d ,  i n  a d d i t i o n ,  tw o d e t e c t o r s  a t  

f o r w a r d  a n g l e s  f o r  t r a n s m i s s i o n  s t u d i e s .  An O r t e c  BA-016-050-1000 

d e t e c t o r  - a s  p o s i t i o n e d  a t  O ' ,  600 mm f r o .  t h e  t a r g e t ,  an d  - a s  c o l l i m a t e d  

t o  s u b t e n d  a  s o l i d  a n g l e  o f  2 V s t e r r a d i a n s .  T h i s  d e t e c t o r  - a s  m o u n te d  

on  a  s t a g ,  w h ic h  e n a b l e d  i t  t o  b e  t r a n s l a t e d  a l o n g  tw o  a x e s  p e r p e n d i c u l a r  

t o  t h e  beam d i r e c t i o n  f o r  a c c u r a t e  a l i g n m e n t ,  w h ic h  w as p e r f o r m e d  b y  

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

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

w i t h  t h e  t a r g e t  i n  a  ran do m  o r i e n t a t i o n .  An O r t e c  a n n u l a r  d e t e c t o r  was 

p l a c e d  c o n c e n t r i c  w i t h  t h e  b e .  p a t h  a t  a  d i s t a n c e  o f  100 »  t . 2 5 0  

f r o m  t h e  t a r g e t ,  c o r r e s p o n d i n g  t o  s c a t t e r i n g  a n g l t s  o f  1 0



;e t « e t O T  . . .  u s e d  . s  .  . o n i t o r  i n  . U g n i n g  t h «  t . r g , r  f o r  „ . n , . i » ! io n  

l t u 4 1 „ ,  an d  t h ,  d i s t a n c e  f r o .  t h e  t a r g e t  . a s  c h o s e n  t o  g i v e  a  c o u n t  r a t e  

r e p a r a b l e  w i t h  t h e  O '  d e t e c t o r ,  t h i s  d i s t a n c e  d e p e n d i n g  on  t h e  . u l t i p l .  

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

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

d e t e c t o r  p u l s e s  . »  shorn, i n  F i g u r e  3 . 2 .  A t h i g h e r  e n e r g i e s ,  i t  . a s  f o u n d  

a d v a n t a g e o u s  t o  u s e  a  p i l e - u p  r e j e c t o r  ( C a n b e r r a  1 4 6 . , .  e v e n  t h o u g h  t h e  

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

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

p r o p o r t i o n  ( t y p i c a l l y  S t )  o f  t h e  p u l s e s .  The s y s te m  d e a d - . i m e  - a s  

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

P i . e - u p  r e j e c t i o n  w as n o t  u s e d  a t  lo w e r  e n e r g i e s  a s  i t  i n t r o d u c e d  

a d d i t i o n a l  l o w - e n e r g y  c u t - o f f  an d  some d i s t o r t i o n  o f  t h ,  l o w e r  e d g e  o f  

t h e  s p e c t r u m .  T h i s  was n o t  s e r i o u s  a t  h i g h e r  e n e r g i e s  a s  t h e  l a r g e r  

p o r t i o n  o f  t h e  beam w as g e n e r a l l y  d e c h a n n e l l e d  a t  t h e  d e p t h s  c o r r e s p o n d i n g

w i t h  t h e s e  e r e r j i i e s .

P u l .............. r e  a n a l y s e d  i n  N u c l e a r  D a ta  442 0  o r  2 4 M ,  o r  C a n b e r r a

,80  a n a l y s e r s .  The p u l s . - h e i g h t  a n a l y s e r ,  (PHA, w e re  c a l i b r a t e d  b y  

a c b s c a t t e r i n g  p a r t i c l e s  f r o .  a  g r a p h i t e  t a r g e t  w i t h  t h i n  « 1  X.V e n e r g y  

o s s )  l a y e r ,  o f  ” A 1 , 56N i a n d  >a , Au e v a p o r a t e d  o n t o  i t .  “ 0  was a l s o  

r e s e n t ,  p r o b a b l y  a s s o c i a t e d  w i t h  t h e  =’ « .  F o r  c o n v e n i e n c e ,  t h e  s y s te m  

a s  u s u a l l y  a d j u s t e d  f o r  a  g a i n  o f  5 . 0 0  k .V  p e r  PHA c h a n n e l ,  w i t h  a z e r o  

i a s e - l i n e  i n t e r c e p t .  The s y s te m  was f o u n d  t o  b e  l i n e a r  w i t h i n  t 2  keV

r e r a l l .
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3 , 2 . 5  Boam C u rr e n t  M easurem ent^

An i m p o r t a n t  c o n s i d e r a t i o n  i n  i o n  beam e x p e r i m e n t s ,  e s p e c i a l l y

when s p e c t r a  a r e  t o  b e  co m p ared  w i t h  o n e  a n o t h e r  a s  i n  c h a n n e l l i n g

« „ u , . n . n x ,  o f  y i e l d  r e l a t i v e  . »  r a n d , . ,  i .  t h e  a c c u r a t e  . e . e u r . « e n t  o f

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

e l e c t r o n ,  f r o .  t h e  t a r g e t ,  w h ic h  a d d .  t o  t h e  . . c u r e d  b e e .  c u r r e n t ,  and

t h o s e  e l e c t r o n ,  . r e  o f t e n  ' ~ P h ' « . . . d '  b y  , o . e  . . . . . .  “  ' , l l c l n ‘  1

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

l e a v i n g  t h e  t a r g e t  o r  o c c . i o n . l l y  b y  u . i n ,  . . g n . t i c  , u p p r e „ i o n  w i t h  t h e  

. i . ,  *  f u r t h e r  c o . p l i c . t i o n  . r i , e ,  w i t h  i n . u l a t i n ,  t a r g e t ,  w h e re

c h a r g e  b u i l d - u p  on  t h e  t a r g e t  o c c u r , ,  w h ic h  l e a d , ,  i n  t h e  - o r . .  c . , . „  t o  

b ea r ,  c u r r e n t  b e i n g  ’ . e a s u r e d ’ o n l y  a s  a  s e r i e s  o f  s p o r a d i c  d i s c h a r g e s

tl iT O ugh  t h e  c u r r e n t  m e a s u r i n g  s y s t e m .

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

o n  w s t  d i a n o n d s ,  w i t h  o n l y  a  few  s h o w in g  d r a s t i c  d i s c h a r g e ,  an d  n o t l c -  

a b l e  f l a s h e s  a c r o s s  t h e  d i c o n d  s u r f a c e .  When a  c o n v e n t i o n a l  ' r i n g '  t y p e  

e l e c t r o n  s u p p r e s s i o n  s y s te - a  was u s e d ,  c o n s i s t i n g  o f  a p l a t e  w i t h  a  sh a p e d  

a p e r t u r e  h e l d  a t  a  n e g a t i v e  p o t e n t i a l  i n  f r o n t  o f  t h e  t a r g e t ,  

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

p o t e n t i a l ,  e r c . p t  on  s e m i c o n d u c t i n g  ( t y p e  l i b )  d l a - o n d s  o r  o n  d i a s i o n d ,  

w i t h  a  s u r f a c e  dam aged  b y  Io n  t i l l i n g .  I t  w as t h u s  e v i d e n t  t h a t  t h e  

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

e q u i l i b r i u m  w as r e a c h e d .  The p o t e n t i a l  r e a c h e d  was . 1 . 0  p r . s u . a b l y  

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

T h i s  t a r g e t  c h a r g i n g  w as a lso  s u f f i c i e n t  t o  a f f e c t  c h a n n e l l i n g  . e . , u r . . e n t s  

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

t a r g e t  s u r f a c e  was n o t  n o r . . .  t o  t h e  b e .  ( t h a t  i s .  f o r  M O ) .  T h u s



i t  was f o u n d  t h a t  t h e  p o s i t i o n  o f  an  a x i s  a t  8 'v 45* w o u ld  s h i f t  by  

a b o u t  0 . 1 "  i n  9 f o r  a c h a n g e  i n  beam c u r r e n t  o f  4 nA, t h e  c h a n g e  b e i n g  

s u c h  t h a t  t h e  beam was d e f l e c t e d  aw ay from  t h e  t a r g e t  a s  t h e  beam c u r r e n t  

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

2 keV [D e r  7 8 ] .

A m e th o d  o f  t a r g e t  n e u t r a l i s a t i o n  was t h u s  d e v e l o p e d ,  w h ic h  s t i l l

a l l o w e d  t h e  beam c u r r e n t  t o  b e  e a s i l y  m e a s u re d  ( F i g u r e  3 . 3 ) .  A f i l a m e n t

and  g r i d  a s s e m b l y  f rom  a  v a l v e  was u s e d  a s  an  e l e c t r o n  s o u r c e  a f t e r

c a r e f u l l y  b r e a k i n g  t h e  " l a s s  e n v e l o p e  and  r e m o v in g  t h e  a n o d e  s t r u c t u r e s .

T h i s  was t h e n  m o u n ted  a b o u t  3 cm f ro m  t h e  t a r g e t .  The f i l a m e n t  was p o w ered

from  a l e a d - a c i d  a c c u m u l a t o r  and t h e  g r i d  was b i a s e d  a t  a b o u t  +120  V i n

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

t h e  KT f o r  t h e  g r i d  was s u p p l i e d  from  a s i m p l e  DC t o  DC c o n v e r t o r  [B o l  65]

p o w e re d  f ro m  t h e  l e a d - a c i d  b a t t e r y .  The e n t i r e  ch am b e r  was i n s u l a t e d  and

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

l i n e .  The beam c u r r e n t  was t h e n  m e a s u r e d  from  t h e  c h a m b e r  w h ic h  a c t e d  a s  

a  F a r a d a y  c u p .

O t h e r  s o u r c e s  o f  e l e c t r o n s  w e re  i n i t i a l l y  t r i e d ,  t h a t  i s ,  a  

t u n g s t e n  f i l a m e n t  and  a  c a r b o n  f i l a m e n t  [Ah 7 5 ] .  T h o se  b o t h  l e d  t o  

r a p i d  c o n t a m i n a t i o n  o f  t h e  t a r g e t  w i t h  t u n g r . t e n  o r  c a r b o n .  The v a l v e ,  

w i t h  i t s  i n d i r e c t l y  h e a t e d  c a t h o d e ,  was fo u n d  t o  p r o d u c e  no  c o n t a m i n a t i o n ,  

a s  m e a s u r e d  b y  a l p h a  b a c k s c a t t e r i n g  f ro m  a d iam on d  t a r g e t ,  ev en  a f t e r  

24 h o u r s  w i t h  t h e  f i l a m e n t  v o l t a g e  o v e r - r u n  b y  50%.

I t  was fo u n d  i m p o r t a n t  t o  i n s u l a t e  t h e  b a t t e v i e s  fro m  t h e  c o n c r e t e  

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



i ) t a r g e t  curren t

beam

grid
' •cathode 
—filament

cham ber  
insu la ted  
from ground

♦100V

D C /D C
conve r te r

F i g u r e  3 . 3 :  A r ra n g e m e n t  u s e d  f o r  t a r g e t  c u r r e n t  m o n i t o r i n g  w h i . e
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t o  k e e p  f r e e  o f  s m a l l  q u a n t i t i e s  o f  e l e c t r o l y t e ,  was g ro u n d e d  t h r o u g h  t h e  

c o n c r e t e  and  c a u s e d  random  f l u c t u a t i o n s  i n  t h e  beam c u r r e n t .  On t h e  h i g h  

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

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

e l e c t r o n  e m i s s i o n  [ S t e  57] an d  t h e  s u r f a c e  d e f l e c t i o n .  T h e s e  co m b in e  t o  

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

i m a t e l y  1 .7 5  t o  2 i n  t h e  B e t h e - B l o c h  s t o p p i n g  r e g i o n .  T h i s  d e c r e a s e s
•  1

much m ore  r a p i d l y  t h a n  t h e  c r i t i c a l  a n g l e  (E 2 ) a n d  so b ecom es  n e g l i g i b l e  

a t  h i g h  e n e r g i e s .  C o n v e n t i o n a l  e l e c t r o n  s u p p r e s s i o n  t e c h n i q u e s  w e re  t h u s  

u s e d ;  a  p l a t e  i n  f r o n t  o f  t h e  t a r g e t  was h e l d  a t  a  p o t e n t i a l  o f  1 . 5  keV.

The s i z e  o f  t h e  p l a t e  an d  i t s  a p e r t u r e ,  an d  t h e  d i s t a n c e  fro m  t h e  t a r g e t  

h o l d e r  w e re  d e t e r m i n e d  so  a s  t o  m a x im iz e  t h e  s u p p r e s s i o n  e f f i c i e n c y  [D e r  7 8 ] .

3 . 3  METHODS

3 . 3 . 1  L o c a t i o n  o f  C h a n n e l s

T he  l o c a t i o n  o f  c h a n n e l s  was f a c i l i t a t e d  b y  t h e  u s e  o f  Laue b a c k -  

s c a t t e r  p h o t o g r a p h s  o f  t h e  c r y s t a l ,  t a k e n  w i t h  t h e  c r y s t a l  m o u n te d  i n  

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

r e a d  o f f  t h e  p h o t o g r a p h  t o  w i t h i n  1* b y  m eans  o f  a G r e n i n g e r  n e t .  Once 

t h e  t a r g e t  was m o u n te d  i n  t h e  g o n i o m e t e r ,  t h e  r e g i o n  o f  t h e  c h a n n e l  was 

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

r a t i o - r a t e m e t e r ,  w h ic h  m e a s u r e d  t h e  r a t i o  o f  t h e  b a c k s c a t t e r e d  c o u n t s  i n  

a  r e g i o n  o f  t h e  s p e c t r u m  s e l e c t e d  w i t h  a s i n g l e - c h a n n e l  a n a l y s e r  (SCA), t o  

t h e  s i g n a l  from  t h e  beam c u r r e n t  i n t e g r a t o r .  T h us  t h e  c h a n n e l  was 

i n d i c a t e d  by  a d e c r e a s e  i n  t h e  r a t i o .  F i n a l l y ,  t h e  r e g i o n  was s c a n n e d  

i n  s m a l l  s t e p s  on b o t h  a x e s  ( o r  p e r h a p s  on e  a x i s  f o r  p l a n e s ) ,  w h i l e  t h e  

p u l s e s  f ro m  t h e  SCA w ere  c o u n t e d  f o r  a  f i x e d  beam c h a r g e .  T h i s  f i n a l



p r o c e d u r e  was i t e r a t e d  u n t i l  t h e  minimum h a d  b e e n  fo u n d .  T h i s  e n a b l e d  

t h e  c h a n n e l  t o  b e  l o c a t e d  t o  ± 0 . 0 1 6 .

O c c a s i o n a l l y  i  c h a n n e l  was s o u g h t  a t  s u r h  an  a n g l e  t h a t  t h e  r e ­

l a t e d  s p o t  was l o c a t e d  o f f  t h e  X - r a y  p h o t o g r a p h .  The p o s i t i o n  was f i r s t  

e s t i m a t e d  fro m  t h e  p a t t e r n  on t h e  p h o t o g r a p h  an d  i f  i t  was n o t  f o u n d  i n  

t h e  e s t i m a t e d  p o s i t i o n ,  t h e  p o s i t i o n  was p r e d i c t e d  by  s p h e r i c a l  t r i g o n o m e t r y  

f r o m  t h e  p o s i t i o n  o f  known a x e s .

3 . 3 . 2  A n g u la r  S c a n s  a c r o s s  C h a n n e l s

T he y i e l d  a s  a f u n c t i o n  o f  a n g l e  f rom  a c h a n n e l  p o s i t i o n  i s  s e n s ­

i t i v e  t o  t * )  a z i m u t h  o f  t h e  p l a n e  i n  w h ic h  t h e  s c a n  i s  made f o r  a x i a l  

c h a n n e l s  a n d  t o  t h e  ( a n g u l a r )  d i s t a n c e  f rom  t h e  a x i s  f o r  p l a n a r  s c a n s .  I t  

i s  a l s o  i m p o r t a n t  t h a t  s c a n s  be  made a l o n g  a g r e a t  c i r c l e  p a t h .  The 

q u e s t i o n  o f  o p t i m a l  s c a n  o r i e n t a t i o n s  was c o n s i d e r e d  by  D e r r y  [D e r  78] and  

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

a c r o s s  a x e s  a n d  p l a n e s  a r e  r e p o r t e d  i n  T a b l e  3 . 1 .

T a b le  3 .1

SCAN PLANE ORIENTATIONS FOR ANGULAR SCANS

a x i s a n g l e  f rom  {110} p l a n e  a n g l e  from  <110>

< 1 1 0 >

<111>

< 100>

75" ± S" {110} 9 . 2 "  ± 0 . 2 "

17" * ( I l l )  1 0 .0 "  ± 0 . 3 "

30"  :  1"  (1 1 0 }  8 . 6 "  t  0 . 2 "

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



b o t h  « = s  on  t h e  g o n t o m e t e ,  h . d  t o  b e  v a r i e d  t o g e t h e r .  The s e t t i n g  f o r  

t h e  e an d  ♦ a x e s  f o r  a g iv e n  s c a n  a n g l e  w e re  d e t e r m i n e d  b y  c a l c u l a t i o n

[ D e r  7 8 ] .

3 . 3 . 3  D a t a  H a n d l in g

E n e r g y  s p e c t r a  r e c o r d e d  i n  t h e  p u l s e - h e i g h t  a n a l y s e r s  w e re  r a r e l y

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

d e s i r a b l e  t o  n o m . l i s e  a  s p e c . r u ,  t o  a  r a n d , ,  o r i e n t a t i o n  s p e c t r u m  ( i »

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

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

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

c r y s t a l .  S p e c t r a  f r o .  p u l s e - h e i g h t  a n a l y s e r s  w ere  r e c e d e d  on  t a p e  o r

p r i n t e d  o u t .  A c o m p u te r  p r o g r a m  ( s e e  A p p e n d ix  1) - a -  - r i t t e n  t o  a l l o w

t h e  a n a l y s i s  o f  t h e s e  on  t h e  NPRU's P e r k i n  E lm er 7 / 3 2  c o m p u t e r .  The

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

d a t a  m a n i p u l a t i o n  r e q u i r e d ,  t h a t  i s .  n o r m a l i s a t i o n  :o  ran d o m ,  c o n v e r s i o n

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

s u r f a c e  p e a k ,  and  d a t a  s m o o th i n g .

3 . 3 . 4  Random S p e c t r a

The o b t a i n i n g  o f  a ' r a n d o m '  s p e c t r u m  u s i n g  a c r y s t a l l i n e  t a r g e t

i s  n o t  w i t h o u t  p* o b le m s .  The m e th o d  o f  Z i e g l e r  an d  C ro w d e r  [ Z i  7 2 ]  . . .

u s e d  i n  t h i s  w o rk :  t h e  c r y s t a l  w as o f f s e t  b y  a b o u t  10 * ,  f r o .  a  m a j o r

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

sy m m etry .  By u s i n g  t h i s  m e t h o d ,  a  r e p e a t a b l e  rand om  s p e c t r u m  c o u l d  b e

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

a g r e e d  w i t h i n  w3 V  Z i e g l e r  a n d  C ro w d e r  r e p o r t e d  s m a l l  d i f f e r e n c e s

b e tw e e n  s p e c t r a  t a k e n  w i t h  t h i s  m e th od  on  s i l i c o n  c r y s t a l s ,  a n d  s p e c t r a



t a k e n  on  am o rp h o u s  s i l i c o n  t a r g e t s ,  and  s u g g e s t e d  c o r r e c t i n g  f o r  t h i s .  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 i s  d i f f e r e n c e  i s  n o t  d u e  t o  c r y s t a l  e f f e c t s  

on  t h e  s c a t t e r i n g ,  a s  t h e y  s u g g e s t e d ,  b u t  t o  d i f f e r e n c e s  i n  ' t o p p i n g -  

p o w e r  i n  t h e  tw o  s i l i c o n  fo rm s  d u e  t o  c h e m i c a l  b o n d in g  e f f e c t s  [ S o f  6 1 ,

M a t  7 6 ] ,  a n d  s i . i l . r  c o r r e c t i o n s  w e re  n o t  u s e d  i n  t h i s  w o rk .  The c o r -  

r a c t i o n s  a r e , i n  a n y  c a s e ,  s m a l l .

3 . 3 . 5  D»-.t e r m i n a t i o n  o f  D e p th  S c a l e

I n  a  t h i c k - t a r g e t  b a c k s c a t t e r i n g  s p e c t r e ,  ( f o r  e k a . p l . .  F i g u r e  5 . 1 )  

t h e  e n e r g y  E ,  a t  w h ic h  a n  i o n  o f  i n i t i a l  e n e r g y  E ,  l e a v e s  t h e  t a r g e t  . a y  b e  

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

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

d e p t h  i s  i l l u s t r a t e d  i n  F i g u r e  3 . 4 .  An i o n  o f  e n e r g y  E0 l o s e s  e n e r g y  a t  

a  r a t .  o f  §  a l o n g  t h e  i n c i d e n t  p a t h  t o  a  d e p t h ,  a ,  w h e re  t h e  e n e r g y  i s  

E „  The i o n ’ i ,  t h e n  e l a s t i c a l l y  s c a t t e r e d ,  l o s i n g  e n e r g y  (1 -  H ) E ,  and  

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

e n e r g y  E g .  The b a c k s c a t t e r i n g  f a c t o r  k '  may be  d e t e r m i n e d  from  t h e  u s u a l

s c a t t e r i n g  k i n e m a t i c s  [Man 68]

M , ) ] :k2 -  [(M1c o s 6 s '  -  M ^sin‘,;0 s ) /  * M2

w h e re  M, i s  t h e  m a s s  o f  t h e  i n c i d e n t  i o n ,  M2 t h e  m a s s  o f  t h e  s c a t t e r i n g  

a to m  an d  e t h e  s c a t t e r i n g  a n g l e  i n  l a b o r a t o r y  c o - o r d i n a t e s .  Thus

k [ E q t  da, - !/r ! t  -
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F i g u r e  3 . 4 :  S c h e m a t i c  r e p r e s e n t a t i o n  o f  r e l a t i o n s h i p  b e tw e e n  ion

beam  n e n e t r a t i o n  and  s c a t t e r i n g ,  and  t h e  b a c k s c a t t e r i n g  s p e c t r u m
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i f  a  s u i t a b l e  e x p r e s s i o n  f o r  t h e  r a n g e  i s  a v a i l a b l e  [Z a  7 4 ] .  T h i s  

lu e th o d  d u e  t o  Z a i d i n s ,  was i n c o r p o r a t e d  i n  t h e  p ro g r a m  CHANSPEC 

(A p p e n d ix  1) w i t h  [Za  7 4 ] :

R(E)
0 . 5 8 5  E

7 /4

C[1 -  e x p ( - y  o E ) ]

w i t h  p a r a m e t e r s  f o r  p r o t o n s  i n  d iam ond

0 .0 8 0 2 6  MeV7 / 4  um"’

•1
a  * 8 . 9  MeV .

The a c c u r a c y  o f  t h i s  e x p r e s s i o n  i s  ~ 5  % a t  h i g h  e n e r g i e s .

3 . 3 . 6  R a d i a t i o n  Damage t o  T a r g e t s

I n  o r d e r  t o  m i n im iz e  t h e  e f f e c t  o f  r a d i a t i o n  dam age  on t h e  

s p e c t r a  o b t a i n e d ,  t h e  l i m i t s  o f  beam f l u c n c e  recom m ended  b y  D e r r y  w e re  

a d h e r e d  t o  [D e r  7 8 ] .  T h a t  i s ,  t h e  b e a m - s p o t  was c h a n g e d  i f  t h e  f l u e n c e  

a t  t h a t  p o i n t  on t h e  t a r g e t  e x c e e d e d  -vlO16 i o n s . c m * 2 f o r  p r o t o n s  a t  1 MeV

T h i s  l i m i t  was e x t e n d e d  t o  h i g h e r  e n e r g i e s  by  a s s u m in g  t h a t  t h e  

dam age  r a t e  s c a l e d  in  e n e r g y  w i t h  t h e  n u c l e a r  s t o p p i n g - p o w e r  [ L in  6 8 ] .

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

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

a t  h i g h e r  e n e r g i e s  on a  s p o t  w h ic h  h ad  b e e n  u s e d  a t  lo w e r  e n e r g i e s ,  and 

p r o t o n  s p e c t r a  w e re  n e v e r  t a k e n  on a  s p o t  t h a t  had  b e e n  u s e d  t o  t a k e  

a l p h a  s p e c t r a .



I TAunKHS: PROPERTIES. SELECTION AND PREPARATION

4 . 1  INTRODUCTION

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

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

b u t  t h e s e  a r e  r a r e l y  l a r g e  e n o u g h  t o  u s e  w i t h o u t  m ic ro b e a m  t e c h n i q u e s ,  

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

s e v e r a l  t e n t h s  o f  a  p e r c e n t  t o  s e v e r a l  p e r c e n t  b y  w e i g h t  [Wo 7 3 ] .  They

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

n a t u r a l  d iam o n d  m eans  t h a t  t h e r e  car. b e  no c o n t r o l  o v e r  c r y s t a l  p e r f e c t i o n  

o r  p u r i t y ,  a n d  c o n s i d e r a t i o n  m u s t  t h u s  be  g i v e n  t o  t h e  e x t e n t  t o  w h ic h  t h o  

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

t h e  d e f e c t s  an d  i m p u r i t i e s  i n  a  g i v e n  s a m p le .

F o r t u n a t e l y ,  t h e  d e f e c t s  an d  i m p u r i t i e s  o f  n a t u r a l  d iam o nd  

h a v e  b e e n  s t u d i e d  f o r  many y e a r s ,  an d  many s i m p l i f y i n g  r e l a t i o n s h i p s  h av e  

k e e n  b r o u g h t  t o  l i g h t .  In  p a r t i c u l a r ,  i t  i s  p o s s i b l e  t o  d i v i d e  d iam o n d s  

i n t o  two t y p e s ,  e a c h  w i t h  two s u b d i v i s i o n s ,  n a m e ly  T y p e s  l a ,  l b ,  I l a  and 

l i b .  T h i s  c l a s s i f i c a t i o n  i s  made on t h e  r e l a t i v e l y  r e s t r i c t e d  b a s i s  o f  

n i t r o g e n - d e p e n d e n t  o p t i c a l  p r o p e r t i e s  and  on e l e c t r i c a l  p r o p e r t i e s  a n d ,  

a l t h o u g h  t h e r e  c a n  b e  some m i x in g  b e tw e e n  t h e  t y p e s ,  t h e  m em bers  o f  e a c h  

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

p u r i t i e s  an d  d e f e c t s .  A m ore d e t a i l e d  c h a r a c t e r i s a t i o n  o f  an  i n d i v i d u a l  

d iam o n d  c a n  b e  o b t a i n e d  by t h o r o u g h  s t u d y  o f  t h e  o p t i c a l  p r o p e r t i e s  from



t h e  i n f r a - r e d  t o  t h e  u l t r a  v i o l e t  [Dav 7 7 ] ,  by X - r a y  t o p o g r a p h i c  s t u d i e s  

t o  d e t e r m i n e  l a t t i c e  p e r f e c t i o n  a n d  i n t e r n a l  s t r u c t u r e  [ F r  6 5 ,  Lan 7 9 ] ,  

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

T h i s  i s ,  h o w e v e r ,  a  f o r m i d a b l e  p rogram m e and  i t  h a s  p r o v e d  s i m p l e r  t o  

s e l e c t  a  g r o u p  o f  d ia m o n d s  w h ic h  m i g h t ,  f ro m  r e l a t i v e l y  c r u d e  c r i t e r i a ,  be  

e x p e c t e d  t o  b e  good c h a n n e l l i n g  c r y s t a l s  and  t h e n  to  r e f i n e  t h e  s e l e c t i o n  

u s i n g  c h a n n e l l i n g  m e a s u r e m e n t s .  T h e r e  i s  some e v i d e n c e  t h a t  t h e  c h a n n e l ­

l i n g  c h a r a c t e r i s t i c s  o f  d ia m o n d s  so  s e l e c t e d  a r e  t h o s e  i n t r i n s i c  t o  d iam o n d :  

t h e  r e s u l t s  a r e  i n d e p e n d e n t  o f  t y p e  ( a l l  f o u r  s u b t y p e s  w e re  m e a s u r e d )  and 

d e v i a t i o n s  f ro m  t h e s e  r e s u l t s  i n  a  s e t  o f  d ia m o n d s  d i s p l a y i n g  h i g h e r  y i e l d :  

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

t h e s e  d ia m o n d s .  T h i s  l a t t e r  i n v e s t i g a t i o n  i s  r e p o r t e d  i n  C h a p t e r  7 .

F i n a l l y ,  t h e  s e l e c t e d  c r y s t a l s  m u s t  b e  p r e p a r e d  a s  t a r g e t s  w i t h  

c l e a n  and  p r e f e r a b l y  f l a t  s u r f a c e s . R e l a t i v e l y  s i m p l e  and  s t a n d a r d  c l e a n ­

i n g  an d  p o l i s h i n g  p r o c e d u r e s  w e re  f o u n d  t o  l e a d  t o  good r e s u l t s .

4 . 2  PROPERTIES

4 . 2 . 1  G e n e r a l  P r o p e r t i e s

The p r o p e r t i e s  o f  d iam o n d  a r e  r e v i e w e d  e x t e n s i v e l y  i n  t h e  b o o k s  

e d i t e d  b y  Berman [B e r  65] and  F i e l d  [ F i e  7 9 ] .  The l a t t e r  c o n t a i n s  a  

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

b e l o w .

Diamond i s  a c r y s t a l l i n e  fo rm  o f  c a r b o n  w i t h  a c u b i c  l a t t i c e  

(d ia m o n d  c u b i c  0 ^  s p a c e  g r o u p )  w i t h  e i g h t  a to m s  p e r  u n i t  c e l l  and  a l a t t i c e  

c o n s t a n t  o f  3 5 6 . 7  pm. In  many o f  i t s  p h y s i c a l  p r o p e r t i e s  d iam ond  i s  an 

e x t r e m e  and  t h u s  a t t r a c t i v e  t o  t h e  p h y s i c i s t .  I t  i s  t h e  h a r d e s t  s u b s t a n c e



know n; i t  i s  t h e  m o s t  e l a s t i c  and  l e a s t  c o m p r e s s i b l e  s u b s t a n c e  known and 

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

t h a t  o f  c o p p e r .  I t  h a s  an e x t r e m e l y  h i g h  O ebye t e m p e r a t u r e .  I 80 O K a t  

t e m p e r a t u r e s  o f  0  "C t o  810 'C  [V i  6 2 ] ,  an d  t h u s  h a s  a  r e l a t i v e l y  s m a l l

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

O i „ o n d  1 » »i. u n s t a b l e  a l l o t r o p e  o f  c a r b o n  a n d  w i l l  t r a n a f o m  

i r r a . a r s l b l y  t o  . r a p h l t e  I f  h e a t e d  a b o v e  a b o u t  1800 "C In  u l t r a  h i g h  

v a c u u n  o r  e . t r . m . l y  p u r .  a r g o n  a t  a t . o s p h . r l c  p r e s s u r e  [E v a  6 4 ] .  I t  . a y  

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

a p p l i e d  t o  k e e p  i t  u l t h l n  t h e  d i m o n d  s t a b i l i t y  r e g i o n .  I n  g e n e r a l ,  d i« a o n d  

1 ,  r a t h e r  i n e r t  an d  i s  o n l y  a t t a c k e d  c h e m i c a l l y  by  o x i d i s i n g  a g e n t s  a t  

e l e v a t e d  t e m p e r a t u r e s ,  f o r  e x a m p l e ,  m o l t e n  so d iu m  n i t r a t e  a b o v e  45 0  X  

o x y g e n  a b o v e  600 *C o r  c a r b o n  d i o x i d e  a b o v e  9 5 0  M  [E va  6 2 . ] .  l e a d i n g  t o  

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

E l e c t r i c a l l y ,  d ia m o n d  i s  a  s e m i c o n d u c t o r  . 1 t h  an  i n d i r e c t  band  

g a p  o f  5 . 4 8  .V .  N i t r o g e n  i s  p r e s e n t  a s  a  d o n o r  i n  . 1 1  d i a m o n d ,  b u t  t h e  

d o n o r  l e v e l ,  a r e  d e e p  en o u g h  t h a t  m o s t  d i a m o n d ,  a r e  e x t r e m e l y  go o d  i n ­

s u l a t o r ,  a t  room t e m p e r a t u r e  i n  t h e  d a r k .  P h o t o c o n d u c t i v i t y  i s  i n d u c e d  

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

h a v e  an  e x c e s s  o f  b o r o n  [ L i ,  7 6 .  5 . 1  77] a c c e p t o r s  o v e r  t h e  c o m p e n s a t i n g  

n i t - o g e n  an d  e x h i b i t  p - t y p .  s e m i c o n d u c t i v i t y ,  u i t h  r e s i s t i v i t i e s  i n  t h e

r a n g e  10 ficm t o  1 0  ̂ flcm.

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

g i v e n  i n  T a b l e  4 . 1 .
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T a b l e  4 . 1

PHYSICAL CONSTANTS FOR DIAMOND

L a t t i c e  c o n s t r n t  ag

N e a r e s t  n e i g h b o u r  d i s t a n c e

D e n s i t y  P

A to m ic  d e n s i t y  N

D ebye t e m p e r a t u r e  (0  -  800  *C) 8-
(0 K)

E n e r g y  gap  Eg

D i e l e c t r i c  c o n s t a n t

R e f r a c t i v e  i n d e x  (X ■ 581 run)
(A ■ 7 -  10 um)

3 5 6 .7  pm

1 4 5 .4 5  pm

3 . S 1 S - 1 0 3 kg -m * 3

1 . 7 6 - 1 0 " 29 m*3

1860 K 
2220 K

5 .4 8  eV

5 .7 0

2 .4 2
2 .2 7  -  2 . 3 3

4 . 2 . 2  I m p u r i t i e s  i n  Diamond

I m p u r i t i e s  i n  d iam on d  may b e  d i v i d e d  i n t o  two c l a s s e s :  t h o s e  t h a t

a r e  p r e s e n t  i n  t h e  l a t t i c e  and  t h o s e  t h a t  a r e  p r e s e n t  i n  i n c l u s i o n s .  D i ­

amonds c o n t a i n i n g  i n c l u s i o n s  v i s i b l e  i n  m i c r o s c o p i c  e x a m i n a t i o n s  h a v e  b e e n  

r e j e c t e d  f o r  u s e  i n  t h i s  w o rk ,  b u t  i t  c a n  b e  e x p e c t e d  t h a t  i n c l u s i o n s  o f  s i z e s  

down t o  a l m o s t  a t o m i c  d i m e n s i o n s  may b e  p r e s e n t  i n  a l l  d ia m o n d s  [ F e s  7 5 ] .

The m a j o r  i m p u r i t i e s  i n  ( v i s i b l e )  i n c l u s i o n - f r e e  d ia m o n d s  h a v e  b e e n  

f o u n d  t o  b e  n i t r o g e n  [Ka 5 9 ] ,  o x y g e n  [ F e s  75] a n d  h y d ro g e n  [Hu 7 7 a ,  S e l  7 8 ] .  

