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i

A B S T R A C T

This  t h e s i s  i s  an a c c o u n t  o f  t h e  f i r s t  c om pre hens ive  ion  

c h a n n e l l i n g  e x p e r i m e n t s  to  he r e p o r t e d  f o r  diamond s i n g l e  c r y s t a l s . 

S i n c e  t h e  d i s c o v e r y  o f  ion c h a n n e l l i n g  s i x t e e n  y e a r s  a go ,  d e t a i l e d  

i n v e s t i g a t i o n s  have  been  p e r f o r m e d  on many s o l i d s ,  m o s t ly  t h o s e  

c r y s t a l l i s i n g  i n  t h e  diamond s t r u c t u r e ,  b u t  t h e r e  have been  few 

exper im en ts  on diamond i t s e l f .  It  i s  o b v i o u s l y  u s e f u l  t o  e x t e n d  

measurements to  a n o t h e r  s u b s t a n c e  wit l i  a f a m i l i a r  s t r u c t u r e  b u t  

diamond m oreove r  i s  one o f  t h e  most e x t r e m e  c a s e s  from a c h a n n e l l i n g  

p o i n t  o f  v i e * , b a v i n s  t h e  s: i l l e s t  t h e r m a l  vi b r a t i  or a m p l i t u d e  and th e  

l ow est  a to m ic  number o f  com m on ly -e nc oun te red  c r y s t a l s .  These a r e  t h e  

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

I t  i s  o f  c o n s i b c r a b 1 c  i n t e r e s t  t h e r e f o r e  t o  s e e  how w e l l  t h e  t h e o r i e s  

w h ich  have  p r o v e d  q u i t e  s u c c e s s f u l  i n  e x p l a i n i n g  and p r e d i c t i n g  t h e  

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

N a t u r a l  d iam o n d , a l t h o u g h  th e  b e< t  a v a i l a b l e  form f o r  t h e s e  

exper im ents ,  i s  r a t h e r  v a r i a b l e  in  i t s  p h y s i c a l  p r o p e r t i e s  and so t h e  

f i r s t  p a r t  o f  t h e  p r o j e c t  was d e v o te d  t o  c o n s i d e r i n g  and s o l v i n g  t h e  

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

c r y s t a l .  I t  i s  shown how t h i s  can be a c h i e v e d  by s e l e c t i n g  from a 

s u f f i c i e n t  number o f  good s t o n e s , u s i n g  th e  c h a n n e l l i n g  i t s e l f  as  a 

c r i t e r i o n ,  and by pa y in g  c a r e f u l  a t t e n t i o n  t o  a number o f  p r e c a u t i o n s .  

Techniques which were found t o  improve t h e  q u a l i t y  o f  n a t u r a l  c r y s t a l s  

arc  d e s c r i b e d .



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

u s i n g  t h e  R u t h e r f o r d  b a d  s c a t t e r i n g  method.  C r i t i c a l  a n g l e s  f o r  

p r o t o n  c h a n n e l l i n g  were  measured  f o r  i n c i d e n t  e n e r g i e s  from 0 .6  t o

4 . 5  MeV, i n  t h e  t h r e e  most open  axes  and t h r e e  most open p l a n e s  o f  t h e  

diamond s t r u c t u r e ,  and f o r  - p a r t i c l e  c h a n n e l l i n g  a t  0 . 7  and 1 .0  MeV 

(Me ) in  t h e  same axes  and p l a n e s .  1 o r  1 . 0  MeV p r o t o n s , t h e  c r y s t a l  

t e m p e r a t u r e  was v a r i e d  from 20 °C to  700°C. The r e s u l t s  a r e  p r e s e n t e d  

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

a x i s  c r  p l a n e , and summarised in  t h e  form o f  t a b l e s  and g r a p h s .

G e n e r a l l y  t h e  c r i t i c a l  a n g l e s  a r e  w e l l  p r e d i c t e d  by t h e  a c c e p t e d  

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

o f  B a r r e t t .  Agreement i s  l e s t  f o r  the  l o w e s t - o r d e t  axes  (n a m e ly ,

<110> and <111^) and f o r  e q u a l l y - s p a c e d  p l a n e s  ( f o r  example {110} and 

{ 1 0 0 } ) .  For  h i g h e r - o r d e r  axes  ( f o r  e x a m p le ,  <!00>) t h e  measured  c r i t i c a l  

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

( f o r  example {111}) a m o d i f i e d  t h e o r y  must do u sed  t o  o b t a i n  agreement  

w i t h  t h e  m e a s u r e m e n ts .  T e m p e r a tu r e  dependence  i s  c l o s e  t o  t h a t  

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

e x p e c t e d  in  t h e  a x i a l  c a s e ;  i t  i s  s u g g e s t e d  how t h e o r y  might  be 

m o d i f i e d  to  t a k e  a c c o u n t  o f  t h i s .  The most  v a l u a b l e  o v e r a l l  c o n c l u s i o n  

i s  t h a t  the  mean th e r m a l  v i b r a t i o n  a m p l i t u d e  o f  t h n atoms i n  a c r y s t a l  

d e t e r m i n e s  t h e  c r i t i c a l  app roa c h  d i s t a n c e  t o  t h e  channe l  w a l l s  a t  which 

an io n  can rem a in  c h a n n e l l e d ,  even  whet t h i s  d i s t a n c e  i s  much s m a l l e r  

t h a n  t h e  Thor ts-Per;;  i s c r e e n i n g  d i s t  ance  o f  the  a tom ic  p o t e n t i a l ,  as  i s  

t h e  c a se  i n  diamond .



Axia l  minimum y i e l d s  and t h e i r  t e m p e r a t u r e  dependence  a r e  we l l  

p r e d i c t e d  by B a r r e t t ' s  e x p r e s s i o n  f o r  t h e s e  q u a n t i t i e s ,  c o n f i r m i n g  

t h a t  t h e y  a r c  d e t e r m i n e d  l a r g e l y  o r  even  e n t i r e l y  by th e r m a l  v i b r a t i o n s . 

The s m a l l n e s s  o f  t h e  l a t t e r  i diamond e n a b l e s  a more unambiguous 

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

An a d d i t i o n a l  r e s u l t  o f  t h e  m in imum -y ic ld  and s u r f a c e - p e a k  

i n v e s t i g a t i o n s  was t o  p r o v i d e  some c o r r o b o r a t i o n  f o r  c u r r e n t  i d e a s  as 

t o  how t h e  diamond s t r u c t u r e  t e r m i n a t e s  i t s e l f  a t  a f r e e  s u r f a c e .

A b r i e f  s t u d y  .vas made o f  t h e  r a d i a t i o n  damage c aused  by 

a - p a r t i c l e  bom bardm en t , v i a  i t s  e f f e c t  on th e  c h a n n e l l i n g  phenomenon.

The s u b j e c t  i s  e v i d e n t l y  complex ,  b u t  a few p r e l i m i n a r y  c o n c l u s i o n s  

a r e  r e a c h e d  as  t o  t h e  p r o b a b l e  n a t u r e  o f  t h e  damage: c h i e f l y  amorphous

c l u s t e r s ,  i n t e r s t i t i a l s  in  t e t r a h e d r a l  s i t e s ,  and mosa ic  s p r e a d . I t  

was p o s s i b l e  t o  h o l d  da: a r e  d xn t o  n e g l i g i b l e  l e v e l s  d u r i n g  th e  

p e r f o r m a n c e  o f  a c h a n n e l l i n g  e x p e r i m e n t .



I d e c l a r e  t h a t  t h e  r e s u l t s  p r e s e n t e d  in t h i s  t h e s i s  

a r e  my own work p e r f o r m e d  u n d e r  t h e  s u p e r v i s i o n  o f  

P r o f e s s o r  . J .P . !  . S c l  Is  chop.

None o f  t h e  m a t e r i a l  h a s  been  s u b m i t t e d  f o r  a d e g r e e  

i n  any u n i v e r s i t y .
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INTRODUCTION

1.1  HISTORICAL

I t  i s  one o f  t h e  i r o n i e s  o f  p h y s i c s  t h a t  von I.aue, F r i e d r i c h  and 

K n i p p i n g ’ s d i s c o v e r y  o f  X - ray  d i f f r a c t i o n  by c r y s t a l s  and W.L. B r a g g ' s  

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

p u b l i c a t i o n  in  1912 o f  t h e  f i r s t  p a p e r  [ S t a l 2 ] t o  c o n s i d e r  t h e  

p o s s i b i l i t y  o f  ion c h a n n e l l i n g .  Once t h i s  had been  d i s p r o v e d  as  an 

e x p l a n a t i o n  f o r  t h e  \ - r a >  e x p e r i r v n t s  ( s e e  Lauf 2 ) ,  t h e  i d e a  was shelve*, 

f o r  f i f t y  y e a r s ,  u n t i l  t h e  ot: s e n  it i on f  anom alous ly  1 a r g c  p e n e t r a t i o n s  

o f  f a s t  i o n s  in c r y s t a l l i n e  s o l i d s  l e d  t o  i t s  i n d e p e n d e n t  r e v i v a l  [Og59, 

N e 6 2 ] .

Ion c h a n n e l l i n g  v iS f i r s t  unam biguous ly  found in  t h e  computer  

s i m u l a t i o n s  o f  Robinson  .md Cen [Oef'2, Ro63a, Ro( 3t ] . T h i s  s t i m u l a t e d  a 

r a s h  o f  i c r e t r . i t  ;• • < >; - 'ri  • n t s  u in ’ heavy  r a d i o a c t i v e  i o n s ,  whose d e p th  

p r o f i l e  were  de tc - rr .h .vd  by s t r i j  ; i o f f  c n s t a l  l a y e r s  and m ea s u r in g  

t h e  r e s i d u a l  r ad :  * i v i t y  [ P ie t  2, I it 63 ,  lot 1, Pavv 1, Pie* 1, Lut6 I ,

Kor64 , Ch64, Hal6 5 ] .  At t h e  s a t e  t i n e ,  i n c r e a s e d  t r a n s m i s s i o n  o f  l i g h t  

i o n s  t h r o u g h  t h i n  c ry ;  t a b  was o b s e r v e d  by Nelson  and Thompson [Ne63] ,  

t h e n  by o t h e r s  [ I t  a 6 1 , [,rg( l , t*. , Ii. t ( (lu . v> io tvO,  Ci 65,  A n r 6 5 ] .

Tlie e x p e c t e d  r e d u c t i o n  in n u c l e a r  re a c t i o n  y i e l d s  f o r  c h a n n e l l e d  i o n s  

was soon r e p o r t e d  [Bo64, I'hrno 1, Bra65,  Bo65] , as  was t h e  i n v e r s e -  

c h a n n e l l i n g  e f f e c t  - b l o c k i n g  - f o r  ion:,  o r i g i n a t i n g  at  l a t t i c e  s i t e s



[Do65, Tu65a ,  Ce65,  TuGSb, TuGSc]. Even e l e c t r o n  ' c h a n n e l l i n g '  was 

d e m o n s t r a t e d  [As65,  Be65] .  I n i t i a l l y  t h e  emphas i s  was on p r o v i n g  th e  

e x i s t e n c e  o f  c h a n n e l l i n g  and b l o c k i n g  e f f e c t s  in  as many s u b s t a n c e s  as 

p o s s i b l e .  The t h e o r y  was r a p i d l y  d e v e lo p e d  [Ne63, Li64 ,  TuGSa, ErgGS,

ApG5, 0e65 ,  L i 6 5 ] ,  wi th  t h e  most i m p o r t a n t  and e n d u r i n g  c o n t r i b u t i o n  

coming from P r o f e s s o r  J e n s  L indha rd  in  1965 [ l . iGS]. D e t a i l e d  s u rv e y s  

o f  t h e  work o f  t h i s  p e r i o d  . .re p r e s e n t  in s e v e r a l  r ev i e w  a r t i c l e s  ( f o r  

example ,  P a t6 7 ,  BraGS, T h u  8, f l i " ! )  and in the  I n t r o d u c t i o n  by Thompson 

t o  t h e  book Mo73.

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

l a t t i c e  l o c a t i o n  o f  i m p u r i t y  a toms [ l ! a to7 ,  E r iG 7 ,  Dav67, May67, MayGS, 

C a i68 ,  BJ68,  L r iG P b ] ;  f a b r i c a t i o n  o f  i o n - i m p l a n t e d  p a r t i c l e  d e t e c t o r s  

[Mey67, I.aeCSa, L a c  h ] ; l a t t i c e  di o r d e r  i n v e s t i g a t i o n s  [BoGS,

Er iG Pa ,  P i c 6 9 b ,  P a s ' 9 ,  BoG9, Ha69,  JoG9,  WesGP, e t c ] ;  n u c l e a r  r e a c t i o n  

l i f e t i m e  measurem ents  (h> b l o c k i n g )  [Bm<-8, MarGD, Kom69, Gi^O];  and 

t h e  d e t e r m i n a t i o n  o f  i n t e r a t o m i c  p t e n t i a l s  [Lu tbu ,  DatGP, Ro69] . Such 

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

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

R e f in e m e n t s  t o  t h e  u n d e r s t a n d i n g  o f  the  c h a n n e l l i n g  p r o c e s s  f o l l o w e d .  

The most i m p o r t a n t  were t h e  a p p r e c i a t i o n  o f  ' f l u x - p e a k i n g *  [Ale~0,  Ku™Oa, 

Do70, And71, Y a l7 1 ,  Mo72j - t h e  f l u x  o f  ions  ' s n o t  c o n s t a n t  a c r o s s  t h e  

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

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

[Mor70a, Ac70, Ku70a, Fo70,  Ku70b, Mor70b,  Fu70, Fo71, Mor71,  Cam71, 

and o t h e r s ] ,  t h e  group o f  p r o c e s s e s  by which i o n s  p a s s  from t h e  ' a l i g n e d '
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t o  t h e  ’ random' component  o f  t h e  beam.

P r e s e n t - d a y  i n v e s t i g a t i o n s  c o v e r  a wide f i e l d ,  i n c l u d i n g  

c o n t i n u a t i o n  o f  most o f  t h e  l i n e s  o f  work which have been i n d i c a t e d  above 

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

t h e  book Mo73 .md C e m m e l l ' s  c om pre hens ive  rev iew a r t i c l e  Ge74. The 

l a t t e r  c o n t a i n s  r e f e r e n c e s  t o  i l l  c h a n n e l l i n g  p u b l i c a t i o n s  up t o  1973.

Al though  c h a n n e l l i n g  ha s  been  e s t a b l i s h e d  in  a wide v a r i e t y  o f  

e l e m e n t a l  and compound c r y s t a l s ,  a few s u b s t a n c e s  have bo rne  t h e  b r u n t  

o f  i n v e s t i g a t i o n s .  By f a r  t h e  g r e a t e s t  number  o f  e x p e r i m e n t s  h a s  been 

on s i l i c o n ,  f o l l o w e d  by g o l d ,  t u n g s t e n ,  germanium, c o p p e r  and v a r i o u s  

I I I  - V compounds [Ge~4, page  21'’] .  The Group IV and I I I  - V s e m i ­

c o n d u c t o r s  a r e  o f  o b v io u s  i n t e r e s t  t o  i n d u s t r y ,  w h i l e  W and Au have 

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

t h i c k n e s s .

Ions  r a n g i n g  from p r o t o n s  t o  Au have been c h a n n e l l e d ,  p l u s  

mesons and e l e c t r o n s  - t h e  l a t t e r  confo rm ing  on ly  a p p r o x i m a t e l y  t o  t h e  

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

1.2  MOTIVATION' I OR IMIS IVOPK

An i m p o r t a n t  s e r - m t  o f  c h a n n e l l i n g  r e s e a r c h  has  been th e  

com pa r i son  o f  m easu red  c h a n n e l l i n g  p a r a m e t e r s ,  c h i e f l y  c r i t i c a l  a n g le s  

and minimum y i e l d s ,  with t h e o r e t i c a l  p r e d i c t i o n s ,  and t h e i r  i n t e r ­

com par i son  be tween  d i f f e r e n t  s u b s t a n c e s .  S i n c e  t h e  g r e a t e s t  volume o f
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work h a s  been  c a r r i e d  o u t  on two e l e m e n t s  in Group IV o f  t h e  P e r i o d i c  

T a b l e ,  b o t h  c r y s t a l l i z i n g  in  t h e  dian;om s t r u c t u r e  (Si and G e ) , i t  i s  

an o b v i o u s  n e x t  s t e p  t o  p e r f o r m  m easurem en ts  on th e  t h i r d  such member 

o f  t h e  Group,  namely diamond i t s e l f ,  f o r  p u r p o s e s  o f  c o m p a r i s o n .  F u r t h e r ,  

t h e  Group I I I  - V compound s e m i c o n d u c t o r s ,  which have  been q u i t e  w e l l  

c h a r a c t e r i s e d  by c h a n n e l l i n g  (GaP, GaAs, GaSb, I n S b ) , c r y s t a l l i z e  i n  t h e  

a n a l a g o u s  z i n c b l e n d e  s t r u c t u r e .  Tha t  few diamond 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  been r e p o r t e d  [ P i c 6 9 a ,  I'as< 9, Ga70, D a s ~ l ,  Se73) , i s  p r o b a b l y  due to  

t h e  p r ob le m s  o f  p r o c u r i n g  s u i t a b l e  samples  in  c o u n t r i e s  o t h e r  than  South  

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

( s e e  S e c t  ion  5 . 1 ) .

A l th o u g h  i t  i s  n e c e s s a r y  t o  r e l y  on n a t u r a l  s a m p l e s ,  ca rbon  t e n d s  

t o  form l a r g e ,  good-qu. :  1 i ty  s i n  l e  c r y s t a l s ,  i f  i m p u r i t i e s  a r e  a b s e n t ,  

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

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

ments  r a y  be o b t a i n e d  by a s i m p l e  p r o c e s s  o f  s e l e c t i o n .  (T h is  w i l l  be 

c o n s i d e r e d  f u r t h e r  in  C h a p t e r  5 . )  T he re  i s  no prob lem o f  s u b s t a n t i a l  

s u r f a c e  o x i d e  l a y e r s ,  s i n c e  t h e  o x i d e s  o f  t  bon a r e  v o l a t i l e .  (Pu t  s ee  

S e c t  ion  f . 5 ) .

M oreover ,  c a rb o n  has  t h e  lowes t  a to m ic  number o f  t h o s e  e l e m e n t s  

which can c o n v e n i e n t l y  be o b t a i n e d  as  s i n g l e  c r y s t a l s  ( c h a n n e l l i n g  

s t u d i e s  on b e r y l l i u m  have  o n l y  rcv<- t l y  been r e p o r t e d  [K a u75 ] ) .  The 

c h a n n e l  p o t e n t i a l s ,  and hence  c r i t i c a l  a n g l e s ,  a rc  t h e r e f o r e  a l s o  

low f o r  a g i v e n  ion and d i r e c t i o n ,  and diamond p r o v i d e s  an o p p o r t u n i t y  

f o r  v e r i f y i n g  c h a n n e l l i n g  t h e o r y  in an ex t rem e  c a s e .
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F i n a l l y ,  diamond ha s  a u n i q u e l y  h i g h  Debye t e m p e r a t u r e  o f  

1860± 10 K ( e f f e c t i v e  v a l u e ,  0 - 800°C) [ V i c6 2 ] .  At rooir, t e m p e r a t u r e s  

(^300 K) t h e  a to m ic  v i b r a t i o n  a m p l i t u d e s  a r c  r e l a t i v e l y  si;.-ill as  w i l l  

be t h e  d e c h a n n e l l i n g  by t h e r m a l l y  d i s p l a c e d  a to m s . Diamond t h u s  o f f e r s  

t h e  o p p o r t u n i t y  t o  s t u d y  c h a n n e l l i n g  in  an a t o m i c a l l y  ' c o l d '  c r y s t a l , a t  

room t e m p e r a t u r e .  The s i t u a t i o n  i s  a c t u a l l y  somewhat more complex,  and 

w i l l  be d i s c u s s e d  f u l l y  i n  5 2 . 3 . 1 .

1. 3 OtTI.INT OF Til! THIS IS

A rev iew o f  t h e o r e t i c a l  c h a n n e l l i n g  r e s u l t s  i s  g iven  in  C h a p t e r  2. 

Th is  i s  n o t  i n t e n d e d  as  an e x h a u s t i v e  t r e a t i s e  on t h e  t h e o r y  i t s e l f ,  bu t  

m e r e ly  summ ari ses  t h o s e  r e s u l t s  o f  o t h e r s  t o  be used  in  s u b s e q u e n t  

a n a l y s e s .

In  C h a p t e r  5, t h e  a p p a r a t u s  i s  d e s c r i b e d ,  and t h e  a d v a n ta g e s  o f  

c e r t a i n  p e c u l i a r i t i e s  o f  d e s i g n  a r e  e x p l a i n e d .  I t s  mode o f  u se  t o  o b t a i n  

t h e  c h a n n e l l i n g  measurem ents  i s  o u t l i n e d  in t h e  s e c t i o n  on e x p e r i m e n t a l  

methods  .

P r e l i m i n a r y  e x p e r i m e n t s  were p e r fo rm e d  on s i l i c o n ,  and a l l  

i n f o r m a t i o n  on t h e s e  i s  encompassed  in C h a p t e r  4: t a r g e t  p r e p a r a t i o n ,

t h e  e x p e r i m e n t s  t h e m s e l v e s  and t h e  r e s u l t s .

The t h o r n y  p rob lem s  o f  t h e  s e l e c t i o n  and p r e p a r a t i o n  o f  the  

diamond s p e c i m e n s ,  so  as  t o  o b t a i n  r e s u l t s  r e p r e s e n t a t i v e  o f  p u r e  

d iamond ,  a r~  c o n s i d e r e d  i n  C h a p t e r  5 .  I t  i s  shown t h a t  u l t i m a t e l y  t h e
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o n l y  r e l i a b l e  i n d ex  o f  c r y s t a l  p e r f e c t i o n  i s ,  f o r  o u r  p u r p o s e s , t h e  

c h a n n e l l i n g  e x p e r i m e n t s  t h e m s e l v e s .  T e c h n iq u e s  which have  been 

d e v e lo p e d  f o r  im p r o v in g  t h e  p e r f e c t i o n  t h u s  i n d i c a t e d ,  f o r  r e g e n e r a t i n g  

beam-damaged c r y s t a l s ,  and f o r  s u r f a c e  c l e a n i n g ,  a r e  d e s c r i b e d .  The 

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

A l l  p rob lem s  r e l a t e d  t o  t h e  a c t u a l  p e r f o r m i n g  o f  t h e  e x p e r i m e n t s ,  

and t h e  s p e c i a l  t e c h n i q u e s  d e v e l o p e d ,  a r e  d e t a i l e d  in  C h a p t e r  6 .  These 

i n c l u d e  p rob lem s  o f  d a t a - t a k i n g ,  o f  t a r g e t  c o n t a m i n a t i o n ,  and o f  t h e  

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

q u e s t i o n  o f  e n s u r i n g  t h e  v a l u e  o f  t h e  d a t a  p r e s e n t e d ,  t a k e  e qua l  

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

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

i n  diamond a t  room, t e m p e r a t u r e . Measurements  f o r  d i f f e r e n t  a x e s ,  p l a n e s , 

i o n  s p e c i e s ,  and ion  e n e r g i e s  were made and compared w i t h  t h e  p r e d i c t i o n s  

o f  t h e o r y  and w i t h  r e l a t e d  r e s u l t s .  In most c a s e s  t h e  t h e o r y  i s  in  good 

ag reem en t  wi th  e x p e r i m e n t .