N i t r o g e n  i s  fo u n d  i n  q u a n t i t i e s  r a n g i n g  f rom  10 ppm t o  a s  much a s  500 0  ppm 

[Ka 5 9 ,  L ig  6 4 ,  S e l  7 8 ] .  From s p e c t r o s c o p i c  s t u d i e s  i t  i s  known t o  b e  i n ­

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

d ia m o n d  t y p e .  H y d ro g en  h a s  b e e n  f o u n d  i n  q u a n t i t i e s  up t o  1000 ppm. A

I 

1



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

i n f r a - r e d  s p e c t r a  o f  some d ia m o n d s  h a v e  b e e n  a s c r i b e d  t o  h y d r o g e n  [Run 71] 

a n d  s m a l l  e f f e c t s  on  t h e  t h e r m a l  c o n d u c t i v i t y  h a v e  a l s o  b e e n  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  h y d r o g e n  [B ur 7 9 ] .  I t  a p p e a r s ,  h o w e v e r ,  t h a t  m o s t  o f  t h e  

h y d r o g e n  i s  i n  i n c l u s i o n s ,  p o s s i b l y  w a t e r - r i c h  magma d r o p l e t s  [ S e l  7 8 ] .

O xygen  h a s  b e e n  f o u n d  i n  q u a n t i t i e s  o f  u p  t o  200 ppm [ F e s  7 5 ] .  T h e r e  i s  

n o  e v i d e n c e  t h a t  an y  o f  t h i s  i s  i n  t h e  l a t t i c e .  Much o f  i t  c a n  b e  r e l a t e d  

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

i n c l u s i o n s  [ F e s  7 5 ] ;  t h e  r e m a i n d e r  i s  p r o b a b l y  i n  g a s e o u s  i n c l u s i o n s  

[ S e l  7 5 a ] .

Many o t h e r  e l e m e n t s  h a v e  b e e n  f o u n d  i n  d iam o n d  [S ea  6 6 .  F e s  7 3 ,  7 5 ,  

S e l  7 5 a ,  7 7 ,  7 8 ] .  Most c f  t h o s e  a r e  p r e s e n t  i n  q u a n t i t i e s  much s m a l l e r  t h a n  t h e  

a b o v e  i m p u r i t i e s  an d  a r e  p r o b a b l y  p r e s e n t  i n  i n c l u s i o n s .  B oron  i s  known t o  

b e  p r e s e n t  s u b s t i t u t i o n a l l y  i n  t h e  l a t t i c e  i n  q u a n t i t i e s  o f  up  t o  100 ppm i n  

Typ e  l i b  d ia m o n d s  [ L ig  7 6 ,  S e l  7 7 ] ,  a n d  i n  l e s s e r  a m o u n t s  i n  o t h e r  t y p e s .

W ith  t h e  e x c e p t i o n  o f  n i t r o g e n ,  t h e r e f o r e ,  n o  i m p u r i t i e s  a r e  

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

The p o s s i b l e  i n f l u e n c e  o f  s u b - m i c r o s c o p i c  i n c l u s i o n s  i s  more d i f f i c u l t  t o  

a s s e s s .  T he  nu m b ers  g i v e n  a b o v e  f o r  i n c l u s i o n - r e l a t e d  i m p u r i t i e s  a r e  

m ax im a;  t h e  am oun t o f  t h e s e  i m p u r i t i e s  i s  r e l a t e d  t o  d iam o nd  c o l o u r  and 

c l e a r  and  y e l l o w  d ia m o n d s ,  w h ic h  p r e d o m i n a t e d  a m o n g s t  t h o s e  u s e d ,  a r e  

e x p e c t e d  t o  c o n t a i n  lo w e r  am o u n ts  [ F e s  7 5 ] .  From t h e  r e s u l t s  o f  F e s q  and  

c o - w o r k e r s  [ F e s  7 5 ] ,  t h e  d ia m o n d s  u s e d  i n  t h i s  work a r e  e x p e c t e d  t o  c o n t a i n  

< 4 0  ppm o f  i n c l u s i o n - r e l a t e d  i m p u r i t y ,  i s o l a t e d  i n  s m a l l  i n c l u s i o n s  

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

t h u s  e x p e c t e d  t o  b e  s m a l l  and  no e v i d e n c e  f o r  any  s u c h  e f f e c t  was fo u n d .
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4 .2 .3  C la s s if ic a t io n  o f  Diamonds

I t  remains to  co n sid er  the p o s s ib le  e f f e c t  on ch an n ellin g  o f  n itrogen  

and any l a t t i c e  d e fe c ts  th a t may be p r e se n t. These may be co n v en ien tly  

considered  to g e th e r , as i t  i s  found th a t diamonds may be c la s s i f i e d  in to  

four groups, e s s e n t ia l ly  on th e  b a s is  o f  n itrogen  con cen tration  and form, 

and th a t the major c r y s ta l d e fe c ts  found are r e la te d  to  th ese  groups.

The c la s s i f i c a t io n  i s  made predom inantly on the b a s is  o f  sp ec tro ­

sco p ic  fe a tu r e s  in  the in fr a -r e d  and u l t r a - v io le t  re g io n s . Pure diamond 

i s  expected  to  have no absorption  in  th e  u l t r a - v io le t  below the band-gap 

energy o f  5 .5  oV [Dav 77] and to  have absorption  in  the in fra -red  caused  

by two-phonon p ro cesses  cou p lin g  l a t t i c e  v ib r a tio n s  to  the in c id en t r a d i­

a tio n  in  the reg ion  3 -  6 wm, w hile one-phonon absorption  (7 - 10 um) i s  

forbidden by symmetry [Lax 5 5 ] . Diamonds were o r ig in a l ly  c la s s i f i e d  in to  

Type I or Type I I ,  depending on the presence or absence o f  in fra -red  

absorption  in  th e  range 7 - 1 0  um and th e  corresponding presence or absence 

o f  a secondary absorption  edge in  the u l t r a - v io l e t ,  below the absorption  

edge at 5 .5  eV. The presence o f  in fr a -r e d  absorption  in  the one-phonon 

reg ion  i s  now known to be caused by some im purity [Lax 5 5 ] , which has been 

shown to  be n itrogen  [Ka 59, Sob 7 2 ]. The le v e ls  introduced in  the band- 

gap by the n itrogen  are re sp o n s ib le  fo r  the secondary absorption  edge 

[Dav 7 3 ] . About 98 S  o f  n atu ra l diamonds are o f  Type I .

About 0 .1  % o f  Type I diamonds are found to  have a large proportion  

o f  th e ir  n itro g en  in the form o f  s in g le  s u b s t itu t io n a l atom s, as revealed  

by e le c tr o n  sp in  resonance [Dy 6 5 ]. These have been c la s s i f i e d  as lyp e  lb , 

w h ile  the r e s t ,  which have on ly  a very small fr a c t io n  o f  th e ir  n itrogen  in 

t h is  form a a c la s s i f i e d  as Type la .  In co n tra st :o natural diamonds,



most synthetic  diamonds are o f  Type lb [Dav 77].

Some Type I I  d ia m o n d s  a r e  fo i  a t o  b e  p - t y p e  s e m i c o n d u c t o r s  a n d  

a r e  c l a s s i f i e d  T y p e  l i b  [Cu 5 2 ] .  T h e s e  a r e  g e n e r a l l y  t h e  p u r e s t  o f  d i ­

am onds [Dav 7 7 ] .  The r e s t  a r e  c l a s s i f i e d  T ype H a .  Type I I  d ia m o n d s  do 

c o n t a i n  n i t r o g e n  [ S e l  7 5 a ] , t h e  am oun t  p r e s e n t  b e i n g  i n s u f f i c i e n t  t o  p r o ­

d u c e  m e a s u r a b l e  i n f r a - r e d  a b s o r p t i o n .  Type H a  d ia m o n d s  e x h i b i t  a  t a i l  on 

t h e  a b s o r p t i o n  e d g e  e x t e n d i n g  fro m  5 . 5  eV down i n t o  t h a  b l u e  r e g i o n ,  b u t  

h a v e  no s e c o n d a r y  a b s o r p t i o n  e d g e ;  T yp e  H b  d ia m o n d s  show no  u l t r a ­

v i o l e t  a b s o p r t i o n  b e lo w  t h e  a b s o r p t i o n  e d g e  [Dav 7 7 ] .

The g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e s e  c l a s s e s  a r e  su m m a r i s e d  b e lo w :

1 )  Type l a

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

7 -  10 vm (1 00 0  -  1332 c m " 1) shows tw o  s e t s  o f  c h a r a c t e r i s t i c  f e a t u r e s ,  

t h e  ' A '  f e a t u r e s  a n d  t h e  ' B '  f e a t u r e s  [Su  5 4 ] .  (A t y p i c a l  l a  o n e - p h o n o n  

a b s o r p t i o n  s p e c t r u m  i s  shown i n  F i g u r e  7 . 1 . )  D a v i e s  h a s  shown t h a t  t h e  

s p e c t r u m  c an  b e  d eco m p o s e d  i n t o  a m i x t u r e  o f  an  A s p e c t r u m  and  a  B s p e c t r u m  

r e l a t e d  t o  an A fo rm  and  a  B form  o f  n i t r o g e n ,  a n d  h a s  g i v e n  a p r e s c r i p t i o n  

f o r  d e t e r m i n i n g  t h e  r a t i o  o f  A and  B p r e s e n t  [Dav 7 3 ,  7 7 ] .  A t h i r d  f e a t u r e  

c h a r a c t e r i s t i c  ot" Type l a  d ia m o n d s  i s  a  p e a k  i n  t h e  a b s o r p t i o n  a t  7 . 3  urn 

( 1 3 7 0  c m "1) ,  d e n o t e d  B ' .  T h i s  i s  a b o v e  t h e  Raman e n e r g y  o f  1332 cm 1 and  

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

The a b s o r p t i o n  i n  t h e  i n f r a - r e d  d u e  t o  t h e  A and  B n i t r o g e n  i s  p r o ­

p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t h e  r e s p e c t i v e  f o r m s .  From e x p e r i m e n - s  

u s i n g  d ia m o n d s  w i t h  p r e d o m i n a n t l y  A n i t r o g e n  i t  h a s  b e e n  fo u n d  t h a t



w h e re  v A i s  t h e  a b s o r p t i o n  c o e f f i t  Lent i n  cm 

a n d  NA i s  t h e  p e r c e n t a g e  

L ig  6 4 ] .

1 a t  1282 cm "1 ( 7 . 8  um) 

a to m ic  c o n c e n t r a t i o n  o f  A fo rm  r d t r o g j n  (Ka 5 9 ,

T X . p o s i t i o n  f o r  B n i t r o . o n  i s  ^ r o .  .  o o n s i d . r . t i o n

o f  t h .  am oun t o f  B n l . r o , on  p r . s . n t  i n  « h .  d i ^ n d .  u „ d  i n  t h .  «  c o r -  

r e l a t l o n ,  D . v i o .  t o n o l u d « ,  t h a t  [B a r  7 3 .  7 7 ,  ( i n  t h .  a b o v .  u n i t , ,

HB (1282  cm- 1 ) ■ 330 t  150 Ng

S o b o le v  h a ,  f o u n d ,  u a i n ,  d i « ~ n d s  . 1 t h  p r o d o m l n a n t l y  B f . a t u r . a .  

t h a t  [S o b  72]

VB (1175  cm "1) ■ 250 N ,

w h i c h  i m p l i e s  [Dav 77 ]

Vn (1282  cm "1) ■ 8 s NB

From  a  g ro u p  o f  d i a m o n d s ,  i n c l u d i n g  some u s e d  i n  t h i s  w o rk ,  w i t h  n i t r o g e n  

m e e i u r e d  u a i n ,  a - > ■ ( . . « )  ' " " i o n  I S . ,  7 5 b , .  t h .  r . l . t i o n

(1282  cm "1 ) ■ i 5 0  ± 20 Xg

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

a l s o  r e l a t e d  t o  t h e  A an d  B fo rm s  o f  n i t r o g e n .  F o r  t h e  a  n i t r o g e n  i t  i s  

f o u n d  t h a t

^  ( 4 . 0 4  eV) -  0 . 5  u A (1282  c m ' 1) [Ka 59]

an d

UA ( 4 . 7 6  eV) "  8 . 4  i  1 . 5  u A (1282 cm "1) [Dav 7 3 ] .

T h e  a b s o r p t i o n  p r o d u c e d  by  t h e  'N 9 1 s y s t e m  a t  5 . 2 5  eV h a s  b e e n  fo u n d  t o  be 

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

t h a t  t h e  N9 s y s t e m  i s  n o t  a t r a n s i t i o n  o f  t h e  B n i t i o g e n  b u t  i s  d u e  t o  a 

d e f e c t  p r e s e n t  i n  much s m a l l e r  q u a n t i t i e s  [Dav 7 3 ] .

The A fo rm  o f  n i t r o g e n  h a s  b e e n  i d e n t i f i e d  a s  a p a i r  o f  n e a r e s t  

n e i g h b o u r  n i t r o g e n  a to m s  i n  s u b s t i t u t i o n a l  s i t e s  [Dav ' 6 ] ,  a l t h o u g h  some 

r e l a x a t i o n  f ro m  t h e  l a t t i c e  s i t e  b y  5 t o  20 % i s  i n d i c a t e d  [ S t o  - 8 ] .  The 

s . -u c tu re  o i  t h e  B c e n t r e  i s  a t  p r e s e n t  unknow n. Lack o f  p a r a m a g n e t i s m  

i m p l i e s  t h a t  i t  m u s t  c o n t a i n  an  ev en  n um ber  o f  n i t r o g e n  a to m s  [Dav 7 3 ] .  

O p t i c a l  an d  r a d i a t i o n  damage s t u d i e s  i n d i c a t e  t h a t  t h e  c e n t r e  s h o u l d  be  

r e l a t i v e l y  s i m p l e ,  p e r h a p s  4 t o  8 a to m s  [Dav 7 7 ] .  Low t e m p e r a t u r e  (<20 K) 

t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n ts  h a v e  s u g g e s t e d  t h a t  t h e  B n i t r o g e n  i s  

i n  c l u s t e r s  a b o u t  6 nm i n  d i a m e t e r  [Va 7 8 ] ,  b u t  t h i s  i s  t< some e x t e n t  

c o n t r a d i c t e d  b y  n e a r  room t e m p e r a t u r e  m e a s u r e m e n t s  (320  -  450  K) i n  w h ic h  

i t  i s  f o u n d  t h a t  p h o n o n s  a r e  s c a t t e r e d  b y  B n i t r o g e n  i n  much t h e  same way 

a s  A n i t r o g e n  [B u r  7 8 ] .  E v an s  [E va  78] h a s  s u g g e s t e d  t h a t  t h e  B n i t r o g e n  

i s  r e l a t e d  t o  d e f e c t s  known a s  p l a t e l e t s .  Some d ia m o n d s  h a v e  B n i t r o g e n

I
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an d  n o  p l a t e l e t s :  i n  thes** i t  i s  c o n c l u d e d  t h a t  t h e  p l a t e l e t s  h a v e  d e ­

g e n e r a t e d  and  t h e  B n i t r o g e n  i s  r e l a t e d  t o  t h e  s m a l l  (6  nm) c l u s t e r s  

[E v a  7 8 ] ,  w h ic h  h a v e  b e e n  o b s e r v e d  i n  t h e s e  d i a m o n d s .  (The d ia m o n d s  u s e d  

by  V a n d e r s a n d e  w e re  o f  t h i s  k i n d  [Va 8 0 ] . )

P l a t e l e t s  a r e  d e f e c t s  t h a t  t a k e  t h e  fo rm  o f  p r e c i p i t a t e s  on (IOC) 

p l a n e s  w h ic h  d i s p l a c e  t h e  l a t t i . c e  on  e i t h e r  s i d e ,  n o rm a l  t o  t h e  p l a t e l e t s ,  

w i t h  a  t o t a l  d i s p l a c e m e n t  o f  - r  <100> [ C a t  5 8 ,  Lan 6 4 ] .  The p r e s e n c e

o f  t h e s e  was p r e d i c t e d  by  F r a n k  [ F r  56] t o  e x p l a i n  a n o m a lo u s  s p i k e s  on 

X - r a y  p h o t o g r a p h s  o f  Type l a  d ia m o n d s  [Ra 4 0 ,  Lo 6 5 ] .  T hey  w e re  fo u n d  by  

e l e c t r o n  m i c r o s c o p y  by  E v an s  and  P h a a l  [Eva 62 b ]  a n d  r a n g e  i n  s i z e  f rom  

20 nm t o  50 ym a c r o s s  [E va  6 2 b ,  Wo 7 6 ] .  The d i s t r i b u t i o n  i s  o f t e n  i n -  

h o m o g en eo u s  [Eva 62 b ]  and  t h e  p l a t e l e t s  a r e  o f t e n  f o u n d  i n  a l t e r n a t i n g  

g r o w t h  b a n d s  t e n s  o f  m i c r o n s  w id e  [L an  7 7 ] .  I t  h a s  b e e n  f o u n d  t h a t  t h e  

i n t e g r a t e d  X - r a y  s p i k e  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  p l a t e l e t  a r e a  

p e r  u n i t  vo lum e [E v a  73] a n d  t h e  7 . 3  ym (B 1) a b s o r p t i o n  c o e f f i c i e n t  

[S o b  6 3 ,  Eva 7 5 ] .  From t h e  d a t a  g i v e n  by  E v an s  an d  P h a a l  [E v a  6 2 b ] ,  t h e  

r e l a t i o n  b e tw e e n  t h e  a b s o r p t i o n  c o e f f i c i e n t  Up a t  7 . 3  ym an d  t h e  p l a t e l e t  

a r e a  p e r  u n i t  v o lum e  (Ap ) ,  c a n  b e  e s t i m a t e d  a s

Ap " 1 0 3 y p ( 7 . 3  -ym).

T h i s  a g r e e s  w i t h  an e s t i m a t e  b y  H udson  b a s e d  on h i s  own d ' t a  [Hu 7 6 ] .

The B' p e a k  i s  o n l y  fo u n d  i n  t h e  p r e s e n c e  o f  t h e  A a n d / o r  B a b s o r p t i o n

f e a t u r e s ;  h o w e v e r ,  d ia m o n d s  sh o w in g  A a n d / o r  B a b s o r p t i o n  f e a t u r e s  w i t h

no  B1 p e a k  a r e  a l s o  fo u n d .

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



q u a n t i t i e s  o f  n i t r o g e n  w e re  d i s c o v e r e d  i n  l a  d ia m o n d s  [Ka 5 9 ] ,  n i t r o g e n  

was s u g g e s t e d  a s  t h e  p l a t e l e t  s p e c i e s  [ E l t  5 0 ] .  Lang [L a n  64] h a s  g i v e n  

an  e l e g a n t  m odel f o r  a n i t r o g e n  p l a t e l e t .  H o w e / e r ,  i t  was fo u n d  t h a t  

n i t r o g e n  was a s s o c i a t e d  w i t h  A and  B s p e c t r a ;  a l t h o u g h  t h e  B an d  B' 

p e a k s  a r e  o f t e n  c o r r e l a t e d  i n  s e t s  o f  d i a m o n d s ,  d ia m o n d s  c a n  b e  f o u n d  w h ic h  

n e g a t e  t h i s  c o n o l a t i o n  ( f o r  e x a m p l e ,  sh o w in g  B f e a t u r e s  w i t h  no  B ' ) .  I t  

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

p l a t e l e t s ,  and  t h a t  t h e  s p e c i e s  p r e s e n t  i s  p r o b a b l y  c a r b o n  [E va  7 3 ,  Dav 73 ,

Wo 7 6 ] .  R e c e n t l y ,  E van s  and  R a in e y  h a v e  f o u n d  t h a t  a n n e a l i n g  a b o v e  

^ 200 "C c a n  d e p r e s s  t h e  B' p e a k  w i t h o u t  a l t e r i n g  t h e  i n t e g r a t e d  s p i k e  i n ­

t e n s i t y  [E v a  7 5 ] .  E van s  h a s  s u g g e s t e d  t h a t  t h e  B n i t r o g e n  i s  a s s o c i a t e d  i n  

some way w i t h  t h e  p l a t e l e t s  and  t h a t ,  i n  B d iam o n d  w i t h  l i . t l e  o r  no  B’ 

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

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

i n  e l e c t r o n  m i c r o g r a p h s  o f  s u c h  d ia m o n d s  i n  a s s o c i a t i o n  w i t h  l o o p s  [E v a  7 8 ] .  

I t  may b e  n o t e d  t h a t  t h e  am ount o f  B n i t r o g e n  p r e s e n t  i n  d ia m o n d s  e x h i b i t i n g  

a  B -  B’ c o r r e l a t i o n  i s  o f  t h e  same o r d e r  a s  t h a t  r e q u i r e d  t o  p r o d u c e  p l a t e ­

l e t s  w i t h  t h e  Lang [Lan 64] s t r u c t u r e  ( s e e  C h a p t e r  7 ) .

P l a t e l e t s  a r e  t h e  m a j o r  d e f e c t  a s s o c i a t e d  w i t h  l a  d ia m o n d s .  Grown- 

i n  d i s l o c a t i o n  w ou ld  a p p e a r  t o  b e  low i n  n um b er  [L an  7 9 ] .  E v ans  and  P h a a l  

[E v a  6 2 b ]  r e p o r t e d  d i s l o c a t i o n  l o o p s  a s s o c i a t e d  w i t h  p l a t e l e t s  b u t  a p p a r e n t ­

l y  10 t o  30 t i m e s  f e w e r  i n  n u m b er .  T hey  b e l i e v e d  t h a t  t h e s e  l a y  on {111} 

b u t  w e re  u n a b l e  t o  d e m o n s t r a t e  t h i s  o w in g  t o  t h e  l a c k  o f  s u f f i c i e n t  m ove­

m en t  i n  t h e  m i c r o s c o p e  s t a g e .  L oops on {111} h a v e  n o t  b e e n  r e p o r t e d  b y  

o t h e r  a u t h o r s ,  b u t  Woods [Wo 76] f o u n d  l o o p s  on ( 1 0 0 } ,  a s s o c i a t e d  w i t h  

- g i a n t '  p l a t e l e t s ,  an d  o f  s i m i l a r  s i z e .  T h e s e  w ou ld  a p p e a r  t o  b e  some 20 

t i m e s  l e s s  n u m e ro u s  t h a n  t h e  p l a t e l e t s  (Lan / 9 ] .



T h e s e  a r e  c o m p a r a t i v e l y  r a r e  i n  n a t u r e ,  c o m p r i s i n g  a b o u t  0 .1%  o f  

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

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

a b s o r p t i o n  i n  t h e  s e c o n d a r y  a b s o r p t i o n  r e g i o n  b e lo w  5 . 5  eV and  t o  t h e  c o n ­

c e n t r a t i o n  o f  s i n g l e  s u b s t i t u t i o n a l  n i t r o g e n  a to m s  [Dav 7 7 ] .  The c o n ­

c e n t r a t i o n  o f  n i t r o g e n  i s  l e s s  t h a n  i n  l a  d i a m o n d s ,  a v e r a g i n g  a b o u t  100 ppm 

[ S e l  7 8 ] ,  n o t  a l l  o f  w h ic h  i s  p r e s e n t  i n  t h e  s i n g l e  s u b s t i t u t i o n a l  fo rm .

Some i s  p r o b a b l y  p r e s e n t  i n  t h e  A fo rm  [C h r  7 7 ] .

No p l a t e l e t s  a r e  fo u n d  i n  l b  d ia m o n d s .  S m a l l  d e f e c t s ,  a p p r o x i m a t e l y  

s p h e r i c a l  a n d  a b o u t  5 nm i n  d i a m e t e r ,  h a v e  b e e n  f o u n d  i n  s e v e r a l  l b  d ia m o n d s  

[Hu 7 7 b ,  Bus 7 8 ] .  I t  h a s  b e e n  s u g g e s t e d ,  w i t h o u t  much e v i d e n c e ,  t h a t  t h e s e  

a r e  r e l a t e d  t o  p l a t e l e t s  [Hu 7 7 b ] . I t  i s  n o t  known i f  t h e y  a r e  r e l a t e d  t o  

t h e  c l u s t e r s  o f  a b o u t  t h e  same s i z e  s e e n  i n  l a  B d ia m o n d s  w i t h  n o  B1 

f e a t u r e s .  H o w ev er ,  no  d i s l o c a t i o n  l o o p s  h a v e  b e e n  r e p o r t e d  i n  t h e  l b  

d ia m o n d s  an d  e x a m i n a t i o n  i f  m i c r o g r a p h s  o f  t h e  c l u s t e r s  i n  V a n d e r s a n d e ' s  

d ia m o n d s  i n d i c a t e s  t h a t  t h e  c l u s t e r s  do n o t  show t h e  ' s t r u c t u r e  f a c t o r '  

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

i i i )  T ype I l a

T h e s e  c o n t a i n  t y p i c a l l y  20 ppm o f  n i t r o g e n  a n d  i t  h a s  b e e n  s u g ­

g e s t e d  '  t h e y  a r e  s i m p l y  l i m i t i n g  c a s e s  o f  Type l a  d iam o n d s  [Dav 7 7 ] .  

H o w ev e r ,  many Type I I  d ia m o n d s  a r e  d i s l o c a t i o n  r i c h ,  a p p a r e n t l y  a s  a  r e s u l t  

o f  p l a s t i c  d e f o r m a t i o n ,  and  e x h i b i t  m a rk ed  b i r e f r i n g e n c e  [Lan 7 9 ] .  T h i s  

i s  i n  m a rk ed  c o n t r a s t  t o  Type I d ia m o n d s  w h ic h  t y p i c a l l y  c o n t a i n  few 

d i s l o c a t i o n s  [Lan 7 9 ] .  Many Type I I  d ia m o n d s  h av e  a  m o s a ic  s t r u c t u r e .  A 

t y p i c a l  d i s l o c a t i o n  d e n s i t y  i n  s u c h  d ia m o n d s  i s  ,v l 0 8 l i n e s  cm 2 [Lan 7 9 ] .



T h i s  w o u ld  a p p e a r  t o  b e  one  t o  two o r d e r s  o f  m a g n i t u d e  l e s s  t h a n  t h e  

minimum d e n s i t y  o b s e r v a b l e  i n  c h a n n e l l i n g  [ P i c  7 8 ] .

i v )  Type H b

T h e se  a r e  e s s e n t i a l l y  t h e  same a s  I l a  d ia m o n d s  a s  r e g a r d s  d e f e c t s  

and n i t r o g e n  c o n c e n t r a t i o n s .  T hey  c o n t a i n  up t o  100 ppn  o f  b o r o n  [ L i g  7 6 ,  

S e l  7 8 ]  w h ic h  a c t s  a s  an a c c e p t o r  t o  p r o d u c e  p - t y p e  s e m i c o n d u c t i v i t y  

[Kern 6 5 ] .  l i b  d ia m o n d s  a r e  o f t e n  r e c o g n i z a b l e  b y  a  c h a r a c t e r i s t i c  b l u e  

c o l o u r a t i o n  c a u s e d  by  a c c e p t o r  t o  v a l e n c e  b an d  t r a n s i t i o n s  [Dav 7 7 ] .

S e v e r a l  c o n c l u s i o n s  c a n  be d raw n  from  t h e  ab o v e  i n  r e s p e c t  o f  t h e

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

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

t o  c a r b o n  i n  c h a r g e  and  m a s s .  The e f f e c t  o f  t h e s e  on c h a n n e l l i n g  i s  t h u s

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

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

c o n t a i n  p l a t e l e t s  w h ic h  m u s t  co m b ine  t h e  d e c h a z n e l l i n g  p r o p e r t i e s  o f
ao

s t a c k i n g  f a u l t s  a n d  d i s l o c a t i o n  l o o p s ,  b y  v i r t u e  o f  t h e i r  —  • <100> 

d i s p l a c e m e n t  v e c t o r .  T y p i c a l  p l a t e l e t  a r e a s  p e r  u n i t  v o lum e  a r e  s i m i l a r  

t o  t h e  a r e a  t h a t  c o u l d  be  c o v e r e d  by  d i s t r i b u t i n g  t h e  n i t r o g e n  i n  a Lang 

(Lan 6 4 )  model p l a t e l e t  and t h u s  t h e  d e c h a n n e l l i n g  e f f e c t  o f  p l a t e l e t s  

w i l l  b e  much g r e a t e r  t h a n  t h a t  o f  an e q u i v a l e n t  n um ber  o f  n e a r l y  s u b ­

s t i t u t i o n  n i t r o g e n  a to m s .  B e c a u se  t h e  s t r u c t u r e  o f  t h e  B n i t r o g e n  c e n t r e  

i s  n o t  known, i t s  e f f e c t  on c h a n n e l l i n g  c a n n o t  b e  e v a l u a t e d .  I f  t h e  B 

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

i t  i s  a s s o c i a t e d  w i t h  l a r g e r  c l u s t e r s  5 nm i n  d i a m e t e r ,  o r  p l a t e l e t s ,  t h e  

e f f e c t  c o u l d  be  l a r g e .  Th*. e f f e c t  o f  d i s l o c a t i o n s  i n  a t y p i c a l  Type I I  

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



m i g h t  n o t  be t m e  a t  h i g h e r  e n e r g i e s  a s  t h e  d e c h a n n e l l i n g  c r o s s - s e c t i o n  

i s  e x p e c t e d  t o  r i s e  a s  ( E n e r g y ) 1 [Qu 6 8 ] .  The a s s e s s m e n t  o f  Type l b  

d ia m o n d s  i s  d i f f i c u l t  a s  l i t t l e  w ork  a p p e a r s  t o  h a v e  b e e n  d o n e  on  t h e  

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

a r e  low  i n  c o n c e n t r a t i o n  ( a b o u t  2 - 1 0 ^  « ‘ 3 ) and  m i g h t  t h u s  b e  e x p e c t e d

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

d ia m o n d  f o r  c h a n n e l l i n g  p u r p o s e s  w o u ld  b e  a  Type l a  w i t h  a s m a l l  A 

a b s o r p t i o n  and  no  B o r  B' a b s o r p t i o n .

Type H a  a n d  l i b  d ia m o n d s  a r e  l i k e l y  t o  g i v e  good  r e s u l t s  i f  

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

p r o b a b l y  a l s o  g i v e  good r e s u l t s .

4 , 3  SELECTION OF DIAMONDS

4 , 3 , 1  S e l e c t i o n  P r o c e d u r e s

I t  was n o t  p o s s i b l e  t o  s e l e c t  d ia m o n d s  f rom  a  l a r g e  b a t c h  u s i n g

t h e  i d e a l  p r o c e d u r e  o u t l i n e d  a b o v e ,  c w in g  t o  t h e  l a c k  o f  s u i t a b l e  r e ­

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

som ew hat s i m p l e r  p r o c e d u r e  was u s e d ,  a l b e i t  m ore r e l e v a n t  t o  i o n  c h a n n e l l i n g .

A g ro u p  o f  18 d ia m o n d s  ( ' D i ‘ s e r i e s )  h ad  bee . ,  o b t a i n e d  f o r  

i o n  c h a n n e l l i n g  p u r p o s e s  b y  Dr T .E .  D e r r y  [D e r  78] fro m  Dr F .A . R a a l  o f  

D iamond R e s e a r c h  L a b o r a t o r i e s  (DRL), J o h a n n e s b u r g .  T h e s e  w e re  c h o s e n  by 

DRL f o r  good a p p e a r a n c e  and  f r e e d o m  f ro m  i n c l u s i o n s .  S e v e r a l  w e re  u s e d  

by  D e r r y  i r  e a r l y  e x p e r i m e n t s  and  s e v e r a l  w e re  r e j e c t e d  on t h e  g r o u n d s  o f  

s i z e  and  p o o r  q u a l i t y .  T h i s  l e f t  t w e l v e  d ia m o n d s  f o r  i o n  c h a n n e l l i n g  

p u r p o s e s ,  e l e v e n  o f  w h ic h  w ere  l a  and  o n e  a I I . . T h e se  w ere  i n  t h e  form 

o f  p l a t e s ,  m a i n l y  n a t u r a l .  ^ 6  mm on a s i d e  and  1 mm t h i c k .



A further  s e t  o f  24 s ton es  (K s e r i e s )  was s e le c te d  from a large  

group o f  near-gem in d u str ia l  diamonds. These were s e le c te d  for low b i ­

re fr in g en ce  and good morphology. The s e le c t io n  was made at tho main 

De Beers sort ing  rooms in Kimberley with the a s s i s ta n c e  o f  T.E. Derry.

Two la r g e ,  f l a t ,  clear stones were a lso  le n t  by De Beers from th e ir  

s p e c ia l  c o l l e c t i o n ,  g iv ing  a t o t a l  o f  26 K s e r ie s  s to n e s ,  most o f  which 

were l a ,  but Including one l i b .

This r e su lte d  in a se t  o f  38 diamonds used by the author and 

by T.E. Derry. This set  was supplemented on an a i  hoc b a s is  with diamonds 

which became a v a i la b le  through the general diamond research programme in 

the laboratory , in  p a r t ic u la r ,  a large brown H a ,  a good q u a l i ty  l i b  and 

a lb .

A se t  o f  diamonds on which to make d e f i n i t i v e  measurements was 

s e le c t e d  from the above group using  ion c h a n n e l l in g ,  under standard 

c o n d it io n s  o f  1 MeV protons channelled along <110>. As a measure o f  the  

c r y s t a l  q u a l i ty ,  the y ie ld  xo» measured ju s t  behind the surface peak, and 

X2 , 5 » measured at 2 .5  urn, were used. These measurements were taken a f t e r  

su rface  preparation as d iscussed  in  S ect ion  4 .4 .

The minimum y ie ld  xo was found to  c lu s t e r  about 2%, with a range 

up to  about 3%. The y ie ld  at 2 .5  vm was found to  c lu s t e r  at about 24% 

with the  y ie ld  in some diamonds r i s in g  to  about 60%. The diamonds which 

showed y ie ld s  l e s s  than 25% were used for  d e f i n i t i v e  dechannelling  

measurements; diamonds with y ie ld s  l e s s  than 30% were judged as good 

c r y s t a l s  for general channelling u se . The diamonds that showed e x cess iv e  

y ie ld s  were predominantly Cape yellow  diamonds from the K s e r i e s .  Infra-red



, p . c t r ,  showvd that  th ese  were strong Type l a ' s  w ith  a high concentration  

o f  n itrogen  and p l a t e l e t s ,  and a group o f  these  was chosen for further  

study. The spread in the minimum y ie ld  below the su rface  peak was q u ite  

small and tended to  c o r r e la te  with the y ie ld  a t  2 .5  urn. E xtrapolation  

to  the  surface showed a c lu s te r in g  with a much sm aller  spread at about 

1.5%. The c r i t i c a l  angle at the su r fa c ,  was found to  be the same for

diamonds with high X2.S and those o f  the d e f i n i t i v e  s e t .

4 .3 .2  Assessment o f  S e le c t io n  Procedures

The d e f i n i t i v e  s e t  was found to  contain diamonds that on the b a s is

o f  o x t e n t . l  •p p .o r o n c .s  . i g h t  b .  Judged •» good c r y s t e l e .  "ember, o f  .11

four sub-group. . . . .  Included; k in d ,  .b lo b  .bowed . . r k e d l y  . o r . .  c h . r . c -

t e r i . t i c .  were .11  . t r o n ,  I .  d l .» o n d , .  1 .  . . .  u n f o r t u n . t . l y  not p o s . l b l .  

to  . . . . . . .  -he I n fr . - r e d  .b so rp t lo n  on .11 tbe d i » o n d . ,  but »u=b 1 .  d l« .o n d .

in  th e  d e f i n i t i v e  . . .  t b . t  . . . .  . . . . . r e d  . b e d  I d .  n itrogen  .nd p l . t . l e t

c o n c e n tr . t io n .  I t  1 .  tb u .  concluded that  the r . e u l t .  o b f l n e d  . . .  tb o .e  

c h a r a c t e r i s t i c  o f  diamond i t s e l f .

On. p o s s ib le  remaining problem i s  that o f  homogeneity. Diamonds 

are found which are inhomogen.ous in in tern a l s tru ctu re  [Lan 79 ] .  The 

NPRU has r e c e n t ly  obtained a Luminoscope (Nuclide Corporation. USA) (a 

c th o d o lu m in escen ce  apparatus for attachment to  a microacop. . t a g . )  and 

th e  opportunity  was taken to  examine some o f  the diamonds used in t h i s  

study in cathodolum inescence, which can show up many stru ctu ra l  and 

sp ec tro sco p ic  fea tu res  in a topographical manner [Ha 77] .

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

t h e  d ia m o n d s  [Dav 7 9 ] ,  a b o u t  t h e  same a s  p r o b e d  b y  c h a n n e l l i n g  and  t h u s



f e a tu r e s  observed sre  d i r e c t l y  r e le v sn t  to  ch an n e ll in g .  I t  was confirmed 

th a t  the diamonds used were e s s e n t i a l l y  uniform, and that  cathodolum in.sc-  

ence i s  a d ia g n o s t ic  in d ica tor  th a t  w i l l  be u se fu l  in future channelling

s tu d ie s  on diamond.

4 .4  PREPARATION

4 . 4 . 1  Alms

For accurate channelling  measurement? the c r y s ta l  surfaces  

should be f l a t ,  to  prevent v a r ia t io n s  in the sc a t te r in g  geometry, and free  

o f  contaminating la y e r s , which would s c a t t e r  the in c id en t  beam. I t  

was found that natural f a c e ,  o f  diamond c r y s t a l s  in e v i ta b ly  gave bad 

ch an n e ll in g  r e s u l t s .  Several reasons for  t h i3  may be suggested: the sur­

face  can s u f fe r  mechanical daman during the h is to r y  o f  the diamond and 

during mining operation; the surface can s u f fe r  r a d ia t io n  damage by 

contact over many m i l l io n s  o f  years with rocks conta in ing  r a d io a c t iv e  

i s o to p e s ;  and contaminating m ateria l can be imbedded In f i s s u r e s  and 

i r r e g u l a r i t i e s  on the su rface .  The aim in ta rg et  preparation was * \u s  

to  prepare a fresh  f l a t  surface  on the diamond. This was done by p o l ish in g  

o r ,  in some c a s e s ,  e tc h in g .  The diamonds were then cleaned and mounted in

the  ta rg e t  ho lders .

4 .4 .2  Po lish ing

Diamonds were f i r s t  cut to  s i z e  i f  n ecessary  using conventional

diamond sawing techniques. They were then po lished  using standard

diamond p o l ish in g  tech n iq u e , on a standard s c a i f e  (po li .h*ng  w heel) .

with the f in a l  p o l i s h  being done with 0 -  1 um diamond g r i t .  The s c a i f e

i s  a c a s t  iron wheel, spinning at about 3000 rpm which i s  charged with a

mixture o f  diamond g r i t  and o l i v e  o i l .  P o lish in g  i s  done at a l in ea r



wheel speed o f  30 -  50 m -s '1 . P o lish in g  i$  throught to proceed by the  

c leavage  o f  small (almost atomic s iz e d )  b locks from the su rface  [Wil 59) ,  

but a chemical attack at  surface a s p e r i t i e s  has a lso  been suggested as 

the mechanism (Sea 58 ) .  The surface i s  not cubject to  p l a s t i c  flow.

The f in a l  surface  produced r e ta in s  a good c r y s ta l  s tru ctu re  and i s  free  

o f  damage. I t  has been suggested that a network o f  microcracks along  

(111) c leavage p lanes could e x i s t  in the surface  region to  a depth o f  

about 50 nm [Fr 64, Va 76 ) .  I t  was found that annealing produced a very 

s l i g h t  improvement in the channelling  minimum y ie ld  on some diamonds, 

which might in d ic a te  the h ealing  o f  microcracks and, for t h i s  reason,  

diamonds were g en era l ly  annealed at 1100 "C in u ltra h ig h  (10*10 torr)  

vacuum a f t e r  p o l i s h in g .  No d if fe r e n c e  in y ie ld  was found between p o lished  

and annealed diamonds, and gas-etched  diamond!. [Der 78 ) ,  and i t  was 

concluded that p o l ish in g  was a s a t i s f a c t o r y  method o f  su rface  preparation.

4 . 4 . 3  Gas-Etching

This procedure has been described by Derry [Der 7 8 ] .  Diamonds 

were etched in m stream o f  dry carbon d iox id e  at a temperature o f  1000 *C. 

The r e s u l t s  tended to be var iab le:  some diamonds showed extreme p i t t in g

a f t e r  etch ing  and, for t h i s  reason, the process  was used on ly  on diamonds 

that  would be d i f f i c u l t  to  p o l i s h ,  in p a r t ic u la r ,  diamonds that were th in  

and irreg u la r  and th in  diamonds that had large f l a t  (111) fa c e s  which 

are extremely d i f f i c u l t  to  p o l ish  [Wil 65 ) .

4 .4 .4  Cleaning

After p o l ish in g  or e tch in g ,  the diamonds were cleaned in a 10% 

s o lu t io n  o f  Centred (Decon Laboratories, Brighton, United Kingdom, a lso  

known as Decon 90) and deion ised  water. Contrad i s  a detergent designed



for  r a d io a c t iv e  decontamination and conta ins  a surfactant and a ch e la t in g  

agent. D1amends were cleaned for  h a l f  an hour in t h i s  so lu t io n  in clean  

t e f l o n  beakers in  an ultra«Pn',c oath , a f te r  which they were rinsed three 

tim es in d e ion ised  water, a lso  in  the u l tr a so n ic  bath. This c lean ing  

procedure was found to  be as e f f i c i e n t  as a longer procedure invo lv ing  

baths o f  b o i l in g  acid  (Dor 76] .

4 .4 .S  A s s e s s m e n t

The e f f e c t iv e n e s s  o f  the c lean ing  and surface preparation techniques  

was judged by hackscatter ing  and channell ing  measurements. The surface was 

found to  be fr e e  o f  contaminants with masses higher than that o f  carbon, 

w ith  the exception  o f  a monolayer o f  oxygen. Derry [Der 76] has suggested  

that t h i s  i s  in the form o f  OH groups, derived from the aqueous c lean ing  

m ixture, term inating dangling bonds on the su rface . The surface peak in 

ch an n e ll in g  experiments was found to be c o n s is t e n t  with that evaluated  

from B a r r e t t 's  expression [Ba 71] and corresponded to  about f iv e  monolayers 

[Der 78 ] ,  thus in d ica t in g  that surface  d isorder  i s  low. These measure­

ments were g r e a t ly  sided by the low ra te  o f  hydrocarbon d ep o s it io n  on 

the target  surface from the vacuum, owing to the e f f e c t i v e  trapping pro­

v ided by the  cryosh ie ld  held at 80 K -round the ta r g e t .

I t  was concluded that the diamonds used in th is  work were good 

c r y s t a l s  w ith  c le a n ,  ordered s u r fa c e s ,  and could be used as c o n f id en t ly  

as we11-prepared, c a r e fu l ly  grown c r y s t a l s  have been in other s tu d ie s .

4 .4 .6  Thin Diamonds

Diamonds for transm ission work were prepared by D Drukker and Zon,



Amsterdam. These were Type H a c r y s t a l s ,  c a r e fu l ly  p o l ish ed  to  the  

f in a l  th ick n ess  o f  4 -  20 urn. The diamonds used w i l l  be further s p e c i f ie d  

in Chapter 8.



DECHANNELLING IN GOOD CRYSTALS

I

5.1 INTRfLUCYION

An important aspect o f  the motion o f  channelled ions  i s  the fa c t  

that th e s e  ions do not n e c e s s a r i ly  remain channelled as they proceed in to  

the c r y s t a l , but can become dechannelled as a r e s u l t  o f  c o l l i s i o n s  with  

e le c tr o n s  in the channel, with therm ally v ib ra t in g  atoms or with d e f e c t s .  

Thus the  y ie ld  o f  c lo s e  encounter p ro cesses  in crea ses  with depth in to  the  

c r y s t a l .  This i s  c l e a r ly  shown in Figure 5 .1 ,  where channelled and random 

backscattered  sp ectra  taken with the same number o f  in c id en t  io n s ,  are 

compared. The dechanoelling  in the b est  (and thus 'd e fe c t  fr e e '  as far  

as ch an n ell in g  i s  concerned) diamonds i s  in v e s t ig a te d  in t h i s  chapter.

E xtensive s tu d ie s  have been made o f  dechennell lng  in the other  

Group IV diamond-cubic c r y s t a l s ,  s i l i c o n  and germanium, by workers at 

Catania [Fot 71 , Cam 71] who have shown th a t ,  for a p a r t ic u la r  a x i s ,  the  

r e s u l t s  for var ious  inc ident beam en erg ie s  and c r y s ta l  temperatures may be 

reduced to  a s in g le  curve in  which the y ie ld  i s  determined as a function  of

%

E

where u2 i s  the (2 -dim ensional) thermal v ib ra t io n  amplitude, E i s  the 

in c id e n t  beam energy and z i s  the depth in to  the c r y s t a l . This sca l in g



/ /

V  I ,

DEPTH W

cn 2000

Random

< 1 0 0 >  - < i v

100 
CHANNEL

f ig u re  5 .1 :  Energy spectra  for 1 .0  MeV protons Incident on diamond In random and channelled d ir e c t io n s .

'  .
'



im p lie s  that the  dechannelling i s  la r g e ly  determined by sc a t te r in g  from 

therm ally  v ibrating  atoms, although the th e o r e t ic a l  treatment suggests  

a more complicated behaviour [Fot 71, Cain 7 1 ] .  S im ilar sc a l in g  has been 

obtained in  quartz [Abe 72b],  but has not been found in  tungsten [ a s  72] ,  

w h ile  some workers have been unable to  repeat the s i l i c o n  sca l in g  

[Fon 72] .  I t  i s  o f  in t e r e s t  to  examine the s i t u a t io n  in diamond where, 

on the grounds o f  the theory o f  Chapter 2, i t  i s  expected that  dechannel­

l in g  w i l l  be dominated by the e f f e c t  o f  s c a t t e r in g  by e le c tr o n s  in the  

channel.

Measurements have been made o f  the y ie ld  as a function  o f  depth,  

u s in g  protons in c id en t  along the a x ia l  d ir e c t io n s  <110>, <1U> and <100>, 

over a range in en erg ies  from 1 .0  MeV to  8 .9  MeV and, at 1 .0  MeV, for  

temperatures ranging fron room temperature (20 *C) to  700 °C. Some meas­

urements are a lso  reported for  the planes (1 1 0 ) ,  {111} and {100}, although  

th e  emphasis o f  the work was on a x ia l  d echannell ing . The measurements 

have been compared with t h e o r e t ic a l  p r e d ic t io n s  based on the steady i n ­

crea se  model and on the d i f fu s io n  d e l .  The e f f e c t  o f  v-.rious c o n tr ib ­

u t io n s  to the dechannelling has been examined through the d i f fu s io n  model.

5 . 2  EXPERIMENTAL METHOD AND DATA ANALYSIS

Experiments were carr ied  cut as d escribed  in Chapter 3. Data 

a n a ly s i s  was performed using  the program CHANSFEC (see  Appendix 1 ) .  

Spectra were 'deconvoluted ' by f i t t i n g  a curve to  the surface edge, and 

the  surface peak was str ipped  o f f .  Conversion from an energy sc a le  to  a 

depth sca le  was performed, the spectra were normalised to  random and then

sf ' o th ed .



A perennia l problem in the comparison o f  dechannelling  measure­

ments to  theory a r i s e s  in the conversion frc-n an energy sc a le  to  a depth  

s c a le .  W ell-channelled ions have a stopping power lower than the random 

v a lu e ,  "hus, in c a lc u la t in g  the depth s c a le  for  a channelled s ‘trum, a 

lower stopping power should be used along the in c id en t  path, before back- 

s c a t t e r in g  occurs .  For t h i s  reason , some workers f for  example [Fed 75])  

have used an est im ate  o f  the channelled stopping power (g e n e r a l ly  taken as 

h a l f  the random stopping power) in eva lu a tin g  t h e ir  depth s c a le s .  However, 

the  stopping power i s  tra jectory -d ep en d en t,  and ions  which are de­

channelled  w i l l  have experienced a gradual in crease  in stopping from the  

value  at  the p o in t  at which they entered the channel, up to  the stage at  

which they dechannelled. The appropriate stopping power for  a p a r t ic u la r  

depth i s  the average stopping power experienced by ions dechannelling  at  

th a t  depth [Fed 75 ] .  This w i l l  be c lo s e  to  the random value (or even 

higher [Ros 77]) for small depths,  gradually  decreasing  at larger  depths.

The actu a l value to  be used i s  d i f f i c u l t  to  a s s e s s .  Protons transm itted  

through th in  diamond c r y s t a l s  and emerging at angles c lo s e  to  zero with  

resp ec t  to  the <110> channel show an energy lo s s  o f  ~80 % o f  the  random 

value  ( see  Chapter 8) .  This group w i l l  represent mainly the b est-ch an n elled  

io n s .  One may conclude that ions that are dechannelled w i l l  have a higher  

energy lo s s  than t h i s .  Tnus the e f f e c t i v e  channelled stopping t 3wer to  

be used in  the dept'.i conversion i s  l i k e l y  to be c lo s e  to  the random va lu e ,  

at l e a s t  for diamor.d.

In view o f  th ese  uncertair  c i e s ,  random stopping powers have been 

used along both the in -go in g  and out-going  p ath s ,  for  the depth conversion  

in  t h i s  work. However, some comments about the n e g le c t  o f  a lower 

channelled  stopping power are in order. The e f f e c t  o f  a lower channelled



stopping power on the normalised y ie ld  i s  dependent on the shape o f  the 

spectra  and the energy dependence o f  the sc a t te r in g  c r o s s - s e c t io n ,  and i s  

not n e c e s s a r i ly  equ iva len t  to  a r e sc a l in g  or the  depth s c a le ,  as has been 

im plied in [Ped 7 5 ] .  Thus, for depths smaller than that corresponding to  

the maximum in the  channelled sp ectra  in Figure 5 .1 ,  the y ie ld  w i l l  be 

decreased by a lower channelled stopping power w h ile ,  for larger  depths,  

the y ie ld  w i l l  be increased .

Using a value for the channelled stopping power o f  h a l f  the random 

v a lu e ,  the y ie ld  for  <110> at 4 .5  MeV was found to  be decreased by 'vlS *n 

at a depth o f  10 um, while i t  was increased at depths greater  than 20 um. 

The e f f e c t  at 1 MeV was found to  be sm aller , amounting to  a decrease o f  

'vlO t  at 1 um and 5 % at 2 urn. These f ig u res  g iv e  some idea o f  the e f f e c t  

o f  a lower channelled stopping power on the y ie ld :  the use o f  a more

r e a l i s t i c  va lue  w i l l  r e s u l t  in much smaller changes.

The diamonds used for t h i s  study o f  dechannelling  represent  

the  best  diamonds in the se le c te d  s e t .  They are thus expected to  represent  

the dechannelling  o f  diamond, without a con tr ib u tion  from d e f e c t s .

5 .3  CALCULATIONS

5 .3 .1  D if fu s io n  Model

The f u l l  ' d i f f u s i o n 1 equation , including  absorption and damping 

(equation 2 .5 .2 8 )  was in tegra ted  num erically .

In order to  provide f ix ed  boundary c o n d it io n s ,  the transformation
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was introduced, e i s  a constant introduced to  se t  the s c a le  o f  the 
m

transfor-.3t : jn ,w ith  c1- c for y -  1. With t h i s  transform ation , the

equation (2 .5 .2 3 )  becomes:

»f a2f  3 f
—  * D j  ♦ D% —  ♦ D ; f
3z 3z2 3y

(5 .3 .1 )

with
8 ( y » t )

f  ■ f ( y , z )  «
A(y)

f ( ± D

1 c o s4 (ir/2 • y)
and Di ■ ------

tan2 <w/2 • y)
D (r i (y ) )

D2
1

2 e _
[S (c x(y))  ♦ Sd (£ l (y ) ) ]

c o s2 ( s /2  • y)

tan ( s /2  • y)

D(C i(y))  c o s2 f s /2  • y)

4 c m
tan ( s /2  • y)

[2cvis2 ( s / 2  • y)

♦ c o t2 ( s / 2  • y )]
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D3
1 COS2 (ir/2 • y) <*Sd ( e A(y})

2Em tan (ir/2 • y) dy
-  °T nT ( c i ( y ) )

where S ( c J
d =i

dz

S a ( = J A ( e . )
dc.

dz damp

and D(cA) i s  r e la ted  to  S ( t A) by equation ( 2 .5 .2 1 ) .  The equation may

be solved for  f  and hence g for the boundary co n d it io n  f (±1) -  0. This

transformation a llow s a wide range o f  eA to  be covered while ze ta in in g

accuracy in the small e A reg io n ,  and a llow s an e f f i c i e n t  usage o f  computer

core . The 1 small cA1 region may be expanded or contracted  by choice o f

e . The r e s u l t s  were in s e n s i t i v e  to  the value  o f  e and a value o f  m rr

E|n ■ 0 .5  was g en era l ly  used.

The so lu t io n  o f  equation ( 5 .3 .1 )  was approximated on a grid with  

s t e p - s i z e  Az in z and Ay in y. The equation ( 5 .3 .1 )  was then solved on 

t h i s  gr id  using  a Crauk-Nicholson f i n i t e  d i f f e r e n c e  method [Ric 67] mod­

i f i e d  to  inc lude  the second and th ird  term in equation ( 5 . 3 . 1 ) .  Thus 

f ( z  ♦ Az) can be obtained from f ( z )  by so lv in g  the im p l ic i t  s e t  o f  

equations:
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AZ 2(Ay)'
( f ♦ f .

i , j + l  * l . j - 1  l + l ' M

- 2 f ,  4 -  2 f ,
'  i . j

02

4 i y
( f .

- f .

( f 1 * 1 , j * f i . j }

e h . „  i  r e f e r s  t .  , h .  y c o - » r d l n . t e  . r i d  « d  ,  to  th e  t  . r i d .  The C r . o h -  

N ich o lso n  s c h e o .  1 ,  s t . b l .  f o r  . 1 1  o h o l c e .  o f  hy » d  h t .  . l . h o o gh t h e  

acc u ra cy  o f  t h e  a p p r o x l o a t l o n  ( t h a t  I s .  t r u n c a t i o n  - r r o r ,  1 .  o b v i o u s l y  

dep en d en t u p o n  t h e .  l » l c  0 7 , .  The  s t a b i l i t y  o f  t h e  s c h « s e  i s  n o ,  «> . ,«c«e  

, o  b .  a f f e c t e d  b y  t h e  i n c l u a i o n  o f  t h e  lo w e r  o r d e r  t e r . ,  i n  e , n a t i o n  ( 5 . 3 .  

[ r 1 c 6 7 1 . The « ( u . t i o n  was g e n e r a l l y  s o l v e d  w i t h  hy  ■ 0 .0 0 5  

. . . e y i n g  f r o .  0 . 0 0 0 5  a t  s m a l l  .  t o  O.Og a t  l a r g e r  t .  The b e h a v i o u r  o f  t h e  

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

e q u a tio n  , 3 . 5 . 3 0 ,  w i t h  A , . . ,  •  1 .  £  c o n s t a n t  and  ^

, h .  S i n g l e  s t r i n g  n o d e ,  ( t h a t  i s .  e q u a t i o n  , 3 . 3 . 5 1 , .  w i t h  t h e  . » «  

s o l u t i o n , e q u a t i o n  , 3 . 5 . 3 5 , .  The two v a l u e s  f o r  t h e  y i e l d  a g r e e d  w i t h i n



0 . 1  1 „ n d  t h i s  w . s  h e l d  t o  b .  s u f f i c i e n t  s c t u r a c y .  G r e . t e r  s e c u r s c y  

c o a i d  b e  s c h l s v s d  by  d o c r . s . i n i  «y  and 1« « l t h  a  c o n c o - l t a n t  I n c t a . . .

10 c o m p u t e r  c o r .  r e q u i r e m e n t s  an d  e x e c u t i o n  t i m e .  T h e  y i e l d  c a l c u l a t e d  

f r o .  t h e  l u l l  e q u a t i o n  ( S . 3 . 1)  « •=  fo u n d  t o  b e  I n s e n s i t i v e  t o  v a r i a t i o n s

i n  Ay a r d  A t.

i n  g e n e r a l ,  t h e  v a l u e  o f  A ( « J  was t a k e n  t o  b e  z e r o  f o r  

Ci .  o. and  t h e  u s u a l  d e v i c e ,  f o r  e x am p le  [Mas 75], o f  i n t r o d u c i n g  a 

minimum a c c e s s i b l e  a r e a  d e r i v e d  from  m u l t i p l e  s c a t t e r i n g  was n o t  u s e d .

T h i s  n e c e s s i t a t e d  t h e  d e f i n i t i o n  o f  g ( 0 , z )  -  0 .  w h ic h  i s  r e a s o n a b l e  

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

a m o rp h o u s  l a y e r ,  on  t h e  s u r f a c e ,  a s  d i s c u s s e d  i n  S e c t i o n  2 . 3 . 2 .  In  f a c t ,  

o n l y  beam c o l l l m a t i o n  ( e q u a t i o n  2 . 3 . 8 )  was u s e d  t o  c a l c u l a t e  g f ^ . O )  f o r  

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

. 1 , 0  y i e l d s  a f i n i t e  v a l u e  f o r  t h e  f l u x  a t  t h e  p o t e n t i a l  minimum f o r  

x -  0 . Av l a r g e r  d e p t h s ,  t h e  f l u x ,  w h ic h  may b e  c a l c u l a t e d  f ro m  2 (b y  

e q u a t i o n  2 . 3 . 1 5 ) ,  becom es g o v e r n e d  by  t h e  m u l t i p l e  s c a t t e r i n g .  A l i s t i n g  

o f  t h e  c o m p u te r  p r o g r a m  i s  g i v e n  i n  A p p e n d ix  2 .

5 . 3 . 2  S t e a d y  I n c r e a s e  Model

The d e c h a n n e l l i n g  d e p t h  z ( c j  c o r r e s p o n d i n g  t o  a p a r t i c u l a r

c r n n s v e r s e  e n e r g y  was c a l c u l a t e d  by  n u m e r i c a l  i n t e g r a t i o n  o f  e q u a t i o n

( 2 . 5 , 1 6 )  and  t h e  y i e l d  was t h e n  c a l c u l a t e d  g r a p h i c a l l y  [G r  7 3 ] .

5 _4 RESULTS AND DISCUSSION

5 . 4 . 1  E n e rg y  D e p en d en ce

The y i e l d  a s  a  f u n c t i o n  o f  d e p t h ,  f o r  p r o t o n ,  i n c i d e n t  down <110>

a t  room  t e m p e r a t u r e ,  i s  shown f o r  s e v e r a l  e n e r g i e s  i n  F i g u r e  5 . 2 .  (The
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c u t - o f f  a t  r e l a t i \ e l y  s m a l l  d e p t h s  f o r  t h e  1 MeV c u r v e  r e p r e s e n t s  t h e  

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

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

i n c r e a s e s .  As d i s c u s s e d  i n  S e c t i o n  2 . 5 ,  t h e  d e c h a n n e l l i n g  i s  e x p e c t e d  t o  

d e p e n d  on two t e r m s :

i )  An e l e c t r o n i c  s c a t t e r i n g  t e r m ,  w i t h  an  e n e r g y  d e p e n d e n c e  r e l a t e d

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

i i )  A th e r m  -1 t e r m ,  w i t h  an  a p p r o x i m a t e l y  E 1 e n e r g y  d e p e n d e n c e .

I n  s t u d i e s  on s i l i c o n ,  g e rm an ium  a n d  q u a r t z  [ F o t  7 1 ,  Cam 7 1 ,

Abe 72b] t h e  d e c h a n n e l l i n g  h a s  b e e n  fo u n d  t o  v a r y  a s  E_ l , w i th  t h e  r e s u l t  

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

when t h e  y i e l d  i s  p l o t t e d  a s  a f u n c t i o n  o f  z /E  w here  t  i s  t h e  d e p t h .  T h i s  

s c a l i n g  f a i l s  f o r  d ia m o n d .  H o w ev er ,  i t  i s  e x p e c t e d  f ro m  t h e  t h e o r y  

p r e s e n t e d  i n  S e c t i o n  2 . 5  t h a t  t h e  d e c h a n n e l l i n g  i n  d iam o n d  i s  d o m in a te d  

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

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

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

i s  e s s e n t i a l l y  c o n t a i n e d  i n  t h e  c h a r a c t e r i s t i c  l e n g t h  ( e q u a t i o n  2 . 5 . 9 ) .

E

wZie2LeNd

V a l u e s  f o r  t h i s  q u a n tity ,  ca lc u la te d  using the same stopping power a s  for  

the depth convers ion , are given in Table 5 .1 ,  as a function o f  energy and
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Table 5 .1

ELECTRON SCATTERING LENGTH, z^, FOR MAJOR AXES CF DIAMOND

Energy

(MeV)

z ,  (v®)

<110> <111> <100>

1 .0 1.57 1.29 1.11

4 .5 4 .85 3.97 3.43

7 .0 6 .76 »» I 1'"8 .9 8 .09 6 .62 5.72

The y ie ld  was then p lo t te d  as a function  o f  z / i^  and the r e s u l t s  

are shown in Figures 5 .3  to  5 .5  for the three  axes <110>, <111> and <luO». 

The sc a l in g  i s  obv iously  well obeyed, althougn there i s  some in d ica t io n  

that the 1 MeV curves l i e  s l i g h t l y  above the r e s t .  In v e s t ig a t io n  • at 

lower en e r g ie s  are not very u s e fu l  in examining t h i s  tre .id , as the 

largert  depth a c c e s s ib le  in b a ck -sca t ter in g  decreases  ra p id ly .  The 

th e o r e t ic a l  curves in Figures 5 .3  to 5 .5  are d iscu ssed  below.

These r e s u l t s  imply th a t  e lec tro n  m u lt ip le  sc a t te r in g  i s  the 

dominant mechanism o f  dechannelling in diamond.
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5 . 4 . 2  A x i a l  D e p e n d en ce

The a x i a l  d e p e n d e n c e  o f  d e c h a n n e l l i n g  c a n  be j u d g e d  f ro m  F i g u r e

5 . 3  l o  5 . 5 ,  a n d  “ y i e l d  i s  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  ( u n s e a l e d )  d e p t h  

i n  F i g u r e  5 . 6 ,  f o r  1 MeV p r o t o n s .

B o th  t h e  z e and  t h e  c o r r e s p o n d i n g  l e n g t h ,  z, ( e q u a t i o n  2 . 5 . 5 d ) ,  

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

a r e  p r o p o r t i o n a l  t o  1 /d  w h e re  d i s  t h e  row  s p a c i n g .  I f  t h e  a x i a l  d e ­

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

l e n g t h s ,  t h e n  t h e  t h r e e  c u r v e s  f o r  < 1 10 > ,  <111> a n d  < 1 0 0 c o u l d  b e  e x p e c t e d  

t o  b e  t h e  same f u n c t i o n  o f  z / z ^ .  H o w ever ,  t h e r e  a r e  o t h e r  c a u s e s  o f  

d i f f e r e n c e s  among t h e  t h r e e  a x t s :

i )  The i n i t i a l  t r a n s v e r s e  e n e r g y  d i s t r u b u t i o n s  d i f f e r ,  w i t h  a

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

n a r r o w e r  a x e s .  Thus  t h e  minimum y i e l d  a t  t h e  s u r f a c e  i n c r e a s e s  

w i t h  d [D e r  7 8 ] .

i i )  The minimum e l e c t r o n  d e n s i t y  i n  t h e  c h a n n e l ,  w h ic h  d e t e r m i n e s

t h e  minimum e l e c t r o n  s c a t t e r i n g ,  i s  ax i ."  d e p e n d e n t .

i i i )  The c o n s t a n t ,  A ,  w h ic h  d e t e r m i n e s  t h e  z e r o  o f  t h e  p o t e n t i a l

i n  e q u a t i o i .  ( 2 . 5 . 5 )  i s  a x i s  d e p e n d e n t .

E x a m i n a t i o n  o f  F i g u r e s  5 . 3  t o  5 . 5  i n d i c a t e  t h a t  a x i a l  d i f f e r e n c e s  

i n  t h e  r e d u c e d  c u r v e s  a r e  n o t  l a r g e :  t h e s e  f i g u r e s  a r e  r e p l o t t e d  on one

s e t  o f  a x e s  i n  F i g u r e  5 . 7 .  The  g e n e r a l  f e a t u r e s  a r e  s i m i l a r  f o r  a l l  

t h r e e  c u r v e s .  I t  c an  oe c o n c l u d e d  t h a t  t h e  d i f f e r e n c e s  n o t e d  ab o v e  

a r e  n o t  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  g e n e r a l  f e a t u r e s  o f  t h e  d e c h a n n e l l i n g .
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T h i s  . ' s ,  p e r h a p s ,  n o t  t o o  s u r p r i s i n g .  The c o n c e p t  o f  d e c h a n n e l l i n g  a s  a 

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

t r i b u t i o n s  w i l l  become 'w a s h e d  o u t '  a s  t h e  d i f f u s i o n  p r o c e e d s .  A l s o ,  t h e  

y i e l d ,  a t  l e a s t  a t  small d e p t h s ,  i s  d e t e r m i n e d  by  d i f f u s i o n  i n  t h e  r e g i o n  

e ,  -  e* ( w h e re  e* i s  g i v e n  i n  T a b l e  2 . 2 )  a n d  t h i s  t h e  d i f f e r e n c e s  a t  

:  0 s h o u l d  o n l y  becom e i m p o r t a n t  a t  l a r g e r  d e p t h s .

5 . 4 . 3  T e m p e r a t u r e  D e p en d en ce

T he  d e p t h  d e p e n d e n c e  o f  t h e  y i e l d  a t  1 MeV i s  shown a s  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  t h e  t h r e e  a x e s  < 11 0> ,  <111> an d  <100> i n  F i g u r e s  5 . *

t o  5 .1 C .  As c a n  be  e x p e c t e d  f ro m  t h e  h i g h  Debye t e m p e r a t u r e  o f  d ia m o n d ,

i 8 6 0  K, t h e  e f f e c t  o f  t e m p e r a t u r e  i s  q u i t e  s m a l l .  T a k in g  a s  a s t a n d a r d ,

a  y i e l d  o f  0 . 2 0  a t  room t e m p e r a t u r e ,  a t  700 "C t h e  y i e l d  h a s  i n c r e a s e d

t o  0 . 2 4 .  By c o m p a r i s o n ,  a  s i m i l a r  i n c r e a s e  i n  t e m p e r a t u r e  i n  s i l i c o n

(D ebye  t e m p e r a t u r e  543 K [Ge 7 4 ] )  i n c r e a s e s  t h e  y i e l d  t o  0 . 4 3  [Bod ,7 ]

a n d  t h e  y i e l d  i n  t u n g s t e n  [D as 72] (D ebye t e m p e r a t u r e  310 K [Ge 7 4 ] )  i s

d o u b l e d  b y  a n  i n c r e a s e  i n  t e m p e r a t u r e s  o f  600  eC.

An a t t e m p t  t o  f i n d  a  s c a l i n g  o f  t h e  d e c h a n n e l l i n g  w i t h  u |  was 

m a d e ,  an d  t h e  y i e l d  a s  a  f u n c t i o n  o f  u ^ z  i s  shown i n  F i g u r e  5 .1 1  f o r  

< 1 1 0 > .  No s c a l i n g  o c c u r s  and  t h e  o r d e r  o f  t h e  c u r v e s  i s  i n v e r t e d .

5 . 4 . 4  P l a n a r  D e c h a n n e l l i n g

T he  d e p t h  d e p e n d e n t  y i e l d  was m e a s u re d  a t  1 MeV f o r  t h e  t h r e e

p l a n e s  ( 1 1 0 ) ,  ( 1 1 1 ) ,  a n d  ( 1 0 0 ) .  Many w o r k e r s  h a v e  f o u n d  t h a t  t h e  

d e c h a n n e l l i n g  can  be  d e s c r i b e d  by  an  e x p o n e n t i a l  d e c a y  o f  t h e  num ber o t  

c h a n n e l l e d  p a r t i c l e s ,  and  t h e  r e s u l t s  a r e  t h u s  p l o t t e d  a s  l n ( l  -  x) 

a g a i n s t  t h e  d e p t h  i n  F i g u r e  5 . 1 2 .  The d e v i a t i o n  f ro m  t r u e  e x p o n e n t i a l  

b e h a v i o u r  ( t h a t  i s ,  a  s t r a i g n t  l i n e )  i s  c l e a r l v  s m a l l .
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F i g u r e  5 . 8 :  D ep e n d e n c e  o f  n o r m a l i z e d  y i e l d  in .< 1 1 0 >  on d e p t h ,  a t  v a r i o u s  t e m p e r a t u r e s .  C a l c u l a t e d
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F i g u r e  5 . 9 :  D e p e n d e n c e  o f  n o r  ’M i z e d  y i e l d  i n  <111> on d e p t h ,  a t  v a r i o u s  t e m p e r a t u r e s . C a l c u l a t e d
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F l p i r e  5 . 1 0 :  D e p e n d e n c e  o f  n o r m a l i z e d  y i e l d  I n  <100> on d e p t h ,  a t  v a r i o u s  t e m p e r a t u r e s .  C a l c u l a t e d

c u r v e s :    room t e m p e r a t u r e ,  300 C, 0 0 0  C.
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5 . 5  COMPARI SON WITH THEORY

5 . 5 . 1  A xes: T he  D i f f u s i o n  Model

The v a r i a t i o n  o f  y i e l d  w i t h  d e p t h  i s  d e t e r m i n e d  i n  t h i s  r o d e l
dCj. d e A \

b y  t h e  f u n c t i o n s  g ( E A, 0 ) ,  A (e A) ,  g j  ( e i ) ,  J T " / d a m p  ?nd

nT ( t A) ,  w i t h  t h e  l a s t  tw o b e i n g  s m a l l  c o r r e c t i o n s .  The  d e t a i l e d  c a l c ­

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

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

t o  d e s c r i b e  t h e  i o n - s t r i n g  i n t e r a c t i o n .  T h us  t h e  d i f f u s i o n  m ode’, l e a d s  

t o  a c o m p l i c a t e d  d e s c r i p t  on w h ic h  i s  s u b j e c t  t o  v a r i o u s  a p p r o x i m a t i o n s  

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

y i e l d ,  b u t  a l s o  t o  w ha t  e x t e n t  t h e  c a l c u l a t e d  y i e l d  i s  s e n s i t i v e  t o  t h e  

v a r i o u s  a p p r o x i m a t i o n s  an d  a s s u m p t i o n s  t h a t  h a v e  b e e n  m ade.