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

one ion  s p e c i e s  a t  one e n e rg y )  i s  p r e s e n t e d  i n  C h a p t e r  8. Theory  

p r e d i c t s  t h i s  d ependence  q u i t e  w e l l ,  bu t  improvements  a r c  s u g g e s t e d .

Measurements  o f  t h e  c h a n n e l l e d  minimum y i e l d s  a r c  c o n s i d e r e d  in  

C h a p t e r  9. T h e i r  t e m p e r a t u r e  de pendence  a p p e a r s  t o  be w e l l  p r e d i c t e d  

by t h e o r y ,  and t h e r m a l  v i b r a t i o n s  a p p e a r  t o  do m in a te  o v e r  a to m ic  s i z e  

e f f e c t s ,  d e s p i t e  t h e  r e l a t i v e l y  sm a l l  s i z e  o f  t h e  fo rm er  in di amond .
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Some c o n c l u s i o n s  a r c  made abou t  t h e  n a t u r e  o f  t h e  diamond s u r f a c e  as  

r e v e a l e d  by a c h a n n e l l e d  ion beam.

C h a p t e r  10 i s  an a b b r e v i a t e d  s t u d y  o f  r a d i a t i o n  damage in diamond 

The main o b j e c t  was t o  a s c e r t a i n  t h a t  damage due t o  t h e  ion beam would 

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

C o n c l u s i o n s  a r e  drawn in C h a p t e r  11 c o n c e r n i n g  t h e  v a l u e  and 

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

1.  4 0UT1.IN1: OF TIT l.OPK INC PH: I OP

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

Phase  I was a p r e l i m i n a r y  p a u s e , i n  which io n  c h a n n e l l i n g  e f f e c t s  were 

s o u g h t  and i n v e s t i g a t e d  w i th  s im p ly  c o n s t r u c t e d  a p p a r a t u s ,  t a k i n g  o n ly  

e l e m e n t a r y  p r e c a u t i o n s .  The Mark 1 g o n i o r e t e r  and t h e  1 MeV a c c e l e r a t o r  

' P h o e n i x '  were u s e d . A l l  t h e  s i l i c o n  e x p e r i m e n t s , and th e  p r e l i m i n a r y  

diamond e x p e r i m e n t s , b e lo n g  t o  t h i s  p e r i o d .

D u r in g  Phase  I I ,  t h e  s p e c i a l  p rob lem s  o f  o b t a i n i n g  good 

c h a n n e l l i n g  r e s u l t s  ’n diamond,  were i n v e s t i g a t e d  s y s t e m a t i c a l l y ,  and 

d a t a - t a k i n g  t e c h n i q u e s  were r e f i n e d .  The p u r p o s e - d e s i g n e d  Mark 2 

g o n i o m e t e r  was used  w i t h  t h e  1.4 Me\ a c c e l e r a t o r  ' C h r i s t i n e '  f o r  t h i s  

w o r k .

T h i s  p h a s e  merged i n t o  Phase  I I I ,  in which s e l e c t e d  diamond 

c h a n n e l l i n g  p a r a m e t e r s  were m easu red  as  p r e c i s e l y  and  a c c u r a t e l y  as
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p o s s i b l e .  Most o f  t h e  q u o t e d  r e s u l t s  come from t h i s  p c r i o t , b u t  i t  

w i l l  somet im es  be i n d i c a t e d  t h a t  t h e  e a r l i e r  (and l e s s  a c c u r a t e )  

r e s u l t s  have  b e e n  drawn upon.  A p p a r a tu s  m o d i f i c a t i o n s  were s l i g h t ,  and 

t’h a s c  I I I  c o n t i n u e d  to  u se  t h e  Mark 2 g o n i o m e te r  on t h e  1.4  MeV 

a c c e l e r a t o r .  The m easu rem en ts  were  a l s o  e x t e n d e d  to  h i g h e r  e n e r g i e s  

u s i n g  a s i m i l a r  g o n i o m e te r  on t h e  U n i t ' s  (> MY Tandem van dc G r a a f f  

a c c e l e r a t o r .

V a r io u s  a s p e c t s  o f  t h e  work r e p o r t e d  h e r e i n  have  a p p e a r e d  in  

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

[Der70a ,  Der"Ob,  D e r ~ l ,  D e r74 ,  D e r T ' a ,  P e r " 5 b , l ' e r " 5 c , Der""t a ,  DcrTGb, 

P e r 7 6 c ,  D e r"7a ,  D e r "" b ,  D e r ” 8 ] .

1 . 5  PROIT.RTIkS OP [ I /d 'O M

Well-known and w e l l - e s t a b l i s h e d  p r o p e r t i e s  o f  diamond w i l l  be 

q u o t e d  i n  t h i s  the i s  w i t h o u t  r e f e r e n c e .  Thex can g e n e r a l l y  be found 

i n  t h e  co m p re h en s iv e  book e d i t e d  by Berman [BerGS], which i s  soon t o  

be s u p e r s e d e d  by an u p d a t e d  and r e w r i t t e n  v e r s i o n  [ P i 7 8 ] .  A u s e f u l  

b r i e f  summary o f  n u m e r i c a l  v a l u e s  c o m p r i s e s  the  b o o k l e t  Db73. D er ived  

p a r a m e t e r ,  which a p p e a r  f r e q u e n t l y  in c h a n n e l l i n g  c a l c u l a t i o n s  a r e  

t a b u l a t e d  in  t h e  Appendix .



C l I A P T T R  2

TlHiORY

2. 1 NATl'Ri: OF ION’ Cll.n-NM.I.I \C

I f  one h a n i l l e s  a e ry  t a l  model o f  t h e  t r a d i t i o n a l  M a l l  and s t i c k *

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

s p e c i a l  d i r e c t i o n s .  These a r e  t h e  d i r e c t i o n s  o f  t h e  m ajo r  c r y s t a l

a x e s ,  i n  vhici i  t h e  atoms a r e  a r r a n g e d  in r o w s , and to  a l e s s e r  e x t e n t  

■

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

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

a x e s  o r  p l a n e s , p e n e t r a t e  t h e  c r y s t a l  much more e a s i l y  t h a n  i t  would in  

t h e  amorphous s o l i d  o r  in  a random d i r e c t i o n  in  t h e  c r y s t a l . Tha t  i s  t o  

, t h e  s t  ' l e s s ,  t t e r ,  and t

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

be tw e en  an ion  and a c r y s t a l  at< n u c l e u s  - i s  d r a s t i c a l l y  r e d u c e d .

The phenomenon,  however ,  i s  no t  s im p ly  one o f  t r a n s p a r e n c y .  In 

t h a t  c a s e  t h e  c r i t i c a l  an le  f o r  c h a n n e l l i n g  - t h e  maximum m is a l ig n m e n t  

be tw een  beam and cho s en  c r y s t a l  d i r e c t i o n  - would be

, . width o f  channel
Q

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

which i s  an a lm o s t  u n o b s e r v a b l y  smal l  a n g le  even f o r  t h e  t h i n n e s t  

o b t a i n a b l e  c r y s t a l s .  C r i t i c a l  a n g l e s  a r e ,  on t h e  c o n t r a r y ,  e a s i l y
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o b s e r v a b l e  ( t y p i c a l l y  M ° )  and i n d e p e n d e n t  o f  c r y s t a l  t h i c k n e s s .  T h i s  

i s  e x p l a i n e d  by t h e  f a c t  t h a t ,  p r o v i d e d  i t s  i n c i d e n c e  a n g le  t o  a row i s  

s m a l l ,  an i o n  can c o l l i d e  w t h  a row ( o r  p l a n e )  and be s t e e r e d  away 

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

t o  s i d e  i n  a t r a n s v e r s e  p o t e n t i a l  w e l l .  Th i s  p i c t u r e  i s  e x a c t  f o r  

p l a n e s ,  but  rows c a nno t  c o n f i n e  t h e  ion  w i t h i n  a s i n g l e  t u n n e l ,  and i t  

w ande rs  l a t e r a l l y  amongst  t h e  rows in an i r r e g u l a r  s p i r a l .  f 1 1 l u s t r a t i o n s  

d e p i c t i n g  t h i s  can be found in  Rob3b and B ra 6 8 . )

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

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

p o t e n t i a l ,  r a t h e r  t h a n  t h o s e  o f  s i n g l e  a toms.  Th i s  i s  known as t h e  

continuum, model .  What i s  h a ppe n in  on t h e  l e v e l  o f  i n d i v i d u a l  a to i  i c  

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

b i n a r y  c o l l i s i o n s ,  e a ch  c o n t r i b u t i n  a sm a l l  d e f l e c t i o n  away from t h e  

c h a n n e l  w a l l .  These i d e a  haw led  t o  t h e  t h e o r y  o f  c h a n n e l l i n g  which 

i s  o u t l i n e d  below.

The i n v e r s e  phenomenon,  b l o c k i n g ,  a f f e c t s  i ons  e m i t t e d  from 

l a t t i c e  s i t e s ,  f o r  example  by n u c l e a r  r e a c t i o n s .  Such i o n s  a r e  s t e e r e d  

away from m a jo r  axes  and p l a n e s  by a s i m i l a r  mechanism,  and cannot  

emerge  from t h e  c ry  t a l  in t h e s e  d i r e c t i o n - .  B loc k ing  i n v e s t i g a t i o n s  o f  

diamond a r c  no t  i n c l u d e d  in t h i s  w.-rk.

The q u e s t i o n  o f  w h e t h e r  qu a n tu m -m e c h an ic a l  e f f e c t s  must be 

i n c l u d e d  in  a d e s c r i p t i o n  o f  c h a n n e l l i n g ,  was once a c o n t r o v e r s i a l  one.

I t  i s  now a g r e e d  t h a t  c l a s s i c a l  m ec h a n ic s  i s  a d e q u a t e  f o r  a l l  p a r t i c l e s



h e a v i e r  t h a n  e l e c t r o n s .  L i n d h a rd  [L i65] showed t h a t  the  a c c u r a c y  

a c l a s s i c a l  t r e a t m e n t  a c t u a l l y  improves  w i th  i n c r e a s i n g  e n e r g y ,  in  

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

2 . 2 CRITICAL Ah'GI LS

Lii

The t h e o r y  o f  i o n - c r y s t a l  i n t e r a c t i o n s  was d e v e lo p e d  c h i e f l y  by 

L in d h a rd  ci r c a 1964, soon a f t e r  t h e  f i r s t  c h a n n e l l i n g  e x p e r i m e n t s , and 

al th ough  m o d i f i e d  o r  r e  - d e s c r i b e . ,  ’ v o t h e r  w orke rs  i t  has  i n  e s s e n c e  no t  

been s u p e r s e d e d .  The main r e s u l t s  a r e  summari sed in 1i64 and t h e  t h e o r y  

i s  p r e s e n t e d  in  f u l l  in  Li65.  11 ic c o n t r i b u t i o n s  o f  many o t h e r  w orke rs  

are summari sed  and e v a l u a t e d  in  Ce"4 pp 155-140,  from which t h e  o r i g i n a l  

r e f e r e n c e s  nay be o b t a i n e d .

The i n t e r a c t i o n  p o t e n t  a l  be tw een  an ion c f  n u c l e a r  c h a rg e  I , e  

and an i s o l a t e d  n e u t r a l  atom o f  n u c l e a r  c h a rg e  Z c may be w r i t t e n  

a p p r o x i m a t e l y  a s  a f u n c t i o n  o f  t h e i r  s e p a r a t i o n  r  in t h e  Thomas-Fermi 

form

V(r)  = (Zj ZJ(e 2/ r )  * ( r / a ^ )  ( 2 . 1 a )

where cgs e l e c t  ro s t a *  ic  u n i t s  have  been u s e d .  S e v e r a l  d i f f e r e n t  

a p p r o x i m a t e  a n a l y t i c  fo r ;  r. f o r  t h e  s c r e e n i n g  f u n c t i o n  X r / a ^ |  ) have  been 

p r o p o s e d ;  t h e  most a c c u r a t e  a t  t h e  s e p a r a t i o n s  o f  i n t e r e s t  in  

c h a n n e l l i n g  t h e o r y  i s  t h a t  o f  Mo 1 it>re [Mo 147]
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4>(r/aj.j:) = 0 . 1  e x p ( - f > .0 r / a j . p )  + 0 .5 5  e x p ( - 1 . 2 r / a . J.{.) 

+ 0 .3 5  c x p ( - 0 . 3 r / a . j . (.) ( 2 .1 b )

Hie Thomas-Fermi s c r e e n i n g  l e n g t h  a^.j,, which e f f e c t i v e l y  d e f i n e s  t h e  

riingc o f  t h e  p o t e n t i a l , i s  g i v e n  by

o t h e r w i s e .

In  t h e  c o n t in u u n  model  o f  a x i a l  c h a n n e l l i n g ,  t h e  i n d i v i d u a l  ion-  

a tom p o t e n t i a l s  r a y  Fc r e p l a c e d  1 y in ax e r a  e . long t h e  row o r  ' s t r i n g ' ;  

f o r  an ion a t  a d i s t a n c e  t fro:- a s t a t i c  ( t h a t  i s ,  n o n - v i b r a t i n g )  row o f  

a tom ic  s p a c i n g  d ,  t h e  con t  inn ; :  p o t e n t i a l  i s

where z r e p r e s e n t  s d i s t a n c e  measured  a lo n g  t h e  row.  Using Fqn 2 . 1 a ,

L in d h a rd  [ h i 65] h a s  p r o p o s e d  a- a good a n a l y t i c  a p p r o x i m a t i o n ,  t h e  

' s t a n d a r d  p o t e n t i a l ' ,  in which

a,.IT 0 .4 6 8 5 2  " l / ? ( 2 .2 a )
2

i f  2 = 1  o r  i f  t h e  ion i s  f u l l y  i o n i s e d ,  and by

(2 .2 b )

VR,.(p)  = /  d ' 1V( Z  • 4 z : ) d :

Vr5 ( p ) = ( 2 2 , :  c : / d )  fggCi /zy.p) ( 2 .3 a )

where

(2 .3 b )

f RS( U  = i l o g (C 2/f . ?  ̂ 1) ( 2 .3 c )

wi th  C" 3.



Ill o r d e r  t o  d e r i v e  t h e  c o n d i t i o n s  f o r  v a l i d i t y  o f  t h e  con t inuum  

a p p r o x i m a t i o n , L in d h a rd  [ h i 65] c o n s i d e r e d  t h a t  t h e  d i s t a n c e  o v e r  which 

i n t e r a c t i o n  w i t h  a s t r i n g  o c c u r s  s h o u ld  be l a r g e  compared t o  d . Fo r  an 

i o n  a p p r o a c h i n g  w i t h  v e l o c i t y  v a t  an a n g le  t t o  a s t r i n g ,  and i n t e r ­

a c t i n g  d u r i n g  a t i r . e  At ,

v cos* At > d.

C o n s i d e r i n g  t h e  m ot ion  p e r p e n d i c u l a r  t o  t h e  s t r i n g , w i t h  a minimum 

a p p r o a c h  di s t a n c e  . ,  ̂ ,

g i v i n g  ( f o r  s m a l l  . )

•Vin > *d

The v a l u e s  o f  r ind . a r e  a l s o  c o n n e c t e d  bv the  r e q u i r e m e n t  t h a t  mm

e n e r g y  be c o n s e r v e d  in t h e  t r a n s v e r s e  m ot ion :

' ' R S ^ m i n ’ '  E s i " 2* " c *2

where  F i s  the  e n e r g y  o f  t h e  ion on a p p r o a c h . The r e l a t i o n s h i p s  may 

be  s o l v e d  s i m u l t a n e o u s l y  u s i n g  ! qr - 2 . 3 a  and 2 . 3 c ;  s i n c e  ^  U1 i s  sm a l l  

i f f .  i s  h i g h  e n o u g h , I qn 2 . 3 c  i • a p p r o x i m a t e d  t o

fW p/' aT F 1 " l0)UC‘nT F ^  min)

whence t h e  s o l u t i o n  i

,1.2 .

(  ^  /  11 \I I exp# I
\  *d /  \  2 Z x Z; c /

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



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

l a r g e .  So one r u s t  have

* < *c

where  vc i s  a c r i t i c a l  a n g l e  g iv en  by

The c r i t i c a l  a n g le  : s . p r o v i d e d  t h a t

*1 < aTF/'d

which i s  equi'. il - r.t t

E > 2 : i : re 2d/a- .F

'v 8 heV f o r  protons on diamond.

I f  the  l a t t e r  c o r d : : n i s  r o t  f u l f i l l e d ,  in then  c r i t i c a l  a n g le  nay be 

d e f i n e d ,  . = but  t h e  ex: c r i r  r . t s  t o  1 v re :  r t c d  in t h i s  t h e s i s  were

w e l l  i n s i d e  t h e  h i  g h - c n e r  y r>. ■ w} ••re . . - . .

Lindhard h : : e l f  r e f e r r e d  t o  . as  t h e  c r i t i c a l  a n g le  f o r  

a p p l i c a b i l i t y  o f  t h e  c o n t i n u v :  , ; r o x i r  t i o n , r a t h e r  t h a n  t h e  c r i t i c a l  

angle  f o r  c h a n n e l  1 in ,  (which  In d e f i n e d  i n  a way d i f f e r e n t  t o  t h a t  now 

cu r r en t  j , but . c has  I c o n  found t o  be q u i t e  d o :  e t o  i e a s u r c d  c r i t i c a l  

a n g l e s  in the n a r y  c h a n n e l l i n g  cxpt r i r . c n t s  which have  been  p e r fo rm e d  

( s e e  .Section 1. 1)  and t o  g i v e  t h e  r i g h t  f i m c t i o n a l  dependence  on t h e  

v a r i a b l e s  c o n t a i n  : in I n 2 . 1 a .

hha t  i s  n o n  a l l y  m easu red  e x p e r i m e n t a l l y  i s  t h e  h a l f - w i d t h  a t



ha l f -m in im um  o f  t h e  c h a n n e l l i n g  d i p  o b t a i n e d  by p l o t t i n g  t h e  y i e l d  x 

i n  a n u c l e a r  r e a c t i o n  e x p e r i m e n t  ( f o r  example,  R u t h e r f o r d  s c a t t e r i n g )  

a g a i n s t  t|/. A l though  many w o r k e r s  have c o n fu s e d  c and iK , t h e y  d i f f e r  

s y s t e m a t i c a l l y ,  and LinUhard p r o p o se d  t h a t

*i  = V i  ( 2 -

w here  o ,̂ i s  a c o n s t a n t , ^  1 - 2 .

L indha rd  p o i n t e d  ou t  t h a t  t h e  e x i s t e n c e  o f  a c r i t i c a l  a n g le  

r e s u l t s  in  t h e  d i v i s i o n  o f  an i n c i d e n t  beam i n t o  two q u i t e  w e l l - d e f i n e d  

a lm o s t  i n d e p e n d e n t  c o m p o n e n t s :

i )  The ' a l i g n e d  b e a n ' , which  has  , < . . .  The ions  move t h ro u g h

t h e  c r y s t a l  l e a v i n g  t h e  s t r i n . s  a t  an a n g l e  e q u a l  t o  t h e  a ng le  

o f  a p p ro a c h  ( t h a t  i s ,  normal  mult  i p i e  s c a t t e r i n g  i s  s u p p r e s s e d ) .  

Thus t h e  e n e rg y  in  t h e  t r a n s v e r s e  n o t i o n  ( o f t e n  l o o s e l y  c a l l c d  

t h e  ' t r a n s v e r s e  e n e r g y ' ) ,  g iven  by

f t  -- Y . i 2  ♦ VF S ( p ) ,

i s  c o n s e r v e d . The d: i. u.cc o f  c l o s e s t  a p p ro a c h  t o  a s t r i n g  

i s  n e v e r  l e r t h a n  a c r i t i c a l  v a l u e  ,v . ; L indha rd  s u g g e s t e d  

pc ^  aT F ' ‘our.^ t f i i s  a p p r o x i m a t i o n  i s  u s u a l l y  v a l i d ,  c c 

i s  n o t  in  f a c t  d e t e r m i n e d  by a.  ̂ ( ; i t  a p p e a r s  t o  be d e t e r m i n e d  

by t h e  mean th e r m a l  v i b r a t i o n  a m p l i t u d e  o f  the  atoms ( s e e  § 2 . 2 . 5  

and S R . 5 . 1 ) .

i i )  The ' random beam'  has  ^ > tK . These i o n s  i n t e r a c t  n o r m a l ly

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

s t r u c t u r e .
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A con t inuum  model  f o r  p l a n a r  c h a n n e l l i n g  was d e v e lo p e d  by 

L in d h a rd  [ L i 65] and by L r g i n s o y  [ H r g d S ] . The con t inuum p o t e n t i a l  a t

a d i s t a n c e  p from a p l a n e  o f  s t a t i c  atoms i s

vp s (p) = Na /  2nRdR V ( / p 2 ♦ R5)

where  t h e  d i s t a n c e  R i s  m easu red  i n  t h e  p l a n e  from t h e  f o o t  o f  t h e

p e r p e n d i c u l a r  d e f i n i n g  p,  and

= a r e a l  d e n s i t y  o f  a toms in  p l a n e

= \ d p

where  = volume d e n s i t y  o f  atoms 

d^ = i n t e r p l a n a r  s p a c i n g .

Thus

VpS (p)  = 2itZ1:: e - a TpNv<!iif p S ( p / a TF) ( 2 .5 a )

where

f p c ( fJ  r /  4>(''/C2 + n2 )dn  (2 .5b )
0

L in d h a rd * s  t r e a t m e n t ,  c o n s i d e r i n g  a p l a n e  a? a ’s t r i n g  o f  s t r i n g s ' ,  

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

^  -  0 . 9 3  va ,

\  ( 2 .6 a )

*a = (2TTZ1Z2e 2aTFNvdp / E ) ^  ^

One may r e l a t e  t h i s  t o  t h e  measured  h i l f - w i d t h  o f  t h e  p l a n a r  c h a n n e l l i n g  

d i p  by
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^  = “ P (2 .61)

where  tip 'x-1.

In t h e  e x p e r i m e n t a l  c h a p t e r s  o f  t h i s  t h e s i s , t h e  h a l f - a n g l e  ' f - 

w i l l  o f t e n  l o o s e l y  be r e f e r r e d  t o  a s  t h e  ’c r i t i c a l  a n g l e 1. S in c e  t h i s  

i s  t h e  o n l y  c r i t i c a l  a n g l e  which  w i l l  be c o n s i d e r e d  t h e r e ,  no c o n f u s i o n  

s h o u l d  a r i s e ,  bu t  t h e  r e l a t i o n s h i p s  2 .4 b  and 2 . 6 b  may be b o rne  i r  mind.

2 .2 .1  t

The above t r e a t m e n t  does  no t  e x p l i c i t l y  c o n t a i n  a t e m p e r a t u r e  

d e p e n d e n c e ,  which  nay be  r e g a r d e d  as c o n t a i n e d  in  the  c o e f f i c i e n t s  tip 

and t i p . T h e i r  c o n s i d e r a t i o n  i - ] a r t  o f  t h e  b r o a d e r  p rob lem  o f  

e s t a b l i s h i n g  t h e  c o n n e c t i o n  be tw een  a c r i t i c a l  a n g le  m easured  o u t s i d e  

t h e  c r y s t a l , s a y  . e , and t h e  c r i t i c a l  a n g l e  >^ d e f i n e d  i n s i d e  t h e  

c r y s t a l  by t h e  cont inuum t h e o r y .