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

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

d e A

dz
( e j

d e i

dz ) * - )  / e  d z  / n

dc
The form  o f  - r ^ -  1 u s e d  was b a s e r  on  t h e  s e r i e s  e x p a n s i o n  o f  S c h i d t t

e t  a l  ( [ S c  7 5 ] ,  n o t e  i n  p r o o f ) .  T h u s  t h e  r e d u c t i o n  f a c t o r .  rn< was

[S c  75]

Yl ♦ Y2 * k —
>1

( 5 . 5 . 1 )

>
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189.

w h e re  y x an d  y 2 a r e  t h e  f i r s t  a n d  s e c o n d  o r d e r  e x p a n s i o n  ( e q u a t i o n s
d £ j \

( 2 . 5 . 5 a )  and  ( 2 . 5 . 5 b ) )  and  k i s  a  c o n s t a n t  " I .  The r e s u l t i n g  f t -  J  n  

was co m p ared  w i t h  t h e  c u r v e  c a l c u l a t e d  n u m e r i c a l l y ,  w i t h  s c a t t e r i n g  a n g l e s

r e s t r i c t e d  t o  and  a  v a l u e  o f  k * 1 . 5  was f o u n d  t o  g i v e  r e a s o n a b l e

a g r e e m e n t  f o r  Et  * £%. The n u m e r i c a l  c u r v e  and  t h e  a p p r o x i m a t i o n

( 3 . 5 . 1 )  a i e  shown i n  F i g u r e  5 . 1 3  f o r  1 MeV p r o t o n s  i n  -:110>. The 

a p p r o x i m a t i o n  ( 5 . 5 . 1 )  was u s e d  u n t i l  i t  r e a c h e d  t h e  random  v a l u e ,  and 

t h e  l a t t e r  was t h e n  u s e d .  T h i s  l e a d s  t o  an  o v e r e s t i m a t e  o f  t h e  n u m e r i c a l  

r e s u l t s  i n  t h e  r e g i o n  s l i g h t l y  a b o v e  , a n d  some c a l c u l a t i o n s  w e re  made 

w i t h  a  s t r a i g h t  l i r e  a p p r o x i m a t i o n  from  e*. -  3 t o  ~ 7 a s  shown i n  

F i g u r e  5 . 1 3 ,  i n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t  o f  t h e  s i m p l e r  a p p r o x i m a t i o n .  

I t  s h o u l d  b e  n o t e d  t h a t  a l l  t h e s e  c a l c u l a t i o n s  w e -e  b a s e d  on t h e  L in d h a r d  

p o t e n t i a l , e q u a t i o n  ( 2 . 2 . 4 ) .

dcj. \
F o r  t h e  e l e c t r o n  s c a t t e r i n g  t e r m ,  f t ~ ) e » t *ie ' g e n e r a l ' f u n c t i o n ,

e q u a t i o n  ( 2 . 5 . 1 3 ) ,  h a s  b e e n  u s e d  w i t h  t h e  p a r a m e t e r s  s r  and  s c c a l c u l a t e d

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

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

t h e  v a r i o u s  m o d e l s  and  e x p e r i m e n t , t h e  v a l u e s  o f  i n  T a b l e  5 .1  w ere
d c j N

u s e d ,  a n d  t h e  v a l u e s  o f  f t - )  e  o b t a i n e d  w ere  n o r m a l i s e d  t o  t h e s e  v a l u e s  

o f  z e t h r o u g h  t h e  random  s t o p p i n g  p ow er  a s  c a l c u l a t e d  i n  t h e  m o d e l s .  The 

a g r e e m e n t  b e tw e e n  t h e  t h e o i y  and  e x p e r i m e n t  s h o u l d  t h e n  b e  i n d e p e n d e n t  o f  

t h e  a c t u a l  s t o p p i n g  po w er  u s e d  f o r  t h e  d e p t h  c o n v e r s i o n  e x c e p t ,  o f  c o u r s e ,  

f o r  t h e  e f f e c t  o f  t h e  n e g l e c t  o f  t h e  e f f e c t i v e  c h a n n e l l e d  s t o p p i n g  pow er 

i n  t h e  d e p t h  c o n v e r s i o n .

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

m y ®



F i g u r e  S . 13 : R a t e  o f  c h a n g e  o f  t r a n s v e r s e  e n e r g y  w i t h  d e p t h ,  d u e  t o  n u c l e a r  s c a t t e r i n g ,  f o r  1 . 0  MeV p  i n  <110>.

( i )    n u m e r i c a l  c a l c u l a t i o n ,  ( i i )    f r o m  e q u a t i o n  ( 5 . 5 . 1 ) ,  ( i l l )  — • — • -  s t r a i g h t  l i n e  i n t e r ­

p o l a t i o n  u s e d  w i t h  ( i i ) ,  ( i v )  f i r s t  o r d e r  t e r m ,  e q u a t i o n  ( 2 . 5 . 5 b ) .



A s i m p l e  ' e q u i p a r t i t i o n '  m odel [ L in  65] ( d e n o t e d  i n  T a b le  5 .2

T a b l e  5 . 2

PARAMETERS s AND s FOR 4 ^ - )
 ____________ c_______r ________ d z  /  e

( f o r  d e s c r i p t i o n  o f  d i f f e r e n t  s e t s  s e e  t e x t )

P a r a m e t e r
s e t

1 MeV 10 MeV

<111>

1 MeV 10 MeV

<I00>

1 MeV 10 MeV

E B C

1 MeV 10 MeV 1 MeV 1C MeV 1 MeV 10 MeV

1 . 0 1 . 0 0 . 8 0 4 0 . 8 8 5 1 .1 9 1 .1 1

a n d  f i g u r e s )  i n  w h ic h

The s t o p p i n g  po w er  a t  t h e  p o t e n t i a l  minimum, t h a t  i s ,  f o r  e x * 0 

h a s  b een  c a l c u l a t e d  f rom  e q u a t i o n s  ( 2 . 4 . 3 3 )  and  ( 2 . 4 . 2 4 ) .  (The 

r e s u l t i n g  s t o p p i n g  po w er  i s  s i m i l a r  t o  t h a t  o b t a i n e d  from  th e



t h e o r y  o f  E s b e n s e n  and  G c lo v c h e n k o ,  e q u a t i o n  ( 2 . 4 . 2 5 ) .  T h i s  i s  

d i s c u s s e d  a t  g r e a t e r  l e n g t h  i n  C h a p t e r  8 . )

The e l e c t r o n  g a s  m odel  o f  B ond erup  e t  a l  [Bod 7 2 ] ,  e q u a t i o n  

( 2 . 5 . 1 0 )  ( d e n o t e d  ' B ' ) .  The e l e c t r o n  d e n s i t y  a t  t h e  p o t e n t i a l  

minimum was d e t e r m i n e d  u s i n g  e x p e r i m e n t a l  X - r a y  s t r u c t u r e  f a c t o r s  

[G o r  5 9 ] ,  and  t h i s  was u s e d  t o  c a l c u l a t e  t h e  l o c a l  e l e c t r o n  

s c a t t e r i n g  a t  t h e  same p o s i t i o n .  The random  s t o p p i n g  p o w e r  f o r  

t h i s  m odel was o b t a i n e d  b y  u s i n g  t h e  l o c a l  d e n s i t y  a p p r o x i m a t i o n  

w i t h  H a r t r e e - F o c k  wave f u n c t i o n s  f o r  a  f r e e  a to m  t o  g i v e  t h e  mean 

i o n i s a t i o n  p o t e n t i a l  I  * 74 eV. The v a l u e  w h ic h  w ould  b e  o b t a i n e d  

f ro m  u s i n g  m ore r e a l i s t i c  e l e c t r o n  d e n s i t i e s ,  f o r  e x a m p l e ,  f ro m  

t h e  X - r a y  s t r u c t u r e  f a c t o r s  i s  n o t  e x p e c t e d  t o  d i f f e r  much from  

t l u  v a l u e ;  i n  a n y  c a s e  t h e  r e s u l t i n g  s t o p p i n g  p ow er  i s  n o t  

t o o  s e n s i t i v e  t o  t h e  v a l u e  o f  I b e c a u s e  o f  i t s  o c c u r r e n c e  i n  t h e  

l o g a r i t h m i c  te r m

2m v 2 
I n  — - —

I

I n  t h e  t h i r d  a p p r o x i m a t i o n  ( d e n o t e d  ' C ' ) ,  I f i . )  h a s  b e e n
d :  /  e

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

dz  e d z  /  c l o s e

dE X was c a l c u l a t e d  u s i n g  t h e  d i e l e c t r i c  f o r m a l i s m  o f
3 T  /  c l o s e



S e c t i o n  2 . 4 . 5 ,  f ro m  e q u a t i o n  ( 2 . 4 . 1 4 )  and  e q u a t i o n  ( 2 . 4 . 3 4 ) .

A v a l u e  o f  V  -  1 .2 5  was u s e d  i n  e q u a t i o n  ( 2 . 4 . 3 4 )  a s  t h i s  

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

an d  R e in h e i m e r  [B r  70] f o r  t h e  rand om  c a s e .

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

a r e  g i v e n  i n  T a b le  5 . 2 .  The  t h r e e  a p p r o x i m a t i o n s  a r e  co m p a red  i n

F i g u r e  5 . 1 4  f o r  1 MeV p r o t o n s  i n  <110> .

The e f f e c t  o f  d am p in g  was t a k e n  i n t o  a c c o u n t  ( s e e  S e c t i o n  2 . 5 . 4 ) .  

S c a t t e r i n g  by  t h e r m a l l y  v i b r a t i n g  a to m s  t h r o u g h  a n g l e s  l a r g e r  t h a n  

was t a k e n  i n t o  a c c o u n t  u s i n g  an  a b s o r p t i o n  t e r m ,  e q u a t i o n  ( 2 . 5 . 3 1 ) .

B o th  m u l t i - s t r i n g  and  s i n g l e - s t r i n g  i n i t i a l  d i s t r i b u t i o n s ,  b a s e d  on t h e  

L i n d h a r d  p o t e n t i a l ,  w ere  u s e d .

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

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

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

f o r  1 MeV p r o t o n s  i n  <110>, w i t h  t h e  s e t  E o f  T a b le  5 . 2  u s e d  f o r  t h e

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

I n  F i g u r e  5 .1 5  i s  shown t h e  e f f e c t  o f  v a r y i n g  t h e  random  e l e c t r o n i c  

s c a t t e r i n g  b ,  ±10 % w h i l e  k e e p i n g  t h e  s c a t t e r i n g  f o r  e A » 0 a t  t h e  o r i g ­

i n a l  v a l u e ,  an d  t h e  e f f e c t  o f  v a r y i n g  t h e  v a l u e  a t  e *  « 0 b y  ±10 % w h i l e  

k e e p i n g  t h e  rand om  v a l u e  c o n s t a n t .  I t  c a n  b e  s e e n  t h a t  t h e  g r e a t e s t  c h a n g e  

i n  t h e  y i e l d  a m o u n ts  t o  ^5  % and  t h a t  t h e  y i e l d ,  a s  m i g h t  b e  e x p e c t e d ,  i s  

m o re  s e n s i t i v e  t o  c h a n g e s  i n  t h e  random  v a l u e  t h a n  i n  t h e  c e n t r e  c h a n n e l  

v a l u e .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n s  o f  S e c t i o n  5 . 4 . 2 .  The
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F i g u r e  5 . 1 4 :  R a t e  o f  c h a n g e  o f  t r a n s v e r s e  e n e r g y  w i t h  d e f  . n ,  due  t o  e l e c t r o n i c  s c a t t e r i n g ,  f o r

1 . 0  MeV p i n  <110>.



-

'  /  ' I ’
&

7  ’ /

/

7

f)

B ase
Change a t  eA=0 
Change in random value

F i g u r e  5 . 1 5 :  E f f e c t  o f  c h a n g e s  i n  e l e c t r o n i c  s c a t t e r i n g  on t h e  y i e l d  c a l c u l a t e d  u s i n g  t h e  d i f f u s i o n
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e f f e c t  o f  t h e  a p p r o x i m a t i o n  f o r  t h e  t h e r m a l  t e r m  i s  shown i n  F i g u r e  5 . 1 6 ,  

t h e r e  t h e  i n t r o d u c t i o n  o f  t h e  s t r a i g h t  l i n e  a p p r o x i m a t i o n  i n  F i g u r e  5 .1 3  

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

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

s c a t t e r i n g  i n  t h e  r e g i o n  b ey o n d  t h e  c r i t i c a l  t r a n s v e r s e  e n e r g y  i s  r e l a t i v e l y  

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

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

d i s t r i b u t i o n .  The i n t r o d u c t i o n  o f  t h e  m u l t i - s t r i n g  d i s t r i b u t i o n  i s  shown 

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

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

d i s t r i b u t i o n ,  w i t h i n  r e a s o n  ( t h a t  i s ,  p r o v i d e d  t h e  y i e l d  a t  z / z . ' O  i s  

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

o v e r - l a y i n g  t h e  c r y s t a l  w i t h  an  am o rp h o u s  f i l m ,  i s  c o n s i d e r e d  i n  t h e  n e x t  

c h a p t e r ) . A ls o  shown i n  F i g u r e  5 . 1 6  i s  t h e  e f f e c t  o f  n e g l e c t i n g  t*- 

d e p e n d e n c e  o f  a c c e s s i b l e  a r e a  on  t r a n s v e r s e  e n e r g y ,  t h a t  i s , t a k i n g  A (EJ  -  1 

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

an d  t o  d e c r e a s e  i t  a t  l a r g e r  d e p t h s ;  no  g r e a t  c h a n g e s  o c c u r ,  h o w e v e r .

The r e s u l t s  c a l c u l a t e d  f ro m  t h e  a n a l y t i c a l  s o l u t i o n ,  e q u a t i o n  ( 2 . 5 . 2 5 ) .  

a r e  a l s o  show n. T h i s  i s ,  o f  c o u r s e ,  f o r  A (« x ) -  1 an d  u s i n g  t h e  s i n g l e ­

s t r i n g  d i s t r i b u t i o n ;  t h e  d i f f u s i o n  l e n g t h ,  zD, was o b t a i n e d  from  t h e  

. b a s e '  c u r v e .  T he  y i e l d  i s  i n  good  a g r e e m e n t  w i t h  t h e  n u m e r i c a l  s o l u t i o n s  

a t  s m a l l e r  d e p t h s  b u t  f a l l s  b e lo w  them  a t  l a r g e r  d e p t h s ,  when t h e  e f f e c t  

o f  t h e  m o re  c o m p le x  d i f f u s i o n  f u n c t i o n s ,  v a r y i n g  w i t h  e t , become a p p a r e n t .  

I t  i s  c l e a r  t h a t  t h e  y i e l d  a t  s m a l l e r  d e p t h s  i s  d e t e r m i n e d  l a r g e l y  b y  t h e  

v a l u e  o f  t h e  f u n c t i o n s  i n  t h e  r e g i o n  e ,  •  c * ;  a t  l a r g e r  d e p t h s  t h e  e f f e c t

o f  t h e  r e g i o n  t A «  *1 becomes important in d e t e r m i n i n g  t h e  y i e l d .  In

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

m o re  c o m p le x  m o d e l ,  r e s u l t ,  i n  a  s l o w e r  d i f f u s i o n  f ro m  t h i s  r e g i o n ;  t h i s
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l e a d s  t o  h i g h e r  g r a d i e n t s  i n  t h e  d i s t r i b u t i o n  w h ic h  l e a d s ,  a t  l a r g e r  

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

I n  F i g u r e  5 . 1 7 ,  t h e  e f f e c t  o f  t h e  d am p ing  an d  a b s o r p t i o n  t e r m s  i s  

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

t o  an  i n c r e a s e  i n  y i e l d  a t  l a r g e r  d e p t h s .  T h a t  t h e  d am ping  t e r m  l e a d s  t ?  

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

a s  t h e  te r m  c a u s e s  a d e c r e a s e  i n  t r a n s v e r s e  e n e r g y .  I n  s t e a d y  i n c r e a s e  

m o d e l  c a l c u l a t i o n s ,  t h e  te r m  l e a d s  t o  a  r e d u c t i o n  i n  t h e  y i e l d  [B j 7 2 ] .

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

d e p t h s  t h e  y i e l d  i s  i n c r e a s e d .  T h i s  c a n  be  t r a c e d  a g a i n  t o  t h e  mod­

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

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

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

rh o w n .  A l t h o u g h  t h e  t e r m s  a r e  n o t  a d d i t i v e ,  a s  i s  i m m e d i a t e l y  a p p a r e n t ,  

t h e  r e l a t i v e  i m p o r t a n c e  o f  t h e  two c a n  be  j u d g e d ;  c l e a r l y  t h e  t h e r m a l  

t e r m  i s  a  r e l a t i v e l y  s m a l l  (15%) c o r r e c t i o n  t o  t h e  e l e c t r o n i c  t e r m .

T h us  t h e  c a l c u l a t e d  y i e l d s  show n o  u n d u e  s e n s i t i v i t y  t o  t h e  v a r i o u s  

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

t h r e e  a x e s  a r e  shown i n  F i g u r e s  5 . 3  t o  5 . 5 .  M u l t i - s t r i n g  d i s t r i b u t i o n s  

w e re  u s e d  an d  t h e  t h e r m a l  t e r m  o f  e q u a t i o n  ( 5 . 5 . 1 )  was u s e d  w i t h  no  s t r a i g h t  

l i n e  a p p r o x i m a t i o n .  B oth  s e t s  (E) and  (C) o f  e l e c t r o n i c  p a r a m e t e r s  g i v e  

r e a s o n a b l e  a g r e e m e n t ,  b u t  s e t  (B) g i v e s  low v a l u e s ,  e s p e c i a l l y  i n  <110>.

T h i s  l a t t e r  m odel g i v e s  m u l t i p l e  s c a t t e r i n g  t h a t  i s  a p p r o x i m a t e l y  

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

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

d i s c r e p a n c y ,  t h a t  i s ,  t h e  l o c a l  d e n s i t y  a p p r o x i m a t i o n  i s  n o t  s t r i c t l y  v a l i d .
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O f t h e  tw o s e t s  (E) an d  ( C ) , s e t  (E) a p p e a r s  t o  g i v e  b e t t e r  a g r e e m e n t .

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

p o s s i b l e  t o  make a  c h o i c e  b e tw e e n  t h e  tw o ;  p e r h a p s  a  m o re  d e t a i l e d  

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

n e c e s s a r y .

The c a l c u l a t e d  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 s  5 . 8  

t o  5 . 1 0 ,  u s i n g  s e t  (E) v a l u e s  f o r  t h e  e l e c t r o n i c  t e r m .  I t  i s  c l e a r  t h a t  

t h e  e x p e r i m e n t a l  v a r i a t i o n  i s  l a r g e r  t h a n  t h e  t h e o r e t i c a l  v a r i a t i o n .

T h i s  s u g g e s t s  t h a t  a  l a r g e r  t h e r m a l  c o n t r i b u t i o n  i s  n e c e s s a r y ;  t h i s  w ould  

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

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

i )  T he  c a l c u l a t i o n  h a s  b e e n  made w i t h  a  L i n d h a r d  p o t e n t i a l .  I t  h a s  

b e e n  shown t h a t  a  M o l i i r e  p o t e n t i a l  l e a d s  t o  a  l a r g e r  t h e r m a l

s c a t t e r i n g  [Cam 7 1 ] .  T h u s ,  a  m ore  a c c u r a t e  p o t e n t i a l  m i g h t  g i v e

a  l a r g e r  t h e r m a l  c o n t r i b u t i o n .  W h e th e r  a  M o l i i r e  p o t e n t i a l  i s  

m ore  a c c u r a t e  f o r  d iam ond  i s  n o t  known; i t  i s  p e r h a p s  no  more 

a c c u r a t e  t h a n  t h e  L in d h a r d  a p p r o x i m a t i o n  a s  t h e  T h o m as-F erm i 

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

a t o m i c  n u m b e r s .  A p o t e n t i a l  c a l c u l a t e d  from  H a r t r e e - F o c k  wave 

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

p o t e n t i a l .  F o r  c o m p a r i s o n ,  t h e  r e s u l t s  o f  C a m p isa n o  e t  a l  [Cam 1] 

f o r  germ anium  h a v e  b een  s e a l  i d  t o  d ia m o n d  f o r  t h e  M o l i i r e  p o t e n t i a l ,  

t h a t  i s ,  t h e y  fo u n d  t h e i r  t h e r m a l  t e r m  was i n c r e a s e d  by  -vJ f o r  t h e  

M o l l i r e  p o t e n t i a l ,  o v e r  t h e  L i n d h a r d  p o t e n t i a l .  U s in g  t h i s  same 

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



c u r v t t s  o f  F i g u r e  5 .1 8  f o r  <110> , w i t h  t h e  s e t  (E) e l e c t r o n i c  

p a r a m e t e r s .  The  a g r e e m e n t  i s  s e e n  t o  b e  much b e t t e r .

i i )  I n  t h e  c a l c u l a t i o n  o f  t h e  t h e r m a l  t e r m ,  s t a t i s t i c a l  e q u i l i b r i u m  

on  t h e  t r a n s v e r s e  e n e r g y  s h e l l  h a s  b een  a s s u m e d .  B a r r e t t  [Da 73] 

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

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

I o n s  t h a t  h a v e  h ad  a c l o s e  e n c o u n t e r  w i t h  o n e  s t r i n g ,  c a n  be 

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

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

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

L i n d h a r d  v a l u e .  S u ch  p r o c e s s e s  w i l l  u n d o u b t e d l y  o c c u r  i n  d iam ond  

and  h a v e  some e f f e c t  on t h e  t h e r m a l  s c a t t e r i n g ;  t h e i r  e f f e c t  c a n ,  

h o t . „ v e r ( o n l y  be  e v a l u a t e d  u s i n g  a M o n t e - C a r l o  a p p r o a c h  o r  d e t a i l e d  

t r a j e c t o r y  c a l c u l a t i o n s .

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

a g r e e m e n t  w i t h  e x p e r i m e n t .  More d e t a i l e d  c o m p a r i s o n  r e q u i r e s  a m ore  

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

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

i n  t h e  t r a n s v e r s e  p l a n e .  Such  d e t a i l e d  c o m p a r i s o n  w i l l  a l s o  r e q u i r e  a 

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

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

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

w o r k e r s  [Rud 7 4 ,  Ros 7 7 ] .

5 . 5 . 2  A x e s :  The S t e a d y  I n c r e a s e  Model

C a l c u l a t i o n s  f o r  t h e  s t e a d y  i n c r e a s e  m odel a r e  shown i n  F i g u r e s  5 . 1 9
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f o r  <110>. A t  s m a i l  d e p t h s ,  t h e r e  i s  some m e a s u r e  o f  a g r e e m e n t ,  b u t  a t  

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

a g r e e m e n t .  T h u s ,  i t  c a n  b e  c o n c l u d e d  t h a t  t h e  m odal i s  n o t  a d e q u a t e  f o r  

u s e  i n  d ia m o n d .  T h i s  i s  n o t  t o o  s u r p r i s i n g :  t h e  m o de l  is . o n l y  v a l i d  when

f f i .  i s  c h a n g i n g  r a p i d l y  w i t h  eA; i n  d iam o nd  w h e re  t h e  e l e c t r o n i c  te rm  
dz
i s  d o m i n a n t  f o r  t j .  < e * ,  d i f f u s i o n  b eco m e s  i m p o r t a n t .

5 . 5 . 3  P l a n e s

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

( 1 1 0 ) ,  {111} an d  ( 1 0 0 } ,  f o u n d  b y  d r a w i n g  a s t r a i g h t  l i n e  t h r o u g h  t h e  

p o i n t s  i n  F i g u r e  5 . 1 2 ,  a r e  g iv e n  i n  T a b le  5 . 3 ,  t o g e t h e -  w i t h  t h e  t h e o r e t i c a l

T a b l e  5 . 3

PLANAR DEH'aNNELLING HALF-LENGTHS, x ^ ,  IN DIAMOND 

( f o r  1 MeV p r o t o n s  a t  room t e m p e r a t u r e )

P l a n e Mean d^
-  4  '

( eq n  2 . 5 . 3 2 )
X1

(eq n  2 . 5 . 3 3 )
Z 1

E x p e r im e n t

pm ym um um

{110} 1 2 6 .1 0 . 4 5 2 .1 7 1 . 0

{111} 1 0 3 .0 0 . 4 0 1 .3 3 1 .2

{100} 8 9 .2 0 . 1 9 0 . 9 3 0 . 5

e s t i m a t e s  o f  Fe ldm an  e t  a l ,  e q u a t i o n  ( 2 . 5 . 3 2 )  and  o f  M o rg an ,  e q u a t i o n  

( 2 . 5 . 3 2 ) .  T he  M o l i i r e  p o t e n t i a l  h a s  b een  u s e d  i n  t h e  e v a l u a t i o n  o f



equation (2 ,5 .3 3 );  the Lindhard potentia l  leads to values MO % higher.

F o r  {110} a n d  {100} t h e  F e ldm an  v a l u e  u n d e r e s t i m a t e s  t h e  e x p e r i m e n t a l  

v a l u e  b y  a  f a c t o r  o f  2 ,  w h i l e  t h e  M organ v a l u e  o v e r - e s t i m a t e s  i t  b y  a 

s i m i l a r  f a c t o r .  The  e x p e r i m e n t a l  v a l u e  f o r  {111} d o e s  n o t  f o l l o w  t h i s  

p r o g r e s s i o n ,  w h ic h  f o l l o w s  t h e  mean p l a n a r  s p a c i n g ,  d ^ ,  a l s o  g i v e n  i n  

T a b l e  5 . 3 .  The {111} p l a n e ,  h o w e v e r ,  h a s  two s p a c i n g s  o f  5 1 . 5  pm and

1 5 4 .5  pm. I t  c a n  be  e x p e c t e d  t h a t  t h e r e  a r e  tw o d e c h a n n e l l i n g  c o m p o n e n t s ,  

c o r r e s p o n d i n g  t o  t h e s e  s p a c i n g s .  T h e r e  i s  some e v i d e n c e  f o r  t h i s  i n  

F i g u r e  5 . 1 2 ,  an d  an  i n i t i a l  ' s h o r t - l i v e d '  c o m p o n en t  w i t h  a  h a l f - l e n g t h  

o f  -vO.5 um, a n d  a  ' l o n g e r - l i v e d '  c o m p o n en t  w i t h  a  h a l f - l e n g t h  o f  1 .5  urn 

c a n  b e  i d e n t i f i e d .  The M organ  t h e o r y  g i v e s  h a l f - l e n g t h  v a l u e s  o f  0 . 3 6  ym 

a n d  3 . 0  ym f o r  t h e  tw o ,  r e s p e c t i v e l y .  (The F e ld m an  t h e o r y  d o e s  n o t  a l l o w  

a  d i s t i n c t i o n  t o  b e  m a d e . )  The Morgan w i d e - s p a c i n g  v a l u e  i s  a g a i n  t w i c e  

t h e  e x p e r i m e n t a l  v a l u e .  I f  t h e  n a r r o w - s p a c i n g  h a l f - l e n g t h  i s  a s  s m a l l  a s  

t h e  M organ  v a l u e  s u g g e s t s  ( t h a t  i s ,  O . 18 ym), a c c u r a t e  i n v e s t i g a t i o n  o f  

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

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

d e p t h  [Abe 7 2 a ] .

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

h a l f - l e n g t h  ( a l t h o u g h  t h e  e f f e c t  i s  l i k e l y  t o  b e  s m a l l  [B e l  7 3 ] )  and  w i l l  

t h u s  i n c r e a s e  a g r e e m e n t  b e tw e e n  t h e  M organ  t h e o r y  and  e x p e r i m e n t .  The 

a g r e e m e n t  c a n  be  c o n s i d e r e d  r e a s o n a b l e  i n  '  lew  o f  t h e  s i m p l i c i t y  o f  t h e  

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

e q u a t i o n ,  was n o t  u n d e r t a k e n  b e c a u s e  o f  t h e  m i n o r  r o l e  p l a y e d  by  p l a n a r  

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



CONCLUSION

The d e p t h  d e p e n d e n c e  o f  t h e  y i e l d  i n  t h e  a x e s  <110>, <111> and  

<100> h a s  b e e n  i n v e s t i g a t e d  f o r  d ia m o n d .  The t e m p e r a t u r e  d e p e n a e n c e  i s  

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

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

t h e  d e c h a n n e l l i n g  m ech an ism  i n  a l l  t h r e e  a x e s  i s  s i m i l a r ,  and  t h a t  t h e  

p r o c e s s e s  a r e  n o t  t o o  s e n s i t i v e  t o  f i - . e  d e t a i l s  o f  t h e  m o t io n .

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

m en t  w i - . i  e x p e r i m e n t .  C l o s e r  i n v e s t i g a t i o n s  o f  t h e  a g r e e m e n t  w i l l  r e q u i r e  

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

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

d e p t h  s c a l e  w i l l  a l s o  h a v e  t o  be  c a l c u l a t e d  m o re  e x a c t l y .

e l e c t r o n  s t o p p i n g  pow er a n d  a  s c a l i n g  o f  t h e  y i e l d  w i t h  z / z e has



EPFECT OF AMORPHOUS SURFACE LAYERS ON CHANNELLING

6. 1 INTRODUCTION

M e a s u re d  c h a n n e l l i n g  p a r a m e t e r s ,  s u c h  a s  t h e  minimum y i e l d  and  

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

a m o rp h o u s  l a y e r s  p r e s e n t  on  t h e  s u r f a c e  o f  t h e  c r y s t a l .  An i n i t i a l l y  

w e l l - c o l l i m a t o d  beam i s  s c a t t e r e d  i n  t h e  l a y e r ,  an d  t h e  i o n s  e n t e r  t h e  

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

d i r e c t i o n  [ L i n  6 5 ] .  The minimum y i e l d  i s  i n c r e a s e d :  t h e  y i e l d  m u s t  now 

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

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

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

t h e s e  l a y e r s  c a n  b e  p r e s e n t  on t h e  c r y s t a l  f o r  s e v e r a l  r e a s o n s ,  f o r  

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

f ro m  t h e  vacuum s y s t e m .  A l s o ,  a m o r p h i s e d  l a y e r s  p r o d u c e d  by  r a d i a t i o n  

dam age ( f o r  e x a m p l e ,  b y  i o n  i m p l a n t a t i o n )  c a n  be  t r e a t e d  i n  a  s i m i l a r  

f a s h i o n  t o  s u r f a c e  l a y e r s  [Rim 7 2 ,  G ot 75 b ]  and  t h e i r  s t u d y  i s  t h u s  o f  

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

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

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

a m o rp h o u s  l a y e r s  may b e  u s e d  t o  s t u d y  d e c h a n n e l l i n g  [Cam 7 3 ] .

The e f f e c t  o f  g o l d  and  a lu m in iu m  l a y e r s  e v a p o r a t e d  o n t o  s i l i < - c n  

c r y s t a l s  h a s  b e e n  s t u d i e d  by  s e v e r a l  w o r k e r s  [Rim 7 2 ,  Lug 7 3 ,  Cam 7 3 ,

  , - ..



G o t 7 5 6 1 .  : t  h a s  b , « n  s h o « ,  l » i .  721 t h a t  t h e  i n c r a . s s  I n  . t n t . u .  

c , „  6 .  „ . d i = t = d  b y  a v e r a g i n g  t h e  a n g n l a ,  y i e l d  f u n c t i o n  o v e r  t h e  p r u r . l  

s c a t t e r i n g  d i s t r i b u t i o n  o f  M eyer [Mey 7 „ . I t  h a s  a l s o  b e e n  s h o w  t h a t  

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

. . t h o u g h  a  , q u . r . - . . U  a p p r o r i . a t i o n  c a n  g i v e  goo d  r e s u l t ,  l l u ,  7 5 , .  I t  

h a ,  a l s o  b e e n  s h o »  t h a t  t h e  s t . a d y - i n c r e a s e  » d . l  o f  d . c h „ n , l l i n ,  c a n  

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

a „ o  b e  d e t e r m i n e d  u s i n g  a  d e p t h - d e p e n d e n .  a n g u l a r  y i e l d  f u n c t i o n  [ C  7 5 1 .

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

t h e o r y  w i t h  e x p e r i m e n t  t o  be  e x t e n d e d  t o  l i g h t  m ass  s u r f a c e  a to m s  s u c h  a ,  

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

t a r g e t ,  i n  vacuum  s y s t e m s .  The e f f e c t  o f  c a r b o n ,  a lu m in iu m  a n d  g o l d  

l a y e r ,  e v a p o r a t e d  o n t o  d iam o n d  i s  s t u d i e d  i n  t h i s  C h a p t e r .  T h e  e x p e r ­

i m e n t a l  m e th o d  1 ,  d e t a i l e d  i n  S e c t i o n  6 . 2 .  a n d  t h e  t r e a t m e n t  o f  d a t a  

i n  s e c t i o n  6 . 5 .  C o m p a r i so n  o f  t h e o r y ,  o u t l i n e d  i n  S e c t i o n  6 . S .  w i t h  

e x p e r i m e n t  i s  made i n  S e c t i o n ,  6 . 5  a n d  6 . 6  w h e re  t h e  y i e l d  a s  •  f u n c t i o n  

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

t r e a t m e n t  o f  M e y e r ,  a s  m o d i f i e d  by  S igm und a n d  W i n t . r b o n  [ S i  7 4 ,  u s i n g  

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

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

The e f f e c t  o f  t h i n  l a y e r . ,  s u c h  a s  a r e  l i k e l y  t o  a p p r o x i m a t e  

c o n t a m i n a t i o n  l a y e r s ,  h a ,  n o ,  b e e n  much s t u d i e d .  T h i s  p ro b le m  i s  s t u d i e d  

i n  s e c t i o n  6 . 7  w h e re  s e v e r a l  s i m p l e  t h e o r e t i c a l  a p p r o x i m a t i o n s  a r e  g iv e n  

w h ic h  g i v e  goo d  a g r e e m e n t  w i t h  e x p e r i m e n t .  A ls o  i n  t h i s  s e c t i o n ,  a  pow er-  

s c a l i n g  r u l e  1 ,  d i s c u s s e d  w h ic h  r e l a t e ,  t h e  y i e l d  d u e  t o  d i f f e r e n t  

l a y e r s .  T h i s  r u l e  i s  fo u n d  t o  h a v e  some v a l i d i t y ,  an d  h a .  b e e n  u s e d  i n



t h e  correction o f  the el.lni- thickness for snsll - o  ts of oryfen 

conro.in.tior. Conclusions .re su»..ri.«l in Section 6.8.

6 2 PYPERIMENTAL METHOD
The e r p e r i o e n t s  . e r e  p e r f o m e t .  u s i n g  .  d . ^ o n r  w h ic h  was r e g a r d e d

„  .  goo d  c h a n n e l l i n g  s t o n e ,  a l t h o u g h  n o t  o f  t h e  b e s t ,  w i t h  a  n i n i i a u .  

yield o f  a b o u t  2 8 an d  a  y i e l d  a t  2.S u .  o f  a b o u t  SO 8 o n  t h e  u n c o v e r e d  

d i a a o n d .  M . a s u r e . e n t ,  w ere  t a k CT u s i n g  1 . 0  M,V p r o t o n s  a l o n g  t h e  < U 0 >  

a x i s  a t  room t e m p e r a t u r e .