L indha rd  [L i65]  showed how t e m p e r a t u r e  dependence  and s u r f a c e  

t r a n s m i s s i o n  c o u l d  be i n c l u d e d ,  md h i s  e x p r e s s i o n s  were e v a l u a t e d  

n u m e r i c a l l y  by Andersen  [Ando7] t o  g i v e  d e t a i l e d  shape p r e d i c t i o n s  f o r  

m easu red  c h a n n e l l i n g  d i p  . L indha rd  had e s t a b l i s h e d  th e  e x i s t e n c e  o f  a 

r e v e r s i b i l i t y  r e l a t i o n s h i p  be tw een  c h a n n e l l i n g  and b l o c k i n g  e x p e r i m e n t s  

u n d e r  i d e a l i s e d  c o n d i t i o n s ,  and A n d e r s e n ' s  c a l c u l a t i o n s  were in  f a c t  

c a r r i e d  out  f o r  t h e  b l o c k i n g  s i t u a t i o n ,  bu t  t h e  r e s u l t s  s h o u l d  be 

e q u a l l y  a p p l i c a b l e  t o  c h a n n e l l i n g .

P a r t i c l e s  o f  e n e r g y  1 were assumed t o  be e m i t t e d  i s o t T o p i c a l l y
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by an atom d i s p l a c e d  a d i s t a n c e  p from i t s  s t r i n g  o r  p l a n e  owing t o

t h e r m a l  v i b r a t i o n s .  A G a u s s i a n  d i s t r i b u t i o n  o f  d i s p l a c e m e n t s  was

assumed.  By i n t e g r a t i n g  o v e r  a l l  d i s p l a c e m e n t s  and e m i s s i o n  a n g l e s , 

and a p p l y i n g  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 rg y

E j  = RiK + V[<s(p) ( ax e s )

= EiJ/ + Vp S(p) ( p l a n e s )

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

o b t a i n e d .  L in d h a rd  [ I K S ]  ha s  shown t h a t  in  t h e  a x i a l  c a s e , t r a n s v e r s e  

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

be tw een  t h e  atoms  o f  t h e  s t r i n g ,  and t i i i s  was done by A n d e r s e n . lie 

assumed t h a t  t h e  e f f e c t  on t h e  con t inuum p o t e n t i a l  due t o  a d j a c e n t  rows 

o r  p l a n e s  was n e g l i g i b l e ;  t h i s  a p p r o x i m a t i o n  i s  good f o r  rows bu t  no t  

v e r y  good f o r  p l a n e s .

R e d i s t r i b u t i o n  o f  t h e  t r a n s v e r s e  e n e rv y  d u r i n g  p a s s a g e  o f  t h e

p a r t i c l e s  t h r o u g h  t h e  c r y s t a l  w;i n e g l e c t e d .  S p a t i a l  r e d i s t r i b u t i o n  was

t a k e n  i n t o  a c c o u n t : in  t h e  a x i a l  c a s e  t h e  i o n s  occupy t h e i r  a v a i l a b l e

c h a n n e l  c r o s s - s e c t i o n a l  i r e  a v. ith u n i fo r m  p r o b a b i l i t y ,  but  in t h e  p l a n a r
,  - -1

c a s e ,  t h e  p r o b a b i l i t y  i s  (I . )

A l lowance  f o r  : u r f a c e  t r a n s m i s s i o n  was made by c o n s i d e r i n g  t h e  

f a c t  t h a t  t h e  p . i r t  i vl< a r e  u n d e f l e c t e d  as t h e y  p a s s  t h ro u g h  t h e  c r y s t a l  

s u r f a c e . Thus t h e  d i s t r i b u t i o n  in  e x t e r n a l  a n g le  i s  t h e  same as  the  

d i s t r i b u t i o n  in  v j u s t  i n s i d e  t h e  c r y s t a l  u r f a c e , and i s  o b t a i n e d  from 

t h e  d i s t r i b u t i o n  in I - j  by a p p l y i n g  t h e  t r a n s v e r s e  e n e rg y  c o n s e r v a t i o n  

r e l a t i o n s h i p  a t  t h i s  p o i n t :
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Eil2 = E j  - VRS(p)  ( ax e s )

= E j  -  Vp s (p) ( p l a n e s )

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

p a r t i c l e s  w i l l  c o n t i n u e  t o  s p r e a d  out  f rom i t  and w i l l  p a s s  t h ro u g h  t h e  

c r y s t a l  s u r f a c e  a t  l a r g e  enough i t h a t  Vj 0 (p)  o r  Vp<>(p) ~ 0 .  The 

d i s t r i b u t i o n  i n  e x t e r n a l  a ng le  w i l l  t h e n  be o b t a i n e d  by p u t t i n g

E*2 = E j

(Tlii s r e l a t i o n s h i p  a l s o  g i v e s  t h e  d i s t r i b u t i o n  o f  m id -c h an n e l  c r o s s i n g -  

a n g l e s  in  t h e  c o m p le te  l a t t i c e ,  p r o v i d e d  t h a t  t h e  c o m p l c t e - l a t t i c e  

p o t e n t i a l  has  been  u s e d  and n o r m a l i s e d  t o  z e ro  a t  m i d - c h a n n e l . )  Andersen  

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

t r a n s m i s s i o n .  I t  was found [Ando™, P i c 6 9 c ]  t h a t  i n c l u s i o n  o f  t h e  

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

d i f f e r e n c e  f o r  p l a n e s ,  r e f l e c t i n g  th< f a c t  t h a t  VRg(p)  i s  n e g l i g i b l e  

o v e r  much o f  t h e  ch a n n e l  s p a c e ,  bu t  t h a t  VRS( r )  i s  eve ryw here  a p p r e c i a b l e .

Agreement o f  t h e  c a l c u l a t i o n s  w i t h  t h e  s ha pe  o f  e x p e r i m e n t a l  d i p s  

was good,  b u t  t h e  w id th  in  t h e s e  and o t h e r  c a l c u l a t i o n s  ( f o r  e x a m p l e ,

Pi cG9c,  And70) b a s e d  on a s i n g l e  a to m ic  row o r  p l a n e , were g e n e r a l l y  

a b o u t  251, l a r g e r  t h a n  t h e  e x p e r i m e n t a l  o n e s .  Ande rsen  and Feldman 

[And70] compared ix i ;  l - c h a n n e l  l i n g  c a l c u l a t i o n s  b a s e d  on t h e  h a l f w a y -  

p l a n e  m ode l , t h e  s im p l e  con t inuum model ,  and a b i n a r y  c o l l i s i o n  m o d e l . 

Agreement be tw een  t h e  t h r e e  was good;  a l l  d i s a g r e e d  s i m i l a r l y  w i th  

e x p e r i m e n t .  A l low ing  a l l  a toms in  t h e  s t r i n g  (and  no t  j u s t  t h e  e m i t t e r )



t o  v i b r a t e ,  made v e r y  l i t t l e  d i f f e r e n c e  t o  the  r e s u l t s . I t  must  be 

c o n c lu d e d  t h a t  t h e r e  i s  an i n t r i n s i c  d i f f e r e n c e  between  i s o l a t e d  a tom ic  

rows and a f u l l  l a t t i c e .

2 . 2 . 5  The An i : t . .! ' a ■

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

i n  v e c t o r  n o t a t i o n ,  w i th  t h e  i - t h  row p o s i t i o n e d  a t  r ,

Upg(r )  t o  z e r o .  P r o v id e d  t h a t  t h e  c r i t i c a l  app roa c h  d i s t a n c e  p c can be 

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

g i v e s  an e x a c t  e x p r e s s i o n  f o r  .

Here  vc i s  t o  be measured  in  a f i e l d - f r e e  r e g i o n , t h a t  i s ,  e i t h e r  a t  

m i d - c h a n n e l , o r  o u t s i d e  t h e  c r y s t a l . Thus ’ s u r f a c e  t r a n s m i s s i o n ' has  

been  i m p l i c i t l y  i n c l u d e d .

S in c e  ) i s  a r a p i d l y  d e c r e a s i n g  f u n c t i o n  o f  d i s t a n c e ,  i t  i s

a good a p p r o x i m a t i o n  in  (n ) t o  n e g l e c t  t h e  c o n t r i b u t i o n s  o f  

n e i g h b o u r i n g  r o w s , and K" t h a t  i s ,  t o  r e p l a c e  URt,(.  by 

Then u s i n g  liqns 2 . 3 a  and 2 . 4 a  one o b t a i n s

where  uf, . i s  s u b t r a c t e d  in  o r d e r  t o  n o r m a l i s e  t h e  minimum v a lu e  o f
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where

FRS( f' )  = t f R S ^ ^  ^

The f u n c t i o n  F | ,^(C) i s  t a b u l a t e d  f o r  t h e  Mo 1 i d r e  p o t e n t i a l  i n  FiarTl 

( a s  R(C)) and p l o t t e d  in  G e 7 4 .

Fo r  a s e t  o f  p l a n e s  l o c a t e d  a t  p o s i t ' o n s  y . (measured  a lo n g  

normal  t o  t h e  p l a n e s ) , t h e  con t inuum  p o t e n t i a l  becomes

UPS(> ' • V PS ^1y '  yi i ) " ups

and the  c r i t i c a l  angle  i s  g iven by

E*:  " URs(*c)

p r o v i d e d  t h a t  . ^ can be d e f i n e d .  In t h i s  c a se  a t  l e a s t  two p l a n e s  must 

b e  i n c l u d e d  in c a l c u l a t i n g  Ups ( y ) , and . c a n n o t  he  n e g l e c t e d .  For  a

p a i r  o f  p l a n e s  o f  i d e n t i c a l  c o m p o s i t i o n ,  I . , ,  i s  the  p o t e n t i a l  a t  mid-

c h a n n e l .  Then

UPS^p c^ = XPS^p c^ * VPS^dp '  pc^ '  2VP S ^ / ^

g i v i n g ,  v i a  Finns 2 . 5 a  and 2 . 6 a ,

^c ~ 1 PS^'c^^rF* dp/aTP^''a

where

Fp s (C,n )  = [ f p s CO + f p s (n - C) - 2 f r s ( n / 2 ) ] '

The f u n c t i o n  Fpg ( t , ' )  i c p r e s e n t e d  g r a p h i c a l l y  in  P a r 71 and Ge74.



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

complex ,  and t h e  most f r u i t f u l  a p p ro a c h  f o r  f u r t h e r  r e f i n e m e n t  o f  

c h a n n e l l i n g  p r e d i c t i o n s  has  been t h e  Monte C a r l o  t e c h n i q u e  o f  B a r r e t t  

[B a r68 ,  Bar71]  . B a r r e t t  pe r fo rm e d  c om pu te r  s i m u l a t i o n s , m a in ly  f o r  

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

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

p a r a m e t e r s  (h and m) [ B a r " 1 ] .  He d e t e r m i n e d  optimum v a l u e s  f o r  k and m, 

and t h e  r e s u l t i n g  s e m i - e m p i r i c a l  r e l a t i o n s h i p s  have been shown t o  

d e s c r i b e  e x p e r i m e n t a l  .■ d a t a  f o r  a wide  v a r i e t y  o f  i o n - t a r g e t  

c o m b i n a t i o n s .

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

[ t h e  forms o f  t h e  e x p r e s s i o n s  u s e d ] ,  i t  s h o u ld  be r e c o g n i s e d  t h a t  t h e y  

h ave  been u s e d  t o  p r o v i d e  or;  : r i c a l  c u rve ;  e x p r e s s i n g  t h e  r e s u l t s  o f  

t h e  Monte C a r l o  c a l c u l a t i o n  . ( ' tut o r  s h o u ld  be e x e r c i s e d  in d raw in g

c o n c l u s i o n s  t h e . c f r o n " .  However ,  t h e i r  good agreement  w i t h  many 

e x p e r i m e n t s  i m p l i e s  t h a t  t h e y  can in  f a c t  be r e g a r d e d  as  d e s c r i b i n g  the  

p h y s i c a l  s i t u a t i o n .  B a r r e t t ’s a p p ro a c h  was t an t a m o u n t  t o  d e f i n i n g  th e  

c r i t i c a l  a p p ro a c h  d i s t a n c e  , as  be in g  d i r e c t l y  p r o p o r t i o n a l  t o  u , t h e  

r o o t - m e a n - s q u a r 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  in  one d im ens io n  o f  t h e  

a toms b o r d e r i n g  the  c h a n n e l ,  and t o  s e t t i n g  >.  ̂ p r o p o r t i o n a l  t o  t h e  

r e s u l t ' ng v a l u e  o f  . ^ . The two p r o p o r t i o n a l i t y  c o n s t a n t s  were used  

a s  t h e  a d j u s t a b l e  p a r a m e t e r s :

P = mu i c 1

T hus  B a r r e t t ' s  e x p r e s s i o n s  ;> ■:
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F o r  axes:

^  = k ^RS(mui / a Tp) ^

= % FRd

2Z.Z e 2

Ld
( 2 .7 )

Fo r  p l a n e s :

= k Fp s (nu i / a TF , d / a TF) ^

( )
'  TF IF'

(2 .8 )

The op tin.urn v a l u e s  which  B a r r e t t  i s s i g n c d  to  k and m a rc  l i s t e d  in  

Table 2 . 1 .

TABU. 2.1

C ha nne l s Dependence F i t t e d k in

Axes

(Eqn 2 .7 )

Te m pera tu re 0 . 8 3 1 .2

Ion and e n e rg y 0 . 8 0 1.2

P l a n e s  

(Eqn 2 .8 )

T e m p era tu re 0 .7 6 1 .6

Ion and e n e rg y 0 .7 2 1 .6



2 . 2 . 4  Ot her  Tl i corc t i c . i l  Tr e . i t mt rits

Using t h e  h a l f w a y - p l a n e  model o f  a x i a l  c h a n n e l l i n g ,  L indha rd  

[ h i 65] c o n s i d e r e d  t h e  e x a c t n e s s  o f  t h e  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 ,

V a r e l a s  and Sizmann [Var"2]  showed t h a t  t h e  a n a l y s e s  o f  s c \  r a l  o t h e r

w o r k e r s  c o u ld  he s u r  a r i  ed by in i l a r  fo rm u la e  wi th  t h e  f a c t o r  \

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

t h e  d e g r e e  o f  accin  icy wi th  which Iy  was r e q u i r e d  t o  be c o n s e r v e d .

'

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

d i f f e r e n t  c o n d i t i o n  , and t h e r e I y  t o  d e t e r m i n e  c r i t i c a l  a pproach  d i s t a n c e s  

P c and c r i t i c a l  a n g l e s  . _ f o r  a p p l i c a b i l i t y  o f  t h e  con t inuum m o d e l . They 

weio a b l e  t o  e x t e n d  t h e i r  c a l c u l a t i o n s  t o  rows w i th  n o n - u n i f o r m  s p a c i n g  

and n i x e d  a t o n i c  s p e c i e s  by t h e  u se  o f  s u i t a b l e  combined pa ra :  e t e r s , 

o b t a i n i n g  s l i g h t  d i f f v r v n c e  from r e s u l t  s u: ing s im p le  a v e r a g e s  o f  d ,

T h e i r  r e s u l t  f o r  p and . as  u n i v e r s a l  f u n c t i o n s  o f  a r educ e dc c

e n e r g y  p a r  v o t e r  a r e  p r e v e n t e d  g r a p h i c a l l y  i n  Var72 , t o g e t h e r  with a 

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

be tw een  c a l c u l a t e d  v a l u e  o f  .  ̂ and a l a r g e  v a r i e t y  o f  e x p e r i m e n t a l

4>c ' s  a r e  m u l t i p l i e d  by t h e  B a r r e t t  f a c t o r  k ( § 2 . 2 . 3 ) ,  r e g a r d i n g  t h i s  as

and c o n c lu d e d  t h a t  I.r i s  c l o s e l y  c o n s e r v e d  i f

c

Z0 , e t c .

v a l u e s  o f  i s  shown to  he f a i r l y  good. I t  becomes much b e t t e r  i f  t h e

a g e n e r a l  l y - a p p  l i v a b l e  c o n v e r s i o n  f a c t o r  be tween  , and 4
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Morgan and Van V l i c t  have  p u b l i s h e d  a s e r i e s  o f  p a p e r s  ( f o r  

exam p le ,  Mo70) b a s e d  on c om pute r  s i m u l a t i o n s  o f  p r o t o n s  c h a n n e l l i n g  in 

c o p p e r ,  w i t h  t h e  r e s u l t s  i n t e r p r e t e d  in  te rms  o f  t h e  con t inuum model ,  

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

t h e  c o n s e r v a t i o n  o f  f j  in a x i a l  c h a n n e l l i n g  i t h e  form

th e y  found t h a t  a good a p p r o x i m a t e  o l u t i o n  f o r  t h e  minimum a pproach  

d i s t a n c e  . ^ ( i n  a S t . . t i c  l a t t i c e )  w;

Pc /aTF = ( 2 / 5 ) A (1 - /a /19  + a/700)

i n  t e r m s  o f  t h e  d i i . c n s i o n l e -  ; i r  m e t e r

The s a r e  p r o c e d u r e  c ou ld  be used  f  r  s t a t i c  p l a n e s  w i t h  d r e p l a c e d  by 

an e f f e c t i v e  v a l u e  d . I' .mpiri ca l  exp r e s  ions  ve r e  g iven  in Mo"! f o r  

ad d in g  t h e  e f f e c t :  o f  t h e r m a l  v i b r a t i o n  to  t v liich c o u ld  t h e n  he 

i n s e r t e d  in  t h e  con t inuum  p o t e n t i a l  t o  y i e l d  c r i t i c a l  a n g le s  . ^ .

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

term whose ai gunen t  depend'  i n w r  e l y  on I ; ‘o r  p r o t o n  on d i a r .  nd i t  

becomes <1,  and c f < 0 ,  f o r  I 168 k c V . T h i s  i s  w e l l  below t h e  e n e r g i e s  

o f  t h e  p r e s e n t  i n v e  t i g a t  i o n , and p r e c l u d e d  any compar ison  w i t h  t h e  

p l a n a r  d a t a .  A com p a r i s o n  o f  a x i a l  r c v a l u e s  w i th  t h o s e  c a l c u l a t e d  by 

t h e  methods o f  B a r r e t t  and o f  V a r e l a s  and Sizmann i n d i c a t e d  t h a t  f o r

a
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a x e s , t o o ,  Morgan and Van V l i e t ' s  a p p r o x i m a t i o n s  a r c  r a t h e r  f a r  from 

t h e i r  r e g i o n  o f  v a l i d i t y  i f  a p p l i e d  t o  diamond.

2 . 3  MINI’UIM Vn.MXS

2 . 3 . 1  The P r e d i c t i o n ;

The y i e l d  o f  c l o s e - e n c o u n t e r  n u c l e a r  p r o c e s s e s  n e v e r  f a l l s  t o

z e r o  a t  t h e  b o t to m  o f  -i c h a n n e l l i n g  d i p ;  i t s  minimum v a l u e ,  n o r m a l i s e d

t o  t h a t  f o r  a non-ch  innel  led  ! eai . i s  d e n o te d  l v , . The l e a s t  v a lu emin

o f  x • i and t h e  one most e n s i l v  c o n s i d e r e d  t h e o r e t i c a l l y ,  is  t h a t  f o r  Amin J

i o n s  which h a v e  i n t e r a c t e d  j u s t  u n d v r  t h e  c ry  t a l  s u r f a c e ,  where 

d e c h a n n e l l i n g  h a s  no t  y e t  become i r p o r t a n t .

L in d h a rd  [1 :6 5 ]  p o i n t e :  ou t  t h a t  in t h e  con t inuum a p p r o x i m a t i o n ,  

t h e  y i e l d  due t t h e ’" i l  v i l  r a t  ncvvt  x in Is}-. , and t h a t  i t s  m i n i m  

v a l u e  ( f o r  a beam i n c i d e n t  p i r a l l c l  t o  a x i a l  c h a n n e l s )  i s

X, e \d%U-

where  u, i s  t h e  R.*!1' t h e r m a l  v i b r a t i i ' t  r; l i t u d e  in two d i m e n s io n s ,  

u , = / 2  u . . T h i s  g i v e s  a f i r s t  e s t  i r  a t e  f o r  >rij n -

A second  e s t i m a t e  was o b t a i n e d  by c o n s i d e r i n g  th e  d i v i s i o n  c f  a 

beam i n t o  a l i g n e d  and random p a r t s  on p a s s i n g  th rough  t h e  c r y s t a l  

s u r f a c e .  I f  t h e  random beam c o n s i s t s  o f  i o n s  which p a s s e d  w i t h i n  ^  

o f  t h e  s t r i n g s  and were dt f l e e t e d  by a n g le s  , t h i s  l e a d s  t o  a second 

c o n t r i b u t i o n  t o  >n n n :

X2 = Nydna^p



L i n d h a r d  r e g a r d e d  > a s  a  m o r e  t e n t a t i v e  p r o p o s a l  t h a n  x L •

P o s s i b l e  amorphous l a y e r s  on t h e  s u r f a c e  o f  t l ic c r y s t a l  might  

s c a t t e r  t h e  beam s u f f i c i e n t l y  t o  add a t h i r d  c o n t r i b u t i o n ,  x -• 

L i n d h a r d ' s  e s t i m a t e  f o r  x i s  g i v e n  in  the  form used  by B a r r e t t  as 

Eqn 2 .1 3 .

Thus t h e  o v e r a l l  e s t i m a t e  f o r  , becomiAnun

v . = Y + % + Y
'm m  ' l  2  3

Nyd-u;  + Nydira^p ♦ x 3 ( 2 .9 )

T h i s  fo rm u la  i s  n o t  obeyed  v e ry  w e l l  ( i t  may be compared w i th  t h e  

more a c c u r a t e  Eqn 2 . 1 0 ) .  I t  p r e d i c t s  x ~ tX-. f o r  many s u b s t a n c e s , so 

t h a t  x. was o f t e n  n e g l e c t e d  i n  e x p e r i m e n t a l  c o m p a r i s o n s ,  and 

d i s c r e p a n c i e s  b 1 ; r  -d on x •

L i n d h a r d ' s p r e d i c t i o n  f o r  p l a n a r  minimum y i e l d s  was t h e  

g e o m e t r i c a l  f a c t o r  a n a l a g o u s  t o  x f o r  a x e s :

*min ~ Z"TF/dp ( 2 ' * ' )

Both Lqn 2 . 9  and F.qn 2 . 9 '  g e n e r a l l y  p roduce  u n d e r e s t  in t c s  o f  t h e  measured

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

e v i d e n t  t h a t  L indhard  d i d  no t  e x p e c t  them t o  be a c c u r a t e .

2 . 3 . . '  The Expi

B a r r e t t ' s  Monte C a r l o  c a l c u l a t i o n  t e c h n i q u e  [Bar™1] was a b l e  t o
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show t h a t  a s im p l e  g e o m e t r i c a l  i n t e r p r e t a t i o n  o f  t h e  minimum y i e l d  i s  

u n t e n a b l e  ( s e c  5 9 .4 .2  f o r  an e x p l a n a t i o n ) .  B a r r e t t  f i t t e d  t h e  f o l l o w i n g  

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

Xmin = Nvdir(Cu2 + C ' a ^ F) /  1 + ; " 2 + Xg ( 2 .1 0 )

The c o e f f i c i e n t s  C and C  a r e  f u n c t i o n s  o f  beam d i v e r g e n c e ,  bu t  app roa c h  

c o n s t a n t  v a l u e s  i f  t h i s  i s  s m a l l .  The b e s t - f i t  v a l u e s  were found t o  be

C = 3 . 0  > 0 . 2  C  = 0 . 2  ± 0 .1

The s q u a r e - r o o t  f a c t o r  t a k e s  a c c o u n t  o f  t h e  f a c t  t h a t  t h e  e f f e c t i v e  

number o f  s u r f a c e  l a y e r s  ' s e e n '  by t i n  beam i s  g r e a t e r  t h i n  o n e , and 

i n c r e a s e s  (weakly)  w i t h  e n e r g y ;

2 .2u
;  =    ( 2 . i i )

was found  t o  p r o v i d e  a good f i t .  TTie e f f e c t  i xa number o f  s u r f a c e  l a y e r s  

i n  t h i s  model is

L = / l  + r  ( 2 .1 2 )

Here  t h e  s p a c i n g  o f  t h e  l a y e r s  i s  t h e  same as  t h e  s t r i n g  s p a c i n g  f o r  

t h e  a x i s  c o n c e r n e d .

Amorphous l a y e r  , how ever ,  c o n t r i b u t e  d i r e c t l y  t o  >^ :

x 3
r  z i z i e ? i

= Z n . Nyd m I - - - - - - - - - - I ( 2 . 1 3 )
i  L f v ,  J

where n . i s  t h e  number o f  l a y e r s  w i t h  a to m ic  number I . ,  and t h e  s p a c i n g
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o f  t h e  l a y e r s  i s  t o  be t a k e n  e q u a l  t o  t h e  s t i i n g  s p a c i n g  d.  (T h i s  i s  

a much l a r g e r  v a l u e  t h a n  a s p a c i n g  c a l c u l a t e d  from t h e  l a y e r  d e n s i t y ,  

e s p e c i a l l y  f o r  h i g h e r - o r d e r  a x e s . )

An e x p r e s s i o n  s i m i l a i  t o  F.qn 2 . 1 0  has  been d e r i v e d  from I . i n d h a r d ' s  

h a l f w a y - p l a n e  model by i n c l u d i n  t h e  e f f e c t  - o f  n e i g h b o u r i n g  rows 

[Kb73] . Comparisons o f  t h e  t e m p e r a t u r e  dependence  o f   ̂ w i th  F.qn 2 . 1 0 ,  

f o r  p r o i . ons and d c u t e r o n s  b a c k s e a t t e r e d  from s i l i c o n  and germanium 

[Kom71], have c o n f i r m e d  t h a t  C 3 . 0  and C 1 'v 0 .

B a r r e t t  d i d  no t  d e t e r m i n e  a g e n e r a l  e x p r e s s i o n  t o  g iv e  xr 1 n f o r  

p l a n a r  c h a n n e l l i n g ,  b u t  he  p e r :  e r r  d ,o;:e Mcnte C a r l o  c a l c u l a t i o n s  f o r  

p r o t o n s  on t u n g s t e n  • h i c h  shew d a l i n e a r  r e l a t i o n s h i p  be tween  > . 

and u, . I f  by a n a l o g y  w i t h  on 2 . 9 '  and 2 . 1 0  ( n e g l e c t i n g  s u r f a c e  

e f f e c t s )  one assu i  l a r e l a t i o n s h i p  o f  t h e  form

*min '  2 /dp ( Bu, * B,aTF’

t h e n  one can e x t r a c t  v a l u e s  > 1 :nd B* f r . I  a r r e t t  ' s  grapl

B = 2 .2  B' = 0 .6

It ' t h c r  t h e y  l i c a b l e  t o  ot t a n c e s

2 . 3 . 3  O t h e r  Throi  i e

Morgan and Van V l i e t  [Mo70, Mo7 1 J s u g g e s t e d  u s i n g  t h e i r  c r i t i c a l  

a p p ro a c h  d i s t a n c e  f o r  s t a b l e  c h a n n e l l i n g  >^ , d e t e r m i n e d  i n  t h e  manner 

i n d i c a t e d  in  5 2 . 2 . 1 ,  in a s im p le  g e o m e t r i c a l  fo rm u la  ana lo g o u s  t o  

Kqn 2 . 9 ' :
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B a r r e t t  [ B a r _ l ]  showed t h a t  i f  one u s e d  a g e o m e t r i c a l  i n t e r p r e t a t i o n ,  

t h e  p a r a m e t e r  p^ o c c u r r i n g  in  t h e  minimum y i e l d  was n o t  e x a c t l y  equa l  t o  

t h e  f>c d e t e r m i n i n g  th e  c r i t i c a l  a n g le  . A compar ison  w i t h  Morgan and 

Van V l i e t ' s  p r e d i c t i o n  c o u ld  no t  he made f o r  diamond p l a n e s  b e c a u s e  o f  

t h e  breakdown o f  t h e i r  app ro x im a t io n : '  ( s e e  5 2 . 2 . 1 ) .

2 . 3 . 4

I t  was m e n t ione d  in S e c t i o n  1.2  t h a t  diamond has  e x c e p t i o n a l l y  

sm a l l  t h e r m a l  v i b r a t i o n s  a t  room t e m p e r a t u r e  (and t h e r e f o r e  p r o v i d e s  an 

i n t e r e s t i n g  m a t r i x  f o r  channe l  1 in s t u d i e s )  . I b i s  s t a t e m e n t  needs 

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

t u d e  Uj ( c a l c u l a t e d  by tb.e Debye t h e o r y )  i s  q u i t e  a p p r e c i a b l e ,  about  

h a l f  t h a t  o f  a t y p i c a l  m e ta l  such as  c o p p e r  (Tab le  2 . 2 ) .  The same

TABU

Some Pro] i o o f  P i nr >nd :md a Ty; i ca l  Me t . il

uj (A) n 300K a (A) aTF U1/ a TF

Di amond 0 .044 3 .5 6 7 0 .258 0 .1 7

Copper 0 .084 3 .615 0 .152 0 .55
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comment a p p l i e s  to  r e l a t i v e  t o  tlie l a t t i c e  c o n s t a n t ,  a ,  which ha s  

a s i m i l a r  m agn i tude  f o r  diamond and most  c u b ic  m e t a l s .

I t  can be seen  from Hqn 2 .1 0  t h a t  what i s  i m p o r t a n t  f o r  

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

t h e  a to m ic  p o t e n t i a l  as  m easured  by t h e  Thomas-Fern i  s c r e e n i n g  d i s t a n c e  

. Diamond has  one  o f  t h e  l a r g e s t  v a l u e s  o f  ( s e e  T a b l e  2 . 2 )  

owing t o  i t s  i n v e r s e  cube r o o t  de pendence  on Z. (Tqns 2 . 2 ) .  In 

Bqn 2 . 1 0 ,  C ^ C ,  r o  t h a *  in most  s u b s t a n c e :  a t  o r d i n a r y  t e m p e r a t u r e s ,  

where u (and  t h e r e f o r e  u -) i s  t y p i c a l l y  ( s e e  Ge74, p 2 1 7 ) ,  t h e

t h e r r . i l  t e r m  (x , )  { r e d c v i n a t c  re a t  l y  o v e r  x . In f a c t  B a r r e t t  

s u g g e s t e d  t a k i n g

C = 3 . 0  ± 0 . 3  C  ~ 0

In diamond u. ^  3j j  and Rqn 2 . 1 0  p r e d i c t s  t h a t  >, and x2 w i l l  be about  

e q u a l .  So th e  m a gn i tude  o f  C  can be a s s e s s e d  more p r e c i s e l y  t h a n  has

h i t h e r t o  been  p o s s i b l e .  I t  i s  : i lso o f  i n t e r e s t  t o  s e e  w h e t h e r  t h e  above

v a l u e  o f  C s t i l l  h o l d  in t h e  e x t r em e  c a s e  o f  diamond.

The sm a l l  v a l u e  o f  u^ r e l a t i v e  t o  a ^  a l s o  has  i n t e r e s t i n g

i m p l i c a t i o n s  c o n c e r n i n g  c r i t i c a l  a n v l e s .  1 i n d h a r d  [I . i65]  o r i g i n a l l y

p r o p o s e d  t h a t  c h a n n e l l i n g  wa- gove rned  by a c i i t i c a l  app roa c h  d i s t a n c e

t o  rows o r  p l a n e s ,  r ( 5 2 . 2 . 1 ) ,  b u t  t h e  s p i r i t  o f  B a r r e t t ' s  work

[Bar71]  i n d i c a t e s  t h a t  . ( 5 2 . 2 . 3 ) .  Tlie t< .m pera tu re  dependence  o f

c r i t i c a l  a n g l e s  s u p ; o r t  t h e  l a t t e r ,  b i t  t h e  q u e s t i o n  c a n n o t  be r e s o l v e d

d i r e c t l y  b e c au s e  a..... ^  u f o r  most s u b s t a n c e s .  In diamond t h e  e v i d e n c e1 i' 1

i s  u n e q u i v o c a l  b e c a u s e  o f  t h e  l a r g e  d i f f e r e n c e  be tween  Uj and a^.p.
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2 . 4 . ]  I d e n t i f i c a t i o n  oi S u r f . i c c  I a v e r s

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

io n  E . . i s  r e l a t e d  t o  i t s  i n c i d e n t  e n e r g y  P.. by s c a t t  '  i n c  z

Es c = , t / E i n c  ‘  K2

= [(Mj COS'j + ^  - M ' s i n r + M . ) ] r ( 2 . 1 4 a )

where M = mass number o f  i n c i d e n t  ion 

= mass number o f  s c a t t c r e r  it

6^ = s c a t t e r i n g  a n g l e  in  l a b o r a t o r y  c o - o r d i n a t e s ,

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

M , i s  a n a l > C t e r i n g ,  d i f f e r e n t
.

o b s e r v e d  e n a b l e  i d e n t i f i c a t i o n  o f  the  i t o r i c  s p e c i e s  p r e s e n t .  For  t h i s  

p u r p o s e  Hqn 2 . 1 4 a  may be  r e a r r a n g e d  t o  r e a d

M„ = M, (c - 2 / c cosh, + 1 ) / ( 1  - c) (2 .14b )£ 1 Lj

‘■h c r e  c ■ n Sc a t t / n i „ c '

By di  f  f e r e n t  i a t  in I (n 2 . 1 4 a  w i t h  re  p o e t  t o  M , t h e  c o n d i t i o n  

f o r  optimum e n e r g y  r e s o l u t i o n  be tween  a d j a u n t  ma ; -numbers  may be f o u n d . 

Fo r  t h e  p r e s e n t  work (C. 'v 180° o r  155*) t h i s  i r

Thus a - p a r t i c l e s  (M 4) a r e  a r e a s o n a b l e  c h o i c e  f o r  a n a l y s i n g  i m p u r i t y  

l a y e r s  wi th  s i m i l a r  mass -number t o  c a rb o n  (M 12) .
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2 . 4 . 2  Q u a n t iT y in g  S u r U u c  I,timm-s

The number o f  a t o n s  p e r  u n i t  a r e a  i n  a s u r f a c e  l a y e r  may be 

d e t e r m i n e d  by com par ing t i e  number o f  c o u n t s  in  i t s  peak in  t h e  

s c a t t e r e d  e n e rg y  s p e c t r u m ,  w i t h  t h e  number o f  cou n t s  p e r  u n i t  d e p th  due 

t o  s c a t t e r i n g  b' t h e  s u b s t r a t e  ( o f  known d e n s i t y )  . Al lowance must  be 

made f o r  t h e  q u a d r a t i c  d ependence  o f  t h e  b u t h e r f o r d  s c a t t e r i n g  c r o s s -  

s e c t i o n  on a tom ic  number ,  so  t h a t  t h e  a to m ic  s p e c i e s  must f i r s t  be 

d e t e r m i n e d  a s  in  5 2 . 4 . 1 .  The method o f  a n a l y s i s  i s  d e v e lo p e d  i n ,  f o r  

exam p le ,  Mcy“0 .  The r e s u l t  f o r  diamond i s

where P = c o u n t s  i n  s u r f a c e - l a y e r  peak

AS = c o u r t s  p e r  c h a n n e l  i n  s u b s t r a t e  sp e c t ru m

Af  ̂ = e n e r g y  w id th  p e r  c h a n n e l  o f  s p e c t r u m

= e n e r g y  t o  d e p t h  c o n v e r s i o n  f a c t o r
'2

= a to m ic  number o f  c a rbon

7.. -  a tom ic  number o f  i - t h  l o v e ri

= d e n s i t y  o f  diamond 

N* = A v o g a d r o ’s number 

Mj.. = mass number o f  c a rbon

T h i s  may be c o n v e r t e d  i n t o  'number  o f  m o n o la y e r s '  p r o v i d e d  a 

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

c a s e s  seems t o  be
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( m o n o l jy c r )  = 2 x 101 r> a toms cm 2

2 , 4 . 3  Energy  t o  Depth C o n v e r s io n

For  an e x t e n d e d  s o l i d  r a t h e r  t h a n  a l a y e r ,  most i o n s  p e n e t r a t e  

b e f o r e  s c a t t e r i n g ,  l o s i n g  e n e rg y  by i o n i s i n g  and e x c i t i n g  th e  t a r g e t  

a toms on b o t h  t h e  inward  and ou tward  j o u r n e y s ,  and b e i n g  d e t e c t e d  a t  

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

i n c r e a s e s .  The r e s u l t i n g  e n e r g y  s p e c t r u m  t h u s  c o n t a i n s  dep th  in fo rm a t io n ,  

and may be  c o n v e r t e d  t o  a ' d e p t h  s p e c t r u m '  p r o v i d e d  t h e  form o f  t h e  

e n e r g y - d e p t h  r e l a t i o n  can b e  a p p ro x im a te d ,  line geomet ry  i s  i l l u s t r a t e d  

i n  F i g u r e  2 . 1 ;  t h e  r e l a t i o n  be tween  emergen t  e n e rg y  I. ( : )  and 

s c a t t e r i n g  d e p t h  :  ( n v a s . r e d  a lo n g  th e  beai t r a j e c t o r y )  i s  o f  t h e  form

= K: [F - AT ( 0 * z ) ) - At: ( :  cos  y  cose  *0) (2 .16 )

where  t h e  ! ' s  a r e  t h e  e n e r  > 1 ilon;. t h e  p a t h s  i n d i c a t e d ,  and a rc

f u n c t i o n s  o f  e n e r g y .

I t  i s  u s u a l  t o  e v a l u a t e  Fqn 2 .1 6  by t h e  method o f  Htfgh [Bo6S,

B o 6 9 ] . In t h e  p r e s e n t  work ,  t h e  a p p ro x im a te  r e l a t i o n  be tw een  r a n g e  R

and e n e rg y  I g i v e n  t v  Z a i d i n s  [ Z a " 4 ] ha s  been  u s e d :

0 .5 8 5  I

C[1 - e x p ( - 3 / 7  .1 ) ]

The b e s t - f i t  v a lu e :  o f  C and have been  t a b u l a t e d  by t h i s  a u t h o r  f o r  

v a r i o u s  p r o j e c t i l e s  and t a r g e t - ; f o r  p r o t o n s  on diamond th e y  a r e

C * 0 .0 8 0 2 6  a  = 8 .9

!
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guro

c r y s t a l  
s u r f a c e

beam

E n e r g y  = E

z cos  0 
c os  CT

V s u r f ace  
s c a t t e r e o

d eep
s c a t t e r e d

n

Scat t e r ing  Energy  Ep ( z )

. i : Schemat i  d iag ra m  showiit}: r e l a t i o n s h i p  be tw een  beam 
p e n e t r a t i o n  and back s c a t t e r e d  e n e rg y  s p e c t r u m  ( a f t e r  
B068) .



3 6 .

when E i s  in  MeV and z i s  in  urn.

ITie mode o f  u se  o f  Eqn J . 1 7  was t h a t  s u g g e s t e d  i n  Za74 . I f  an 

i o n  w i t h  i n i t i a l  e n e rg y  1 s lows  down t o  an e n e rg y  E, in p a s s i n g  t h ro u g h  

a t h i c k n e s s  z o f  a s o l i d ,  t h e n  t h e  i n i t i a l  r ange  R(I ) i s  r e l a t e d  t o  t h e  

r e s i d u a l  r an g e  R(l '^ ) by t h e  e q u a t i o n

R(1 o) » R(Ei ) * 2 ( 2 .1 7 b )

For  g i v e n  i n p u t  p a r a m e t e r s  ! and z , t h i s  e q u a t i o n  may be s o l v e d  f o r  

Ej w i t h  t h e  a i d  o f  Eqn 2 . 1 “ a ,  u s i n g  t h e  Newton-Raphson method t o  d e r i v e  

Fj f rom R(E, ) .

A f t e r  s c a t t e r i n g  at d e p th  z , t h e  e n e r g y  i s  F^E^ , and t h i s  i s  t h e  

' i n i t i a l  e n e r g y ' f o r  t h e  ou t  g r i n |  p a t h  (which has  a l e n g t h  z cos 1 ^/cosC 

a c c o r d i n g  t o  f i g u r e  2 . 1 ) .  A s e c o n d  a p p l i c a t i o n  o f  Eqns 2 .1 7 a  and 2 .1 7 b  

y i e l d s  t h e  e x i t  e n e rg y  E. . (Tlie p r o c e d u r e  i s  e q u i v a l e n t  t o  d e t e r m i n i n g  

t h e  v a l u e s  o f  2.E f o r  t h e  i n g o i n g  and o u t g o i n g  p a t h s  i n  Eqn 2 . 1 6 . )  In 

t h i s  way, f o r  a s e r i e s  o f  d e p th s  z ,  a s e r i e s  o f  d e t e c t e d  e n e r g i e s  E, 

was d e t e r m i n e d ,  and t h e  c a t t e r e d  p a r t i c l e  sp e c t ru m  d i v i d e d  up i n t o  a 

s e r i e s  o f  e n e rg y  s t e p s ;  t h e  z - s t c p s  were o f  e q u a l  s i z e  r e s u l t i n g  in 

une qua l  1 - s t e p s .  The i n t e g r a t e d  s p e c t r a l  coun t  i n  e a ch  e n e rg y  i n t e r v a l  

was a s s i g n e d  t o  t h e  c o r r e s p o n d i n g  v a l u e  o f  z.  The d c p t h - c e n v c r s i o n  

p r o c e d u r e  was c a r r i e d  o u t  by com pute r  as p a r t  o f  t h e  programme QIANSPEC 

fFca77b ]  r e f e r r e d  t o  in  § 7 , 2 . 3 .



2 . 5  RADIATION PA M A H r 1 XTl'ACI ] 0 :L

2 . 5 . 1  Genera  1

The p r i n c i p l e  o f  t h e  method by which c r y s t a l  damage p r o f i l e s  may 

be  e x t r a c t e d  f rom c h a n n e l l i n g  meas u r emen t s  was f i r s t  o u t l i n e d  by I'figh 

[ Bo 6 8 ] . B«<gh made a p p r o x i m a t i o n s  a p p r o p r i a t e  t o  a s h a l l o w ,  t h i n  l a y e r ,  

name l y  a c o n s t a n t  s t o p p i n g - p o w e r  and n e g l i g i b l e  dechanne l  1 ing f o r  i ons  

t r a v e r s i n g  t he  l a y e r .  Hie t h e o r y  h a s  been  expanded by  many o t h e r  

w o r k e r s  ( n o t a b l y  Z i e g l e r  f Zi7_’a ] ,  Schmid [ S c 7 3 ] ,  and Walker  e t  a l  

[Wal77] f o r  a p p l i c a t i o n  t o  d e e p e r  damage l a y e r s  and t o  i n c l u d e  r e a s o n a b l e  

model s  o f  t h e  do c ha nne l  l i n g .  Tl iere seems t o  be no s h o r t a g e  o f  c o n f u s i o n  

i n  many o f  t h e  t r e a t m e n t  a s  t o  what  each  s t e p  i n  t h e  a n a l y s i s  i s  do i n g .

Bfigh o r i g i n a l l y  a p p l i e d  h i s  a n a l y s i s  t o  amorphous s u r f a c e  oxi de

l a y e r s ;  Qudre [Qu*(>] has  ei p h a s i s e d  t h a t  i t  i s  on l y  i n  t h e  c a s e  o f

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

■ • ■ •

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

e q u a t i o n s  t a l c s  t h e  f o r r  o f  a ' r e l a t i v e  number  o f  d i s o r d e r e d  a t o m s ' ,  i t  

may n o t  be  q u a n t i t a t i v e l y  i n t e r p r e t e d  a s  s u c h .  R a t h e r ,  i t  r e p r e s e n t s

t h e  ' d e g r e e  o f  d i ? o r d e r '  exp re sod in a r b i t r a r y  u n i t s .

The maj or  p r ob l e m in e x t r a c t i n g ,  damage p r o f i l e s  i s  t o  f i n d  an 

a p p r o p r i a t e  model  f o r  t h e  d e c h a n n e 11i ng  due t o  t he  damage,  which e n t e r s  

i n t o  t h e  c a l c u l a t i o n s  as  shown in 5 2 . 5 . 2 .  Most c a l c u l a t i o n s  have  assumed 

d e c h a n n e 1 l i n g  e i t h e r  by a s i n g l e  s c a t t e r i n g  even t  (which u n d e r e s t i m a t e s  

t h e  d e c h a n n e ] l i n g )  o r  by m u l t i p l e  s c a t t e r i n g  (which o v e r e s t i m a t e s  i t ) ;  

s c a t t e r i n g  by a s ma l l  number  o f  e v e n t s , known as p l u r a l  s c a t t e r i n g ,  has



some t i mes  be e n  u s e d ,  and i s  e v i d e n t l y  t h e  most  a p p r o p r i a t e  m o d e l , h u t  

t h e  a n a l y s i s  i s  more c o m p l i c a t e d .  Hicj ’. l e r  (Zi 72a]  and Walker  e t  a l  

[Wal77] luive shown t h a t  t h e  e x t r a c t e d  damage p r o f i l e s  a r c  r a t h e r  

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

a d j u s t a b l e  p a r a m e t e r  i s  used  t o  f o r c e  t h e  e x t r a c t e d  damage t o  z e r o  a t  

d e p t h s  beyor d t h o s e  where  t h e  damage 1 is o c c u r r e d .  Wi t hou t  t h i s  

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

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

s c a t t e r i n g  i s  u s e d .