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

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

s p e c t r u m  w as t a k e n ,  t h e  t a r g e t  was r o t a t e d  t o  f a c e  t h e  i o n - s p u t t e r i n g  gun 

i n  t h e  c h a a b e r  an d  a  p o r t i o n  o f  t h e  l a y e r  w as r e a o v e d  b y  s p u t t e r i n g  w i t h  

s r g o n  i o n ,  o f  SCO .V e n e r g y .  A n o th e r  s p e c t r u .  w as t h e n  t a k e n  an d  t h e  

p r o c e d u r e  w as r e p e a t e d  u n t i l  t h e  l a y e r  h a d  b e e n  r e a o v e d .

The t h i c k n e s s  o f  t h e  l a y e r ,  showed n o  a n g u l a r  d e p e n d e n c e  a n d  i t

. . .  t a k e n  t h a t  t h e s e  w ere  am o rp h o u s  f o r  t h e  p u r p o s e s  o f  t h e  e . p e r i a e n t .

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

c o m p l e t e l y  b y  t h e  l a y e r .

6 . 3  TREATMENT OF LATA

6 3 i  Det e rm in a t io n  o f  L a y e r  T hi c k n e s s .

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

u s i n g  t h e  u s u a l  r e l a t i o n



w h e re  Nx i s  t h e  a r e a l  d e n s i t y  o f  t h e  l a y e r  ( ■ d e n s i t y  N t i m e s  t h i c k n e s s  x ) ;  

C i s  t h e  n um ber  o f  b a c k s c a t t e r e d  p a r t i c l e s  ( c o u n t s )  o b t a i n e d  by i n t e g r a t i n g  

t h e  a p p r o p r i a t e  p e a k  i n  t h e  s p e c t r u m ;  n i s  t h e  n um b er  o f  i n c i d e n t  p a r t i c l e s ,  

o b t a i n e d  from  t h e  beam c u r r e n t  i n t e g r a t i o n ;  o i s  t h e  s c a t t e r i n g  c r o s s -  

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

The i n t e g r a t i o n  o f  t h e  g o l d  o r  a lu m in iu m  p e a k s  i s  s i m p l e  a s  t h e s e  

p e a k s  a r e  w e l l  s e p a r a t e d  fro m  a n y  i n t e r f e r e n c e .  T he  a lu m in iu m  was fo u n d  

t o  b e  a c c o m p a n ie d  b y  a  s m a l l  am o un t  o f  o x y g e n ,  an d  t h i s  p e a k  was a l s o  

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

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

a s  i l l u s t r a t e d  i n  F i g u r e  6 . 1 .  S t r a i g h t - l i n e  a p p r o x i m a t i o n s  w e re  draw n 

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

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

The maximum e r r o r  i n  t h i s  p r o c e d u r e  was e s t i m a t e d  f ro m  v a r i o u s  

l i m i t i n g  p o s s i b i l i t i e s  o f  d r a w in g  t h e  l i n e s  a s  a b o u t  5 %

The s o l i d  a n g l e  s u b t e n d e d  by  t h e  d e t e c t o r  w as m e a s u re d  u s i n g  a 

c a l i b r a t e d  t h i n  241 Am a l p h a  s o u r c e  a t  t h e  t a r g e t  p o s i t i o n .  The s o l i d  

a n g l e  w as d e t e r m i n e d  from  t h e  n um ber  o f  c o u n t s  r e c o r d e d  i n  a  g i v e n  p e r i o d  

c o m p a re d  w i t h  t h e  t o t a l  n u m ber  o f  d i s i n t e g r a t i o n s ,  known fro m  t h e  c a l ­

i b r a t e d  a c t i v i t y .  E r r o r s  d ue  t o  b a c k s c a t t e r i n g  i n  t h e  s o u r c e  w ere  

e s t i m a t e d  t o  be  n e g l i g i b l e  co m p are d  w i t h  t h e  e x p e r i m e n t a l  a c c u r a c y  o f
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a b o u t  1 The m e a s u re d  v a l u e ,  4 . 0 8  m s t e r r a d i a n s  was c l o s e  t o  th a t ,  

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

The R u t h e r f o r d  c r o s s - s e c t i o n  was u s e d  f o r  g o l d  an d  a lu m in iu m ;  

t h e  l a t t e r ,  w h i l e  e s s e n t i a l l y  R u t h e r f o r d i a r  [Aw 6 5 ] ,  d e e s  h av e  a n a r ro w  

r e s o n a n c e  a t  9 9 1 . 9  keV w i t h  a  w i d t h  o f  a b o u t  100 eV. The c r o s s - s e c t i o n  

i s  i n c r e a s e d  b y  a b o u t  15 \  j u s t  a b o v e  t h e  r e s o n a n c e  e n e r g y  an d  d e c r e a s e d  

a b o u t  t h e  same amount j u s t  b e lo w  t h e  r e s o n a n c e  e n e r g y  [Ben 4 9 ] .  The 

maximum e r r o r  i n c u r r e d  b y  n e g l e c t  o f  t h i s  r e s o n a n c e  was e s t i m a t e d  t o  be  

o f  t h e  o r d e r  o f  1 t  f o r  p r o t o n s  l e a v i n g  t h e  A1 l a y e r  a t  t h e  r e s o n a n c e  

e n e r g y .  F o r  e x i t  e n e r g i e s  fro m  t h e  l a y e r  g r e a t e r  t h a n  3 keV f ro m  t h e  

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

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

a lu m in i u m  l a y e r  u s i n g  t a b u l a t e d  s t o p p i n g  p o w e rs  (Ans 77] showed t h a t  w i t h  

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

r e s o n a n c e  r e g i o n  and  so  t h e  r e s o n a n c e  was n e g l e c t e d .

F o r  c a r b o n  and  o x y g e n  m e a s u r e d  c r o s s - s e c t i o n s  w e re  u s e d  (C:

[ J a s  5 2 ] ,  0 :  [L au  5 1 ] ) ,  t h e  f o r m e r  b e i n g  a c c u r a t e  t o  5 %  and  t h e  l a t t e r

t o  20

The e n e r g y  d e p e n d e n c e  o f  t h e  c r o s s - s e c t i o n  was t a k e n  i n t o  a c c o u n t  

f o r  t h e  a lu m in iu m  l a y e r .  The p r o t o n  e n e r g y  u s e d  was t h a t  a p p r o p r i a t e  t o  

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

s t o p p i n g  p o w e rs  [Ans 7 7 ] .  The maximum v a r i a t i o n  was 1 . 7  % from  t h e  

v a l u e  c a l c u l a t e d  f o r  1 .0 0 0  MeV. F o r  t h e  o t h e r  c r o s s - s e c t i o n s  t h e  1 . 0 0 0  MeV 

v a l u e s  w e re  u s e d .  F o r  c a r b o n  a n d  o x y g e n ,  t h e  c r o s s - s e c t i o n s  v a r y  much 

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



c o r r e c t i o n  w o u ld  b e  much l e s s  t h a n  t h e  u n c e r t a i n t i e s  i n  t h e  m e a s u r e d  

c r o s s - s e c t i o n .  F o r  g o l d ,  t h e  e n e r g y  T oss  i n  t h e  l a > e r  n e v e r  e x c e e d e d  

% i<e V; a n y  c o r r e c t i o n ,  t h e r e f o r e ,  w ou ld  b e  l e s s  t h a n  0 . 3  %. F o r  c o n ­

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

g i v e n  b y  S igm und a n d  W in te rb o n  [ S i  7 4 ] ,  t h e  l a y e r  t h i c k n e s s  was c a l c u l a t e d  

i n  t e r m s  o f  t h e  d i m e n s i o n l e s s  T h o m as-F e rm i  v a r i a b l e

r  ■ ita2Nx [ S i  74]

w h e re  a i s  t h e  T h o m a s -F e rm i  s c r e e n i n g  r a d i u s .  The o x y g e n  t h i c k n e s s  war 

s c a l e d  t o  an  e q u i v a l e n t  a lu m in iu m  t h i c k n e s s  ( s e e  S e c t i o n  6 . 7 )  a n d  i n ­

c l u d e d  w i t h  t h e  r  v a l u e  f o r  a lu m in iu m .  The c o r r e c t i o n  t o  t h e  a lu m in iu m  

v a l u e  r a n g e d  from  3 % f o r  t h e  t h i c k e s t  l a y e r s  t o  12 S f o r  t h e  t h i n n e s t .

6 . 3 , 2  Minimum Y i e l d

T he  minimum y i e l d  was d e t e r m i n e d  by p l o t t i n g  t h e  s p e c t r u m  and 

d r a w i n g  a sm o o th  c u r v e  t h r o u g h  t h e  p o i n t s ,  e x t r a p o l a t e d  t o  t h e  s u r f a c e .

The s u r f a c e  was t a k e n  t o  b e  a t  t h a t  e n e r g y  c o r r e s p o n d i n g  t o  h a l f w a y  up 

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

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

a lu m in iu m  o r ,  i f  t h e  minimum y i e l d  was s u f f i c i e n t l y  low f o r  t h e r e  t o  be  

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

The y i e l d  t h u s  d e t e r m i n e d  was n o r m a l i s e d  t o  t h e  random  y i e l d ,  

u s i n g  a rand om  s p e c t r u m  m e a s u re d  on t h e  u n c o v e r e d  d iam o n d  b u t  d i v i d i n g  by 

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

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

u s i n g  a  random  s p e c t r u m  m e a s u re d  w i t h  t h e  same l a y e r  a s  t h e  c h a n n e l l e d



„ „ d :  t -  k « P  r a d i a t i o n  d - a j .  a t  a  . i n l » « »  t U .  » a »  n o t  d o n a .

n . a b o v .  p r o c n d u r ,  i a  « , u i , . l « i t  t o  u a i n ,  a  r . n d o .  a p . o . m .  f r o .  a  

dlam onc c o v a r a d  . « h  a  c a r b o n  i . y a r  w h ic h  . i v . a  t h e  a n a r . y  i n . .  a t

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

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

a n y  p o s a i b l e  c h f i c a l  b o n d i n g  e f f e c t ,  on  t h e  . t o p p i n g  p o w e r ,  I S o f  6 1 .

M . ,  7 6 ) .  T h e  e n e r g y  l o a a  t h r o u g h  g o ld  l a y e r ,  » • »  5 k ' V

a n y  e r f , ,  . . d .  b y  t h e  a b o v e  p r o c e d u r e  a r e  e x . r - e l y  a . . U .  F o r  a l w i n i u ,

l a y e r ,  t h e  p r o c e d u r e    t o  g i v e  a  . . r i ~ "  e r r o r  i n  t h e  r a n d o .

p o s i t i o n  o f  tw o  a n a l y s e r  c h a n n . i ,  ( a b o u t  10 h e . , .  T h e  y . r i . t i o n  i n  r f d o n  

i e v e i  o v e r  t h l .  I n t e r v a l  . . .  . u c h  l e a ,  t h a n  t h e  a t a t i a t l C  u n c e r t a i n t y  i n  

t h e  s p e c t r u m  o f  w= 6 a n d  . . . .  t h e r e f o r e ,  i g n o r e d .  I t  . . .  t h u .  c o n c lu d e d  

t h a t  t h e  a b o v e  p r o c e d u r e  f o r  d e t e r m i n i n g  t h e  random  s p e c t r a  was s u f t i c  e n t  y

e-e 1 1 V* a  t*  A  „

6 . 3 . 3  Depth Conversion
Depth c o n v e r s io n  ... done i n  th. u . u . 1  way. taking the a u r f a c .

i t ,  u s u a l  1 .0 0 0  M.V p o a l t l o n .  The e o u l v a . e n t  d e p t h  o f  t h e  t r u e  a u r f a c .

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

6 . 4  THEORY

6 .4 . 1  P l u r a l  and M u l t i p l e  S c a t t e r i n g

The p lu ra l and m u ltip le  sc a tte r in g  o f  io n , in the keV to  lower

energy range baa been inye.tl.at- by Meyer [Me, 71, and Sigmund and

Ninterbon [SI 7 . ) ,  u sin g  t h .  Thom.a-F.rmi co n cep t, o f  llndhard et al

[b in  6 8 ] . X ,fo m en t o f  t h ,  theory  w ith  experim ental m u ltip le  .n a t te r  ng

m e a s u r e m e n t s ,  1 .  good. 1.............   [S i 76 ) .  The treatm ent o f  Sigmund and

Winterbon i s  fo llow ed  here.



The t h e o r y  u s e s  t h e  u n i v e r s a l  T n o m a s-F e rm i  s c r e e n e d  cou lom b 

s c a t t e r i n g  c r o s s - s e c t i o n  o f  L i n d h a r d  e t  a l  [ L i n  6 8 ] ,

dt
d0  "  t-( t  / 2 ) .

The v a r i a b l e s  a r e  d e f i n e d  i r  S e c t i o n  2 . 4 . 2 ,  W ith  t h i s  c r o s s - s e c t i o n  

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

m a t e r i a l  i s

F(x,o)dn -  a da 1 dz  J 0 ( a z ) e x p [ - t b ( z ) ]

1 a da f , ( T , a )

w h e re (1 - J qC2*))

H e r e ,  a  i s  t h e  t o t a l  s c a t t e r i n g  a n g l e ;  x i s  t h e  t h i c k n e s s  o f  l a y e r  

t r a v e r s e d ;  dfi i s  t h e  e l e m e n t  o f  s o l i d  a n g l e  b e l o n g i n g  t o  a ; and J 0 

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



(6.4 .2)
2ZiZ2e2

Thus, for a l l  ta r g e t  and ion combinations the m u lt ip le  s c a t te r in g  

d is t r ib u t io n  i s  a function  only o f  the two v a r ia b le s  x and S. Meyer's  

treatment a lso  in c lu d es  a function f 2 (x .a )  a ,  a small correct io n  to  

f lC t .S )  [Mey 71];  t h i s  i s  b e l iev ed  to  be an a r t i f a c t  [S i  74].

The d i s t r ib u t io n ,  f ; ,  defined above i s  normalised to  u n i ty ,  that i s

f i ( T , a ) a  da ( F ( x . a )  d f )  •  1

For th in  la y e r s ,  «h . d i s t r ib u t io n  lan d , t. the s in g le  " " " "

u t io n ,  that i s ,



or, in dimensionless variables

The distributions f i ( t , S )  are evaluated and tabulated for a large range 

of t  an d  8 in [Si 7 4 ] .

The Thomas-Fermi cross-section may be approximated by a cross- 

section derived from a power potential

for some range in where X depends on m. With this cross-section, the 
, ,2m

function 8 f i ( T , a )  is a function of one variable, # where c

depends on m. The distribution may be evaluated analytically for certain 

values of m but, in general, is expressed as a power series. The sum­

mation of this power series is much easier than evaluation of the integral 

in equation (6.4.1), Warwick and Sigmund [Mar 75] have shown that a 

function r(m) relating the t for the Thomas-Fermi cross-section to the 

power cross-sectior parameter, m, may be defined; with this function a

over limited regions, giving

V(r) « r‘1/a

f($) ■ X* 1‘2m 6.4.4



Thomas-Fermi distribution may be approximated by an equivalent power-law 

distribution; the agreement is very good [Mar 75],

6.4.2 Yield in C h a n n e l l i n g  M e a s u re m e n t s

On en uncovered crystal, the yield near an axial channel depends 

on both the polar angle * from the axial direction and the azimuthal angle 

4 from some reference plane intersecting the channel. With an amorphous 

layer on the surface of the crystal, the beam is multiply scattered with 

some distribution F(x,*) and the yield, for the beam aligned witu vhe 

channel, becomes

xL(x) F (x ,* )x O M ) dn

where x O M ) is the y^ld measured on the uncovered crystal. x(* ,») 

may be 'ntegrated over the azimuthal angle, giving (for small scattering

angles)

XL (x ) 2it F (x,i|i)x (’I')'J' d*

where %(*) is now the azimuthally averaged angular yield, introduced by 

Lugujjo and Mayer [Lug 73]. This may be written ir dimensionless Thom-s

Fermi variables



Thus the  y ie ld  at  0* on a covered c r y s ta l  may be determined by using the  

m u lt ip le  s c a t te r in g  d i s t r ib u t io n  togeth er  with the experim entally  measured 

angular y ie ld  (azim uthally  averaged) from the uncovered c r y s t a l .  This 

r e la t io n  holds fo r  a l l  depths: thus the y ie ld  a t  0 e as a function  o f

depth may be determined using  the angular y ie ld  measured as a function  o f  

depth [Cam 73] .

A simple approximation to %(*) i s  sometimes used: the square-

w ell approximation [Rim 72, Lug 73 ] .  In t h i s  approximation, the y i e l d  i s  

taken as

x(*) - x(0) * <

( 6 .4 .6 )

-  1 * > * ,

where iji, i s  the c r i t i c a l  angle .  With t h i s  d e f in i t io n  o f  the angular  

y ie ld  fu n ct io n ,  the  y ie ld  on the covered c r y s ta l  becomes [Lug 73] (for  

the dimensionlt-ss i#/,)

xl (t) =" X(0) + (i  - x (0))P(a^ ,T )



The function  P(a^,T) i s  g iven g ra p h ica l ly  in  [Lug 73] for  the m u lt ip le  

sc a t t e r in g  d i s t r ib u t io n s  as c a lcu la ted  by Meyer [Mey 71] .

In t h i s  work, an approximation i s  in v e s t ig a te d  which might be 

expected to  agree more c l o s e l y  with the angular y i e ld .  This i s  a q u artic  

approximation

x « 0  -  X ( 0 )  * ( i  -  X < 0 »  t L  :  *  <  a 1* )

Z‘ ‘  ( 6 . 4 . 7 )

-  1 ; t  .

The three  y ie ld  functions  are compared in Figure 6 .2 .  Also shown in  t h i s  

f ig u r e  i s  „ jual angular y ie ld  measured a t f ix e d  azimuth, and the

angular y ie ld  function  determined from the dechannelling  approach o f  the  

next s e c t io n .

6 . 4 . 3  Dechannelling

The yield as a function of depth may be calculated using the depth
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d e p e n d e n t  a n g u l a r  y i e l d  f u n c t i o n .  I t  may a l s o  b e  c a l c u l a t e d  u s i n g  t h e  

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

i n  S e c ' 4on 2 . 5 .  The a g r e e m e n t  b e tw e e n  t h e o r y  and  e x p e r i m e n t  s h o u l d  g i v e  

an  a d d i t i o n a l  c h e c k  c n  t h e  v a l i d i t y  o f  t h i s  t h e o r y .

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

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

d i s t r i b u t i o n  may be  w r i t t e n , i n  t e r m s  o f  t h e  t r a n s v e r s e  e n e r g y  E t  ■ E*2

o r  t h e  r e d u c e d  t r a n s v e r s e  e n e r g y  ,

w h e re

e

W ith  t h i s  d e f i n i t i o n

f { ( T , e t ) dc A -  1

0

E q u a t i o n  ( 6 . 4 . 5 )  b ecom e s



w h e re  f ro m  E q u a t i o n  ( 2 . 3 . 6 )

w h ere



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

The d i f f u s i o n  e q u a t i o n  may be  s o l v e d  u s i n g  e q u a t i o n  ( 6 . 4 . 8 ) ,  t o  

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

t h e  i n t e g r a l  d i s t r i b u t i o n  may b e  o b t a i n e d  by  i n t e g r a t i n g  e q u a t i o n  ( 6 . 4 . 8 )  

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

6 . 5  INFLUENCE OF AMORPHOUS LAYERS ON MINIMUM YIELD AT THE SURFACE

6 . 5 . 1  R e s u l t s

T he  m e a s u re d  minimum y i e l d  a t  t h e  s u r f a c e ,  xm» i s  p l o t t e d  a s  a 

f u n c t i o n  o f  r  f o r  t h e  t h r e e  c a s e s ,  c a r b o n ,  a lu m in iu m  and  g o l d ,  i n  F i g u r e s  

6 . 3 ,  6 . 4  a n d  6 . 5  r e s p e c t i v e l y ,  t o g e t h e r  w i t h  t h e  t h e o r e t i c a l  c u r v e s .  The 

e r r o r s  shown i n c l u d e ,  f o r  t,  t h e  v a r i o u s  e r r o r s  and  a p p r o x i m a t i o n s  m e n t io n e d  

i n  S e c t i o n  6 . 3 ,  t o g e t h e r  w i t h  t h e  e r r o r  i n  t h e  l a y e r  t h i c k n e s s  ow ing  t o  

t h e  c o u n t i n g  s t a t i s t i c s .  The e r r o r  i n  x i s  e s t i m a t e d  from  a c o n s i d e r a t i o n  

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

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

6 . 5 . 2  C a l c u l a t i o n

The t h e o r e t i c a l  c u r v e s  h a v e  b ee n  c a l c u l a t e d  u s i n g  t h e  T hom as-  

F e rm i  m u l t i p l e - s c a t t e r i n g  d i s t r i b u t i o n s  o f  S igm und and  W in te rb o n  [ S i  7 4 ] .  

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

i )  The e x p e r i m e n t a l l y  o b t a i n e d  a z i m u t h a l l y  a v e r a g e d  y i e l d ,  o b t a i n e d

on  on u n c o v e r e d  c r y s t a l  by  a v e r a g i n g  t h e  y i e l d  o b t a i n e d  a t  5 e 

s t e p s  o v e r  90* i n  a z i m u t h ,  f rom  a ( 1 0 0 )  t o  a ( 1 1 0 )  p l a n e .  The 

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

v a r i a t i o n  o f  b o t h  8 and  $ t o  s c a n  a l o n g  a p a t h  a t  a  c o n s t a n t
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a n g u l a r  o f f s e t  f rom  t h e  <110> a x i s ;  t h e  a n g u l a r  s e t t i n g s  f o r  e a c h  

s t e p  w ere  c a l c u l a t e d  u s i n g  s p h e r i c a l  t r i g o n o m e t r y  [D e r  7 8 ] .  The 

c r i t i c a l  a n g l e  m e a s u r e d ,  0 . 5 5 * ,  a g r e e s  w i t h  t h a t  m e a s u r e d  u s i n g  

t h e  s t a n d a r d  a z im u th  d e f i n e d  i n  C h a p t e r  3 and  w i t h  t h e  m e a s u r e ­

m e n t s  o f  D e r r y  [D e r  7 8 ] .

1 1 )  The s q u a r e - w e l l  a p p r o x i m a t i o n ,  e q u a t i o n  ( 6 . 4 . 6 ) .

i l l )  The  q u a r t i c  a p p r o x i m a t i o n ,  e q u a t i o n  ( 6 , 4 . 7 ) ,

T h e s e  a p p r o x i m a t i o n s  w e re  u s e d  w i t h  t h e  m ir 'm um  y i e l d  m e a s u re d  on 

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

The i n t e g r a l  ( 6 . 4 . 5 )  i s  i n  t e r m s  o f  t h e  r e d u c e d  s c a t t e r i n g  a n g l e  

8  w h ic h  i s  e n e r g y  d e p e n d e n t  ( e q u a t i o n  6 . 4 . 2 ) .  The a p p r o p r i a t e  e n e r g y  

f o r  e q u a t i o n  ( 6 . 4 . 2 )  i s  t h o  a v e r a g e  e n e r g y  o f  t h e  beam in  t h e  l a y e r  w h ere  

t h e  s c a t t e r i n g  t a k e s  p l a c e ;  t h i s  may b e  w r i t t e n  a s  Eg -  16E, w h e re  Eg i s  

t h e  i n i t i a l  e n e r g y  and  6E i s  t h e  e n e r g y  l o s s  i n  t h e  l a y e r .  T h i s  i s  a 

good  a p p r o x i m a t i o n  f o r  t h i n  l a y e r s .  H o w ev er ,  t h e  c r i t i c a l  a n g l e  w h ic h ,  

i n  t h e  fo rm  d e f i n e s  t h e  s c a l e  o f  %(&) i n  e q u a t i o n  ( 6 . 4 . 5 )  i s  a l s o  

e n e r g y  d e p e n d e n t ,  v a r y i n g  a s  E  ̂ ( [ L i n  6 3 ] ,  shown f o r  d iam o n d  by D e r r y  

[D e r  7 8 ] ) .  The a p p r o p r i a t e  e n e r g y  f o r  i s  t h a t  a t  w h ic h  t h e  beam e n t e r s  

t h e  c r y s t a l ,  Eg -  4E. Thus

a
8,  (Eg - AE) ■ ------------  [Eg -  lAE]*,(Eg -

* 2Z1Z2 e 2 1
AE)

2Z1Z2e 2
[Eg -  lAE]

[Eg -  AE] I
MEg)



Expanding t o  f i r s t  o r d e r  In  ,
cn

S j  (Eg •  6E) *
’ 1

Egt ' iCEo)  ■ * j ( E o )

Thus, f o r  t h i n  l a y e r s ,  we may, t o  a good a p p r o x i m a t i o n ,  u s e  t h e  c r i t i c a l  

angle  a s  measurad a t  t h e  I n c i d e n t  e n e r g y ,  i n  t h i s  c a s e ,  1 . 0 0 0  MeV, 

and n e g le c t  any energy l o s s  i n  t h e  l a y e r .

The tabulated  m u lt ip le  s c a t t e r i n g  d i s t r i b u t i o n s  [ S i  74] w e re  

f i t t e d  with a ra t io n a l  f u n c t i o n  w h ic h  g a v e  t h e  same l a r g e  a n g l e  b e h a v i o u r  

a s  the true d i s t r ib u t io n  ( i  ~  ) ,  an d  t h e  i n t e g r a t i o n  ( 6 . 4 . 5 )  was p e r ­

formed num erica lly . The c a l c u l a t e d  p o i n t s  w e re  J o i n e d  w i t h  a sm o o th

( s p l in e )  curve and  a r e  shown p l o t t e d  i n  F i g u r e s  6 . 3  t o  6 . 5 .

6 . 5 . 3  D is c u s s ion

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

s e e n  t o  be i n  a g r e e m e n t  w i t h  e x p e r i m e n t  w i t h i n  a b o u t  10 %, t h e  g r e a t e s t

d i s c r e p a n c y  b e i n g  f o r  c a r b o n .  The two a p p r o x i m a t i o n s  a l s o  g i v e  good  

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

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

w :. th  t h e  e x p e r i m e n t a l  r e s u l t s .  T h i s  m ig h t  i n d i c a t e  t h a t  t h e  a n g u l a r  

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

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

t h a t  t h e  a n g u l a r  y i e l d  p r o f i l e  s h o u l d  d ep e n d  on  t h e  n a t u r e  o f  t h e  l a y e r .  

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



c r o s s - s e c t io n :  i t  does n o t ,  however, seem p o s s ib le  to  explain  a l l  the

d iscrepancy  on t h i s  b a s i s ,  e s p e c ia l ly  as the f r a c t io n a l  d ev ia t io n  i s  

in creas in g  with increasing  t . This could only  be accounted for with rather  

d r a s t ic  v a r ia t io n s  in the energy dependence o f  the c r o s s - s e c t io n .  A more 

l i k e l y  explanation i s  that an Inte l atomic p o te n t ia l  based on Thomas-Fermi 

s t a t i s t i c a l  co n s id era t io n s  la  not s t r i c t l y  a p p licab le  between l ig h t  

atoms with few e le c tr o n s  (carbon) and protons. I t  i s  a l s o  p o s s ib le  that  

some e f f e c t  o f  the nuclear p o te n t ia l  i s  being f e l t  by the protons. The 

r e s u l t s  in d ic a te  that a p o te n t ia l  with rather l e s s  screening than the  

Thomas-Fermi p o te n t ia l  would be appropriate: t h i s  would allow  more s c a t ­

te r in g  and provide a higher y i e ld .  Bernhard e t  al [Bed 7 2 ] ,  in measuring 

the m u lt ip le  s c a t te r in g  o f  protons o f  en erg ies  up to 270 keV through th in  

carbon f o i l s  and analysing  the r e s u l t s  using Meyer's theory [Mey 7 1 ] ,  have 

found that a screening length  o f  28.8 pm i s  c o n s is te n t  with th e ir  d ata ,  

rather  than the value o f  25.8 pm used here. This increase  in screening  

length  would . ' e f f e c t  o f  reducing the screening o f  the p o t e n t ia l ,

however, c .  'd ic a te  that  the e f f e c t  o f  t h i s  change on the

r e s u l t s  presents, ’•y s l i g h t .  N ev er th e le ss ,  the agreement be­

tween the experisk .id theory for carbon must be regarded as s a t i s f a c t o r y ,  

bearing in mind the great s im p l ic i ty  o f  the Thomas-Fermi sc a t te r in g  theory  

[Lin 6 8 ] ,  which permits a u n iversa l  d e sc r ip t io n  o f  a l l  ta r g e t - io n  p a ir s .

For the other  two layer  m a te r ia ls ,  agreement o f  theory with  

experiment i s  fcund to  be good. This agrees with r e s u l t s  obtained on 

s i l i c o n  [Lug 73, Rim 7 2 ] ,  and extends th ese  r e s u l t s  to y ie ld s  below IS %, 

which were not measured by those  authors.

At higher layer  th ic k n e ss ,  the experimental po in ts  for gold f a l l



b e lo w  t h e  t h e o r e t i c a l  c u r v e  and  a g r e e  m o s t  c l o s e l y  w i t h  t h e  s q u a r e - w e l l  

a p p r o x i m a t i o n s  a l t h o u g h  t h e  d e v i a t i o n  i s  r a t h e r  s m a l l .  C a l c u l a t i o n s  w ere  

made u s i n g  t h e  m u l t i p l e  s c a t t e r i n g  d i s t r i b u t i o n  * o r  t h e  L e n z - J e n s e n  

p o t e n t i a l  [ S i  74] an d  a r r  shown i n  F i g u r e  6 . 5 .  The a g r e e m e n t  was fo u n d  

t o  b e  b e t t e r  t h a n  w i t h  t h e  T h o m a s-F e rm i  d i s t r i b u t i o n s .  The d i f f e r e n c e  

b e tw e e n  t h e  T h o m as-F e rm i  and  L e n z - J e n s e n  d i s t r i b u t i o n s  becom es s m a l l e r  

a s  t h e  r e d u c e d  t h i c k n e s s  r i s  i n c r e a s e d  and  t h e  c h a n g e  i n  t h e  c u r v e s  

f o r  a lu m in iu m  and  c a r b o n  i s  v e r y  s m a l l .  The  d i f f e r e n c e  b e tw e e n  t h e  two 

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

t h e  e x p e r i m e n t a l  e r r o r s ;  h o w e v e r ,  i t  m ig h t  i n d i c a t e  t h a t  t h e  L e n z - J e n s e n  

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

I n  g e n e r a l ,  t h e  r e s u l t s  show t h a t  s a t i s f a c t o r y  a g r e e m e n t  c an  be  

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

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

T he  two a p p r o x i m a t i o n s  a r e  a l s o  f o u n d  t o  g i v e  good  r e s u l t s ,  c o n s i d e r i n g  

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

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

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

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

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

6 . 6  DECHANNELLING IN DIAMONDS COVERED WiTn AMORPHOUS LAYERS

6 . 6 . 1  R e s u l t s

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

n e s s e s  o f  c a r b o n ,  a lu m in iu m  and  g o l d  a r e  shown i n  F i g u r e s  6 . 6 ,  6 . 7  and 

6 . 8  r e s p e c t i v e l y .  The e x p e r i m e n t a l  p o i n t s  w e re  sm o o th ed  by  d r a w in g  a
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F i g u r e  6 . 6 : E x p e r i m e n t a l  an d  t h e o r e t i c a l  d e p e n d e n c e  o f  n o r m a l i z e d  y i e l d  on

d e p t h ,  f o r  v a r i o u s  v a l u e s  o f  r ,  a s  i n d i c a t e d .
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Pigur. 6 . 7 :  Ejcperi«=nt.l and theoretical dependence of nomallted yield on
depth, for various values of t, as indicated.



F i g u r e  6 . 8 :  E x p e r i m e n t a l  an d  t h e o r e t i c a l  d e p e n d e n c e  o f  no rm a  i c e d  y i e l d  on

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



sm ooth  c u r v e  t h r o u g h  t h e  p l o t t e d  s p e c t r u m  and  e x t r a c t i n g  v a l u e s  fro m  t h e  

sm o o th ed  c u r v e  t o  c a l c u l a t e  t h e  y i e l d .

6 . 6 . 2  C a l c u l a t i o n s

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

s t e a d y  i n c r e a s e  m o d e l .  I n i t i a l  t r a n s v e r s e  e n e r g y  d i s t r i b u t i o n s  w e re  c a l c ­

u l a t e d  u s i n g  e q u a t i o n  ( 6 . 4 . 8 )  w i t h  t h e  m u l t i p l e  s c a t t e r i n g  d i s t r i b u t i o n s  

u s e d  i n  S e c t i o n  6 . 5 .  The v a l u e s  o f  r  do  n o t  c o r r e s p o n d  e x a c t l y  w i t h  

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

h a v i o u r  t o  b e  e x p e c t e d .  The e x p e r i m e n t a l  c u r v e s  show t h a t  a  sm o o th  

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

B e c a u se  t h e  d iam o n d  u s e d  i n  t h e  e x p e r i m e n t s  was n o t  o f  t h e  h i g h e s t

q u a l i t y ,  t h e  y i e l d s  c a l c u l a t e d  a c c o r d i n g  t o  C h a p t e r  5 f a l l  b e lo w  t h e

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

d ffc-
was i n t r o d u c e d  i n  t h e  c h a n g e  o f  t r a n s v e r s e  e n e r g y  w i t h  d e p t h ,  j p -  

( S e c t i o n  2 . 5 . 6 ) ,  t h i s  t e r m  b e i n g  a c o n s t a n t ,  r e p r e s e n t i n g  a  u n i f o r m  

d i s t r i b u t i o n  o f  d e f e c t s  a c r o s s  t h e  c h a n n e l .  T h i s  fo rm  o f  t h e  t j r m  was 

c h o s e n  a s  t h e  s i m p l e s t  i n  t h e  a b s e n c e  o f  d e t a i l e d  k n o w le d g e  o f  a n y  

d e f e c t s  p r e s e n t .  The s i z e  o f  t h e  te r m  was a d j u s t e d  t o  f i t  t h e  y i e l d  a s  

m e a s u r e d  on t h e  u n c o v e r e d  d ia m o n d .  The m a g n i t u d e  o f  t h e  te r m  was a lw a y s  

smai 1 .

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

t h e  t h e o r y ,  t h e  u s u a l  v a l u e s  f o r  1 MeV p r o t o n s  i n  <110> . The d i f f u s i o n  

m odal c a l c u l a t i o n s  a r e  shown f o r  c a r b o n ,  a lu m in iu m  an d  g o l d  i n  F i g u r e r

6 . 6  t o  6 . 8 .  The r e s u l t s  f o r  he  s t e a d y  i n c r e a s e  m o de l  w ere  n o t  i n  v<
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good a g r e e m e n t  w i t h  t h e  e x p e r i m e n t ,  a s  e x p e c t e d  fro m  S e c t i o n  5 . 5 . 2  a r d  

a r e  o n l y  p l o t t e d  f o r  a lu m in iu m  i n  F i g u r e  6 . 7 . m
6 . 6 . 3  P i s  n

The a n g u . ' a r  y i e l d  p r o f i l e  w n ic h  c o r r e s p o n d s  w i t h  t h e  d e c h a n n e l l i n g

m o d e l ,  i s  r a t h e r  d i f f e r e n t  f i> m  t h o s e  u s e d  i n  S e c t i o n  6 . 5  a n d  i s  shown i n

F i g u r e  6 . 2 .  The  a c t u a l  v a l u e s  o f  t n u  y i e l d  a t  t h e  s u r f a c e  do n o t  a g r e e

t o o  c l o s e l y  w i t h  t h o s e  o f  S e c t i o n  6 . 5 ,  b u t  t h e  e f f e c t  o i  v a r i a t i o n s

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

t h e  d e c h a n n c l l i n g  c u r v e s  w i l l  b e  i n s e n s i t i v e  t o  th em . F o r  t h i s  r e a s o n ,

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

a b s o l u t e  m a g n i t u d e ,  and  t h i s  i s  w h a t  s h o u l d  b e  co m p ared  w i t h  e x p e r i m e n t .