2 . 5  2 Method

The a pp r o a c h  t a k e n  h e r e  i s  b a s ed  most  c l o s e l y  on t h a t  o f  Z i e g l e r  

[Zi 72a]  and Schmid [Sc75]  . A backsc . i t  t e r e d  s pe c t r um f o r  i o n s  c h a n n e l l e d  

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

i n  F i g u r e  2 . 2 ;  such s j e c t ’ i . i re a s c r i b e d  more f u l l y  in S 1 0 . 3 . 1 .  The 

o r d i n a t e  i s  assumed h e r e  t o  ha ve  been n o r m a l i s e d  t o  t he  random y i e l d  

( 5 7 . 2 . 2 ) ,  and t h e  a b s c i s s a  t o  have  been c o n v e r t e d  from an e n e r g y  t o  a 

d e p t h  s c a l e  ( § 2 . 4 . . '  and 7 . 2 . 1 ) .  The peak  in t h e  y i e l d  r e s u l t s  from 

i o n s  b a c k s c a t t e r e d  in  t h e  damage l a y e r ,  and i s  due bo t h  t o  i ons  de c han-  

n e l l e d  i n t o  t h e  randoi  beai and t he n  b a c k s c a t t e r e d  by normal  i n t e r a c t i o n s  

w i t h  t he  c r y  f I . and t o  c h a n n e l l e d  i ons  back s c a t t e r e d  d i r e c t l y  by 

d i s p l a c e d  at< . The two c o n t r i b u t i o n s  a r e  a s s u r e d  t o  be a J d i H v e  (an

a p p r o x i m a t i o n ) ,  so one can w r i t e  f o r  t h e  damaged c r y s t a l  y i e l d  > j ( " )  as 

a f u n c t i o n  o f  t h e  d e p t h  z:

Xd ( z )  = f ( z )  + g ( z )  ( 2 . 1 8 )

l l ie f r a c t i o n  o f  ioir- which i s  in t h e  random beam i s
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I

g ( z )

f ( z )
X o ( Z J

DEPTH z

F i gure  2 . 2 : Schcm.it i c d i ag r a m  -hovving q u a n t i t i e s  i n v o l v e d  in e x t r a c t i n g
damage p r o f i l e s  from c h a n n e l l e d  s p e c t r a :

— 1 damaged1 s p e c t r u m  f de p t h  c o n v e r t e d )  Xj f z )

 d c c h a n n c l l i n g  f u n c t i o n  f ( z )

  ' unda ma ge d ' s p e c t r u m
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f ( z )  = Xp (z)  + F(z) ( 2 . 19 )

wher e  x .̂ (=) i s  t h e  d e c h a n n e l  l e d  f r a c t i o n  which would o c c u r  even i n  a 

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

c r y s t a l  measuret .  a t  t h e  same d e p t h ; F(z)  i s  t h e  f r a c t i o n  o f  i ons  

whi ch  has  been d e c h a n n e l  l e d  by t he  damage.

The f r a c t i o n  o f  i ons  whi ch  i s  b a c l . s c a t t ^ r c d  d i r e c t l y  out  o f  t h e  

c h a n n e l s  i s

where  [1 - f  ( : )  ] i s  t h e  f r a c t i o n  o f  t iie bean: which was s t i l l  c h a n n e l l e d ,  

and n(  = ) i s  a p a r a m e t e r  : e n s u r i n g  the  d i s o r d e r ;  in  t h e  s p e c i a l  case  

where  t h e  a toms a r c  r andc  1} d i s o r d e r e d  i t  i s  e qua l  t o  t h e i r  volume 

d e n s i t y  N^(z)  r e l a t i v e  t o  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 ,  

n ( z )  = N , f z ) / N y .  F lux  p e a k i n g  i s  h e r e  n e g l e c t e d  so n (z )  w i l l  be  some 

a v e r a g e  a c r o s s  t h e  ch a n n e l  s p a c e .

Z i e g l e r  [Zi 72a]  suggc t e d  s e t t i n g  t h e  d e c h a n n e l l e d  f r a c t i o n  F(z)  

p r o p o r t i o n a l  t o  t h e  c u m u l a t i v e  damage e n c o u n t e r e d  by  the  beam from t h e  

c r y s t a l  s u r f a c e  up t o  t h e  d e p th  z . Schmid [ S c 7 5 ] s u g g e s t e d  a p r o p o r t i o n ­

a l i t y  t o  t h e  c u m u l a t i v e  sum o f  g ( z )  and p o i n t e d  out  t h a t  t h i s  

( d c c h a n n e 11i ng  d i r e c t  back c a t t e r i n g )  i s  a r e s u l t  o f  t h e  s i n g l e  

s c a t t e r i n g  model .  Thus

g ( z )  = [1 - f ( z ) ] n ( z ) (2 . 20)

z
F( z )  = K I  g ( z ' )  

z ' = 0

( 2 . 21 )
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where  k i s  t o  be a d j u s t e d  t o  e n s u r e  t h a t  n ( 2 ) becomes z e r o  beyond t h e  

damage p e a k .

The f u n c t i o n s  f ( z )  and g ( z )  e a ch  depend on t h e  o t h e r ;  i f  t h e  

d e p t h  r a n g e  i s  d i v i d e d  up i n t o  s ma l l  i n c r e m e n t s , and t h e  v a l u e  o f  f ( z )  

i s  d e t e r m i n e d  from Dg( z) a c c u m u l a t e d  up t o  t h e  p r e v i o u s  dep th  i n t e r v a l , 

t h e n  t h e y  may be e v a l u a t e d  s t e p - w i s e  w i t h  r e s p e c t  t o  d e p t h . The use  

o f  c omput e r  i t e r a t i o n  t o  o p t i m i s e  < i s  d e s c r i b e d  in 5 1 0 . 5 . 1 .  In each  

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

x ,  ( 2 ) - f ( z )
n ( z )  = — ------------------ ( 2 . 22 )

1 - f ( z )

I t  may be i n t e g r a t e d  w i t h  r e s p e c t  t o  de p t h  t o  p r o v i d e  an i n d i c a t o r  o f  

t h e  t o t a l  damage in t h e  c r y s t a l .

I t  i s  g e n e r a l l y  n e c e s s a r y  to a pp l y  a c o r r e c t i o n  f o r  t h e  

d i f f e r e n t  e ne r gy  1 ). r a t  1 o f  c h a n n e l l e d  and n o n - ch a n n e l  l ed  i o n s , which 

l ea d  t o  t h e i r  h a v i n g  d i f f e r e n t  R u t h e r f o r d  c r o s s - s e c t  i ons  ( “ 1/E ) a t  t he  

same d e p t h . Th i s  was no t  n e c e s s a r y  f o r  t h e  p r e s e n t  work b e c a u s e  t h e  

two e n e r g y  l o s s  r a t e s  c o u l d  be t a k e n  as e q u a l ,  t o  a good a p p r o x i m a t i o n  

( § 7 . 2 . 1 )  .



C H A P T E R  3

M ’l ’A R A T U S  ANT) V l T n O D S

3 .  1 CENERM. CON'S I I ERATIONS

Any i on  c h a n n e l l i n g  e x p e r i me n t  has  two e s s e n t i a l  r e q u i r e m e n t s ,  

i n  a d d i t i o n  t o  t h e  r e q u i r e m e n t s  o f  a normal  s c a t t e r i n g  e x p e r i me n t  

( v i z . vacuum a p p a r a t u s ,  d e t e c t o r s , e t c ) :

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

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

t h e  i o n - t a r g e t  co b i n a t i o n s  t o  be i n v e s t i g a t e d .

i i )  a means o f  o r i e n t a t i n g  the  c r y s t a l  o v e r  t h e  e n t i r e  s o l i d  

a n g u l a r  r ange  o f  i n t e r e s t ,  wi th  an a n g u l a r  a c c u r a c y  s u b ­

s t a n t i a l l y  l e s s  t h a n  t he  e x p e c t e d  c r i t i c a l  a n g l e s .  Two 

p e r p e n d i c u l a r  r o t a t i o n  axes  a r c  t h e  minimum r e q u i r e m e n t  

f o r  any o r i e n t a t i o n  t o  be a t t a i n a b l e .

The f i r s t  r e q u i r e m e n t  i s  s a t i s f i e d  by p a s s i n g  t he  beam t h :  ugh a 

co l  1i ma t i o n  s ys t em h a v i n g  two s ma l l  a p e r t u r e s  s e p a r a t e d  by a l ong  

f 1i g h t - t u b c , so t h a t  o n l y  i on s  w i t h  l e s s  t ha n  t h e  r e q u i r e d  p a t h  

d i v e r g e n c e  a r c  t r a n s m i t t e d .  The s e cond  r e q u i r e m e n t  may be met by a 

s u i t a b l e  g o n i o m e t e r ,  which must  be c a p a b l e  o f  o p e r a t i n g  in  vacuum.

Two such  s e t \  o f  a p p a r a t u s  were u s e d ,  d e s c r i b e d  i n  S e c t i o n s  3.2 

and 3 . 3 .  The b a s i c  p r o c e d u r e s  f o r  o b t a i n i n g  c h a n n e l l i n g  d a t a  a r e



o u t l i n e d  i n  S e c t i o n  3 . 4 .

3. 2 GON10M1 ;'[TP MARK 1 .WI' AfCl SSQRTl S

3 . 2 . 1  Gon i ome t e r

A p p a r a t u s  f o r  t h e  p r e l i m i n a r y  c h a n n e l l i n g ,  e x p e r i m e n t s  o f  Phase I 

( s e e  S e c t i o n  1 . 4 )  was b u i l t  a round  a c o n v e n t i o n a l  X- ray  go n i o me t e r  

(Pye Uni cam 5 3 4 ) .  Th i s  h a s  two p e r p e n d i c u l a r  r o t a t i o n  axes  o f  ±30° 

r a n g e , w i t h  v e r n i e r  r e a d o u t  i.av i ag  a l e a s t  count  o f  1 0 1 o f  a r c  ( O . l - 0 ) .

A t h i r d  r o t a t i o n  x i s  f  360'  ’ nge was p r o v i d e d  by making tnc  e n t i r e  

g o n i o m e t e r  m o u n t i n g - p l u g  rc» y me,m s  o f  a worm-and-wheel  a r r a n g e m e n t . 

T h i s  c o u l d  be s e t  and r e a d  to  0 . 0 2 °  a l t h o u g h  t he  a c c u r a c y  vos  p r o b a b l y  

l e s s  o v e r  l ong d i s t a n c e s .

The U n i cam g o n i o m e te r  a l s o  has  * wo p e r p e n d i c u l a r  t r a n s l a t i o n  a x e s , 

which were s u p p l e m e n t e d  by a home-made t h i r d  a x i s  and used  f o r  c e n t r i n g  

t h e  t a r g e t  i n  t h e  beam.

The f o u r  movements p r o v i d e d  by t h e  m a n u f a c t u r e r  h e r e  o p e r a t e d  

ma n u a l l y  f rom o u t s i d e  t h e  vacuum v i a  f l e x i b l e  c a b l e s  r o t a t e d  by s h a f t s  

p a s s i n g  t h r o u g h  t h e  vacuum wa l l  by means o f  w e l l - l u b r i c a t e d  0 - r i n g  s e a l s .  

The a r r a n g e me n t  i s  shown i n  F i g u r e  3 . 1 .

A c l i p  was added t o  t he  g o n i o m e t e r  t o  a c c e p t  s t a n d a r d  mi c r oscope  

c o v e r - s  1 i{>s, which were  used  as  t a r g e t - h o l d e r s .  These  had a h o l e  e t c h e d  

i n  t h e  m i d d l e ,  o v e r  which t h e  s i l i c o n  o r  diamond sample was f i x e d  w i t h  

Api ezon  wax.  A t h i n  w i r e  was a t t a c h e d  f o r  me a s u r i n g  the t a r g e t  c u r r e n t .
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3 . 2  2 Beam- l i no  llrm l w a r p

The p l u g  c a r r y i n g  t h e  g o n i o me t e r  and d r i v e s  f i t t e d  i n t o  t h e  t op  

o f  a s c a t t e r i n g - c h a m b e r  which was s u b s t a n t i a l l y  t h e  one used  wi t h  t he  

s e c o n d  g o n i o m e t e r ,  and i s  d e s c r i b e d  t h e r e u n d e r  ( § 3 . 3 . 2 ) .

The b e a m - l i n e  k.is somewhat  l i f f e r e n t  t o  t h a t  s u b s e q u e n t l y  a d o p t e d , 

and i s  shown d i a g r a m m a t i c a l l y  in f i g u r e  3 . 2 .  The f ocus ed  beam from t he  

a c c e l c r  . o r  was c o l 1 i r a t e d  1y two v a r i a b l e  t a n t a l u m  c o l l i m a t o r s  p l a c e d  

2 . 0  m a p a r t , and t h e n  s t r u c k  a t h i n  ca rbon  o r  n i c k e l  f o i l .  Th i s  was used 

a f t e r  t h e  manner  o f  t h e  H a r w e l l / S u s s e x  g r oup ( s e e ,  f o r  exampl e ,  Deaf, ) 

t o  a t t e n u a t e  t h e  be*::; and a l s o  t o  s p r e a d  i t  (by e l e c t r o n  m u l t i p l e  

s c a t t e r i n g )  so  as t o  r ed u c e  t h e  s e n s i t i v i t y  o f  t h e  a l i gn me n t  t o  s l i g h t  

a c c i d e n t a l  s h i f t s  o f  t h e  b e a m - l i n e  component s .  A t h i r d  t a n t a l u m  

c o l l i m a t o r  2 . 0  m downs t roam,  a t  t h e  charrber  e n t r a n c e ,  s e r v e d  t o  d e f i n e  

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

d i a m e t e r  o f  t h e  be a m- s po t  on t h e  f o i l ) .  With a l l  t i n  'e a p e r t u r e s  s e t  a t  

1 mm i n  d i a m e t e r ,  t h e  h a l f - a n g l e  o f  d i v e r g e n c e  vas  0 . 0 2 9 ° .

A s ma l l  s u r f a c c - b a r r i e r  d e t e c t o r  was p l a c e d  to  coun t  p a r t i c l e s  

s c a t t e r e d  t h r o u g h  90° by t h e  f o i l ,  and s e r v e d  t o  normal i  <e t h e  r uns  t o  

a f i x e d  number  o f  p a r t i c l e s  i n c i d e n t  on t h e  c r y s t a l . T h i s  i n d i r e c t  

m o n i t o r i n g  a r r a nge me n t  wa no t  e n t i r e l y  s a t i s f a c t o r y  b e c a u s e  o f  

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

t h e  f o i l  was e v e n t u a l l y  d i s p e n s e d  wi t h .  The b e a m - c u r r e n t  on t he  t a r g e t  

was t hen  m o n i t o r e d  d i r e c t l y  u i ng  a c u r r e n t  i n t e g r a t o r .

A vacuum o f  ^  2 x 10 r t o r r  was m a i n t a i n e d  i n  t h e  b e a m - l i n e s  by
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two t r a p p e d  o i 1- v a p o u r  d i f f u s i o n  pumps . In an e f f o r t  t o  r educe  

c o n t a m i n a t i o n ,  a c o p p e r  c y l i n d e r  was p l a c e d  r ound t h e  t a r g e t  and 

a t t a c h e d  t o  a c o l d - f i n ;  t .

5 . 2 . 3  D e t e c t o r  and F l e e t r o n i c s

P a r t i c l e s  b a c k s c a t t e r e d  from t h e  t a r g e t  c r y s t a l  were  d e t e c t e d  by 

a 150 mm' a n n u l a r  s u r f a c e - h a r r i e r  d e t e c t o r ,  O r t e c  Model 150- 300 ,  t h r ough  

which t h e  i n c i d e n t  beam p a s s e d .  \  s p e c i a l  mask p r e v e n t e d  p a r t i c l e s  from 

b e i n g  d e t e c t e d  a t  t he  edges  o f  t h e  a c t i v e  a r e a ,  where r e s o l u t i o n  might  

be p o o r e r .  The e a s u r e d  r e s o l u t i o n  was 30* 2 1 eV (1 i.'HM) f o r  5 . 4 7 7  MeV 

a - p a r t  i c l c s , and t h e  s c a t t e r i n g  a n g l e  was 1~0 - 175*.  The d e t e c t o r  fed 

a s i m i l a r  e l e c t r o n i c  s e t - u p  t o  t h a t  d e s c r i b e d  in 5 3 . 3 . 3 .

3 . 2 . 4  A c c e l e r a t o r

Bears  o f  p r o t o n s  and s i n g l y - i o n i s e d  he l i um f o r  t h e  Phase  I 

e x p e r i m e n t s  were  o b t a i n e d  from t h e  N u c l e a r  P h y s i c s  Re s e a r c h  U n i t ' s  

1 MeV Cock T o f t  -Vi al  tot.  t c c e l e r a t  r ' P h o e n i x ' .  Ma nuf a c t u r e d  by P h i l i p s ,  

i t  h a s  Veen d e s c r i b e d  by Renan [ R e n ' 2 ] , and i * now r e t i r e d .

3 . 3 . 1  Con i o r e  t e r

In o r d e r  b e t t e r  t o  f u l f i l  t lie e xpe r i me n t  a 1 r e q u i r e m e n t s ,  a new 

g o n i o m e t e r  was d e s i g n e d ,  b a s e d  on t h e  one d e v e l o p e d  by Be l l  Te l e p h o n e  

L a b o r a t o r i e s  [Au7l]  f o r  t h e i r  c h a n n e l l i n g  e x p e r i m e n t s .  I t  i s  shown 

d i a g r a m m a t i c a l l y  in f i g u r e  3 . 3 .  Two p e r p e n d i c u l a r  r o t a t i o n s  o f  t he
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t a r g e t  a r c  p r o d u c e d  by p r e c i s i o n  g e a r s  d r i v e n  by s t c p p i n g - m o t o r s  l o c a t e d  

o u t s i d e  t he  vacuum.  The s t e p  s i z e  i s  e q u i v a l e n t  t o  0 . 0 1 0 a t  t h e  t a r g e t  

f o r  b o t h  r o t a t i o n s ,  b o t h  o f  which have  a r ange  o f  360*.  L u b r i c a t i o n  

u n d e r  vacuum i s  a c h i e v e d  by t h e  u s e  o f  PHI .  b us h i n g s  o r  vacuum g r e a s e s  

a n d , i n  a d d i t i o n ,  t h e  l a r g e  p r e c i s i o n  m e t a l - t o - m e t a  1 b e a r i n g s  f o r  t he  

c r y s t a l  t i l t  movements a r e  c o a t e d  w i t h  b r o n z e  ( p o l a r  a ng l e  ' 0 ' )  o r  

molyl vnum d i s u l p h i d e  ( a z i m u t h a l  a n g l e  Dr i ve s  t h r o u g h  t h e  vacuum

wal l  p a s s  t h r o u g h  0 - r i n g s  l u b r i c a t e d  w i t h  Apiezon ' L 1 g r e a s e .  The main 

s t r u c t u r a l  f ramework o r  ' s p o o l 1 was machined f ro r  s t a i n l e s s  s t e e l  in one 

p i e c e  f o r  a c c u r a c y  and r i g i d i t y ,  anu t h e  two r o t a t i o n  a x e s ,  t h e  beam 

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

0 . 0 5  mm. The g o n i o m e t e r  i s  c o m p a t i b l e  w i t h  a vacuum, o f  10 t o r r .

A f e a t u r e  i s  t h e  l a r g e  a p e r t u r e  a v a i l a b l e  f o r  mount ing t he  t a r g e t  

( 7 . 5 0  cm),  a c h i e v e d  by t h e  use  o f  a l a r g e  s p i r o i d  g e a r  f o r  t h e  f d r i v e .  

T h i s  no t  o n l y  p r o v i d e s  p l e n t y  o f  room f o r  t he  s e r v i c e s  d e s c r i b e d  be l ow,  

but  a l s o  r e s u l t s  in an o u t s t a n d i n g l y  wide a n g u l : r  a p e r t u r e , g i v i n g  t he  

be a n  a c c e s s  t o  t h e  c r y s t a l  up t o  "0* f rom t h e  n o r ma l .  The f l a t  p r o f i l e  

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

t h e  c r y s t a l , t o  f a c i l i t a t e  t r a n s mi s :  ion e x p e r i m e n t s  on t h e  same a p p a r a t u s  

by c o l l e a g u e s .

S e l e c t i o n  o f  d i f f e r e n t  s p o t s  on t h e  c r y s t a l  f o r  a n a l y s i s  i s  

commonly a c h i e v e d  by d e f l e c t i n g  t he  beam,  an i n c o n v e n i e n t  p r o c e d u r e  which 

r e s u l t s  i n  t h e  beam not  i n t e r s e c t i n g  t he  r o t a t i o n  axes  and t h e r e f o r e  

moving a c r o s s  t h e  c r y s t a l  as t h e  a n g l e s  a r c  c hanged .  A s p e c i a l  f e a t u r e  

o f  t h e  p r e s e n t  d e s i g n  i s  t h a t  t h e  t a r g e t  may be t r a n s l a t e d  in i t s  own 

p i a n e  by up t o  42 . 0  mm in two p e r p e n d i c u l a r  d i r e c t i o n s ,  w i t h o u t  b r e a k i n g
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vacuum,  and w i t h  t h e  beam a x i s  c o n t i n u i n g  t o  i n t e r s e c t  t he  r o t a t i o n  

axes  a t  t h e  c r y s t a l  s u r f a c e .

T h i s  i s  a c h i e v e d  as  f o l l o w s .  Hie  t a r g e t - b o l d e r  f i t s  i n t o  a 

p y r o p h y 11i t c  ( l a v a )  s q u a r e  w i t h  g r ooved  e d g e s ,  which i s  h e l d  w i t h i n  fou i  

s t e e l  s l i d e r s  ( s e e  F i g u r e  3 . 4 ) . The p y r o p h y 11 i t e  p r o v i d e s  bo t h  t he r ma l  

and e l e c t r i c a l  i n s u l a t i o n .  Two o f  t h e  s l i d e r s  a r e  d r i v e n  r a d i a l l y  by 

s c r e w s , w h i l e  t h e i r  o p p o s i t e  numbers  i r e  s p r i n g - l o a d e d .  Tu r n i n g  a screw 

i n  p r o v i d e s  a ' p o s i t i v e '  t r a n s l a t i o n ,  comp re : nr  t he  o p p o s i t e  s p r i n g ;  

w h i l e  t u r n i n g  i t  out  a l l ows  t h e  s p r i n g  t o  expand p r o v i d i n g  a ' n e g a t i v e '  

t r a n s l a t i o n .  Meanwhi l e ,  s p r i n g  • t ens  i on ho l d '  t h e  o t h e r  movement s t e a d y ,  

and t h e  two t r a n s l a t i o n s  a r e  c o m p l e t e l y  i n d e p e n d e n t .  Al l  f o r c e s  a r c  

a p p l i e d  i n  t h e  same p l a n e  and i n t e r s e c t  a t  a common p o i n t ; b e c a u s e  o f  

t h i s , t h e  shape  o f  t h e  groove • , md t h e  s p r i n t  - t e r  i o n , t he  d e s i g n  i s  

k i n e m a t i c  i l l y  s t a b l e  and s e l f - c e n t r i n g  (prov id ed  t h a t  t he  l e a d - s c r e w s  and

I

f l a t  p r o f i l e  does  not  i n h i b i t  he r  a c c e s s  t o  t h e  c r y s t a l  up t o  701 from 

t h e  n o r m a l , f r o n t  and r e a r .

A c o n d i t i o n  f o r  o p e r a t i o n  o f  t h e  d e v i c e  i s  t h a t  t he  c o e f f i c i e n t  

o f  f r i c t i o n  ( u) be t we en  s l i d e r -  and p y r o p h y 11i t e  be low e n o u g h , in o r d e r  

t h a t  t h e  s p r i n g s  can p r oduce  n e g a t i v e  t r a n s l a t i o n s ,  f o r  t he  d i me ns i ons  

u s e d ,

y < 0 . 1  a p p r o x i m a t e l y  

( n e g l e c t i n g  t he  we i gh t  o f  t h e  t a r g e t ) . A c c o r d i n g l y ,  t h e  p y r o p h y 11i t e





g r o o v e s  were c o a t e d  w i t h  0 . 1  mm t h i c k n e s s  s e l f - a d h e s i v e  f’TFE s h e e t  

(v = 0 . 0 4 ) .

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

v a c u u m - s e a l , was i n s e r t e d  down t h e  c e n t r e  of t h e  r o n i o m e t c r  s p o o l , 

t h r o u g h  t h e  $ - b e a r i n g ,  t o  engage  w i t h  one o f  t h e  l e a d - s c r e w s . The a ng l e  

4> had  f i r s t  t o  be s e t  t o  ' he c o r r e c t  p o s i t i o n  (0°  f o r  a ' y ' movement , 

and +90° f o r  ' % ' ) .  Tlie x o r  y v a l u e  was r ead  o f f  on a mi c r ome t e r  he a d  

o u t s i d e  t h e  vacuum.  On r e l e a s i n g  t h e  s h a f t , i t  was wi t hdrawn by a 

s p r i n g ,  f a r  enough t o  a v o i d  f o u l i n g  t h e  ^ - b e a r i n g .

Two d e s i g n s  o f  s t a i n l e s s - s t e e l  t a r g e t - h o l d e r  were  u s e d ,  r e f e r r e d  

t o  as  1 t h i n 1 and ' t h i c k '  ( F i g u r e  3 . 5 ) .  In b o t h , t h e  diamond was clamped 

be t we en  a f r o n t  and back  p a r t ,  t h e  f r o n t  p a r t  h a v i n g  a h o l e  t o  a l l ow 

beam a c c e s s . The t h i n  h o l d e r s  were s u i t e d  t o  t a b u l a r  specimens  (<1 . 5  mm 

t h i c k ) ,  and c ou l d  be  a d a p t e d  f o r  t r a n s m i s s i o n  by making a h o l e  in t h e  

back  p a r t  a l s o .  Tlie t h i c k  h o l d e r s  a l l o we d  f i r m  h o l d i n g  o f  rounded

' l u g '  t o  t

s pec i men  s i z e .

A r e s i s t i v e  h e a t e r  c ou l d  be s c r ewed  on t o  t he  back o f  t he  t a r g e t  - 

h o l d e r  f o r  runs  a t  e l e v a t e d  t e m p e r a t u r e s . I t  c o n s i s t e d  o f  a molybdenum 

b o bb i n  wound wi t h  ' The r moc oa x ' i n s u l a t e d  c o a x i a l  hv.it  i ng-wi  re (Amperex 

E l e c t r o n i c  C o r p o r a t i o n ,  Ionr  I s l a n d ) .  The wi nd i ngs  had a l a r g e  enough 

d i a m e t e r  t o  a l l ow a 60°  b e v e l l e d  h o l e  t o  be bo r ed  t h r ough  t h e  h e a t e r  i f  

t r a n s m i s s i o n  e x p e r i m e n t s  were  t o  be u n d e r t a k e n .  The ma t i n g  f a c e s  o f  

t a r g e t - h o l d e r  and h e a t e r  had m a t c h i n g  g rooves  be tween  which a Thermocoax
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i n s u l a t e d  s h e a t h e d  t h e r m o c o u p l e  (chrome 1- a l i une l )  was c lamped f o r  

m e a s u r i n g  t h e  t e m p e r a t u r e .  The t e m p e r a t u r e  a t  t h i s  p o i n t  was found t o  

be  a good a p p r o x i m a t i o n  t o  t h a t  o f  t h e  d i amond,  p r o v i d e d  t h a t  w i t h  t he  

t h i c k  h o l d e r s ,  c o p p e r  s l u g s  were u s e d  t o  improve h e a t  t r a n s f e r .  The 

h e a t e r  was d e s i g n e d  f o r  a maximum wor k i ng  t e m p e r a t u r e  o f  700°C,  a t  which 

i t  d i s s i p a t e d  abou t  1001V by c o n d u c t i o n  t o  t h e  s poo l  and by r a o i a t i o n .

O v e r h e a t i n g  o f  t h e  s poo l  was a n t i c i p a t e d ,  and a  U-shaped c o o l i n g  

g a l l e r y  was d r i l l e d  r i g h t  round t h e  i - b e a r i n g  as c l o s e  t o  i t  as  p o s s i b l e ,  

t h r o u g h  whi ch  a c o o l i n g  f l u i d  c ou l d  be c i r c u l a t e d  ( se e  F i gu r e  3 . 3 ) .  The 

b e a r i n g  t e m p e r a t u r e  was m o n i t o r e d  by a s econd  Thermocoax t he r moc oup l e .

In f a c t ,  t h i s  t e m p e r a t u r e  o n l y  r o s e  t o  abou t  100°c and c o o l i n g  was n o t  

o f t e n  u s e d .

3 . 3 . 2  R e a - -1 Inc [bar :ware

The g o n i o m e t e r  f i t t e d  i n t o  t h e  r o o f  o f  a 25cm d i a m e t e r  s t e e l  

vacuum-chamber  ( F i g u r e  3 . 6 )  whose f l o o r  comnuni  ' ^ t c d  d i r e c t l y  w i t h  a 

15 cm d i a m e t e r  t i n k e r  o l e c u l ;  r  pump. I ' o r t s  in t he  chamber  w a l l  c o n t a i n e d  

v i ew i n g  windows and an a r g o n - i  on m i l l i n g  g u n . A cryopump in t h e  form o f  

a c o p p e r  can a l mos t  c o m p l e t e l y  s u r r o u n d e d  t h e  t a r g e t ,  so  t h a t  c o l d  (and 

t h e r e f o r e ,  ' c l e a n ' )  s u r f a c e s  were ' s e e n '  by t he  t a r g e t  i n  a l m o s t  a l l  

d i r e c t i o n s .  The c r y o s h i e I d  was c o o l e d  by a t h i c k  c o p p e r  rod d i p p i n g  i n t o  

a c l o s e d  l i q u i d  n i t r o g e n  rv .crvc i r  s u s p e n d e d  i n  t he  pumping p o r t . Thi s  

a r r a n g e me n t  r e s u l t e d  in e f f i c i e n t  h e a t  t r a n s f e r  wi t h  minimal  l o s s e s , 

and c a u s e d  o n l y  a s l i gh t ,  r e d u c t i o n  in  t h e  s pe ed  o f  t h e  main pump. Vacuum 

was i n  t h e  r e g i o n  o f  5 x 1 0  t o r r .
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The beam was c o l  1i ma t ed  by two a p e r t u r e s  i n  t a n t a l u m ,  spaced  

2 . 4 7  m a p a r t , t h e  u p s t r e a m  one v a r i a b l e  and t h e  downs t ream one f i x e d  

( b u t  r e p l a c e a b l e ) .  The u s u a l  s i z e s  we r e ,  u p s t r e a m:  1 . 0  mm s q u a r e ,  

downs t ream:  0 . 7 5  mm d i a m e t e r ,  givin}' ,  a maximum beam d i v e r g e n c e  o f  0 . 0 2 5 °  

( h a l f - a n g l e ) .  The downs t r eam c o l l i m a t o r ,  a t  t he  chamber  e n t r a n c e , had 

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

was found t o  be much more i m p o r t a n t  t o  p o l i s h  t he  b o r e  o f  t h e  p r i m a r y  

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

r e d u c e d  t h e  o b s e r v e d  b a c kg r ound  by a f a c t o r  o f  20.

The c o l l i m a t  ion l i n e  and t h e  chai b e r  were b o l t e d  r i g i d l y  t o  a 

s i n g l e  f i r m  g i r d e r  f rame s u p p o r t e d  a t  i t s  ends  o n l y .  The two a p e r t u r e s  

and t h e  g o n i o r e t e r  c e n t r e  were o p t i c a l l y  a l i e n e d  w i t h  one a n o t h e r ,  once 

and f o r  a l l ;  s ma l l  m i s a l i g n m e n t s  wi t h  t h e  a c c e l e r a t o r  a t  t h e  b e g i n n i n g  

o f  e a ch  new run were t h e n  t a k e n  up by moving t he  f rame and i t s  c o n t e n t s  

a s  a w h o l e , by means o f  s c r e w a d j u s t m e n t s  a t  t h e  end s u p p o r t s . 

Re a l i gnmen t  was v e r y  r a p i d  wi t h  t h i s  s y s t e m.

A vacuum o f  abou t  5 x 10 t o r r  was m a i n t a i n e d  be tween t he  

c o l l i m a t o r s  by a t r a p p e d  o i 1- v a p o u r  d i f f u s i o n  pump,  and an a d d i t i o n a l  

i n - l i n e  t r a p  r e d u c e d  m i g r a t i o n  o f  p u m p - o i 1 i n t o  t h e  chamber .  The whole 

l a y o u t  i s  shown d i a g r a m m a t i c a l l y  in l i g u r e  S . ” .

3 . 3 . 3  D e t c c t o r c- and !' I c c t  ron i c_s

Two s u r f a c e - 1  a r r i e r  d e t e c t o r :  were i n s t a l l e d  in t h e  chamber :  t h e

a n n u l a r  one d e s c r i b e d  in  5 3 . 2 . 3 ,  whose l a r g e  a r e a  a l l o we d  r a p i d  l o c a t i o n  

o f  c h a n n e l s ,  and a s ma l l  p l a i n  d e t e c t o r  o f  h i g h e r  r e s o l u t i o n ,  f o r  t a k i n g
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d a t a .  Thir.  was e i t h e r  an O r t e c  Premium S c r i e s  isf;- 0 1 4 - 050 - 100  ( r e s o l u t i o n  

14 keV, PMIM) o r  an O r t e c  Rupge d i s ed  B R - 0 i f ) - 0 5 100 ( r e s o l u t i o n  16 keV) . 

The l a t t e r  was e s s e n t i a l  f o r  h i g h - t e m p e r a t u r e  d a t a - t a k i n g  owing t o  i t s  

i n s e n s i t i v i t y  t o  i n f r a r e d  r a d i a t i o n .

The s ma l l  d e t e c t o r  was p l a c e d  a t  a s c a t t e r i n g  a n g l e  o f  155° ,  a t  

a d i s t a n c e  from t h e  t a r g e t  d e t e r mi n e d  by t he  c o n d i t i o n  t h a t  t h e  e ne r gy  

s p r e a d  o f  t he  d e t e c t e d  p a r t i c l e s  due t o  t h e  v a r i a t i o n  o f  b a c k s c a t t e r  

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

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

t r a j e c t o r i e s  l a y  i n  a p l a n e  whi ch  i n c l u d e d  t h e  a x i s ,  so t h a t  t h e  e x i t  

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

T y p i c a l  n u c l e a r  p u l s e  e l e c t r o n i c s  were u s e d :  a b l o c k  d i a g r a m i s

g i ven  i n  F i g u r e  5 . 8 .  The component s  were c omme r c i a l l y  ma n u f a c t u r e d  

e x c e p t  f o r  t h e  n o r m a l i s i n g  r a t e r e t e r ,  which was b u i l t  t o  t h e  Aarhus  

d e s i g n  ( p r i v a t e  c o mm u n i c a t i o n ) .  The o v e r a l l  l i n e a r i t y  o f  t he  s y s t e m 

was checked  ( a )  w i t h  a t e s t - p u l s e r ,  and (b) by b a c k s c a t t e r i n g  o f f  x i r i o u s  

m a t e r i a l s  o f  known m. s s  n u mb e r s ,  and wa found l i n e a r  t o  abou t  2 KeV, o r  

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

3 . 3 . 4  A c c c l c r  . to;

The Phase  II  and I I I  e x p e r i m e n t s  p e r f o r me d  wi t h  t h e  a p p a r a t u s  j u s t  

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

t h e  N u c l e a r  Phys i c  Re s e a r c h  Uni t  ' 1.4 McV p r e s s u r i s e d  C o c k c r o f t - W a l t o n

a c c e l e r a t o r  ' C h r i s t i n e ' .  Th i s  mach i ne ,  c o n v e r t e d  from a P h i l i p s  e l e c t r o n  

a c c e l e r a t o r  Type PiY51.ll, ha s  been  d e s c r i b e d  by Annegarn [Ann76] .  The
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6 0 .

e n e r g y  c a l i b r a t i o n  u a s  r e c h o c k c d  a g a i n s t  A1 ( p . y ) ' c*i r e s o n a n c e s  d u r i n g  

t h e  c o u r s e  o f  t h e s e  e x p e r i m e n t s ,  and found c o r r e c t  t o  w i t h i n  ‘ 4 keV.

The beam e n e r g y  s p r e a d ,  due t o  t h e  a n a l y s i n g  s l i t  w i d t h  was a l s o  ±4 keV.

With t he  c o l l i m a t o r s  a t  t h e i r  u s u a l  s e t t i n g s ,  a beam o f  4nA 

c o u l d  e a s i l y  1<? o b t a i n e d  on t a r g e t .  The problems  o f  t a r g e t - c u r r e n t  

i n t e g r a t i o n  a r e  c o n s i d e r e d  in  S e c t i o n s  2 - 4 o f  C h a p t e r  6.

Dur i ng  Pha s e  I I I ,  t h e  p r o t o n  e x p e r i m e n t '  were c a r r i e d  t o  h i g h e r  

e n e r g i e s ,  up t o  1.5 MeV, on t h e  U n i t ’s 6 W  Tandem van c!e C r a a f f  

a c c e l e r a t o r .  Th i s  machi ne  i s  a s t a n d a r d  High Vo l t a ge  E n g i n e e r i n g  

C o r p o r a t i o n  T.V Tander v i t h  t h e  u s u a l  b e a m- h a n d l i n g  equ i pme n t .  The e n e r g y  

c a l i b r a t i o n  i s  a c c u r a t e  t o  6 p . r t s  i n  10'  and t h e  e n e r g y  s p r e a d  f o r  

p r o t o n s  i s  a l s o  6 \ i r t s  in 104 . The e x p e r i m e n t s  were pe r f o r me d  v»ith a 

s econd  Mark 2 g o n i ( : e t e r  i n s t a l l e d  on one o f  t h e  Tandem b e a m- 1 i n e s ,  w i t h  

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

Amongst many r a i l  di  ff-. rcnce;-  in d e t a i l  be tween t he  two s e t s  o f  

a p p a r a t u s ,  t h e  o n l y  i r p o r t  a n t  ones  were  in t h e  beam c o l l i m a t i o n .  S i nc e  

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

r o o t  o f  t h e  i on e n e r g y  (1 .2.4 a ) ,  t l .v beam d i v e r g e n c e  had  t o  be r educed

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

a g r e a t e r  d i s t a n c e  (5 . 1  ml and t h e  u p s t r e a m  a p e r t u r e  s e t  a c c o r d i n g  t c  

t h e  e n e r g y  b e i n g  u s e d .  T y p i c a l l y ,  t h i s  was 2 . 0  mm s q u a r e  at  2 . 5  MeV 

( g i v i n g  a d i v e r g e n c e  h i  1 f - a i i ^ l e  o f  0 . 0 2 0 ° )  and 1 .0  mm s q u a r e  a t  4 . 5  feV 

( d i v e r g e n c e  0 . 0 1 2 ° ) .  Ilic h a l f - a n g l e  o f  d i v e r g e n c e  was about  1 / 20  o f  t h e  

ma j o r  a x i a l  c r i t i c a l  a n g l e s  at  each  p r o t o n  e n e r g y .
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B e a m - c u r r c n t s  on t a r g e t  were r a t h e r  s m a l l e r  on t h e  Tandem, 

t y p i c a l l y  1 nA.

3 . 4  I -Xrr . s lMlMAI. MT.THOPS

3 . 4 . 1  I . oca t i on  o f  r h  in n e l s

A b a c k s e a t t e r e d  ! me X- r ay  p h o t o g r a p h  was t a k e n  o f  each c r y s t a l  

a f t e r  i t  had been s e c u r e d  in  i t s  h o l d e r  w i t h  t h e  d e s i r e d  f ace  e xpos ed .  

From t h e  symmetry o f  t he  p a t t e r n ,  t h e  c r y s t a l  o r i e n t a t i o n  was deduced 

( i f  t h i s  was n o t  a l r e a d y  o b v i ou s  f r o n  i t s  m o r p h o l o g y ) . The most e a s i l y -  

a c c e s s i b l e  a x i s  o f  e a c h  t y p e  t o  be  i n v e s t i g a t e d  was i d e n t i f i e d ,  and wi t h  

t h e  a i d  o f  a G r e n i n g e r  ne t  t h e  a n g u l a i  c o o r d i n a t e s  o f  each  a x i s  cou ld  

be  r e a d  o f f  t o  a b o u t  1°.

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

and p r o t o n s  b a c k s e a t t e r e d  f r  : t h e  c r y - t a l  w h i l e  t he  two g o n i o me t e r

'

deep mini  mur i n  t h e  b a c k s e a t  t o  red . ni t  r a t e  ive t he  p o s i t i o n  o f  t he  

a x i s  s o u g h t , t o  abou t  0 . 1 ° .

T h i s  p r o c e d u r e  was g r e a t l y  f a c i l i t a t e d  by t he  us e  o f  t h e  n o r ma l ­

i s i n g  r a t e m e t c r ,  whi ch  d i v i d e d  t h e  1 a c l s c a t t e r e d  count  r a t e  by a s i g n a l  

r e p r e s e n t i n g  t h e  1 rget  c u r r e n t . Ream f l u c t u a t i o n s  were t hus  p r e v e n t e d  

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

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

p r o t o n s ,  t h a t  i s ,  t h o s e  back - c a t t e r e d  j u s t  u n d e r  t he  s u r f a c e .  The 

l o c a t i o n  u s u a l l y  t ook  on l y  a few m i n u t e s .



0 2 .

F i n a l l y ,  t h e  o u t p u t  o f  t h e  s i n g l e  cha nne l  a n a l y s e r  war, c o n n e c t e d  

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

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

i n c i d e n t  d os e .  Thus t h e  a x i s  was l o c a t e d  w i t h  an a c c u r a c y  o f  up t o  

0 . 0 1 * .  P l a n e s  c ou l d  be l o c a t e d  i n  t h e  same wa y .

Somet imes  d i f f i c u l t y  was e x p e r i e n c e d  in f i n d i n g  an a x i s , f o r  

e x a m p l e , t h e  na r r ow <100 • d i p  at  h i gh  e n e r g i e s .  In t h e s e  c a s e s , t h e  

w i d e r  •-110> and < 111 > axes  were l o c a t e d  f i r s t  and t h e  e l u s i v e  a x i s  

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 r c t r y , t hen  l o c a t e d  e x a c t l y ,  as above.

3 . 4 . 2  Dat a

Data were  t a k e n  i n  two form- :

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

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

i i )  s c a n s  t h r o u g h  an a x i s  or  p l a n e ,  t h a t  i s  p l o t s  o f  count  

v e r s u s  a n g l e .

The s c a n s  c o u l d  he obr l i ned  w i t h  a - i n g l e  channel  a n a l y s e r  o r ,  f o r  f i n e r  

d e p t h  r e s o l u t i o n ,  f ro :  a s e r i e s  o f  s p e c t r a .  The s p e c t r a  c ou l d  be 

p r i n t e d  o u t ,  p l o t t e d ,  o r  r e c o r d e d  on ma g n e t i c  t a p e .  Rons were  n o r m a l i s e d  

t o  t h e  : i ' e  n o h e r  o f  i n c i d e n t  i -n by in ins o f  a c m  r e n t  i n t e g r a t o r  ( o f  

0.05® a c c u r a c y ’1.

3 . 4 . 3  C o o r d i n a t e  (a n v c r  i m

In o r d e r  t o  measure  c r i t i c a l  a n g l e s , i t  i s  n e c e s s a r y  t o  s can



t h r o u g h  e a ch  c r y s t a l  a x i s  i n  a 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 .  One o f  

t h e  g o n i o m e t e r  movements may c o i n c i d e  w i t h  a s u i t a b l e  p l a n e , b u t  

c omp l e t e  f r eedom o f  c h o i c e  o f  t h e  s o n - p l a n e  i s  p r e f e r a b l e , f o r  r e a s o n s  

e l a b o r a t e d  in S e c t i o n  6 . 8 .

Fo r  t h i s  p u r p o s e ,  i t  was found c o n v e n i e n t  t o  w r i t e  a programme 

which c o u l d  he run on e i t h e r  an lil’25 o r  IIP65 poc ke t  c a l c u l a t o r .  The 

pr ogramme, dubbed CCS, p e r f o r  od a t r u e  p l a n a r  s can  t h r o u g h  t h e  g i ven  

a x i s , w i t h  any g i ven  o r i e n t  a t  ion and s t e p  s i z e ,  in t e rms  o f  s p h e r i c a l  

p o l a r  c o o r d i n a t e s  c e n t r e d  at nut  t h e  axi  , c o n v e r t i n g  t h e  r e s u l t s  i n t o  

t h e  s p h e r i c a l  p o l a r  c o o r d i n a t e  used  by t h e  g o n i o m e t e r .  Thus t h e  o u t p u t  

was a s e r i e s  o f  p a i r s  o f  0  , .*) v a l u e s  t o  be s e t  on t h e  g o n i o m e t e r  t o  

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

A second p r  g: c e  ( CF1P-2) c a l c u l  i t ed  s c a ns  a round  t h e  s u r f a c e

o f  a c o n e ,  whose a x i s  was a cr;  t a  I a x i : , i n  g i v e n  a z i m u t h a l  s t e p s .  I t s

us e  i s  r e f e r r e d  t o  in ' 6 . 8 . 2 .  The p r o g r a • n c s , ba s ed  on s t a n d a r d

s p h e r i c  tl t r i g o n o m e t r y ,  a r e  l i s t e d  i n  t h e  Appendix.
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C H A P T f . R  _4

P R E L I M I N A R Y  i a T I R  I Mi  . \ ' ]  S  ON' S I L I C O N '

4.  1 MOTIVATION-

S i l i c o n  v.as chosen  f o r  t h e  i n i t i a l  c h a n n e l l i n g  e x p e r i m e n t s  b e c a u s e

i t  had a l r e a d y  been w e l l  i n v e s t  i u t r  ! by - i h e r  w r L c r  u s i n g  l i g h t  i ons

( s e e  Ce"4,  pZ 1 ™1 and was known t .» d i s p l a y  t he  phene .onon c l e a r l y .  The

a i r .  was t o  t e s t  and e s t a ’ l i s l :  e x p e r i r  r . t a l  t e c h n i q u e  by r e p r o d u c i n g  t h e

r e s u l t s  o f  o t h e r s , u s i n g  e l c  • c:.* t ry  r  ; r a t  us ( S e c t i o n  4 . 2 ) .  In k e e p i n g

w i t h  p r e v i o u s  wor 1 a t  t h a t  d a t e ,  t rat. ~ ion e x p e r i  e n t s  were p l a n n e d ,

. . .  . . .

However , t h e  work was e v e n t u a l l y  dene i n t he  ba c ks  c a t t e r i n g  r o d e ; t he

r e s u l t s  a r e  p r e s e n t e d  in Se c * i o n  4 . 4 .