W ith  t h i s  i n  m in d ,  i t  i s  s e e n  t h a t  t h e  d i f f u s i o n  m odel o f  d e c h a n ­

n e l l i n g  g i v e s  a  goo d  a g r e e m e n t  b e tw e e n  t h e o r y  a r d  e x p e r i m e n t .  The r e s u l t s  

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

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

The a g r e e m e n t  b e tw e e n  t h e  d i f f u s i o n  m o de l  c a l c u l a t i o n s  a n d  t h e  

e x p e r i m e n t  i s  o f  i n t e r e s t  n o t  o n l y  f ro m  th e  p o i n t  o f  v ie w  i f  c a l c u l a t i n g  

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

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

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

w i t h  d e p t h  w h ic h  a r e  s u b j e c t ,  t o  some e x t e n t ,  t o  w id e  v a r i a t i o n  from 

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

C h a p t e r  5 b y  v a r i a t i o n  o f  a x i s ,  e n e r g y  an d  t e m p e r a t u r e .  Tho w id e  

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

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



a s s u m p t i o n s .  The good a g r e e m e n t  fo u n d  o v e r  s u c h  a  w id e  r a n g e  i n  c o n d i t i o n s

i n  t h i s  C h a p t e r  a n d  i n  C h a p t e r  5 shows t h a t  t h e  a s s u m p t i o n s  made a b o u t  t h e

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

6 . 7  APPROXIMATIONS

6 . 7 . 1  E f f e c t  o f  Th i n  C o n t a m i n a t i o n  L a y e r s

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

h a s  n o t  b e e n  s t u d i e d  t o  a n y  l a r g e  e x t e n t .  The m e a s u r e m e n ts ,  d i s c u s s e d  in  

S e c t i o n  6 . 5 ,  h a v e  b e e n  made down t o  low  y i e l d s  i n  t h e  r e g i o n  o f  t h e  

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

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

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

F o r  t h i n  l a y e r s  t  -*• 0 t h e  m u l t i p l e  s c a t t e r i n g  d i s t r i b u t i o n  may 

be  a p p r o x i m a t e d  v i a  e q u a t i o n  ( 6 - 4 , 3 )  a s

T
f i ( T , a )  = —  f (a )  . (6 .7 .1 )

a 3

F o r  l a r g e  a,

1
f ( 8 )  * —  [ S i  72]

2a

( t h a t  i s ,  t h e  R u t h e r f o r d  c r o s s - s e c t i o n  i n  T h o m a : -F e rm i  u n i t s ) .

U s in g  t h e  s q u a r e - w e l l  a p p r o x i m a t i o n  f o r  t h e  a n g u l a r  y i e l d



f u n c t i o n ,  t h e  y i e l d  w i t h  t h e  c r y s t a l  - .o v e red  w i t h  a t h i n  l a y e r  b ecom es

X,( ? )  ■ X ( 0 )  ♦ (1 - x ( 0 ) ) P s ( a , . T )

R e t u r n i n g  t h i s  t o  d i m e n s i o n a l  fo rm
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w h ic h  i s  j u s t  the. e x p r e s s i o n  d e r i v e d  by L i n d h a r d  [ L in  6 5]  a s  t h e  co n -  

t r i b u t l o n  t o  t h e  minimum y i e l d  b y  an  a m o rp h o u s  c o n t a m i n a t i o n  l a y e r .

I f  t h e  R u t h e r f o r d  c r o s s - s e c t i o n  i s  u i e d ,  t h e n

Z ,Z 2 e 2

4E
) F ( e ,  M l ,  m2 )

w i t h

F (e ,M i ,M 2 )

Mi ,
4 (cose ♦ [1 -  ( —  sine  j 2] 1) 2

m2

M, ,
s in ^ e t l  -  ( —  s ine  ) 2V  

H,

(Pot 77]

w h e re  t  a n d  6 a r e  e n e r g y  and  s c a t t e r i n g  a n g l e  in t h e  l a b o r a t o r y  f r am e  and  

Mi an d  M2 a r e  t h e  m a s s e s  o f  t h e  i n c i d e n t  i o n  and  t a r g e t  a tom r e s p e c t i v e l y .

U s in g  e q u a t i o n  ( 6 . 3 . 1 ) ,  e q u a t i o n  ( 6 . 7 , 2 b )  b eco m e s

&x 16* —
*2 P(e,Mi,M2)n dfi

F o r  Mi «  M2 ,



Thus, for  l ig h t  ion s  in c id en t  on the c r y s t a l  through a heavy impurity  

la y e r ,  th e  in crease  in minimum y ie ld  depends only on the number o f  

backscattered  counts recorded in  the spectrum, and not on the elemental  

nature o f  ctu la y er .

The approximation o f  f (8) made here i s ,  o f  cov ae, rather  

crude and d ev ia t io n  must be expected , e s p e c ia l ly  fo r  la y ers  o f  heavier

atoms where 8, becomes 4 l .  However, equation ( 6 .7 .4 )  does p iov lde  a
1 $

u sefu l  f i r s t  e st im ate  and a u se fu l  ru le  o f  thumb in i t s  p red ic t io n  of

the mass Independence o f  the e f f e c t  o f  th in  layers  on the y i e ld .  In t h i s  

regard, i t  should be noted that the approximation ( 6 .7 .3 )  i s  on ly  in error  

by about 25 \  for  the case  o f  alpha p a r t i c l e s  in c id en t  on carbon, and thus 

equation ( 6 .7 .4 )  may he ap p lied ,  with due regcrd to  the l im ita t io n s  uf  

the assumptions that  are involved in i t ,  to surface  layers  o f  e s s e n t i a l l y  

a l l  m asses. I t  should a lso  be noted t h a t ,  for protons inc ident  on l ig h t  

impurity layers  such as carbon or oxygen at en erg ie s  o f  the order o f  

1 MeV, the  c r o s s - s e c t io n  i s  no longer Rutherfordlan and equation (6 .7 .4 )  

cannot be applied - eq u it io n s  (6 .7 .2 a )  or (6 .7 .2 b )  should be used.



A b e t t e r  approximation can be o b ta in ed ,  f i r s t l y  by using a better  

approximation to  the Thomas-Fermi c r o s s - s e c t io n  and, secondly , by using  

the q u artic  approximation for the angular y ie ld  fu n c t io n ,  which was found 

to  g ive  good r e s u l t s  a t  low y ie ld s  in S ection  6 .5 .

A b e t t e r  approximation to  the c r o s s - s e c t io n  may be obtained by 

p i e c e - w i s e  approximation o f  the Thomas-Fermi c r o s s - s e c t io n  by power law 

c r o s s - s e c t i o n s  (for  example [Win 7 0 ] ) :

f ( 8 )  ■ —  
28

5  > 1 .5 3

0.327 0 .0156  < S < 1.53

1.3098
1 /3

a < 0 .0156 .

With t h i s  approximation for the c r o s s - s e c t io n ,  us ing  the q uartic  

approximation ind equation ( 6 . 7 . 1 ) ,  the y ie ld  becomes



The experimental p o in ts  for  small layer t h i c k n e s ; are shown in 

Figure 6 .9  for  the three ca ses  o .  carbon, aluminium and g o ld ,  together  with  

the approximations (6 .7 .2 a )  and ( 6 . 7 . 5 ) .  I t  i s  c l e a r  that Lindhard's  

express ion  (6 ,7 .2 b )  g iv es  only  a rough approximation to  the actual i n ­

crease  in y i e l d ,  being best  fo r  carbon where, with a c r i t i c a l  angle  

8  ̂ ■ 1 4 .T, equation ( 6 .7 .2 )  i s  a reasonably good approximation.

The approximation ( 6 .7 .5 )  i s  seen to  g ive  a much b e t t e r  agreement 

with experiment, within 15 % for carbon la y ers  up to  in crea ses  in y ie ld  

Ax, o f  0 .0 5  and fo r  aluminium and gold to  about Ax •  0 .1 .  Thus equation  

( 6 .7 .5 )  may be used to  provide a good d e sc r ip t io n  o f  the e f f e c t  o f  thin  

amorphous impurity or contamination layers  on the minimum y ie ld .

6 , 7 . 2  At A p p r o x im a te  S c a l i n g  R u le

As d iscu ssed  in Section  6 . 4 . 1 ,  t h e  function a2f i ( t , a )  i s  a
g2m

function  o f  on ly  one v a r ia b le ,  -----  , for  power law c r o s s - s e c t io n s .  Thus,
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F i g u r e  6 . 9 :  

( 6 . 7 . 2  a ) .

D e p e n d e n c e  o f  n o r m a l i z e d  y i e l d  on t f o r  t h i n  l a y e r s . e q u a t i o n  ( 6 . 7 . 5 ) ;  -  •— e q u a t i o n

r 22 '



f o r  m u l t i p l e  s c a t t e r i n g  d i s t r i b u t i o n s  c a l c u l a t e d  f ro m  a  pow er la w  c r o s s -  

s e c t i o n ,  t h e  y i e l d  f o r  a  l a y e r  t h i c k n e s s  r  a s  c a l c u l a t e d  i n  S e c t i o n  6 . 4 . 2

i s  a  f u n c t i o n  o f

(ct) l /2 m

H a rw ic h  a n d  Sigm und [Mar 75 ]  h a v e  shown t h a t ,  f o r  a g i v e n  t , an 

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

l i s t r i b u t i o n s  c a l c u l a t e d  u s i n g  t h e  T h o m a s -F e rm i  c r o s s - s e c t i o n s ,  an d  

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

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

a u t h o r s  show , t h a t  f o r  t h e  p o w e r  c r o s s - s e c t i o n  e q u a t i o n  ( 6 . 4 . 4 ) ,

f l p ( T ,0 )  = c o n s t  • t
-1/m

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

T h o m a s -F e rm i  d i s t r i b u t i o n ,  bv

w h e re  f ^  an d  f 1TF a r e  t h e  po w er  and  T -F  m u l t i p l e  s c a t t e r i n g  

d i s t r i b u t i o n s .



The p o s s ’ b J f  e x i s t e n c e  o f  s i m p l e  p o w e r - l a w  s i m p l i f i c a t i o n  i n  t h e  

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

CTl /2 m  wa,, e v a l u a t e d  a s  a  f u n c t i o n  o f  r ,  by  m a t c h i n g  t o  t h e  v a l u e  o f  

f  i n  a  s i m i l a r  f a s h i o n  t o  M arw ick  and  S igm und [Mar 7 5 ] .  The

r e s u l t a n t  c u r v e  i s  shown i n  F i g u r e  6 . 1 0 .  T h i s  was t h e n  u s e d  t o  e v a l u a t e  

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

a lu m in iu m  a n d  g o l d ,  t h e  a lu m in iu m  beam u n c o r r e c t e d  f o r  t h e  s m a l l  am ount 

o f  o x y g e n  c o n t a m i n a t i o n .  T h i s  y i e l d  i s  shown p l o t t e d  i n  F i g u r e  6 . 1 1 .

The t h r e e  e l e m e n t s ,  w h i l e  f a l l i n g  on t h e i r  own d i s t i n c t  c u r v e s ,  a r e  g r o u p e d  

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

' u n i v e r s a l '  y i e l d  v e r s u s  ( c t ) 1 7 2 ” / ^  c u r v e  w h ich  w o u ld  d e s c r i b e  a l l  

t h r e e  a x e s  t o  an  a c c u r a c y  o f  a b o u t  30 %. An a p p r o x i m a t e  c u r v e  i s  shown

s k e t c h e d  i n  F i g u r e  6 . 1 1 .

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

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

c u r v e s  o f  t h e  tw o e l e m e n t s  i n  a  p l o t  s u c h  a s  F i g u r e  6 .1 1  l i e  c l o  

t o g e t h e r  ( f o r  e x a m p l e ,  a lu m in iu m  an d  c a r b o n )  i t  i s  p o s s i b l e  t o  u s e  t h e  

s c a l i n g  t o  c o n v e r t  an  amount o f  one  e l e m e n t  i n t o  a n  e q u i v a l  H i t  am oun t o f  

a n o t h e r  e l e m e n t  w h ic h  w i l l  p r o v i d e  t h e  same c h a n g e  i n  y i e l d .

T h u s ,  f o r  e q u a l  y i e l d s ,

( c T ) 1/2m ( c t ) 172"1
-------------------h  ■ [    h

"i “!

a n d  h e n c e



. ' , >  ,  -V

F i g u r e  6 . 1 0 :  D e p e n d en ce  o f  ( c T ) 1/2m on  r
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O Carbon 
o Aluminium 
a  Gold

(1/ 2*)

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



B e c a u s e  ( c T ) 1 / ‘ m j s r e l a t e d  u n i q u e l y  t o  r .  F i g u r e  6 . 1 0  may be  u s e d  t o  

r e l a t e  t i  t o  t2 .

In  t h i s  m a n n e r ,  t h e  r  v r  u e s  f o r  o x y g en  w e re  c o n v e r t e d  t o  e q u i v a l e n t  

r  v a l u e s  f o r  a lu m in iu m  b y  a s s u m in g  t h e  o x y g e n  c u r v e  w ou ld  l i e  b e tw e e n  

a lu m in iu m  a n d  c a r b o n .  S i n c e  p a r t  o f  t h e  y i e l d  i n  t h e  c a s e  o f  a lu m in iu m  

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

shown i n  F i g u r e  6 . 1 1 ,  a n d  t h e  a p p r o x i m a t i o n  i s  t h u s  b e t t e r  t h a n  F i g u r e  6 . 1 1  

s u g g e s t s .  The  e q u i v a l e n t  a lu m in iu m  v a l u e s  o f  t h e  o x y g e n  w e re  a d d e d  t o  t h e  

r  v a l u e s  f o r  a lu m in iu m  t o  g i v e  a  n e t t  a lu m in iu m  t .

6 . 8  CONCLUSION

The Thomas F e rm i  t h e o r y  o f  m u l t i p l e  s c a t t e r i n g  [Mey 7 1 ,  S i  74] 

h a s  b e e n  shown t o  g i v e  good r e s u l t s  In  t h e  c a l c u l a t i o n  o f  t h e  e f f e c t  o f  

am o rp h o u s  s u r f a c e  l a y e r s  i n  c h a n n e l l i n g .  F o r  g o l d  a n d  a lu m in iu m  l a y e r s ,  

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

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

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

a g r e e m e n t  i n  t h e  c a s e  o f  g o l d  c a n  b e  o b t a i n e d  u s i n g  a  L e n z - J e n s e n  p o t e n t i a l ,  

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

I t  h a s  a l s o  b e e n  shown t h a t  t h e  d i f f u s i o n  m odel o f  d e c h a n n e l l i n g  

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

s t e a d y  i n c r e a s e  m odel i s  n o t  a s  s u c c e s s f u l .  The good a g r e e m e n t  fo u n d



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

m o d e l  a r e  r e a s o n a b l e .

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

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

d u r i n g  n o rm a l  u s e ,  h a s  b e e n  i n v e s t i g a t e d  a n d  an  e x p r e s s i o n  b a s e d  on t h e  

T h o m a s - F e m i  t h e o r y  h a s  b e e n  d e v e l o p e d  w h ic h  g i v e s  a  goo d  d e s c r i p t i o n  

o f  t h e  e f f e c t  o f  t h e s e  l a y e r s  on  t h e  minimum y i e l d  . F i n a l l y ,  a  power 

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

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



.....................   r "  m  t v p f . i »  d i a m o n d s

,1  INTRODUCTION

O ur i n i  i h .  « l « t l o n  o f  d i - . o n d ,  f o r  i o n  c h . n n . n i n g  p u r p o . . .

n t i i n o d  i n  S . c t l o n  4 . 3 ,  i t  o b , . r v « i  t h n t  c r t n i n  ' C . p .  v . n - ’

i w o n d . t  known t o  b .  . i r o n ,  T , , .  -  d i - o n d , .  t h . t  i . .  h . v i n ,  r . i . t i w . i f

cro n , Type i .  o p t i c i  .b .o r p t io n  f . . t u t . . .  hW y i . i d .  i n  <liO> fo r  .  « .V  P

. . . c h i n ,  w o .e  d e p t h ,  o f  2 . 4  on  c o n p . c d  w i t h  0 . 2 4  -  0 . 3  . ,  t h i ,  d . p . h

roc o t h e r  d i a m o n d s .  A ,  d i , o u „ e d  i n  C h a p t e r  4 .  Type i .  d i m o n d ,  c a n  h a v e

1P t o  s e v e r a l  t e n t h ,  o f  o n e  p e r c e n t  c o n c e n t r a t i o n  o f  n i t r o g e n  i m p u r i t y .

p r e d o m i n a n t l y  i n  tw o f o r m s ,  t h e  A a n d  B . g g - . e g a , . . ,  w h ic h  p r o d u c e  c h a r a c t e r

i s t i c  i n f r a - r e d  a b s o r p t i o n  i n  t h e  r e g i o n  1000 t o  .3 3 2  cm > .  a n d  c o n t a i n  J

d e f e c t ,  known a ,  p l a t e l e t ,  on (1 = 0 )  p i ...........  " " c h  "  r e l . t e d  t o  en

i n f r a - r e d  a b s o r p t i o n  p e a k  a t  M S 7 0  c m " ' .  I n v e s t i g a t i o n s  w ere  m a d .  t o

a s c e r t a i n  t o  w h a t  e x t e n t  t h e  e n h a n c e d  ' . c h a n n e l l i n g  i n  t h e  Cepe Y . l l . w

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

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

i ,  o n e  t o  t h e  p r e s e n c e  o f  n i t r o g e n  i n  t h e  s o - c a l l e d  N3 c e n t r e ,  t h o u g h ,  t o

c o n s i s t  o f  t h r e e  n i t r o g e n  a t o m ,  on  n e x t  . . . r e s t  n e i g h b o u r  s i t e s  on  ( i l l ) .

T h i s  i .  a  m i n o r i t y  f o r .  o f  n i t r o g e n ,  a c c o u n t i n g  f o r  <1 '  o f  n i t r o g e n  i n

t h e  d ia m o n d s  s t u d i e d  h e r e ,  an d  i t  1 .  t h o u g h t  t h a t  t h e  y e l l . -  c o l o u r  o f

t h e s e  d i a m o n d , .  I n  r e l a t i o n  to t h e  d e c h ^ n e l l i n , .  1 ,  merely »  indication
o f  t h e i r  h i g h  n i t r o g e n  c o n t e n t  an d  t h a t  o t h e r ,  non-yallow. s t r o n g  Type l a

 j -  ..em.siri * 1*0 show t h e  same b e h a v i o u r .



The r e e i  I t s  o f  t h i s  i n v e s t i g a t i o n  a r e  p r e s e n t e d  i n  t h i s  C h a p t e r .

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

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

by  t h e  p l a t e l e t s  an c  by  t h e  B n i t r o g e n .  The d e c h a n n e l l i n g  i n  a d ^ m o n d  

w i t h  a b s o r p t i o n  d u e  t o  B n i t r o g e n  o n l y ,  an d  no  p l a t e l e t  a b s o r p t i o n ,  h a s  

a l s o  b e e n  m e a s u r e d .  A m odel  f o r  t h e  d e c h a n n e l l i n g  i s  o u t l i n e d ,  an d  t h e  

r e l a t i o n s h i p  b e tw e e n  t h e  p l a t e l e t s  and  t h e  B a g g r e g a t e s  i s  d i s c u s s e d .

7 . 2  EXPERIMENTAL PROCEDURES AND RESULTS

7 . 2 . 1  I n f r a - r e d  M e a s u re m e n ts

I n f r a - r e d  t r a n s m i t t a n c e  s p e c t r a  w e re  r e c o r d e d  on a  P e r k i n  E lm e r  540 

i n f r a - r e d  s p e c t r o p h o t o m e t e r .  A b s o r p t i o n  c o e f f i c i e n t s  w ere  c a l c u l a t e d  a t  

s e l e c t e d  w a v a -n u m b e r s  f rom  t h e  m e a s u re d  t r a n s m i t t a n c e ,  w i t h  a l l o w a n c e  f o r  

m u l t i p l e  r e f l e c t i o n s  [ C la  5 6 ] ,  E r r o r s  i n  t h e  a b s o r p t i o n  c o e f f i c i e n t  w ere  

e s t i m a t e d  a t  5%. The a b s o r p t i o n  c o e f f i c i e n t  a t  1282 cm*1 was dec o m p o sed  

i n t o  A a n d  B c o m p o n e n ts  u s i n g  t h e  m ethod  o f  D a v ie s  [Dav 7 7 ] .  A t y p i c a l  l a  

s p e c t r u m  i s  shown i n  F i g u r e  7 . 1 ,  w i t h  t h e  a p p r o x i m a t e  A and  B c o n t r i b u t i o n s  

i n d i c a t e d .

7 . 2 . 2  The D iam onds

Seven  Cape Y e l lo w  d ia m o n d s  w e re  i n i t i a l l y  s e l e c t e d  f o r  i n v e s t i g ­

a t i o n .  T h e s e  w ere  s u b s e q u e n t l y  c u t  and  p o l i s h e d  i n t o  t h i n  s e c t i o n s  s u i t a b l e  

f o r  i n f r a - r e d  m e a s u r e m e n t s ,  w h ic h  r e q u i r e d  t h i c k n e s s e s  < 0 .5  mm i n  o r d e r  

t h a t  t h e  t r a n s m i t t a n c e  was n o t  r e d u c e d  b e lo w  M O  % a t  a b s o r p t i o n  p e a k s .

(T he  u n c e r t a i n t i e s  i.n c a l c u l a t e d  a b s o r p t i o n  c o e f f i c i e n t s  become i n c r e a s ­

i n g l y  l a r g e r  r . t  s m a l l  t r a n s m i t t a n c e s . ) S e v e r a l  s l i c e s  from  c e r t a i n  

d ia m o n d s  w e re  s u b s e q u e n t l y  u s e d .
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—JLl T y p i c a l  Type  l a  d iam o n d  i n f r a r e d  a b s o r p t i o n  s p e c t r u m  in t h e  o n e - p h o n c n  r e g i o n ,  w i t h  a p p r o x ­

im a te  d e c o m p o s i t i o n  i n t o  A and B c o m p o n e n t s .



The q u e s t i o n  o f  sa m p le  i n h o m o g e n e i t y  i s  a lw a y s  a  p r o b le m  i n  work on 

d l i m o n d .  I t  wa:t n o t e d  t h a t ,  i n  t h e s e  d i a m o n d s ,  t h e  i n f r a - r e d  a b s o r p t i o n  

c o e f f i c i e n t s  d i d  n o t  v a r y  hy  m ore  t h a n  -vJO % i n  s l i c e s  c u t  from  r e g i o n s  

o f  t h e  d iam ond  s e v e r a l  m i l l i m e t r e s  a p a r t .  On i n d i v i d u a l  s l i c e s ,  t h e  

a b s o r p t i o n  c o e f f i c i e n t  a t  s e l e c t e d  2 ran d i a m e t e r  r e g i o n s  a c r o s s  t h e  s l i c e  

d i d  n o t  v a r y  b y  m ore  t h a n  5 \  ar.d i n  r e d u c i n g  t h e  t h i c k n e s s  o f  s e v e r a l  

s l i c e s  by  m ore  t h a n  50 % from  -vG.S mm t o  ^ 0 . 2  mm, t h e  a b s o r p t i o n  c o ­

e f f i c i e n t s  d i d  n o t  c h a n g e  m ore  t h a n  10 %

T h u s ,  i t  was c o n c l u d e d  t h a t  t h e  d ia m o n d s  w e re  r e a s o n a b l y  hom ogene­

o u s  on  a s c a l e  o f  p e r h a p s  0 . 1  mm. The h o m o g e n e i ty  on a f i n e r  s c a l e  i s  more 

d i f f i c u l t  t o  a s s e s s .  H ow ever,  c a t h o d o l u m i n e s c e n c e  e x a m i n a t i o n s  u n d e r  a 

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

t h a t  i s  s o m e t im e s  s e e n  i n  c a t h o d o l u m i n e s c e n c e  s t u d i e s  c f  d iam o n d  [Ha 77 ,

Lan 7 9 ] .

A r e f e r e n c e  d ia m o n d , r e p r e s e n t i n g  t h e  ' p e r f e c t  c r y s t a l '  d e c h a n n e l ­

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

f ro m  among t h e  b e s t  d ia m o n d s .  The y i e l d  a t  2 . 4  urn i n  <110> was 0 . 2 4  f o r  

1 MeV p r o t o n s .  T h i s  d iam ond  was a l s o  Type l a ,  w i t h  a b s o r p t i o n  c o e f f i c i e n t  

a t  1282 cm*1 o f  1 .5  c m ' 1 , d ue  m a i n l y  t o  A a g g r e g a t e s .  T h i s  r e p r e s e n t s  

50 ppm n i t r o g e n .  The a b s o r p t i o n  c o e f f i c i e n t  » t  1370 cm 1 was 0 . 5  cm 

By c o m p a r i s o n ,  a b s o r p t i o n  c o e f f i c i e n t s  i n  t h e  Cave Y e l lo w  s e t  r a n g e d  up t o  

63  cm*1 a t  1282 cm*1 an d  43 cm "1 a t  1370 cm*1. The a b s o r p t i o n  c o e f f i c i e n t s ,  

t o g e t h e r  w i t h  t h e  d e c o m p o s i t i o n  i n t o  A and  B c o m p o n e n ts  a r e  g i v e n  i n
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I t  was d i s c o v e r e d  t h a t  a  d iam ond  w i t h  o n l y  B a b s o r p t i o n  f e a t u r e s

and  v e r y  s m a l l  1370  cm*1 p e a k  h ad  b e e n  u s e d  i n  a n o t h e r  e x p e r i m e n t . A

< H 0 >  s p e c t r u m  was m e a s u re d  b u t  t h e  d iam on d  was u n f o r t u n a t e l y  n o t  a v a i l a b l e  

f o r  o t h e r  m e a s u r e m e n t s .  T h i s  d iam o n d  i s  d e n o t e d  'B - o n l y *  i n  t n e  f o l l o w i n g .
■ 1 9

7 . 2 . 3  C h a n n e l l i n g  M e a s u re m e n ts

C h a n n e l l i n g  s p e c t r a  w e re  r e c o r d e d  and  a n a l y s e d  i u  t h e  s t a n d a r d  

f a s h i o n ,  u s i n g  p r o t o n s  a s  t h e  i n c i d e n t  i o n .  S p e c t r a  w ere  m e a s u r e d  a t  room 

t e m p e r a t u r e  a t  a  s t a n d a r d  e n e r g y  o f  1 MeV. On e l e c t e d  d i a m o n d s ,  m e a s u r e ­

m e n t s  w e re  mads a t  h i y h e r  e n e r g i e s  o f  2 . 5 ,  4 . 5 ,  6 . 0 ,  7 . 4  and  9 . 8  MeV i n  

o r d e r  t o  e x a m in e  t h e  e n e r g y  d e p e n d e n c e  o f  t h e  d e c h a n n e l  . i n g .

The <110> y i e l d  a s  a  f u n c t i o n  o f  d e p t h  a t  1 MeV i s  shown i n  

F i g u r e  7 . 2  f o r  s e v e r a l  d ia m o n d s .  The a b s o r p t i o n  c o e f f i c i e n t  a t  1370 cm 1 

i s  a l s o  I n d i c a t e !  a n d  t h e  i n c r e a s e  i n  d e c h a n n e l l i n g  w i t h  a b s o r p t i o n  may 

b e  n o t e d .

The v a r i a t i o n  o f  t h e  d e p t h  d e p e n d e n t  y i e l d  w i t h  e n e r g y  i s  shown

f o r  a  C ap e  Y e l lo w  d iam ond  i n  F i g u r e  7 . 3 ,  w h ich  L a y  b e  co m p are d  w i t h

F i g u r e  5 . 2 .  I t  i s  c l e a r  t h a t  t h e r e  i s  a  d i f f e r e n c e  i n  t h e  e n e r g y  d e p e n d e n c e  

f o r  t h e  two d i a m o n d s ,  w i t h  t h e  d e c h a n n j l l i n g  i n  t h e  C ape Y e l lo w  d iam ond  

v a r y i n g  l e s s  w i t h  e n e r g y .

7 . 3  DATA ANALYSIS AND DISCUSSION

7 . 3 . 1  E xtraction o f  D echannelling P rob ab il ity

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

d e n s i ty  n d o f  randomly disordered atoms may be w ritten  [Bfig 6 ' )
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- g U re  ? , 2 :  DeP e n d c n c c  o f  n o r m a l i z e d  y i e l d  on d e p t h ,  f o r  Type l a  d ia m o n d s  w i t h
d i f f e r i n g  a b s o r p t i o n  a t  1370 c m ' 1 .
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T ype l a  a b s o r p t i o n .



258.

X(Z) “ XR(Z) ♦ (1 - Xr(z)) ( 7 . 3 . 1 )

w here  Xr i s  t h e  ran do m  f r a c t i o n  o f  t h e  beam a t  d e p t h  z ,  an d  t h e  se c o n d  

te r m  r e p r e s e n t s  d i r e c t  b a c k - s c a t t e r i n g  from  a to m s  n o t  on l a t t i c e  s i t e s

9  H u  BE'
F l u x - p e a k i n g  h a s  b e e n  n e g l e c t e d .  The ran do m  f r a c t i o n  o f  t h e  beam . x p , 

d e p e n d s  on t h e  d e c h a n n e l l i n g  b e tw e e n  t h e  s u r f a c e  and  t h e  d e p t h  z .  In  t h e  

a b s e n c e  o f  a n y  d e t a i l e d  k n o w le d g e  o f  t h e  d e f e c t s  c a u s i n g  t h e  d e c h a n n e l l i n g ,  

t h e  random  f r a c t i o n  o f  t h e  beam may be  o b t a i n e d  fro m  t h e  s i n g l e  s c a t t e r i n g  

m odel [B4g 67]  w h ic h  a l l o w s  t h e  d e f e c t  t o  b e  d e s c r i b e d  i n  t e r m s  o f  a 

d e c h a n n e l l i n g  c r o s s - s e c t i o n ,  o .  T h i s  m odel i s  a p p r o p r i a t e  f o r  s m a l l  c o n ­

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

a n u  f o r  e x t e n d e d  d e f e c t s  w i t h  l a r g e  d e c h a n n e l l i n g  c r o s s - s e c t i o n s  [Qu 7 6 ] .

A c c o r d in g  t o  t h i s  m odel [Btfg 67]

(1 - XR(z)) - (1 -  X p ( z ) ) e " n d o t ( 7 . 3 . 2 )

w h e re  n ^  i s  t h e  d e n s i t y  o f  d e f e c t s  w i t h  c r o s s - s e c t i o n  a  and  x p i s  t h e  

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

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

t h e  d e c h a n n e l l i n g .  I t  f o l l o w s  f ro m  e q u a t i o n s  ( 7 . 3 . 1 )  an d  ( 7 . 3 . 2 )  t h a t

1 • XD (*)

1 -  Xp (z )
e - V z (1 - - ! ) ( 7 . 3 . 3 )



C l e a r l y ,  u n l e s s  x D 5 Xp , t h e  d i r e c t ,  b a c k - s c a t t e r i n g  t e r m  i s  o n l y  

i m p o r t a n t  when t h e  c o n c e n t r a t i o n  o f  d i s o r d e r e d  a to m s  e x c e e d s  s e v e r a l  p e r  

c e n t .  I f  i t  i s  a ssu m ed  t h a t  t h e  o b s e r v e d  y i e l d s  i n  F i g u r e  7 .2  a r e  p r o d u c e d  

b y  a to m s  d i s p l a c e d  from  l a t t i c e  s i t e s ,  t h e  d e c h a n n e l l i n g  c r o s s - s e c t i o n  may 

b e  e s t i m a t e d  f ro m  t h e  R u t h e r f o r d  c r o s s - s e c t i o n  a n d  e q u a t i o n  ( 2 . 5 . 3 9 )  

a p p l i e d .  T h i s  l e a d s  t o  c o n c e n t r a t i o n s  o f  d i s p l a c e d  a to m s  o f  10 t o  20 %

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

d i s o r d e r  i n  t*>e d ia m o n d s .  I t  i s ,  t h e r e f o r e ,  c o n c l u d e d  t h a t  t h e  d e c h a n n e l ­

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

c r o s s - s e c t i o n  [ i 7 6 ] .  In  t h i s  c a s e ,  t h e  d i r e c t  b a c k - s c a t t e r i n g  t e r m  may

be n e g l e c t e d  a n d ,  f rom  e q u a t i o n  ( 7 . 3 . 3 )

1 - Xp (z)
n - o z  -  I n  ( -----------------  )

1 -  XD( z )

The q u a n t i t y  n ^o  i s  t h e  d e c h a n n e l l i n g  p r o b a b i l i t y  p e r  u n i t  

l e n g t h .  T h i s  was d e t e r m i n e d  f o r  t h e  s p e c t r a  r e c o r d e d  i n  t h e  e x p e r i m e n t  

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

1 -  Xp ( z )
I n  (  ------------P )

1 -  XD (z )

a s  i l l u s t r a t e d  i n  F i g u r e  / , 4 ,  The c u r v e  d o e s  show some s l i g h t  s y s t e m a t i c  

d e v i a t i o n s  from  l i n e a r i t y .  T h e r e  c a n  be s e v e r a l  r e a s o n s  f o r  t h . s :



S tra ig h t line f i t

1,0 1,5
D E P T H  (/urn)

F i g u r e  7 . 4 :  D e t e r m i n a t i o n  o f  d e c h a n n e l l i n g  p r o b a b i l i t y ,  n ^ o .



i )

i i )

H i )

W )

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

a s  s i m p l y  d e c h a n n e l l i n g  some i o n s  [Mas 7 5 ] .  T h i s  w i l l  l e a d  t o  

i n c r e a s e d  d e c h a n n e l l i n g  a t  g r e a t e r  d e p t h s .  T h i s  can  be  r e g a r d e d  

a s  s m a l l - a n g l e  m u l t i p l e - s c a t t e r i n g  w h ic h  may, f o r  e x a m p le ,  be 

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

d e t a i l e d  k n o w le d g e  o f  t h e  d e f e c t  i s  a v a i l a b l e  t o  e n a b l e  t n e  

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

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

H ow ever ,  an  a n a l y s i s  b a s e d  on p l u r a l  s c a t t e r i n g  by  d i s p l a c e d  a t o m s ,  

d e v e l o p e d  f o r  r a d i a t i o n  damage a n a l y s i s ,  d o e s  g i v e  a  m ore  l i n e a r  

d e p e n d e n c e  o f  ' d i s o r d e r - i  a tom  d e n s i t y '  on d e p t h .  The m e a n in g  o f  

t h i s  d e n s i t y  i n  t e r m s  o f  e x t e n d e d  d e f e c t s  i s  r a t h e r  o b s c u r e  co m p ared  

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

t h i s  a p p r o a c h  was n o t  c o n t i n u e d .  I t  d o e s ,  h o w e v e r , s u g g e s t  t h a t  

m u l t i p l e  s c a t t e r i n g  i s  t h e  s o u r c e  o f  t h e  d e v i a t i o n s  i n  F i g u r e  7 . 4 .