4 . 2  AP PA RAT’ •

Al l  t h e  s i l i c o n  work b e l ongs  t o  Phase  I ( s e e  S e c t i o n  1.4)  and 

was c a r r i e d  out  on t h e  1 “ vV a c c e l e r a t o r  ' P h o e n i x ' ,  u s i n g  go n i ome t e r  

Mark 1 and t h e  a c c e s s o r :  ' e s c r i b e d  in 5 3 . 2 . 1 .

4 . 3 SILICON iZr-TT PIT I -j- 1 11 ON

Tlic low maxi be im e n e r g y  a v a i l a b l e  f rom ' P h o e n i x '  (600 kcV i f

l o n g - t e r m  s t a b i l i t y  were  r e q u i r e d )  p l a c e d  a s t r i n g e n t  r eq u i r e m e n t  on
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c r y s t a l  t h i c k n e s s  i f  t h e  beam wer e  t o  p e n e t r a t e ,  even a s sumi ng  a l ower  

s t o p p i n g - p o w c r  u n d e r  c h a n n e l l i n g .  The r ange  o f  0 . 6  MuV p r o t o n s  in 

s i l i c o n  ( c a l c u l a t e d  u s i n g  t h e  Bragg-KIceman range r e l a t i o n  and d a t a  

f rom r e f e r e n c e  Kay57) i s

R 'v 7 um.

Us ing t h e  r e l a t i v e  mass s t o p p i n g - p o w e r s  t a b u l a t e d  in r e f e r e n c e  Kay57, 

t h e  t h i c k n e s s  5x f o r  an e n e r g y  l o s s  o f  ' 'O. 1 McV i s

6x ~ 2 um.

A maximum t h i c k n e s s  o f  about  5 urn was t h u s  i n d i c a t e d ,  wi t h  a d e s i r a b l e  

t h i c k n e s s  o f  1 2 m. In a d d i t i o n ,  i f  a c c u r a t e  e n e r g y - 1oss  measurement s  

were t o  be made,  t h e  t h i c k n e s s  ought  t o  be  cons t  a n  o v e r  t h e  u s a b l e  a r e a  

t o  p e r h a p s  101.

4 . 3 . 2  T c c h n i q n - ' s  : 1 IIT ■ ; ,-y

Ot he r  w o r k e r s  have  p r e p a r e d  t h i n  s i l i c o n  w a f e r s  by l a p p i n g  

f o l l o w e d  by e t c h i n g  [ Inf’2 , [)ea64 , Ma64] . Lapping ( a b r a s i v e  p o l i s h i n g )  i s  

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

o f  u n i fo r m  t h i c k n e s s ,  bu t  cannot  m r: a l l y  be used  below abou t  100 ur. 

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

we l l  be low t h e  s u r f a c e . T h e r e f o r e ,  a c hemi ca l  e t c h i n g  p r o c e d u r e  i s  used  

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

t h i c k n e s s .  I n s k c e p  e t  a l  [ In62]  found i t  n e c e s s a r y  t o  remove 'v50 um in 

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



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

More r e c e n t  wo r k e r s  have  us e d  s p e c i a l i s e d  mechan i ca l  t h i n n i n g  

f o r  t h e  e n t i r e  p r o c e s s  [Wh65, Mas701.  A r e v i e w  o f  t e c h n i q u e s  i s  g i ven  

by M u t t o n  [lVh69].

Although t h i n  s i l i c o n  was no t  used  i n  t he  f i n a l  e x p e r i m e n t s ,  i t  

was e s s e n t i a l  t o  a p p l y  t he  same e t c h i n g  t e c h n i q u e s  t o  t h e  t h i c k  samples  

used f o r  o b t a i n i n g  t h e  b a c k s c a t t c r i n g  d a t a .  As-cut  s i l i c o n  s l i c e s  would 

be s u r f a c e d  w i t h  a dan.age l a y e r  ind would he  e x p e c t e d  t o  show po o r  

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

4 . 3 . 3  l.aj p i n g

T r a n s i s t o r - g r a d e  s i l i c o n  was s u p p l i e d  l y  S t a n d a r d  Te l ephones  and 

Ca b l e s  i n  1 - 2 cm d i a r e t e r  s l i c e s ,  and l apped  by t h e r  on a Lapmas ter  

machine  f r o m '  1 mm t o   ̂ 1 0 0  urn t h i c k n e s s .  No s p e c i f i c a t i o n  o f  e l e c t r i c a l  

type  o r  r e s i s t i v i t y  was made, ince t h e s e  s h o u l d  have  l i t t l e  e f f e c t  on a 

b a s i c  e x p e r i m e n t . T h i c k n e s s  u n i f o r m i t y  v is sought  by l a p p i n g  t h e  s i l i c o n  

i n  t h e  mi d s t  o f  many i d e n t i c a l  qua r t r .  s l i c e s ,  a l l  waxed down t o  a l a r g e  

(MO cm) f l a t  g l a s s  p l a t e .

A sample  sup:  l i e d  ;ind l a p j e d  by Re 11 Te l ephone  L a b o r a t o r i e s ,

Murray H i l l ,  New J e r s e y , i. is a l s o  u s e d .

4 . 3 . 4  Cu t t  i ny.

Smal l  d i s c s  (7 run d i a m e t e r )  were  cu t  u s i n g  an u l t r a s o n i c  d r i l l  

f i t t e d  wi t h  a b r a s s  ' c o o k i e - c u t  t e r ' ,  which was f l o o d e d  wi t h  a



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

4 . 3 . 5  P l a n a r  I t c h i n g

The t e c h n i q u e s  o f  r e f e r e n c e s  InG2, Ma64 and Ma70 were f o l l o w e d ,  

u s i n g  t he  7 - s t a g e  c l e a n i n g - p r o c e d u r e  o f  Madden [Ma64, Ma70] , i n c l u d i n g  

u l t r a s o n i c  c l e a n i n g  and c o p p e r - p l a t i n g .  Ihe  sampl es  were h a n d l e d  on l y  

w i t h  PTPP-coa t ed  t w e e z e r s  o r  d i p p e d  u s i n g  a PVC-mesh b a s k e t .

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

with  some added a c e t i c  a c i d  t o  promot e  e t c h  uni  for :  i t y ,  t h e  p r o p o r t i o n s  

b e in g

n i t r i c  : h y d r o f l u o r i c  : a c e t i c  : :  2 0  : 1 : 1 .

This  was s w i r l e d  s l o w l y  in a PTFf ( ' T e f l o n ' ) b e a k e r  u s i n g  a PT F f - c o a t e d  

magneti c  s t i r r e r  and t i n  s a ~ p l e  he Id on t he  end o f  a PTFF. rod so t h a t  

th e  sample  p l a n e  was p a r a l l e l  t o  t he  f low s t r e a m l i n e s .  It was s l o w l y  

r o t a t e d  in i t s  own p l a n e  t o  e n s u r e  s ymmet r i c  e t c '  i n g .  A f t e r  h a l f  t h e  

planned e t c h i n g ,  i t  was t u r n e d  o v e r  and e t c h e d  on t h e  o t h e r  s i d e .  At 

t h i s  s t a g e , s amples  i n t e n d e d  f o r  t r a n s m i s s i o n  e x p e r i me n t s  were s t r e n g t h ­

ened by f u s i n g  t h e n  on t o  a waxed ( 5 0 u Aj i c r o n , 50" p a r a f f i n )  g l a s s  

c o v e r - s 1 i p  ( w i t h  a h o l e  i n  t h e  mi dd l e )  which f u n c t i o n e d  as  a t a r g e t -  

h o l d e r  in t h e  Mark 1 g o n i o me t e r .  The e t c h - r a t e  was about  2 um min in 

agreement w i t h  t h e  d a t a  o f  K l e i n  and d ' S t e f a n  [K162].

I h e  sampl es  were  checked  f o r  s u r f a c e  u n i f o r m i t y  b e f o r e  and a f t e r  

e t c h i n g ,  u s in g  a T a l y s u r f  s t y l u s - t y p e  s u r f a c e  a n a l y s e r ,  by t h e
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U n i v e r s i t y ’s Me t r o l o g y  Workshop.  The s u r f a c e  was q u i t e  rough on a 

M  y m - s c a l c , and t h e  e t c h  t e c h n i q u e  would e v i d e n t l y  have  needed 

improving i f  t r a n s m i s s i o n  e x p e r i m e n t s  had been  u n d e r t a k e n  i n  e a r n e s t .

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

s a t i n  gr ey  t o  a b r i g h t  m i r r o v - f i n i s h  in t h e  r e g i o n  o f  20 - 30 pm r e m o v a l . 

H u s  was t e n t a t i v e l y  i d e n t i f i e d  w i t h  removal  o f  t h e  damaged l a y e r  t o  

expose  g o o d - q u a l i t y  u n d e r l y i n g  c r y s t a l .

4 . 3 . 6  T h i c k n e s s. vc r . t i n  n'

The i n i t i a l  t h i c k n e s s  o f  a l l  s l i c e s  was determined roughly with a 

m i c r o me t e r  read in g  t o  10 van. From measurement o f  the f i n a l  t h i c k n e s s ,  or  

by t a k i n g  an unwanted p t i o n  to  di  -appearance , the  c t c h - r a t e  was 

d e t e r m i n e d ,  and the a- aunt o f  s i l i c o n  reroved from o th e r  samples  could  

be c a l c u l a t e d  fro: the  e la p s e d  t im e .

Thi s  method proved rath er  i r accurate  because  the e t c h - r a t e  s lowed 

down as t h e  e tc h a n t  a g e d , presume! ly  due to  ev a p o r a t io n  o f  t h e  h y d r o ­

f l u o r i c  a c i d .  For t h i c k  s a m p le s , however, i t  was s u f f i c i e n t  to  know 

t h a t  abou t  50 ..n had been  removed.

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

r e s u l t . The p r ob l e m wn overcome by f i r s t  e t c h i n g  a s c r a p  p i e c e  o f  t h e  

same s l i c e  f o r  a t ime  c a l c u l a t e d  t o  remove a t h i c k n e s s  e qua l  t o  t h e  

r e q u i r e d  f i n a l  t h i c k n c s '  o f  t he  sample t o  be u s e d .  Poth p i e c e s  were 

then e t c h e d  s i d e  by s i d e ,  wi t h  p e r i o d i c  i n s p e c t i o n s ,  and when t h e  s c r a p  

p i e c e  d i s a p p e a r e d ,  t h e  e x p e r i m e n t a l  sampl e  was a t  t h e  r e q u i r e d  t h i c k n e s s .
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By t h i s  d i f f e r e n t i a l  e t c h  t e c h n i q u e  t h e  a b s o l u t e  e r r o r  was made p r o p o r ­

t i o n a l  t o  t h e  f i n a l  t h i c k n e s s  (a  smn 1 1  q u a n t i t y )  r a t h e r  t ha n  t o  t h e  

t o t a l  r emoval  (a  l a r g e  q u a n t i t y ) .

F i n a l l y ,  t h e  t h i c k n e s s  o f  v e r y  t h i n  c r y s t a l s  was checked by t he  

o n s e t  o f  a brown t r a n s l u c e n c e , o c c u r r i n g  a t  urn [Ma70] .

4 . 4  niANN! M IN ■ I XI

4 . 4 . 1  H xpe r  i -.en t a 1 Te chn i (j i; y

In t h e  f i r s t  e x p e r i m e n t s ,  c h a n n e l s  were  l o c a t e d  ' b l i n d 1 w i t h o u t  

b e n e f i t  o f  an X-ray p h o t o g r a p h . I t  was known t h a t  t he  s l i c e s  had been 

c u t  a l mos t  p a r a l l e l  t o  a 1 1 1 " p l a n e ,  and t 1 1 1 - a x i s  c o u l d ,  t h e r e f o r e ,  

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

were  v a r i e d  i n  1 ° s t e p s  in t h e  r e g i o n  o f  z e r o , b a c k s c a t t e r c d  c oun t s  

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

numbers  r e p r e s e n t e d  on i g r i d - l i k e  a n g u l a r  p l o t  by d r awi ng  c i r c l e s  x i t h  

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

E v e n t u a l l y ,  t h e  p o s i t i  ns o f  t h e  111> a x i s  and t h e  ma j o r  p l a n e s  i n t e r ­

s e c t i n g  i t ,  were c l e a r l y  r e v e a l e d  as  a p a t t e r n  o f  s m a l l e r  c i r c l e s  

( F i g u r e  4 . 1 ) .  A d i s c r i m i n a t o r  was used  t o  count  on l y  p a r t i c l e s  s c a t t e r e d  

f rom j u s t  un d e r  t h e  c r y s t  1 1 s u r f a c e ,  where  c h a n n e l l i n g  p r o d u c e s  t h e  

g r e a t e s t  r e d u c t i o n .

T h i s  method was r e f i n e d  by o f f - s e t t i n g  one a n g l e  by a c o u p l e  o f  

d e g r e e s  and s c a n n i n g  t h e  o t h e r  ve r y  f i n e l y  t o  p i c k  up t h e  p l a n a r  minima 

e x a c t l y .  These  were  t he n  j o i n e d  by s t r a i g h t  l i n e s  (an a p p r o x i ma t i o n )
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t a b u :  4.1

C r i t i c a l  Anyl r s  f o r  Si 1 i c o n

Measured on sample  S i 7.

T y p i c a l  e r r o r s  ' 0 . 1 °  ( a x e s ) ; t 0 . 0 5 °  ( p l a n e s ) .

( t h c o r )Ion

0 . 6  MeV H 0 . 6 6< 1 1 0 > 0 . 9

0 . 6 0- 1 1 1 > 0 . 6

{110}
{ 1 1 1 }

( 100}
{ 2 1 1 }

0 . 2 2

0 . 1 8

0 . 1 6

0 . 1 30 . 1 5

0 . 8  MeV 11 0 . 5 8< 1 10 >

0 . 4 5 0 . 5 2< 1 1 1 >

0 . 4 8< 100> 0 . 4 5

{ 1 1 0 }

{ 1 1 1 }

{ 100}

0 . 1 9

0 . 2 5 0 . 1 6

0 . 14

0 . 5  MeV He 0 . 8 9< 1 1 1 ;*

{ 1 1 0 } 0 . 3 3
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t o  l o c a t e  t h e  <111> a x i s  ( F i g u r e  1 . 2 ) .  O t h e r  axes  were s u b s e q u e n t l y  

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

Al t hough  s l ow,  tli i s  method had t h e  a d v a n t a g e  o f  r e v e a l  ini;  t h e  

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

t h e o r y  ( f o r  e xa mp l e ,  t h e  < 1 1 1 > axes  i n  t he  c u b i c  sys t em a r c  r e q u i r e d  t o  

have  t h r e e  { 1 1 0 } p l a n e s  i n t e r s e c t i n g  t h e r e  a t  1 2 0 ° ,  wi t h  t h r e e  {2 1 1 } 

p l a n e s  b i s e c t i n g  t h e s e  a n g l e s ) .  For  such  e x p l o r a t o r y  measurement s  as 

t h e s e ,  t h i s  was an impor t . ant  check .

4 . 4 . 2  R e s u l t s

F i n a l  d a t a  on s i l i c o n  c o n s i s t e d  o f  e n e r g y  s p e c t r a  ( no t  shown) o f  

b a c k s c a t t e r c d  p r o t o n s  a t  two c n e r g i e  (f>00 hcV and 800 keV) and s i n g l y -  

i o n i s e d  h e l i u m  a t  500 keV,  wi t h  t he  beam i n c i d e n t  in t h e  t h r e e  l o w e s t -  

i n d e x  axes  ( < 1 1 0 >, < 1 1 1 >, and < 1 0 0  ) and t he  t h r e e  l o w e s t - i n d e x  p l a n e s  

( { 1 1 0 ) ,  { 1 1 1 }, and { 1 0 0 }) .  In a d d i t i o n ,  t h e  b e a r  was s canned  t h r o u g h  

t h e  a x i s  o r  p l a n e  w i t n  t in p a r t i c l e s  b a c k s c a t t e r c d  from j u s t  un d e r  t he  

s u r f a c e  ( t h a t  i s ,  above a d i s c r i m i n a t o r  l e v e l )  b e i n g  c o u n t e d  in a s c a l e r .  

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

minimum y i e l d s  t o  be o b t a i n e d .

The minimum y i e l d  v a l u e s  c o n t a i n e d  a l a r g e  c o n t r i b u t i o n  from 

s u r f a c e  c o n t a m i n a t i o n ,  and a r e  n o t  shown h e r e . The c r i t i c a l  a n g l e s
l

a r c  p r e s e n t e d  in  T a b l e  4 . 1 ,  t o g e t h e r  w i t h  t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  

a c c o r d i n g  t o  B a r r e t t ' s  m o d i f i c a t i o n  o f  M n d h a r d ' s  f o rmul ae  [ R a r T l ] ,  and 

a r c  a l s o  p r e s e n t e d  g r a p h i c a l l y  in F i g u r e  4 . 3 .  I t  can be  seen  t h a t  a 

r e a s o n a b l e  agreement  w i t h  t h e o r y  i s  o b t a i n e d ,  c o n s i d e r i n g  t he  r a t h e r
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l a r g e  d e p t h  r ange  o v e r  whi ch  t h e  y i e l d s  ha ve  been a v e r a g e d ,  and t h e  

f a c t  t h a t  no p a r t i c u l a r  c a r e  was t a k e n  w i t h  t h e  o r i e n t a t i o n  o f  t h e  

t r a n s a x i a l  s can  p l a n e s  ( s e e  S e c t i o n  6 . 8 ) ;  t h e  l a t t e r  p o i n t  i s  

r e s p o n s i b l e  f o r  t h e  v e r y  l a r g e  ij; measur ed  f o r  <1I0> a t  0 . (  MeV. I t  

w i l l  be  n o t i c e d  a l s o  t h a t  { 1 1 1 } p l a n a r  v a l u e s  a r c  a noma l ous l y  h i g h . 

T h i s  a p p e a r s  t o  be a g e n e r a l  phenomenon f o r  d i a m o n d - s t r u c t u r c  c r y s t a l s  

and w i l l  be c o n s i d e r e d  i n  t h e  a p p r o p r i a t e  s e c t i o n  o f  t he  diamond 

r e s u l t s  ( § 7 . 5 . 2 ) .



76.

c h a p t e : r 5

D I A M O N D S  FOR I ON C l ' A N M ' I  I.IN'C

5 . 1  INTRODUCTION

Ex] j e r i i r en t s  on diamond s u f f e r  from t h e  i n h e r e n t  problem t h a t  t he  

m a t e r i a l  c a nno t  be  p r e p a r e d  t o  s p e c i f i c a t i o n ,  f o r  example  by r e f i n i n g  t o  

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

( c o n t r a s t ,  f o r  e xa mp l e ,  t h e  zone r e f i n i n g  o f  s i l i c o n ) .  R e s u l t s  t he r e f o r e  

t e n d  t o  be v a r i a b l e ,  and i on  c hanr  l i n n ;  : nc  e x c e p t i o n ,  as shown in

t h e  n e x t  s e c t i o n .  S y n t h e t i c  d i a r  :.d can i nde e d  e made,  * -:t w i t h  

d i f f i c u l t y ,  and t h e  c r y s t a l s  t e n d  t o  be p o o r , f u l l  o f  meta l  i n c l u s i o n s , 

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

n e c e s s a r y  t h e r e f o r e  t o  e x p e r i m e n t  or. n a t u r a l l y - o c c u r r i n g  s a m p l e s , and t o  

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

a r c . F u r t h e r m o r e ,  t h e  maximum s i z e  o f  c r y s t a l s  which may be a c q u i r e d  

r e a d i l y  i s  l i m i t e d  ' and t h e  l a r g e s t  c r y s t a l s  t end  t o  be  t he  l e s s  p e r f e c t  

o n e s ) ,  which i n c r e a s e s  t h e  awkwardness  o f  p e r f o r mi n g  e x p e r i m e n t s  such as 

t h o s e  d e s c r i b e d  h e r e .

S e v e r a l  o t h e r  l a b o r a t o r i e s  have  embarked on diamond c h a n n e l l i n g  

e x p e r i m e n t s : Aarhus  Uni v e r s i t y ,  Bel 1 Te l ephone  [ S e " 3 ] , R r ookha ve n , Chalk

R i v e r  [ P i cGPa] ,  and S t a n f o r d  U n i v c r  i t y  [Das69,  Da s " l ]  . They found 

diamond t o  d i s p l a y  t h e  phenomenon c l e a r l y ,  bu t  ( wi t h  t he  e x c e p t i o n  o f  

S t a n f o r d ,  where t h e  i n t e r e s t  was c o n c e n t r a t e d  on r a d i a t i o n  damage) d i d  

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

The q u e s t i o n  o f  how c l o s e l y  i n d i v i d u a l  s ampl es  r e p r e s e n t  

• i n t r i n s i c ’ diamond i s  c o n s i d e r e d  in  S e c t i o n  5 . 2 ,  which c o n t a i n s  a b r i e f  

d e s c r i p t i o n  o f  t h e  s t o n e s  used  and how t h e y  were s e l e c t e d .  I t  i s  shown 

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

p r o c e d u r e s  a r c  d e s c r i b e d  in . l e c t i o n  5 . 3 ,  and ways o f  i mpr ov i ng  t he  

c r y s t a l  p e r f e c t i o n , i n  S e c t i o n  5 . 4 .

Diamond i s  c l a s s i f i e d  i n t o  two t y p e s  (I and I I )  on t h e  b a s i s  o f  

o p t i c a l  p r o p e r t i e s ,  and f o u r  s u b t y p e s  ( l a ,  l b ,  1 1  a and l i b )  a c c o r d i n g  t o  

e l e c t r o n  s p i n  r e s o n a n c e  p r o p e r t i e s  and s e mi c o n d u c t i n g  f e a t u r e s . The 

outcome o f  many di an nd e x p e r i m e n t s  h a s  been found t o  depend on t h e  t ype  

u s e d .  The r e  was no r e a s o n  t o  e x p e c t  t h a t  t h i s  would be t r u e  f o r  

c h a n n e l l i n g ,  w i t h  i t ■ de pendence  on l o n g - r a n g e  c r y s t a l  o r d e r  r a t h e r  t han  

t h e  p o i n t  phene:  ena which d e t e r m i n e  t h e  diamond t y p e .  I t  c o u l d  be s a f e l y  

assumed t h a t  a l l  t h e  s t o n e  used  were o f  Type l a  (~ OSf a b u n d a n c e ) , and 

t h i s  was c o n f i r me d  by e l e c t r o n  s: in r e s  nance  ,md i n f r a r e d  a b s o r p t i o n  

meas u r emen t s  on many o f  them.

5.2 sn .m roN

5 . 2 . 1  The P i - s t o n y

The f i r s t  d i amonds  f o r  c h a n n e l l i n g  were chosen w i t h  no s p e c i a l  

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

They were a c q u i r e d  t h r o u g h  Dr I .A. Raa1 o f  t h e  Diamond Research  

L a b o r a t o r i e s ,  in f o u r  b a t c h e s ,  and numbered as  i n  Tab l e  5 . 1 .  The most 

s t u d i e d  g r oup  was b a t c h  B, t h e  e l e v e n  n a t u r a l  | 1 a t e  l e t  d i a mo n d s . The
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n umbe r i ng  i n  t h e  g r o u p ,  from Pi 3 t o  D i 13,  i s  in d e c r e a s i n g  o r d e r  o f  

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

s u r f a c e  m i c r o s c o p e .