The d e f e c t  d e c h a n n e l l i n g  c r o s s - s e c t i o n  can  d e p e n d  on t h e  d e t a i l s  

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

d e p t h .  An e x a m p le  w i l l  be  d i s c u s s e d  b e lo w .  The q u a n t i t y  n^o  

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

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

The d e f e c t  c o n c e n t r a t i o n  c o u l d  be  in h o m o g e n e o u s ,  a s  d i s c u s s e d  

a b o v e .  H ow ever ,  t h e  d e v i a t i o n s  f o r  a l l  d ia m o n d s  w ere  s i m i l a r ,  

an d  i t  seem s s i m p l e r  t o  c o n s i d e r  a  s i m i l a r  m ec h a n ism  i n  a l l  c a s e s  

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

The c u r v a t u r s  c o u l d  b e  an  a r t i f a c t  o f  t h e  c o n v e r s i o n  from  an



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

c h a n n e l 1 id  s t o p p i n g  p o w e r .  The - s f f e c t  o f  a  r e d u c e d  c h a n n e l l e d  

s t o p p i n g  p ow er  on t h e  y i e l d  i s  s m a l l  f o r  1 MeV p r o t o n s  ( s e e  

C h a p t e r  S ) .

I t  war. c o n c l u d e d  t h a t  t h e  s t r a i g h t - l i n e  a p p r o x i m a t i o n  was s u f f i c i e n t  

an d  t h a t  t h e  q u a n t i t y  r y j  p r o v i d e s  a  good e s t i m a t e  o f  t h e  d e c h a n n e l  l i n g  

p r o b a b i l i t y .  T h i s  q u a n t i t y  i s  a l s o  t a b u l a t e d  i n  T a b le  7 . 1 .

7 . 3 . 2  R e s u l t s

I n i t i a l  e x p e r i m e n t s  c o n c e n t r a t e d  on i n v e s t i g a t i n g  t h e  r e l a t i o n  

b e tw e e n  t h e  t o t a l  n i t r o g e n  c o n c e n t r a t i o n  and  t h e  d e c h a n n e l V n g .  The 

n i t r o g e n  c o n c e n t r a t i o n  was m e a s u re d  i n  t h e  r e g i o n  p r o b e d  by  t h e  c h a n n e l l e d  

p r o t o n  beam b y  u s e  o f  t h e  r e a c t i o n  14N ( a , n ) l 7 F [ S e l  7 5 b ] ,  by  

Dr H . J .  A n n e g a m  and  Mr C . C . P .  M a d lb .  o f  t h e  NPRU. The c o n c e n t r a t i o n  o f  

n i t r o g e n  i s  co m p a re d  w i t h  t h e  e x t r a c t e d  <110> d e c h a n n e l l i n g  p r o b a b i l i t y  

i n  F i g u r e  7 . 5 .  T h e r e  i s  c l e a r l y  no  c o r r e l a t i o n .  The d e c h a n n e l  l i n g  a l o n g  

t h e  t h r e e  a x e s  <1 10 > , <111> and  <100> was a l s o  co m p are d  a n d  i s  shown i n  

F i g u r e s  7 . 6  a n d  7 . 7 .  The d e c h a n n e l l i n g  p r o b a b i l i t y  a l o n g  <110> c o r r e l a t e s  

w i t h  t h a t  a l o n g  <111>, The c o r r e l a t i o n  o f  < U 0 >  and  <100> i s  l e s s  d e f i n i t e ,  

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

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

d u e  t o  t h e  h i g h  y i e l d s  r e c o r d e d .

The diamonds were then s l ic e d  and p o l ish e d .  In fra-red  measurements 

w e re  made and channelling  measurements were made on the s l i c e s .  The de-  

channell ing  p r o b a b i l i t i e s  wen. 'hen compared with the in fra -red  absorption  

c o e f f i c i e n t s .  No c o r r e la t io n  was found between the dechannel 1 mg
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1 MeV p -* diamond

Figure 7 . 6 : R elation  o f  dechermelling p r o b a b i l i ty  in <111» to that in <110>



1,0 MeV p -» diamond

Figure 7 .7 :  K eletlon  o f  dechannelling  p r o b a b i l i ty  in <100> to  that in <110>,
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B o n l y '  dl#roondF i g u r e  7 . 9 :  D e p e n d e n c e  o f  d e c h a n n e l l i n g  p r o b a b i l i t y  on a b s o r p t i o n  a t  1370 cm
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F i g u r e  7 . 1 0 :  E n e rg y  d e p e n d e n c e  o f  d e c h a n n e l i l n g  p r o b a b i l i t y
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t h a t  -T *  r e l a t e d  t o  t h e  d e c h a n n e l l i n g .  I t  w i l l  b e  r e c a l l e d ,  h o w e v e r ,  t h a t

a 0
B - o n l y  d ia m o n d s  h a v e  b e e n  o b s e r v e d  t o  c o n t a i n  c o n c e n t r a t i o n s  o f  j ~  <110> 

d i s l o c a t i o n  lo o i - s  s i m i l a r  t j  p l a t e l e t  c o n c e n t r a t i o n s  i n  o t h e r  l a  

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

t h e  d e c h a n n e l l i n g .  Two s i t u a t i o n s  c a n  b e  c o n s i d e r e d :

a )  The B - a g g r e g a t e s  a r e  s m a l l  c l u s t e r s  o f  n i t r o g e n  a t o m s ,  s a y  

2 - 8  a t o m s ,  d i s p e r s e d  t h r o u g h  t h e  l a t t i c e  [Dav 7 7 ] .  Even i f  

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

c e n t r a t i o n s  o f  500  ppm t o  1000  ’-im w o u ld  b e  to o  s m a l l  t o  b e  a 

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

The m a j o r  c o n t r i b u t i o n  m u s t  t h e n  be  f ro m  t h e  p l a t e l e t s  i n  t h e  

Cape Y e l lo w  s e t  and  from  d i s l o c a t i o n  l o o p s  i n  t h e  B - o n ly  

d ia m o n d .  T h e r e  n e e d  be no c o n n e c t i o n  b e tw e e n  t h e  B - a g g r e g a t e s ,  

t h e  p l a t e l e t s  an d  t h e  l o o p s .

b )  I f  t h e  h y p o t h e s i s  o f  E vans  [E va  78] i s  a c c e p t e d ,  t h e  B - a g g r e g s t e s  

a r e  a s s o c i a t e !  w i t h  t h e  p l a t e l e t s ,  an d  t h e  d i s l o c a t i o n  l o o p s  i n  

B - o n ly  d ia m o n d s  h a v e  r e s u l t e d  f rom  t h e  d e g r a d a t i o n  o f  p l a t e l e t s  

t o g e t h e r  wi te  d i s p e r s i o n  o f  t h e  B - n i t r o g e n  i n t o  t h e  l a t t i c e .  

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

p l a t e l e t s  i n  > Cape Y e l lo w  s e t  and t h e  l o o p s  i n  t h e  B - o n ly  

d ia m o n d .  In  t h i s  s e ,  t h e  a r e a  o f  d i s l o c a t i o n  l o o p s  i n  t h e  B- 

o n l y  d iam o nd  i s  e q u a l  t o  t h e  a r e a  o f  p l a t e l e t s  t h a t  w ere  p r e s e n t  

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

c o n c e n t r a t i o n  o f  B - a g g r e g a t a  n i v r o g e n ,

T h u s ,  b o t h  c o n s i d e r a 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  t h e



dechannelling i s  produced by p l a t e l e t s  in the Cape Yellow s e t  and by loops  

in the B-only s e t .

The nature o f  dechnnnelling due to  the p l a t e l e t s  can now be 

considered . The p l a t e l e t s ,  leav ing  as id e  the nature o f  the p re c ip i ta te d  

s p e c ie s ,  can be considered as a d is lo c a t io n  loop with a Burgers vector  o f  

type Y& <100>. t h i s  displacement vec tor  im p lies  a fau lted  surface at 

the loop (that i s ,  the loop i s  im perfect) and rows passing non-normally  

through the p l a t e l e t  w i l l  conta in  a stacking f a u l t .  The displacement o f  

the rows for <110> and <111> i s  shown in  Figure 7 .1 1 .  The dechannelling  

c r o s s - s e c t io n  for the p l a t e l e t  may be w ritten  as

°P "  °F  *  °L ( 7 . 3 . 4 )

where op i s  the fa u l t  contr ibution  and i s  the loop con tr ib u t io n .

The casa o f  a lo o p  o f  p e r f e c t  d i s l o c a t i o n  w i t h  B u r g e r s  v e c t o r  ^  <1 1 0 > 

as i n  the B - o n ly  d iam ond  i s  i n c l u d e d  i n  t h i s  d e s c r i p t i o n ,  w i t h  o p -  0 .

I t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  e n e r g y  d e p e n d e n c e  o f  t h e  d e c h a n n e l -  

l i n g  c r o s s - s e c t i o n  c a n  be u s e d  t o  d i s t i n g u i s h  b e tw e e n  d e f e c t s  c a u s i n g  

d e c h a n n e l l i n g  [Qu 7 6 ] .  In  t h e  p r e s e n t  c a s e ,  t h e  c r o s s - s e c t i o n  (a s s u m in g  

"D l s  n o t  e n e r 8 /  “ p e n d e n t ! )  v a r i e s  a s  E " ^ .  S uch  an  e n e r g y  d e p e n d e n c e  

h a s  n o t  b e e n  p r e d i c t e d  f o r  an y  d e f e c t s .  The d e c h a n n e l l i n g  f ro m  s t a c k i n g  

f a u l t s  i s  e x p e c t e d  t c  b e  e n e r g y  i n d e p e n d e n t  [Mog 7 2 ,  Cam 7 8 ] .  The e n e r g y  

d e p e n d e n c e  o f  d e c h a n n e l l i n g  by d i s l o c a t i o n  l o o p s  i s  m ore  c o m p l i c a t e d .  

D i s l o c a t i o n  l i n e s  a r e  e x p e c t e d  t o  d e c h a n n e l  w i t h  an  e n e r g y  d e p e n d e n c e



100 pm

9 6 p m

F i g u r e  7 . 1 1 :  D i i p U c e m e n t  o f  ro w s  by  —  [1 0 0 ]  f a u l t ,  v ie w e d  a l o n g

f i o i 1 an d  [ 1 1 1 ] . e ro w s  b e f o r e  f a u l t ;  o ro w s  a f t e r  f a u l t .



e n d  Q u drd  h a s  s u g g e s t e d  t h e  same b e h a v i o u r  f o r  l o o p s  [Qu 7 8 ] .  H o w ev er ,  

Kudo [Kud 78] h a s  shown t h a t  t h e  b e h a v i o u r  f o r  l o o p s  i s  m o re  c o m p l i c a t e d ,  

w i t h  an  d e p e n d e n c e  a t  low e n e r g i e s  c h a n g i n g  t o  an e n e r g y  i n d e p e n d e n t  

r e g i o n  a t  h i g h  e n e r g i e s .  I n  t h e  i n t e r m e d i a t e  r e g i o n  t h e r e  I s  a p e a k  in  

t h e  c r o s s - s e c t i o n ,  d e c r e a s i n g  t o  a  c o n s t a n t  v a l u e  a s  t h e  e n e r g y  I n c r e a s e s .  

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

i n t e r e s t i n g  t o  n o t e ,  h o w e v e r ,  t h a t  A graw al a n d  Sood [Ag 7 3 ]  fo u n d  a n  -vE  ̂

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

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

c o n t r i b u t i o n  i s  l i k e l y  t o  b e  much l a r g e r  [Qu 7 6 ] .  T h i s  s u g g e s t s  t h a t  t h e  

e n e r g y  d e p e n d e n c e  o f  d e c h a n n e l l i n g  by  l o o p s  I s  by  no m e a n s  s i m p l e ,  o r  

u n d e r s t o o d .

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

e q u a t i o n  ( 7 . 3 . 4 )  c an  now be  m ade .  T h e se  a r e  e s s e n t i a l l y  o f  o r d e r - o f -  

m a g n i t u d e  a c c u r a c y :  a  m ore a c c u r a t e  e v a l u a t i o n  i s  p r o b a b l y  o n l y  p o s s i b l e

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

t i o n s  o f  m o t io n  o f  a  l a r g e  n um ber  o f  c h a n n e l l e d  i o n s .  N e v e r t h e l e s s ,  some 

c o n c l u s i o n s  c an  be  d ra w n .

To a  f i r s t  a p p r o x i m a t i o n ,  t h e  c h a n n e l l e d  i o n s  I n c i d e n t  on t h e  

f a u l t e d  s u r f a c e  c a n  b e  t r e a t e d  a s  a p a r a l l e l  beam i n c i d e n t  upon a  f r e e  

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

b y  t h e  minimum y i e l d ,  xm i n , a t  t h e  c r y s t a l  s u r f a c e .  T hen  t h e  d e c h a n n e l ­

l i n g  c r o s s - s e c t i o n  p e r  row i s  [Cam 78]



„ h . r .  N i ,  , h .  c r y » t « l  . n d  d t h .  r o «  I "  '  , l , ‘

d l , t , l b u , i , =  .n d  f l u ,  o f  c h a n n u l lu d  I o n ,  . .  . h .  f - l «  - «  , , k "

i n t o  o c c o u n : .  « d  t h .  d . c l u u u . . l l l i - «  c r o . . - . . c t l o n  » y  b .  w t l t t e n

in  . o n o r n l .  d .p o n d  on  d . p t h  th r o u g h  t h .  d = p t h - d . p . n d , n c .  o f  

t h .  t r t n o v . r t .  . n . r g y  d l . t . l b u t l o n ,  (T h . d . c h . n n . l l l n ,  c » . . - . . « i o n  

.1 1 1  t h u .  . 1 .0  b .  d , p t h - d . p w > d . n t . )  I f  t h .  p r o ) . c . . d  p l . t . l . t  . . . .

p . .  u n i t  , 0 1 — . n o m .1  t o  t h .  c l » n n . l  1 .  » .  t h . n  t h .  n u n b . ,  o f  r o . .  p . r  

o n l t  . . . .  1 ,  lidA . n d  h . n c .  t h .  d . c h . n n . l l l n g  p r o b . b l l l t y  1 .

T h . , .  .1 1 1  b .  no  c o n t r i b u t i o n  t o  f . u l t  d . c h . n n . l l l n g  f r o .  p l . t . l . t .

p.r.11.1 to th. ch.nn.1, .nd th. ^ 1 M .  dl.pl.c«». -«>«r 

<100> chunnel. .111 not ctmt.ln f.u.t«l .urf.c. With . pl.t.l.t «  

u n it  yolu.. of A,, -nd .1th ,l.t.l.«. dl.trlbu.^ «u.,l, on .11 «.ulv.,.n, 

, , 0 0 1  pl.n.., th. d.ch.nn.llln« prob.bllltl.. for th. .hr.. ..... <»«». 

«1 1 1 > and <100> become



An e i t lm e te  o f  n ( i )  can be obtained as fo l lo w s .  The d isp laced

row a t  the fa u l t  l i e s  on some eq u lp o ten t la l  o f  the undisplaced c r y s t a l ,

E1R •  U (f!  where t  1* the p o s i t io n  o f  the d isp laced  row (Figure 7 .1 1 ) .  

Ions reaching the fa u l t  with B1 < EiR w i l l  not be able to  in te r a c t  

d i r e c t l y  with the new row and so w i l l  not con tr ib u te  d i r e c t l y  to  the de-  

ch unnell lng . (The perturbation o f  the t r a j e c t o r i e s  o f  these  ions w i l l ,  

o f  cou rse ,  lead to an Increase In y ie ld  due to  a type o f  m ult ip le  s c a t ­

t e r in g .  This may be n eg lec ted  in t h i s  e s t im a te . )  Ions with E* » EiR 

w i l l  be able to  In teract  with the d isp la ced  row, Because the ajual p o t ­

e n t ia l  v a r ie s  rather s t e e p ly  c l o s e  to  rows, i t  may be assumed that th ese  

ions  are t r a v e l l in g ,  everywhere In t h e ir  a c c e s s ib le  area A ( E J ,  with an 

angle  * to  the channel given by E*2 •  Ei  (that I s ,  the e f f e c t  o f  the  

p o te n t ia l  has been n e g le c te d ) .  The r e la t iv e  In teract ion  p r o b a b i l i ty  o f  

th ese  ions with the d isp laced  row Is  then given by the angular y ie ld

function  x (* )  • The f lu x  o f  such ions  at the row Is and hence



Tills was e v a l u a t e d  u s in g  g(Ei ,*)  c a l c u l a t e d  us in g  t h e  d i f f u s i o n  model

o f  Chapter 3 ,  and with xfB1) approximated by

that I s ,  the angular y ie ld  as measured at the surface  I s  approximated 

by a quart 1c [Der 78] .  The r e su lt in g  n(z) for 1 MeV protons i s  shown In 

Figure 7 .12 for the <110> and <111> axes .  Because o f  the s t r a ig h t - l in e  

approximation used to  ca lcu la ted  n^o, th ese  were averaged over the depth 

o f  a n a ly s i s  to  obtain

nl l l  * 4 *

Then the fo llow ing dechannelling p r o b a b i l i t i e s  are obtained from

equation ( 7 . 3 . 5 ) ,  with •  0 .015  and •  0 .018:



<110> i Mean t) ■ 5.2  
<1H> i Mean r) * U.U

DFPTH (/um)

Plgur# 7 ,12: Dependence o f  n on depth, for <110> end « l l l >



Th# d i s lo c a t io n  loop co n tr ib u t io n ,  o^, i s  l e s s  c e r ta in .  De­

ch an n ell in g  by d is lo c a t io n  has been described  by Qulrd [Qu v8] in terms 

o f  a dechannelling diameter, X, around the d i s lo c a t io n  l i n e ,  within which 

dechannell ing  i s  in ev lta b '  . Thus the c r o s s - s e c t io n  for a l in e  o f  

length  t  i s

For a d i s lo c a t io n  loop, the dechannelling d iam eter. X, i s  decreased because  

o f  the  reduction in long-range s t r a in s  and becomes proportional to the 

rad iu s  o f  the loop, for small loops [Qu 7 8 ] .  Qu«r« has suggested the form 

[ Q u  7 8 ]

o * xt

x •  X • r r " 250 nm

with

as approximating the v a r ia t io n  o f  X with loop ra d iu s ,  r . Here, a i s  the 

T h o m a s -F e m l screening rad ius ,  and b i s  the length o f  the Burgers vector  

o f  the d i s lo c a t io n .  According to  equation ( 7 . 3 . 7 ) ,  the dechannel 1Ing



dlemeter vr.rles as E ' . However, Kudo [Kud 78) ham shown, using numerical 

In tegra t ion  o f  the equations o f  motion o f  channelled Ions, that the energy 

dependence o f  X Is  more complicated.

At low e n e r g ie s ,  the wavelength o f  the t r a je c to r y  o f  a channelled  

Ion i s  much smaller than the  loop s i z e ,  and an dependence Is  obtained.

As the energy and the wavelength In crease ,  X r i s e s  to  a maximum and de­

c r ea ses  to  a constant ,  energy-independent, value  at high e n e r g ie s ,  where 

the wavelength I s  much larger  than the loop s i z e  Kudo a ls o  found that  

for  small loop s ,  X Increased In proportion to  r , and showed that X must 

obey the fu n ction a l r e la t io n  (Kud 78)

< 4 -
( 7 .3 .8 )

where g I s  some (unknown) function .

Using the ideas o f  Kudo, the formula o f  Qudrf (equation 7 .3 .7 )  

can be reformulated to  approximate the  energy dependence obtained by Kudo. 

Equation ( 7 .3 .8 )  Im plies that r c In equation ( 7 .3 .7 )  must be energy-  

dependent, r . •  8* , and Kudo has suggested that the wavelength o f  the  

channelled Ion tr a je c to r y  Is  Important In d e f in in g  the energy dependence 

o f  X. T r a je c to r ie s  with high tran sverse  energy are the most s e n s i t i v e  to  

d is lo c a t io n  dechannelling [Kud 76a). A c h a r a c te r i s t i c  high transverse  

energy tr a je c to r y  I s  one with E1 • E**. The wavelength o f  t h i s  tr a je c to ry  

can be estim ated as fo l lo w s .  Suppose that the t r a je c to r y  i s  s in u so id a l .



Then the empiltude o f  the tr a je c to r y  i s  approximately equal to the  

( s in g le  s tr in g  model) 'radius* o f  the channel, rg ,  given by ar^ •  1/Nd. 

At the  channel c e n tr e ,  U(r) •  0 and the cro ss in g  anf.le * •  * ; .  Then 

*1 •  ^"-2- where L@ i s  the wavelength o f  the t r a je c to r y ,  and hence

Thus rc ~ Lg has the required energy dependence. It  la  reasonable to  

suppose that the c r i t i c a l  wavelength in determining the behaviour o f  

dechannelllng  by the  loop i s  given by equating iLg to the diameter o f  

the loop and thus r c • O.25L0. Comparison with the r e s u l t s  o f  Kudo 

[Kud 78, 76b] suggest that r̂ . • O.SSLq i s  more appropriate , at l e a s t  to  

g iv e  a good f i t  to  h is  r e s u l t s .  Thus the dechannelllng diameter for  a 

d is lo c a t io n  may be approximated by

r
X .  Aw -----------------  , (7 .3 .1 0 )

O.SSLq ♦ r

This i s  in good agreement with c a lc u la t io n s  by Kudo for aluminium (Kud 78] 

and gold  [Kud 76b], although the peak in  the energy dependence o f  & i s  n o t ,  

o f  cou rse ,  reproduced. I t  i s  in te r e s t in g  to  n o te ,  however, that t h i s  

peak i s  at en erg ies  such that r • O.35L0. The value o f  a  for small 

(r ■ 19 nm) loops in gold c a lcu la ted  by Kudo [Kud 76] i s  in good



agreement with experiment [Her 73] .  Whet hex t h i s  w i l l  hold In general Ir 

d i f f i c u l t  to  a a a e n .  Kudo used a co s in e  d l ' i tr lb u t lo n  for  the transverse  

energy d i s t r ib u t io n .  Com)arIsons with the  m u lt i - s t r in g  d is t r ib u t io n  for  

diamond, in  Figure 7 .1 3 ,  shows that t h i s  o v er-es t im a tes  the number ni 

ions  w ith high transverse  energy, which are the most l i k e l y  to be de- 

c h a n n e l l e d  [Kud 7b ] ,  by a fa c to r  o f  ~5. This su ggests  that  equation  

( 7 .3 .1 0 )  might over-es t im ate  X for diamond by about the same amount.

The c r o s s - s e c t io n  for dechannelling by the loop w i l l  be

’L.ll ‘ 2r‘

for  t r a j e c t o r i e s  p a r a l le l  with the 'oop (that i s ,  perpendicular to  fc) and

o, . ■ 2*rX
*

for t r a j e c t o r i e s  perpend! u lar  to  the loop (that i s ,  p a r a l l e l  to  b ) . Kudo

has shown [Kud 76a] for s i l i c o n ,  that fo r  a s tr a ig h t  edge d i s lo c a t io n ,

the dechannelling  diameter for channels perpendicular to  the Burgers

v ec to r  and to  the d i s lo c a t io n  l in e  i s  about 2 .5  times that for channels

p a r a l l e l  with the Purgers vec to r  and perpendicular to the d i s lo c a t io n  l i n e .

Thus X in o, || should be increased by a fa c to r  o f  t h i s  order and, to  
L » II

a f i r s t  approximation, the o r ie n ta t io n  o f  the loop with respect  to the 

channel may be ignored to obta in  the fo l low in g  for  a l l  channels:



Kudo ooeine d istrib u tion  
M ulti-string model

F i . u r .  7 . 1 3 : Comparison or rans.ars. an.r.y d i a t r i b u . i - n  as u a .d  b. Kudo and

m u l t i - s t r i n g  d i s t r i b u t i o n  c a l c u l a t e d  t o r  <110>.



I f  the loop i s  small compared with the dechannelling c r o s s - s e c t io n

becomes proportions *.o r 2 ,  that i s ,  the arer o f  the loop and hence

the dechannelling  p r o b a b i l i ty  may be w r it te n ,  from equations ( 7 .3 .1 0 ) ,

( 7 .3 .9 )  and ( 7 . 3 . 7 ) ,  with a fa c to r  o f  0 .2  introduced to take account o f  

the tran sverse  energy d i s t r ib u t io n ,

V l  * 0,2 O-Mibda Al

where i s  the area o f  loop per u n it  volume. Retaining the channel

and Burgers vec tor  dependence, t h i s  may be w ritten

V l  "  k / ™53‘ \

where k i s  a constant for the m a ter ia l ,  expected to be o f  the order o f  

k ■ /  6 .0 1 6  Na ■ 0 .27  nm 1 for diamond. In the case  o f  p l a t e l e t s  

p r e se n t ly  under co n s id era t io n ,  -  Ap .

Then the loop cont ibut ion to  p l a t e l e t  dechannelling becomes



N h e r *  t h e  l e n g t h  o f  t h e  B u r n e r s  v e c t o r  y 1  < 1 0 0 >  I s  0 . 1 1 9  n m .  T h u s  

n D a L I s  o f  t h e  s o m e  o r d e r  m s t h e  f a u l t  c o n t r i b u t i o n , e q u a t i o n  ( 7 . 3 . 6 ) .

I n  t h e  B - o n l y  d i a m o n d ,  t h e  d e c h a n n e l l i n g  w i l l  d e p e n d  o n  t h e  l o o p  

c o n t r i b u t i o n  o n l y ,

( v “ 0 ) '  .  k / - E ^ 7 0  A l  •  O . M .  » L ( 7 . 3 . 1 2 )

w h ere  b '  ■ 0 . 2 5 2  n m ,  a n d  i s  t h e  a r e a  o f  l o o p  p e r  u n i t  v o l u m e .

T h u s ,  f r o m  e q u a t i o n s  ( 7 . 3 . 6 )  a n d  ( 7 . 3 . 1 1 ) ,

n D o 1 1 0  ■ n D ° p 1 0  ♦ " o ® ! . 1 0  " 0 . 0 8 2  Ap . ( 7 . 3 . 1 3 )

F r o m  t h e  c o r r e l a t i o n  o f  d e c h a n n e l l i n g  p r o b a b i l i t y  w i t h  t h e  1 3 7 0  cm 1

a b s o r p t i o n  c o e f f i c i e n t ,  U p ,  ( F i g u r e  7 . 8 ) ,

n Do 1 1 0  [ u m * 1 ] •  0 . 0 0 4 6  u p ( c m " 1 ] . ( 7 . 3 . 1 4 )

H e n c e ,  f r o m  e q u a t i o n s  ( 7 . 3 . 1 3 )  a n d  ( 7 . 3 . 1 4 ) ,



285.

T h i s  I s  o f  t h e  s a m e  o r d e r  a s  t h e  e s t i m a t e  f r o m  e l e c t r o n  m i c r o -  

g r a p h s  b y  H u d s o n  [ H u  7 ( > ] ,

A p t  1 0 0 0  v p .

T h i s  s u g g e s t  

T h e  m o d e l  a l s o  g i v e s

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

V
111

V
m y  e 1 . 1 5 a n d

T h e  e x p e r i m e n t a l  v a l u e s  f r o m  F i g u r e  7 . 6  a n d  7 . 7  a r e

V
111

vmy " 1 . 7

" o ’

T h i s  a g r e e m e n t  i s  n o t  t o o  g o o d .  H o w e v e r ,  i t  i s  p o s s i b l e  t h a t  a  

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

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

N o w ,  s u p p o s e  t h a t  t h e  l o o p s  i n  B - o n l y  d i a m o n d s  a r e  d e g r a d e d  

p l a t e l e t s .  T h e n  t h e  a r e a  o f  l o o p  m u s t  e q u a l  t h e  a r e a  o f  p l a t e l e t ,  e x i s t i n g  

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

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

B - o n l y  d i a m o n d ,  t h e  d . c h a n n . l l i n g  p r o b a b i l i t y  w o u l d  h a v e  b e e n  g i v e n ,  a t

4 •



t h e  s a n e  B - e g g r e g e t r  a b s o r p t i o n ,  o n  t h e  l i n e  i n  F i g u r e  ? . 8 ,  t h a t  i s ,

< V > b .for. ■ , a s  <7-5- I6)

c o m p a r e d  w i t h  a  v a l u e  a f t e r  d e g r a d a t i o n  ( t h a t  i s ,  a s  m e a s u r e d )

I I  ■  (BOo ) I f t e r

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

( e q u a t i o n  7 . 3 . 1 2 )  a n d  t h u s  t h e  l o o p  c o n t r i b u t i o n  t o  t h e  p l a t e l e t s ,  e x i s t i n g  

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

k i n  e q u a t i o n s  ( 7 . 3 . 1 1 ,  a n d  ( 7 . 3 . 1 2 ) ,  t h a t  i s

(V l )B " 0l11 f ~

" 0 . 0 7 5  v m ' 1

a n d ,  h e n c e  f r c m  e q u a t i o n  ( 7 . 3 . 1 6 ) ,

( n Do p ) B -  0 . 0 7 5  u ® ' 1 .

T h i s  i m p l i e s  t h a t  n^Op * j'-pO  a n d ,  h e n c e  from  e q u a t i o n s  ( 7 . 3 . 1 4 )  and



a h t c h  1 .  I ,  . l « h  « l »  v . l u .  ( » . » . » » ) .  t l » .  « h .  c o n c m t r i t t o n  o ,

d . f . c « .  . . . - . d  . 0  b .  4 1 . 1 . c . « l « .  I "  « h .  • - 1 1 '  " - " " I  "  COT-

s l « W  . 1,1  t h M .  1 . < T »  b o l n .  f o — n  P f » — l l '  “ 1 * “ " *

S u p p o u  n o w  t h a t  t h .  » - n l t r o | . n  a « | r . « . t a .  a r o  t h .  a p a c t a a  a t  t h .  

p l . t . l a t  a l t * .  T h .  c o r r a l . t l o n  b a . w . a n  »  a h w r p t l c n .

U (  ( i n  o n " 1 )  a t  1 : 1 :  t a "  a n d  t h *  c o n o a n t r n t t o n ,  ( I n  a t o n i c  p a r  c w t )  

n l . r o , a n  . . o n .  1 .  n o .  w U - t a - h  W  1 .  « 1 » "  » T  S l “ 1 "  '  '  "

U|t  •  ( 8 5  -  1 $ 0 ) N b  .

r w -  .  . k . n m t l o n - u l e t e l e t  a b s o r p t i o n  c o r r e l a t i o n  f o r

* „ 4  , h l ,  w i l l  b .  t . k a n  a .  r . p r . a . n t . t l v .  o f  t h .  » d . , r a d . d  p l . t . l a t  a t a t a .  

T h e n ,  f r o s t  e q u a t i o n  ( 7 . 5 . 1 7 ) ,

A p ■ 2 3 0 0  u B

„ d  h o n e .  t h .  n v h o r  o f  ,  n l . r o , « ,  n , .  p a r  p l . . . l «  ! •  « " • "  ^



T h i .  t .  c = w . r . d  »l«h t h .  n u .b .r  r « ,u lr t d  to  f o r .  n i . r o , . 0  p l . t . l . t .  

with th e  U n g  t U n  64] itru ctu ro  (.on Plgoro ’ .14)

n L •  0 .3 1 4  • lO 20 a * 2

With due c o m l d e r a ' . l o n  o f  the u n c e r ta in t ie s  tn the B-nltrogon  

concentration  and t h .  simple model which ha, been used for  the d e c h .n r . l -  

l in r  c r o s s - s e c t i o n ,  t h .  e x p er tsev ta l  value 1 .  c o n s is te n t  w ith  t h i s  va lu e ,  

t h a t  i s .  the Bm Itrogen In Type U  d ia w n d .  i s  p ve .en t  in c o n cen tra t io n ,  

c o n s is t e n t  with th ose  required to  form n itrogen  p l a t e l e t s .  This con- 

e lu s io n  must, at presen t ,  rest data from only  one B-only diamond. It 

would be in t e r e s t in g  to  continue these  measurement, i f  further  specimen, 

o f  t h i s  type become a v a i la b le .

7 .4  wy.- REMARKS ON PLATELET STRUCTURE

Evans h a .  hypothesised [Ev.78] a sequence o f  p l a t e l e t  g ro w th  and 

decay , whereby s in g le  n itrogen atom, are incorporated in to  the la ttice  and. 

und, r  su i ta b le  c o n d i t io n ,  o f  temperature and p ressu re ,  combine to form 

f i r s t  A aggregates  and then the more s ta b le  B aggregates These 

B -a g g r e g .te .  condense in to  p l a t e l e t ,  which th en , under some c o n d it io n s .  

c .n  degrade in to  «110> d is lo c a t io n  loops. Evan, suggested that the  

B -a g g r e g .te .  would then be re la ted  to  small (S n«) d e f e c t ,  observed in 

B-only diamonds with no 1370 cm*1 absorption . In term, o f  t h i s  hyp oth es is ,  

t h .  B -aggreg .te  absorption would be a property o f  ind iv idual B -a g g reg .te .  

in th e  l a t t i c e ,  while  the 1370 cm "' ab ;rp t io n  would be due to  some 

c o l l e c t i v e  property  o f  the B aggregate ,  in a p l a t e l e t .  The r e s u l t ,  

presented  above for  t h .  B-only diamond are not in c o n s is te n t  with t h i .



Plguro 7.14: View in (110) o f  Lang model p l a t e l e t ,  on r ig h t ,  compared

w ith  d ia m o n d , on l e f t .  Atom* dep ic ted  (o )  l i e  In the plane o f  the paper, 

w hile  :h o ie  dep ic ted  (e) l i e  out o f  the plane.



h y p o t h e e l s .  C e r t a i n  r e m a r k #  c a n  b e  m a d e  a b o u t  t h i s  h y p o t h e e l i ,  a n . l  s o m e  

p r e d i c t i o n s  c a n  b e  m a d e .

T h e  L a n g  m o d e l  f o r  a  n i t r o g e n  p l a t e l e t  (L a r .  6 4 ] ,  w h i c h  I s  t h e  

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

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

( 1 0 0 )  p l a n e s  ( f i g u r e  7 . 1 4 ) .  T h i s  s u g g e s t s  t h a t  t h e  #  a g g r e g a t e  m i g h t  b e  

I d e n t i f i e d  a s  a  p a i r  o f  n i t r o g e n  a t o m s  o c c u p y i n g  a  s p l i t  « 1 0 0 >  i n t e r s t i t i a l  

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

u s l f - l n t e r s l t i a l s  («* •*  7 1 ,  W e i  7 3 ,  M a i  7 8 ) .  T h e  • e l f - i n t e r s t l t l a l  I s  

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

a n d  C - N  b o n d s  ( s t r  . t g e r  t h a n  C - C  b o n d s )  r e n d e r s  t h e  s p l i t  « 1 0 0 >  n i t r o g e n

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

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

S u c h  a  b o n d e d  n i t r o g e n  p a i r  c o u l d  a l s o  b e  m o r e  s t a b l e  t h a n  t h e  A- 

a g g r e g a t e  w h i c h  D a v i e s  ( D a v  7 6 ]  h a s  s u g g e s t e d  I s  a  p a i r  o f  n e i g h b o u r i n g  

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

t h a t  s u c h  a n  A a g g r e g a t e  c o u l d  t r a n s f o r m  i n t o  a  s p l i t  «100> I n t e r s t i t i a l  

t o  b e c o m e  a  8 - a g g r e g a t e  a s  In t h e  s e q u e n c e  p r o p o s e d  by E v a n s .  E a g g r e g a t e s  

c o u l d  t h e n  a g g r e g a t e  o n  ( 1 0 0 )  p l a n e s  t o  f o r m  p l a t e l e t s .

A p o s s i b l e  sequence f o r  degradation can a lso  be proposed. It  Is  

p o s s i b l e  t h a t ,  ui der ce r ta in  co n d it io n s  o f  temperatures and p ressu res ,  

s p l i t  < 1 0 0 >  carbon I n t e r s t i t i a l s  could Interchange with 8  aggregates ,  

being accommodated at the p l a t e l e t  in the to re ,  perhaps, o f  a d is to r ted

s t u d i e d  b y  X - r a y  p h o t o - e l e c t r o n  s p e c t r o s c o p y  ( B v n  7 8 ] . T h e  c o n f i g u r a t i o n  

s t u d i e d  w a s  f o u n d  t o  b e  r e l a t i v e l y  s t a b l e  [ B v n  7 8 ] .  



e t h y l e n e  s k e l e t o n  w i t h  »  9 0 *  r o t a t i o n  a b o u t  t h e  d o u b l e  b o n d .  ( T h i s  w a i  

p r e p o i e d  a n d  r e j e c t e d  a a  a  ( c a r b o n )  p l a t e l e t  r o d e l  b y  C a t l c h a - B l l l e  a n d  

C o c h r a n e  ( C a t  I I ] . )  T h e n  t h e  1 1 7 0  c s n  p e a k  w o u l d  d e c r e a s e  I n  p r o p o r t i o n  

t o  t h e  e a w u n t  o f  c a r b o n  p r e s e n t  I n  t h e  p l a t e l e t ,  w h i l e  t h e  ^  « 1 0 0 *  

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

w o u l d  b e  o b s e r v e d .  T h i s  I s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n *  o f  E v e n *  

a n d  X a l n e y  ( I v a  7 1 ) ,  T h e  c a r b o n  p l a t e l e t  t h u s  f o r c e d ,  h o w e v e r , w o u l d  b e  

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

d i s l o c a t i o n  c o u l d  s w e e p  a c r e s ?  t h e  p l a t e l e t ,  a s  p r o p o s e d  b y  w o o d s  (W o 7 b ]  

t o  f o r m  m « 1 1 0 »  l o o p  o n  ( 1 0 6 ) .  T h i s  c o u l d  t h e n  g l i d e  o f f  t h e  p i a n o  

I n t o  t h e  a r b i t r a r y  o r i e n t a t i o n  o b s e i v e d  i n  l - o n l y  d i a m o n d s  ( E v a  7 g ] . 

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

t o  o f f s e t  t h e  e n e r g y  d e f i c i t  i n  t u r n i n g  m « 1 0 0 -  d i s l o c a t i o n  l o o p  i n t o  

a n  y i  « U 0 >  d i s l o c a t i o n  l o o p ,

E v a n s  h a s  s u g g e s t e d  t h a i  t h e  I  a g g r e g a t e s  i n  l - o n l y  d i a m o n d s  a r e  

a s s o c i a t e d  w i t h  s m a l l  ( 5  n m )  d e f e c t s  n o t e d  i n  e l e c t r o n  m i c r o g r a p h s .  T h e r e  

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

o t h e r  d e f e c t s .  T h e  c o n c e n t r a t i o n  o f  ; h » : r  • s < r e g a t e a ,  i n  a n y  c a s e ,  I s  

l e s s  t h a n  c a n  b e  a c c o u n t e d  f o r  b y  t h e  I - n i t r o g e n  ( V a  1 0 ] .

T h i s  ' t e q u e n c e  i s  c o n s i s t e n t  w i t h  o b s e r v a t i o n s ,  b u t  i s  r a t h e r  

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

T h u s ,  i f  p l a t e l e t s  a r e  m a u e  o f  I  a g g r e g a t e s ,  i n  a l l  d i a m o n d s ,
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e p l l t  < 1 0 0 *  I n t e r s t i t i a l  n i t r o g e n  p a i r s  b y  I o n  i m p l a n t a t i o n  m i g h t  r e s u l t  

I n  p l a t e l e t  g r o w t h  w i t h  c o n s e q u e n t  i n c r e a s e  i n  1 3 7 0  c a ' 1 a b s o r p t i o n  a n d  

X - r a y  s p i k e  i n t e n s i t y .  I t  i s  p o s s i b l e  t h a t  p l a t e l e t  g r o w t h  c a n  a l s o  b e  

p r o o M t e d  b y  c r e a t i o n  o f  s p l i t  < 1 0 0 >  c a r b o n  I n t e r s t i t i a l s  b y  i o n  

i m p l a n t a t i o n  o r  r a d i a t i o n  d a m a g e .  T h e  a b o v e  a t g u m e n t  w o u l d  i m p l y  t h a t  

s u c h  g r o w t h  w o u l d  b e  a c c o m p a n i e d  b y  a n  I n c r e a s e  I n  X - r a y  s p i k e  I n t e n s i t y ,  

b u t  n o t  I n  1 3 7 0  c m ' 1 a b s o r p t i o n .  S u c h  e x p e r i m e n t s  a r e  p o s s i b l e  f o r  t h o s e  

w i t h  s u i t a b l e  f a c i l i t i e s .

7 . 1  CONCLUSIONS

I t  h a s  b e e n  s h o w n  t h a t  t h e  d e c h a n n e l l i n g  p r o b a b i l i t y  i n  a  s e r i e s  

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

T y p e  l a  d e f e c t s ,  t h a t  I s ,  p l a t e l e t s  a n d  l - n l t r o g e n  a g g r e g a t e s ,  I s

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

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

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

a s s u m p t i o n  i s  r e a s o n a b l e .  T h e s e  r e s u l t s  h a v e  s h o w n  t h a t  i t  I s  p o s s i b l e  t o  

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

c a n  b e  e x p l a i n e d  i n  t e r m s  o f  d e f e c t s  k n o w n  t o  b »  p r e s e n t .

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

i s  t h e  p l a t e l e t ,  a n d  a  m o d e l  h a s  b e e n  d e s c r i b e d  w h i c h  t r e a t s  t h e  d e c h a m , # 1 «  

l i n g  b y  ’p l a t e l e t s  a t  t h e  su m  o f  a  f a u l t  t e r m  a n d  a  d i s l o c a t i o n  l o o p  t e r m .  

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

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

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

f r o m  e l e c t r o n  m i c r o g r a p h y



T h e  d e c h a n n e l  l i n g  I n  a  B - o n l y  d i a m o n d  h a s  b e e n  e x a m i n e d  a i d  f o u n d  

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

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

d i a m o n d s  I s  c o n s i s t e n t  w i t h  t h e  q u a n t i t y  r e q u i r e d  t o  f o r m  n i t r o g e n  

p l a t e l e t s .

F i n a l l y ,  a o s w  r e m a r k s  h a v e  b e e n  m a d e  o n  t h e  n a i u r e  o f  p l a t w l s t e  

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

f o l l o w  f r o m  t h e  p r o p o s e d  p l a t e l e t  m o d a l .



ENERGY L O S S  O F  LIGHT I O N S  I N  D I A M O N D

1 . 1  INTRODUCTION

An l a p o r t a n t  f e a t u r e  o f  c h a n n e l l e d  a c t i o n  l a  t h e  r e d u c t i o n  I n  

i t j p p t n g  p o w e r  f o r  c h a n n e l l e d  I o n a .  T h e  r e l a t i v e l y  l o n g  r a n g e  e x c i t a t i o n  

p r o e e e e e e  w h i c h  l e a d  t o  e n e r g y  l o a a  o f  a n  I o n  t o  t h e  e l e c t r o n a  o f  t h e  

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

c h a n n e l l e d  l o n e  a n d  r e d u c t l o n e  o f  t y p i c a l l y  % 50  % I n  e t o p p t n g  p o w e r  a r e  

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

a t t e n t i o n  I n  r e c e n t  y e a r a ,  b o t h  e x p e r i m e n t a l  ( A p  6 7 ,  C l r  7 0 ,  B1 7 2 ,  Dem 7 2 ,  

M e l  7 $ ,  J a r  7 7 ,  7 6 )  a n d  t h e o r e t i c a l  [ A p  6 7 ,  B o n  6 9 ,  Kern 7 4 ,  D e e  7 7 ,  B e l  7 8 ,
8 a

D e t  7 3 ,  B e  7 1 ) .  I x t e n e l v e  m e a s u r e m e n t *  h a v e  b e e n  m a d e  o n  a l l I c o n  a n d  

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

s u b s t a n c e s .

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

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

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

e l e c t r o n s ,  I n  a  r e c e n t  t h e o r e t i c a l  t r e a t m e n t ,  D e t t m a n n  [ D e t  7 5 )  ( a n d  

s e e  C h a p t e r  2 )  h a s  t i e a t e d  t h e  v a l e n c e  e l e c t r o n s  a s  a  u n i  f o r t ,  e l e c t i o n  

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

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

I n  t h e  c o r e  e l e c t r o n  c o n t r i b u t i o n s ,  w h i c h  a r e  o f  r e l a t i v e l y  s h o r t  r a n g e .  

O t h e r  a u t h o r s  h a v e  t a k e n  t h e  s p a t i a l  p e r i o d i c i t y  of t h e  v a l e n c e  e l e c t r o n



gav into account [Bon 69, Korn 74, Dcs 77] and have found a difference in 

valence e: jctron stopping for channelled and random ions. It has o e e n  

argued [Jar 77], however, that this localisation of the valence electrons 

around the atoms is irrelevant for channelled ions, because the range of 

interaction of such ions with loosely bound valence electrons is much larger 

than channel dimensions, and thus that Dettmann's treatment of them as a 

uniform electron gas is to be preferred. For silicon and germanium, 

Dettmann's theory gives predictions generally similar to other theories 

whicn have a differing valence contribution to random and channelled 

stopping [Korn 74, Mel 75] or which do not treat the valence electrons and 

core electrons separately [Es 78]. Experiment does not allow a clear-cut 

distinction between the theories, although the theory of Esbensen and 

Golcvchenko is favoured [Jar 78]. This does, however, rely on some 

corrections to the data to account for dechannelling and trajectory depend­

ence of the energy loss, and which may be over-simplified.

In diamond, random stopping in the MeV energy range is predominantly 

due to the four valence electrons, the two core electrons per atom account­

ing for about 10 \  of the stopping, according to Dettmann's theory. These 

two core electrons are localised close to the atoms, and thus contribute 

very little to channelled stopping. Thus the theory of Dettmann predicts 

a maximum reduction in stopping for diamond of about 10 % with a similar 

reduction in all axes. Other theories (for example, [Es 78]), predict a 

much larger reduction, and a more pronounced axial dependence. Thus a 

measurement of the stepping power in diamond can provide a test of the 

validity of the various theories.

Measurements have been made of the stopping powers of 7 - 12 MeV



p roton s ,  12 - 18 MeV alpha p a r t i c l e s  and 24 MeV Li-7 Ions in diamond 

c r y s t a l s  4 - 1 8  urn th ick .  The r e m i t s  are compared with the f i r s t  

p r in c ip le  c a lc u la t io n *  o f  Detvnann and o f  Esbensen and Golovchenko. The 

r e s u l t s  in d ic a te  that the l o c a l i s a t io n  o f  va lence  e le c tr o n s  should be 

taken in to  account in Dettmann's theory. The theory was modified by 

t r e a t in g  the valence e le c tr o n s  as a s p a t i a l l y  p er io d ic  e lec tro n  gas 

using  the expression  derived in Chapter 2 (equation 2 .4 .3 3 ) .  The modified  

theory  g iv e s  p r ed ic t io n s  s im ila r  to tho o o f  the theory o f  Esbensen and 

Golovchenko. The experimental r e s u l t s  are in  c lo s e r  agreement w .th  va lu es  

p red icted  for  the major p lanes  passing  through the a x is  than with the  

minim um  a x ia l  val e s .  The random energy lo s s  and s tr a g g l in g  have a lso  

been measured.

8 .2  EXPERIMENTAL METHODS

8 .2 .1  Experiment

The experiment was carried  out in the Tandem s c a t te r in g  chamber, 

as described  in Chapter 3. Targets were a l igned  by using the annular 

d e te c to r  at forward angles  as r monitor and optim is ing  the transm itted  beam 

d etec ted  at 0* . Beam currents  were o f  the order o f  10 16 A.

Random spectra were taken at the mme goniometer t i l t  angle at 

th e  channelled  spectra , by r o ta t in g  the ta rg e t  o f f -c h a n n e l .  Thus the  

path - len gth  for channelled and random beams in the target  was the same. 

Incident beam spectra were recorded with the target  removed and weie  

a ls o  used to  c a l ib r a te  the a m p lif ier  -analyser system.

Spectra were recorded in the p u lse -h e ig h t  analyser simultaneous1>

■ 1th a pu lse  from a p r e c is io n  research pu lser  (Ortec 448 Research p u lse r ,
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Flaurc 8 . 1: Thin diamonds viewed in sodium l i g h t ,  (a) 16.7 um diamond

(b) 4 .0  un diamond.



( r e f r a c t iv e  Index ■ 2 .42 [Pet 2 3 ] ) .  In view o f  the d i f f i c u l t i e s  a sso c ia ted  

with the p o l ish in g  o f  diamond, the uniform ity  obtained Is  a tr ib u te  to  

the diamond p o l i s h e r ' s  a r t .

Sample th ick n ess  was measured by using an Infrared sp ec tro ­

photometer and determining the th ick n ess  fvon the o s c i l l a t i o n s  In the  

observed transm ittance [El 72 ] .  The th ick n ess  i s  then

where X, and X2 are two wavelengths separated by m fr in g e s  and n, and n2 

are the r e f r a c t iv e  in d ic e s  at  those wavelengths. The value o f  the r e ­

f r a c t iv e  Index over the range o f  wavelengths used I s  2 .30  (M. S ea l ,  

p r iv a te  communication). Measurements at s e lec ted  p o in ts  on the diamond 

were obtained by using monochromatic l ig h t  to produce a fr in g e  pattern  

as In Figure S . l  and then counting the number i f  fr in g e s  moving past a 

reference point while  the wavelength o f  l ig h t  f  om the monochromator was 

varied . The th ick n ess  could then be determined In a s im ilar  fashion to

the Infrared d eterm inations.

6 .2 .3  Data Analysis

A ty p ic a l  spectrum o f  the channelled and random transm itted

beam la  shown In Figure 6 .2 ,  The d e f in i t i o n  o f  the channelled ion enorgy 

lo s s  i s  a major source o f  d f f i c u l t y  In transm ission channelling
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e x p e r i m e n t s .  T h e  m o s t  p r o b a b l e  e n e r g y ,  t h a t  I s ,  t h e  e n e r g y  c o r r e s p o n d i n g  

w i t h  t h e  m a x im u m  o f  t h e  p e a k ,  c a n  b e  t a k e n  a s  t h e  t r a n s m i t t e d  b e a m  

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

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

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

t h «  w i d t h  i s  a l s o  e f f e c t e d  b y  t h e  t r a j e c t o r y  d e p e n d e n c e  o f  e n e r g y  l o s s  

a n d  b y  d e c h a n n e l l i n g .  T h u s  t h e  p o s i t i o n  o f  t h e  p e a k  m a x im u m  g i v e s  t h e  m o s t  

p r o b a b l e  e n e r g y  l o s s  f o r  p a r t i c l e s  l e a v i n g  t h e  t a r g e t  a t  U)* a n d  d e p e n d s  

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

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

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

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

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

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

t h i s  l e a s t  e n e r g y  l o s s  [ H i  7 2 ,  M e l  7 5 ] ,  T h i s  c a n  o n l y  b e  r e a s o n a b l e  i f  

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

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

b y  t h e  d i s t r i b u t i o n  I n  s t o p p i n g  p o w e r s  f o r  v a r i o u s  t r a j e c t o r i e s  a n d  b y  

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

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

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

«n  t h e  t a r g e t .  I n  t h i n  c r y s t a l s ,  t h e  p e a k  p o s i t i o n  w i l l  b e  a  b e t t e r  

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

i m a t e l y  d e t e r m i n e d  b y  s t r a g g l i n g  a n d  r e s o l u t i o n .  I n  g e n e r a l ,  t h e  t r u e  

l e a s t  e n e r g y  l o s s  m a y  b e  e x p e c i e d  t c  l i e  b e t w e e n  t h e  p e a k  a n d  l e a d i n g  

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

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

, t a  , k l .  . . . 1 0  . n o . ,  o o o p . r l . c n  t o  b .  t a d .  . 1 t h  t t a o r y .  I n d ^ . n d -

. n . l y  o f  t t a  a c t u a l  v . l u .  o f  t t a  r o n d o .  » . , « /  t o , ,  p r o d l c t t a  b y  t t a  

t h t a r y .  u k l c h  . l | h .  v a r y  . « .  h . t  f r o .  t t a  . . p . , - l . . n t . l  v . l u . .

Tta i n ,  in  t t a  rondo.  .............   f r o .  ...................

i t .n d o rd  d . v l . t t o n  o ,  o f  t t a  r .n d o .  P « k .  Tkla c o n t a in ,  c o n tr ib u t io n ,  

a x p . r l M . t a l  r . t a l u . l o n  ( I n . lu d ln ,  ln a ld .n .  t a »  . I d .k )  .nd f r o .  

v a r i a t i o n .  In t t a  t a r , a t  t h i c k . . . . .  Tta f o r . . .  con tr ib u t io n  c .n  b .  ob- 

ta in o d  f r o .  t t a  . . . n d . r d  d a v la . lo n  o f t h .  I n c l d . . .  bata . o,. Tk. I . t t . r  

c o n tr ib u t io n  . . .  o h t . l t a d  f r o .  t t a  a . t l . a t t a  1 '

   . .  o .  •  O.OMB. -h a r .  t i  la  t t a  . . . . u r . d  r .n d o .  t a . r . y



503.

l o t * .  The correctIon  Introduced by t h i s  term wet email only  for proton 

beemt, end the s tra g g l in g  we* thus determined only  for protons. The 

random s t r a g g le ,  02 , I t  then given by

1 .3

8 .1 .1  Random Stopping

The random Hopping power was c a lc u la te d  from the th e o r ie s  o f  

Dettmann [Det 78] and Bibenien and Golovchenko [Bt 7 6 ] ,  These are  

eq u iva len t  to  the usual Bethe-Bloch r e s u l t ,  equation ( 2 .4 .8 ) :

dE

dx
N 2 a '  I n ( 1 . 3 . 1 )

The q u an tity  I i s  g i v e n  i n  t h e  t h e o r y  o f  Dettmann by e q u a t i o n  (2 .4 .2 2 )  a n d  

the  theory o f  B s h o n s e n  a n d  G o l o v c h e n k o  i s  g i v e n  b y  e q u a t i o n  ( 2 .4 .1 8 ) ,  t h e  

l a t t e r  being t h e  usual l o c a l  d e n s i t y  a p p r o x i m a t i o n  r e s u l t  ( L i n  3 4 ] .  V a l u e s  

o f  t h e  matrix e l e m e n t s  t o r  e q u  i t  I o n  (2 .4 .2 2 )  w e r e  o b t a i n e d  f r o m  t h e  H a r t r e e *  

Peck ( s i n g l e  l e t s )  wave f u n c t i o t s  o f  C l e m e n t !  a n d  R o e t t i  (Cle 7 4 ] . T h e  

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

equation ( 2 ,4 .1 6 ) ,  P e r  t h e  v a l e n c e  e l e c t r o n  t e r m  i n  D e t t m a n n ' s  t h e o r y ,  

t h e  s t o p p i n g  p o w e r  f o r  a n  e l e c t r o n  g a s  w i t h  an e n e r g y  g a p ,  e q u a t i o n  (2 .4 ,1 2 )  

w a s  u s e d .  T h i s  I s  a  s l i g h t  m o d i f l c a t  o n  o f  D e t t m a n n 'a t h e o r y  w h i c h  u t e s  

a  f r e e  e l e c t r o n  g a s  m o d e l  (equation 2 .4 .1 0 )  -  t h e  d i f f e r e n c e  i s  s m a l l  b u t



t h e  | a p  m o d e l  l i  m o r e  a p p r o p r i a t e .  A v a l u e  f o r  t h e  e n e r g y  g a p  o f  1 3 . 6  eV  

w a s  u e e d  ( I r  7 0 ] ,  T h e  v a l u e a  o f  t h e  m e a n  I o n i s a t i o n  p o t e n t i a l  r b ’ a i n - d  

M *

(D e t tm a n n )  •  7 9 . 4  eV

( E a b e n a e n  a n d  C o l o v c h r . t k o )  l g i;  •  7 4 . 4  e V .

T h e  v a l u e  f r o m  t h e  t h e o r y  o f  E a b e n a e n  a n a  G o l o v c h e n k o  t i  a  f r e e  

a t o #  v a l u e ,  a p p r o x i m a t e l y  a p p l i c a b l e  t o  a l l  c a r b o n  a l l o t r o p e s ,  w h i l e  

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

T h u s ,  D e t t m a n n ' a  t h e o r y  a l l o w s  d i f f e r e n t  v a l u e s  t o  b e  c a l c u l a t e d  f o r  

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

b e e n  o b s e r v e d  I n  e x p e r i m e n t s  [ S o f  6 1 ,  M a t  7 6 ] .

A c o n s e q u e n c e  o f  e q u a t i o n  ( 1 . 3 . 1 )  i s  t h a t  t h e  s t o p p i n g  p o w e r

d e p e n d s  o n  t h e  I o n  o n l y  t h r o u g h  i t s  v e l o c i t y  ( s t r i c t l y ,  s p e e d )  a n d  i t s

a t o m i c  n u m b e r ,  ,  T h u s ,  f o r  a l l  i o n s ,  -  • i y  —  s h o u l d  L *  a  f u n c t i o n
2 * dx

o n l y  o f  v 1 ,  o r  e q u i v a l e n t l y  o f  E / A t  w h e r e  A t I s  t h e  a t o m i c  m a s s  o f  t h e  I o n .

8 . 3 . 2  S t r a g g l i n g  o f  t h r  R a n d o m  B eam

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

I s  a  s t a t i s t i c a l  p r o c e s s ,  a n d  t h u s  s t a t i s t i c a l  f l u c t u a t i o n s  i n  ' h e  e n e r g y

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

a  b e a m  o f  i o n s  t r a n s m i t t e d  t h r o u g h  a  t a r g e t .  T h i s  I s  k n o w n  a s  s t r a g g l i n g .

F o r  t a r g e t s  t h a t  a r e  n o t  t o o  t h i n  ( t h a t  I s ,  f o r  e n e r g y  l o s s e s  I n

t h e  t a r g e t  A£ »  I ) ,  t h e  e n e r g y  d i s t r i b u t i o n  o f  t h e  b e a m  I s  G a u s s i a n



1 9 •  g o o d  a p p r o x i m a t i o n ,  a n d  t h e  v a r i a n c e ,  f i1 ,  o f  t h e  d i s t r i b u t i o n  h a s  

b e e '  c a l c u l a t e d  b y  B o h r  [ B o h  4 B )

w i t h  t  t h e  t a r g e t  t h i c k n e e e .

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

m om ents  o f  t h e  e n e r g y  l o s s  d i s t r i b u t i o n  h a v e  b e e n  c a l c u l a t e d  b y  T s c h a l B r  

[ T s  6 8 ]  a n d  a r e  g i v e n  i n  g r a p h i c a l  f o r m  I n  [ T s  6 8 ) .

8 . 3 . 3  E n e r g y  L o s s  o f  C h a n n e l l e d  I o n a

T h e  e n e r g y  l o s s  o f  c h a n n e l l e d  l o n e  w a s  c a l c u l a t e d  f o r  t h e  t h r e e  

a x e s  « 1 1 0 > ,  < l l l >  a n d  « 1 0 0 >  u s i n g  t h e  t h e o r i e s  o f  D e t t m a n n  a n d  o f  E s b e n s e n  

a n d  G o l o v c h e n k o .  C a l c u l a t i o n s  w e r e  p e r f o r m e d  f o r  t h e  p o s i t i o n  o f  t h e  

p o t e n t i a l  m i n i m u m ,  t h a t  I s ,  f o r  l e a s t  e n e r g y  l o s s .  F u r  t h e  t h e o r y  

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

( 2 . 4 . 2 4 )  a n d  t h e  v a l e n c e  t e n s  g i v e n  b y  t h e  e l e c t r o n  g a s  w i t h  a  g a p ,  

e q u a t i o n  ( 2 . 4 . 1 2 ) .  T h e  s t o p p i n g  p o w e r  w a s  a l s o  c a l c u l a t e d  u s i n g  t h e  

D e t t m a n n  c o r e  v a l u e s ,  w i t h  t h e  v a l e n c e  s t o p p i n g  g i v e n  b y  t h e  e x p r e s s i o n  

( 2 . 4 . 3 3 )  f o r  t h e  s t o p p i n g  <n a  s p a t i a l l y  p e r i o d i c  e l e c t r o n  g a s ,  w h i c h  

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

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

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

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

s u b t r a c t i n g  t h e  c o r e  s c a t t e r i n g  f a c t o r s  c a l c u l a t e d  by K e a t i n g  a n d  V i n e y a r d  

[ K e u  6 6 ]  f r o m  t h e  e x p e r i m e n t a l  X - r a y  s c a t t e r i n g  f a c t o r s ,  m e a s u r e d  by 

G 0 t t l l c h e r  a n d  K b l f e l  [ C o r  3 9 ] .  T h e  v a l u e s  o f  t h e  s c a t t e r i n g  f a c t o r s



o b t a i n e d  e r e  g i v e n  t i  T a b l e  1 . 1  a a  a  f u n c t i o n  o f  t h e  r e c i p r o c a l  l a t t i c e  

v e c t o r  g .  S c a t t e r i n g  f a c t o r *  f o r  o t h e r ,  n o n - e q u i v a l e n t  C v e c t o r *  a r e  

n e g l i g i b l e .  X - r a y  M a t t e r i n g  f a c t o r *  a r e  a l * o  r e q u i r e d  I n  t h e  e v a l u a t i o n  

o f  t h e  t h e o r y  o f  E * b e n » e n  a n d  G o l o v c h e n k o .  T h e  e x p e r i m e n t a l  v a l u e *

[ C o r  S S ]  w e r e  u * e d  a n d  w e r e  e u p p l e m e n t e d  ( f o r  Q n o t  g i v e n  I n  [ C o r  S » |  

a n d  f o r  h i g h e r  o r d e r  g )  b y  v a l u e *  c a l c u l a t e d  b y  D o y l e  a n d  t u r n e r  [ n o  6 1 ) .  

T h e  e l e c t r o n  d e n a l t y  r e q u i r e d  f o r  t h e  e v a l u a t i o n  o f  e q u a t i o n  ( 2 . 4 . 2 1 )  

w a *  o b t a i n e d  f r o m  C l e m e n t  1 w a v e  f u n c t l o  *  [ C l e  7 4 ) ,  a *  f o r  t h e  r a n d o m  

c a a e  T h i s  1 *  p e r h a p *  a l i g h t l y  l n c o n * l * t e n t  w i t h  t h e  u * e  o f  e x p e r i m e n t a l  

X - r a y  a t r u c t u r e  f a c t o r * ,  b u t  t h e  r e e u l t *  ( f o r  t h e  r a t i o  o f  c h a n n e l l e d  

t o  r a n d o m  H o p p i n g )  a r e  n o t  v e r y  * e n * l t l v e  t o  t h e  e l e c t r o n  d e n a l t y  a n d  

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

e d  f r o m  t h e  L e n t - J e n * e n  a t o m i c  m o d e l  [ J e  3 2 ) ,  a a  u * # l  b y  E i b e n i e n  a n d  

G o l o v c h e n k o .  C o n v e r g e n c e  o f  t h e  e e r i e *  I n  e q u a t l o r  ( 2 . 4 . 2 $ )  1 *  n o t  

f a e t ,  h e c a u w  o f  t h e  l a r g e  a p r e a d  o f  t h e  h i g h l y  l o c a l l a e d  c o r e  e l e c t r o n *

I n  r e c i p r o c a l  a p a c e ,  a n d  M 5 0  d i f f e r e n t  G v e c t o r *  w e r e  r e q u i r e d  f o r  

a d e q u a t e  c o n v e r g e n c e .

T h e  c h a n n e l l e d  e t o p p l n g  p o w e r *  o b t a i n e d  w e r e  n o r m a l l a e d  t o  t h e  

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

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

C a l c u l a t i o n *  w e r e  a l a o  c a r r i e d  o u t  f o r  t h e  p l a n e *  ( 1 1 0 )  a n d  ' 1 1 1 )  

u a l n g  t h e  m o d i f i e d  D e t t m a n n  t h e o r y .  T h o e e  p l a n e *  a r e  t h e  m a . o r  p l a n e *  o f  

t h e  p l a n e *  i n t e r e e s t l n g  a t  a x e a  < 1 1 0 >  ( t h a t  l a ,  ( 1 1 1 ) ) ,  < 1 1 1 *  e n d  < 1 0 0 *  

( t h a t  l a  ( 1 1 0 ) ) .  T h *  ( 1 1 ’ )  p l a n e s  h a v e  t w o  I n t e r p l e n a r  s p a c i n g * :



Table 8.1

SOP.

va lence  e l e c tr o n  s c a t t e r i n g  and s t r u c tu r e

FACTORS FOR DIAMOND

■HUH
i

S c a t t e r i n g  f a c t o r

iG *r .

S t r u c t u r e  f a c t o r  

|FV(G)|

I l l 1 .4 0 0 7 . 9 2

220 0 .1 7 4 1 .3 9

113 -  0 . 0 6 5 0 . 3 7

222 0 . 1 5 1 .2

C04 -  0 .1 4 2 1 .1 4

331 0 . 0 2 1 0 . 1 2

224 -  0 . 0 2 6 0 . 2 1

440 -  0 .0 5 4 0 . 4 3

335 -  0 . 0 0 3 0 .0 3

NOTE: FV (G) -  f v (G) g j  e  -  - k

w h e re  r .  i s  t h e  p o s i t i o n  o f  t h e  k ' t h  a tom  i n  t h e  u n i t  cell.



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

w i d e r  s p a c i n g .  T he  s t o p p i n g  p o w er  r a t i o  was c a l c u l a t e d  f o r  a  p o s i t i o n  

midway b e tw e e n  p l a n e s  t o  d e t e r m i n e  t h e  minimum p l a n a r  e n e r g y  l o s s .  The 

v a l e n c e  c o n t r i b u t i o n  was c a l c u l a t e d  f ro m  e q u a ; i o n  ( 2 . 4 . 3 3 )  u s i n g  o n l y  

t h e  v e c t o r s  Q p e r p e n d i c u l a r  t o  t h e  p l a n e  ( t h a t  i s ,  o f  t y p e  ± n ( h k l )  f o r  

{ h k l } ) , t h e  o t h e r s  v a n i s h i n g  upon  a v e r a g i n g  o v e r  t h e  p l a n e .  The c o r e  

c o n t r i b u t i o n  was c a l c u l a t e d  by  a v e r a g i n g  t h e  c o r e  c o n t r i b u t i o n  ( 2 . 4 . 2 4 )  

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

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



8 . 4  RESULTS AND DISCUSSION

8 . 4 . 1  ivandom S t o p p i n g

V a lu e s  o f  t h e  random  s t '  p l i .T  po w er  a r e  g i v e n  i n  T a b l e  8 . 2  and  a r e

p l o t t e d  i n  F i g u r e  8 . 3  f o r  a l i  i o n s ,  i n  u n i t s  o f  -  ^  v e r s u s  E /A .

T he  m a j o r  s o u r c e  o f  e r r o r  i s  t h e  u n c e r t a i n t y  i n  t a r g e t  t h i c k n e s s ,  a m o u n t in g  

t o  3 i ,  t h e  s e c o n d  l a r g e s t  e r r o r s  a r e  i n  t h e  p e a k  p o s i t i o n  a s  o b t a i n e d  from  

t h e  f i t  t o  t h e  m e a s u r e d  p e a k s ,  a m o u n t in g  t o  2 %  i n  f o r  t h e  t h i c k  t a r ­

g e t  a n d  4 t  f o r  t h e  t h i n  t a r g e t .  The  o b s e r v e d  s c a t t e r  i n  t h e  d a t a  f o r  t h e  

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

a g r e e m e n t  a m o n g s t  t h e  d a t a  f o r  d i f f e r e n t  i o n s  i s  g o o d ,  i n d i c a t i n g  t h a t  

a n  e f f e c t i v e  c h a r g e  o f  t h e  i n c i d e n t  i o n  [Ans 77 ]  d o e s  n o t  n e e d  t o  b e  

c o n s i d e r e d  a t  t h e  v e l o c i t i e s  c o n s i d e r e d  h e r e .  A l s o  shown a r e  t h e  c u r v e s  

o b t a i n e d  f ro m  t h e  t h e o r i e s  o u t l i n e d  i n  S e c t i o n  8 . 3 ,  an d  t h e  v a l u e s  o f  

p r o t o n  s t o p p i n g  i n  c a r b o n  g i v e n  i n  a  r e c e n t  c o m p i l a t i o n  by  A n d e r s e n  and  

Z i e g l e r  [Ans 7 7 ] .  A g reem en t  a m o n g s t  t h e  v a r i o u s  t h e o r i e s  i s  q u i t e  good 

a n d  t h e  r e s u l t s  a r e  i n  a g r e e m e n t  v i t h  t h e s e ,  an d  w i t h  t h e  recom m ended  

v a l u e s  o f  A n d e r s e n  an d  Z i e g l e r ,  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s .

T he  e r r o r s  a r e  s u c h ,  u n f o r t u n a t e l y ,  t h a t  d i f f e r e n c e s  d ue  t o  a l l o t r o p i c  

e f f e c t s  c a n n o t  b e  i n v e s t i g a t e d .

8 . 4 . 2  S t r a g g l i n g

The s t r a g g l i n g  i n  t h e  ra n d o m  p r o t o n  beam i s  shown i n  F i g u r e  8 . 4 ,

p l o t t e d  a s  0 / / t  a g a i n s t  t h e  r e l a t i v e  e n e r g y  l o s s ,  A E/Eg, i n  t h e  

t a r g e t .  A l s o  shown i s  t h e  B ohr v a l u e  g i v e n  b y  E q u a t i o n  ( 8 . 3 . : ) .  The 

a g r e e m e n t  i s  good  f o r  low e n e r g y  l o s s ,  b u t  t h e  e x p e r i m e n t a l  v a l u e s  become 

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

o f  t h e  T s c h a l t l r  t h e o r y ,  a l s o  shown i n  F i g u r e  8 . 4 ,  a r e  i n  g e n e r a l  a g r i t m e n t  

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