5 . 2 . 2  The K- s t o n e s

D e f e c t s  such  a.i i n c l u s i o n s , d i s l o c a t i o n s  and m i c r o c r a c k s  s e t  up 

s t r a i n  f i e l d s  in a c r y s t a l , so  i t  was ;ir ued t h a t  s t r a i n - f r e e  diamonds 

would be t h e  most  p e r f e c t  and w. u l d  p r o v i d e  t he  be.' t  c h a n n e l l i n g  r e s u l t s .  

The p r e s e n c e  o f  s t r a i n  c a u s e s  b i r e f r i n g e n c e ,  d e t e c t e d  by o b s e r v i r  ; t h e  

c i y s t a  1 be t we en  c r o s s e d  p o l a r s  [hi  "’ 1 , Wi?6 ] .  A c c o r d i n g l y ,  t h e  secor  d 

m a j o r  group o f  d i amonds  was s e l e c t e d  u n d e r  a p o l a r i s i n g  mi c r o s c ope  from 

s e v e r a l  t h o u s a n d  n e a r - g e n  i n d u s t r i a l  s t o n e s .

Tlie s e l e c t i o n  h a s  c a r r i e d  out  a t  t he  main Pi Beers  s o r t i n g  o f f i c e s  

i n  K i r b e r l e y . The f i r m  k i n d l y  pi  v i ded  e r p l  yc- s t o  ; i ck ou t  t h e  b e t t e r  

s t o n e s  v i s u a l l y ,  md t h e s e  v t : e vreene. !  f u r t h e r  , v  i t h  K. IV.  l e a r i c k ,  

u n d e r  a p o l a r i s i n g  :• i c r o s c o p e . P r e f e r e n c e  was g i v e n  t o  w e l l - s h a p e d  

c r y s t a l s  w i t h  s: oo t h  f a c e s .

T w e n t y - f o u r  o f  t h e  b e  t  s t o n e s  u e r c  c h o s e n . Most were  y e l l o w 

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

a d d i t i o n ,  De Beer s  l e n t  two 1 ar> - - f l a t  c l e a r  s t o n e s  from t l i ei  r  s p e c i a l  

c o l l e c t i o n ,  making 26 in a l l .  The number i ng  ( i n  o r d e r  o f  d e c r e a s i n g  

mass w i t h i n  e a c h  g r oup)  and t h e  mine? o f  o r i g i n  a r e  i n d i c a t e d  i n  

Ta b l e  5 . 2 .



5 . 2 . 3  Asses sment

I n i t i a l  d e t e r m i n a t i o n s  on a l l  t h e  D i - s t o n e s ,  o f  t h e  b a c k s c a t t e r c d  

e n e r g y  s p e c t r a  o f  0 . 7  MeV lie* i o n s , gave  a wide v a r i e t y  o f  c h a n n e l l e d  

y i e l d s , e m p h a s i s i n g  t h e  p r ob l e m o f  d e t e r m i n i n g  v a l u e s  f o r  compar i son 

w i t h  t h e o r y .  For  i ons  i n c i d e n t  i n  t h e  c l o s e - p a c k e d  <110> d i r e c t i o n s ,  

and  b a c k s c a t t e r c d  f rom j u s t  unde r  t h e  s u r f a c e ,  minimum y i e l d s  r anged  from 

S% t o  3 1 ' .

I t  was presumed t h a t  lob d e c h a n n e l l i n g ,  t h a t  i s ,  a low c h a n n e l l e d  

y i e l d ,  would be t h e  ha 11"ark  o f  a good c r y s t a l . The i d e a l  c r y s t a l  would 

be one c o n s i s t i n g  o n l y  o f  ca rbon  atoms a r r a n g e d  or. t h e i r  p r o p e r  s i t e s ,  

and i t  ha s  been  shown ( s e e  Qu " 0  and r e f e r e n c e s  t h e r e i n )  t h a t  f o r e i g n  

i n t e r s t i t i a l s ,  s e l f - i n t e r :  t i t i i l s , s t a c k i n g - f a u l t s , d i s l o c a t i o n s , and 

o t h e r  d e f e c t s ,  a l l  i n c r e a s e  dechanne l  1 i n . ’ above t h e  b a s i c  v a l u e  due t o  

e l e c t r o n  m u l t i p l e  s e e : - r i n g  in t h e  c h a n n e l s .  The c r i t i c a l  a ng l e s  might  

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

s e n s i t i v e l y .

An X- r ay  t o p o g r a p h  o f  one used  c r y s t a l  ( F i g u r e  5 . 1 ) ,  t ake n  by 

Dr A. Lang o f  B r i s t o l  U n i v e r s i t y ,  r e v e a l e d  heavy d i s t o r t i o n  in t h e  r e g i o n  

s t r u c k  by t h e  i on  beam,  w i t h  mi s o r i e n t .  t i o n s  v ]  - 2  mi nu t e s  o f  a r c ,  

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

t h a t  o t h e r  c o n v e n t i o n a l  i n d i c e s  o f  c r y s t a l  p e r f e c t i o n  might  not  c o r r e l a t e  

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

K - s t o n e s , which showed h i g h e r  d e c h a n n e l l i n g  t h a n  t h e  b e s t  o f  t h e  D i - s t o n e s  

( e x c e p t  f o r  KT1 and KT2) .
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E v i d e n t l y ,  t h e  most  r e l i a b l e  c r i t e r i o n  f o r  s e l e c t i n g  pood 

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

Of c o u r s e  i t  was no t  known what  minimum c h a n n e l l e d  y i e l d  t o  

e x p e c t  f rom a p e r f e c t  diamond ( t h e  L i ndha r d  p r e d i c t i o n  was a l r e a d y  known 

t o  be an o v e r e s t i m a t e ) . Rut i t  seemed r e a s o n a b l e  t o  assume t h a t  i f  many 

diamonds  were e xami ned ,  g i v i n g  a d i s t r i b u t i o n  o f  c h a n n e l l e d  y i e l d s ,  and 

i f  t h e  d i s t r i b u t i o n  showed a c u t o f f  a t  some low v a l u e , t h e n  t h i s  c ou l d  

be  t a k e n  .is t h e  y i e l d  f o r  a p e r f e c t  diamond.

Such a c u t o f f  was f ound to  o c c u r .  P i g u r e  5 . 2  shows h i s t o g r a m s  

o f  t h e  y i e l d s  o f  1 MeV p r o t o n s  c h a n n e l l e d  down <110>, measured  a t  two 

d i f f e r e n t  d e p t h s : <v i s  t h e  s u b - s u r f a c e  i n i r u m y i e l d ,  measured j u s t

be low t h e  s u r f a c e  p e a k , and x-> - i s t h e  y i e l d  from 2 . 5  vm ( a p p r o x i m a t e l y  

t h e  g r e a t e s t  d e p t h  f ro i  which the p r o t o n s  can be s c a t t e r e d  cut  o f  t he  

c r y s t a l ) . The measurcr  e n t s  v.t re  t  .ken a f t e r  t he  improvement  t e c h n i q u e s  

o f  S e c t i o n  5 . 4  had been  t r i e d ,  and t he  l owe s t  v a l u e s  a t t a i n e d  by each 

c r y s t a l  were s e l e c t e d .  I r r o r s  were a p p r o x i m a t e l y  equa l  t o  t h e  p l o t t i n g  

i n t e r v a l s .

The c u t o f f  can be  c l e a r l y  seen  on b o t h  h i s t o g r a m s .  I t  was 

d e f i n e d  a t  , () = ( 1 . 9  4 0 . 1 ) "  and >,  ~ (2-1 * 3)1> ( a r r o w e d ) .  Moreover ,

t h e r e  was a c l u s t e r i n g  o f  r e s u l t  % j u s t  above t h i s  v a l u e .  I t  can be seen 

t h a t  t h e  same sampl es  t en d e d  t o  g i ve  r e s u l t s  in t h i s  r e g i o n  on b o t h  

p l o t s .  S i n c e  many o f  t h e s e  were  a l s o  t h e  sampl es  which on m o r p h o l o g i c a l  

g r ounds  a p p e a r e d  t o  lie t h e  b e s t  c r y s t a l s ,  i t  c ou l d  he a s s e r t e d  f a i r l y  

c o n f i d e n t l y  t h a t  t h e  i n t r i n s i c  • 1 1 0 > y i e l d  f o r  diamond i s  r e p r e s e n t e d  by
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8 6 .

t h e  above f i g u r e s , and t h a t  s a mpl e s  w i t h  y i e l d s  c l o s e  t o  t h e s e  v a l u e s  

can be r e g a r d e d  as  p e r f e c t  c r y s t a l s  as f a r  as c h a n n e l l i n g  i s  concerned.

As an a r b i t r a r y  c r i t e r i o n ,  diamonds  w i t h  Xq < 2.2'L and ^ < 3 2 *  

( i n d i c a t e d  by t h e  b roken  l i n e s )  were  r e g a r d e d  as  s a t i s f a c t o r y .  The 

c o r r e l a t i o n  be t ween  t he  two i n d i c e s  was c l o s e  b u t  no t  e x a c t ,  and g r e a t e r  

w e i g h t  was g i ven  t o  x-> r as  r e p r e s e n t i n g  a s a mp l i n g  o f  a g r e a t e r  

t h i c k n e s s  o f  c r y s t a l .

5 . 2 . 4  S e l e c t i on

In t h i s  way e i g h t  f i r s t - c l a s s  d iamonds  were s e l e c t e d :  t he y  a r c

l i s t e d  i n  Tab l e  5 . 3 .  I t  was i n t e r .  i ng  t o  r e f l e c t  t h a t  t h e s e  were j u s t
* r

t h e  s t o n e s  which would ha ve  been s e l e c t e d  on a v i s u a l  e x a mi n a t i o n  a l one  

( n o t e  t h e  p r e p o n d e r a n c e  o f  t he  low D i - n u m b c r s ) . Al l  were  c l e a r  

( p r o b a b l y  o f  gem q u a l i t y )  w i t h  no obv i ous  c o l o u r a t i o n ;  a l l  e x h i b i t e d  a 

good morphology w i t h  w e l l - d e f i n e d  f l a t  f a c e s .  The o n l y  e x c e p t i o n  was 

D i l 8 , b r o wn i s h  and a l r e a d y  p o l i s h e d .  S i x  hau  {111;  p l a n e s  as  t h e  maj or  

f a c e s ;  h a l f  were ma c l c s .

The f i n a l  s e l e c t i o n  wa- made a f t e r  t h e  t e c h n i q u e s  o f  S e c t i o n  5 .4  

had been a p p l i e d .

5 . 3  C l .F .ANI\n

5 . 3 . 1  C e n t  a m i n . i_t i < n

The use  o f  h e l i u m - i o n  h a c k s c a t t e r i n g  t o  r e v e a l  t he  p r e s e n c e  o f  

f o r e i g n  atoms on t h e  diamond s u r f a c e  and t o  e n a b l e  t h e i r  mass-numbers



t o  be d e t e r m i n e d , was d e s c r i b e d  i n  5 2 . 4 . 1 .  A p p l i c a t i o n  o f  t h i s  

t e c h n i q u e  showed t h a t  a l l  t h e  diamond sampl es  had more o r  l e s s  d i r t  on 

t h e  s u r f a c e ,  d e s p i t e  a c l e a n  a p p e a r a n c e  and d e s p i t e  h a v i n g  been u l t r a -  

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

a l c o h o l  and a c e t o n e ) . Th i s  was a l s o  o b s e r v e d  by S e l I s c h o p  and Gibson 

[ S c 7 3 ] . The r e  were t h r e e  o b v i ou s  p o s s i b l e  s o u r c e s :

i )  The m a t r i x  i n  which t h e  diamond was found.  Th i s  would be

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

would a p p e a r  as a 'mass  c o n t i n u u m'  in t h e  b a c k s c a t t c r e d  s p e c t r a  

(owing t o  t he  f i n i t e  d e t e c t o r  r e s o l u t i o n ) , wi t h  pe a ks  due t o  

t h o s e  more a b u n d a n t . Such i i p u r i t i e s  w i l l  be r e f e r r e d  t o  as 

' e a r t h y ' .

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

p o l i s h i n g .  Some p r o c e s s e s  might  add s p e c i f i c  e l e m e n t s ,  f o r  

e x a m p l e , t h e  he a vy  media  s e p a r a t i o n .

i i i )  The vacuum e n v i r o n :  c u t  o f  sa:  p i e s  a l r e a d y  e x p e r i me n t e d  on.

The s i l i c o n e  di  f f u s i o n - p u m p  o i l ,  which b a c k s t r e a m s  a t  an 

a p p r e c i a b l e  r a t e  fp< wM j i f  c o l d - t r a p s  a r e  a l l o we d  t o  warm up,  

c o n t a i n s  s i l i c o n ,  o x y g e n , c a r b o n ,  hydr ogen  and p o s s i b l y  

s u l p h u r .  (The c a r bon  would n o t  be v i s i b l e  on a  diamond 

s u b s t r a t e ,  and t h e  hyd r ogen  cannot  s c a t t e r  i ons  a t  backward  

a n g l e s .)

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

t h e  beam d i v e r g e n c e  (by e l e c t r o n  m u l t i p l e  s c a t t e r i n g )  and t h e r e f o r e  t he



8 7 .

TABLE 5 . 4

C l e a n i n g

Summary of  R e s u l t s  on Many Diamonds

P r o c e s s
E f f e c t  on

Pump oi  1 ' e a r t h '

I) Acid P r o c e s s

Bo i l  i n  HF/H2 S0lt and UNO c l ea ne d c l e a n e d

2 )

Time t a k e n :  a p p r o x i m a t e l y  5 hou r s  

S o l v e n t s

1 hour  w i t h  u l t r a s o n i c  a g i t a t i o n  

Acetone none none

D i e t h y l  e t h e r some none

Benzine c l e a n e d none

E t h y l e n e  di amine  + d i me t h y l  f o r t  amide* c l e a n e d none

3) 'Cent  r a d '

With u l t r a s o n i c  a g i t a t i o n  

4 mi n u t e s none some

8  mi nu t e s some some

15 mi nu t e s some c l e a n e d  |

30 mi nu t e s c l e a n e d c l e a n e d

60 mi nu t e s c l e a n e d c l e a n e d

* R e f e r e n c e : [Vo73] ,



dc c ha nnc l l i r t f i  i n  t h e  c r y s t a l . They p r o v e d  d i f f i c u l t  t o  r emove , 

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

c o n v e n t i o n a l  s o l v e n t s  ( f o r  example  a c e t o n e ,  t r i c h l o r o e t h y l e n e )  made 

l i t t l e  d i f f e r e n c e  t o  t h e  s i l i c o n e  o i l  ( s i l i c o n  and oxygen)  h a c k s c a t t e r  

p e a k s .  I t  was t ho u g h t  p o s s i b l e  t h a t  a chemi ca l  r a t h e r  t ha n  a p h y s i c a l  

a d s o r p t i o n  mechanism was a t  work,  due p e r h a p s  t o  t h e  chemi ca l  s i m i l a r i t y  

be t we en  Si  and C.

5 . 3 . 2  S y s t e r a t  i_c \ p p n  , ich

T e s t s  o f  d i f f e r e n t  c l e a n i n g  p r o c e d u r e s  were made on t h e  e l e v e n  

p l a t e l e t s  P i 3 - U i 13, a l l  o f  which showed b o t h  an e a r t h y  mass cont i nuum 

and p r o m i n e n t  pump- o i l  ( s i l i c o n  and oxygen)  p e a k s .  R u t h e r f o r d  

b a c k s e a t t e r i n g  o f  lie* i on s  was used  t o  i n s p e c t  t h e  s u r f a c e s  b e f o r e  and 

a f t e r  c l e a n i n g .  Three  g e n e r a l  t y p e s  o f  c l e a n i n g  were t r i e d :

i )  A hot  h y d r o f l u o r i c  and s u l p h u r i c  a c i d  p r o c e s s ,  used s u c c e s s f u l l y  

i n  t h i s  l a b o r a t o r y  by Fcsq e t  a l  on diamonds f o r  n e u t r o n  

a c t i v a t i o n  a n a l y s i s  [ l e s 7 3 ] .

i i )  U l t r a s o n i c  c l e a n i n g  f o r  one hour  i n  v a r i o u s  o r g a n i c  s o l v e n t s  

( chos e n  a f t e r  t e s t i n g  a wide v a r i e t y  o f  s o l v e n t s  f o r  

m i s c i b i l i t y  w i t h  s i l i c o n e  o i l ) .

i i i )  U l t r a s o n i c  c l e a n i n g  w i t h  t h e  commerc i a l  d e t e r g e n t  ' C o v t r a d '

(Decon L a b o r a t o r i e s  L i mi t e d ,  B r i g h t o n ,  i n g l a n d ) .

The r e s u l t s  a r c  summar i sed in Ta b l e  5 . 1 ,  and some examples  o f  

s p e c t r a  a r c  shown in F i g u r e  5 . 3 .  The d e t e r g e n t  p r o c e s s  i s  e v i d e n t l y  

t h e  most  e f f i c i e n t .  The HI p r o c e s s  i s  s u c c e s s f u l  bu t  s l ow;  some o f
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t h e  o r g a n i c  s o l v e n t s  a t t a c h  t h e  j n m p - o i l  q u i t e  v i g o r o u s l y ,  bu t  a r e  

i n e f f e c t i v e  a g a i n s t  t h  e a r t h y  i m p u r i t i e s ;  wher eas  ' C o n t r a d '  removes 

e v e r y t h i n g ,  and i s  f a s t .

1 C o n t r a d '  ( s o l d  u n d e r  t h e  name o f  ' hecon 9 0 '  in some c o u n t r i e s )  

i s  d e s i g n e d  f o r  r a d i o c h e m i c a l  de c e n t  ir i n a t i o n  and o t h e r  demanding 

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

a g e n t .  The c o n c e n t r a t i o n  u s e d  was 2 0 " ,  i n  d e i o n i s e d  w a t e r .  T e s t s  

showed t h a t  u l t r a s o n i c  a g i t a t i o n  f o r  ' 0  mi nu t e ;  was more t han  s u f f i c i e n t  

i n  a l l  c a s e s .

A s mal l  oxygen peak  a lways  r ema ined  . f t o r  c l e a n i n g ,  e q u i v a l e n t  

t o  abou t  a mono l a ye r .  I t  i s  t h o u . h t  t o  be i n t r i n s i c  t o  s o r e  diamond 

s u r f a c e s ,  and w i l l  be c o n s i d e r e d  a g a i n  i n  S e c t i o n  9 . 5 .

As an i n d e p e n d e n t  t e s t  o f  t he  method,  s o r e  c l e a n i n g  e x p e r i m e n t s  

were  c a r r i e d  ou t  in c o l l a b o r a t i o n  w i t h  P r o f e s s o r  R.K. D i t c h b u m  and t h e  

Diamond Re s e a r c h  L a b o r a t o r i e s . P a d  c v  o f  di  amends ot  c o n c e a l e d  h i s t o r y , 

some o f  which h d been  c l e a n e d  by c o n v e n t i o n a l  gems t one m e t h o d s , were  

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

b a c k s c a t t c r i n g .  The C o n t r a d  method showed i t s e l f  s u p e r i o r  [ P e r " " ' a ] .

5 . 3 . 3  Rout  i no

U l t r a s o n i c  c l e a n i n g  i n  20" C o n t r a d  f o r  2 0  - 30 minu t es  was a d o p t e d  

as  t h e  s t a n d a r d  p r o c e d u r e  a p p l i e d  t o  a l l  di amonds b e f o r e  e x p e r i m e n t a t i o n ,  

and b e f o r e  p r o c e s s e s  such as  a n n e a l i n g  ( 5 5 . 4 . 4 ) .  F.ach specimen was 

c l e a n e d  in  an i n d i v i d u a l  10 ml PTIi b e a k e r .  The c l e a n i n g  was f i n i s h e d



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

a l l o w e d  t o  d r y  by e v a p o r a t i o n . I t  was h a n d l e d  by t h e  edges  u s i n g  o n l y  

1 F l u o r o w a r c 1 p l a s t i c  t w e e z e r s  o r  a p i  a s t i c - t i p p e d  vacuum p e n c i l .  Cl ean  

diamonds  were s t o r e d  in  c l e a n  1 F l u o r o w a r c ' b o x e s , bu t  were p r e f e r a b l y  

mounted and us e d  i m m e d i a t e l y .

C o n t a m i n a t i o n  f ron t h e  vacuum env i r onmen t  was mi n i mi s ed  by a lways  

u s i n g  t h e  cryopump and Keeping  t h e  o t h e r  t r a p s  c o l d  f s e e  S e c t i o n  6 . 6 ) .

5 .4 IMPROVi , n NT

5 . 4 . 1  Genera  1

The f i r s t  di amond c h a n n e l l i n g  e x p e r i m e n t s  f i n  Phase  I) were 

p e r f o r me d  on n a t u r a l  f a c e s  o f  t he  p l a t e l e t  diamonds Di3 - D i 13. Man) 

t h e s e  u n t r e a t e d  s t o n e s  e x h i b i t e d  q u i t e  low c h a n n e l l i n g  y i e l d s . Because 

t h e  y i e l d s  were e v e n t u a l l y  d e g r a d e d  by r a d i a t i o n  damage and b e a m - r e l a t e d  

d e p o s i t i o n  o f  vacuum c on t a r  in a *■ , methods  o f  r e g e n e r a t i n g  t h e  s t o n e s  

were s o u g h t , and t h e  u s e f u l n e s s  o f  a p p l y i n g  t h e  same t e c h n i q u e s  t o  

i mprove v i r g i n  c r y s t a l s  became a p p a r e n t .  S e v e r a l  t e c h n i q u e s  were 

i n v e s t i g a t e d  d u r i n g  Phase  I I ,  and t h e  e f f e c t i v e  ones  were a p p l i e d  t o  a l l  

s t o n e s  p r i o r  t o  t a k i n g  g o o d - q u a 1 i t y  d a t a  in Phase I I I .

Most o f  t h e  e t e c h n i q u e s  i n v o l v e d  removing m a t e r i a l  f rom t h e  

diamond s u r f a c e  t o  expos e  f r e s h  c r y s t a l . Th i s  was e x p e c t e d  t o  make an 

improvement  in t h e  f o l l o w i n g  c a s e s :

i )  The s u r f a c e  had been  a b r a d e d  o r  mi c r oc  r acked  in t h e  e a r t h  o r

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



TABU: 5 . 5

i : f f e e t  o f  S u r f a c e  Trea t !  er. t  on Minimum Y i e l d

< 110> a x i s , 1 McV p r o t o n s  ( e x c e p t  * 0 . 7  MeV a l p h a s )

S t one T r e  a t  merit
Minimum Y i e l d  ( ' )

Be f o r e A f t e r

Di3 G a s - e t c h 5 1 . 8

Di4 P o l i s h  and g a s - e t c h 5 . 3 2 . 0

P o l i s h  n e a r  ( i l l ) 37
R e p o l i s h 2 . 7
Ion m i l l  ' 0°  i n c i d e n c e 3.2
Ion m i l l  1 -15° i n c i d e n c e 2 . 9
Heat  i n  hydr ogen 2 . 2

Anneal 2 . 1

Di 13 G a s - e t c h 9* 2 . 9
P o l i s h 2 . 3
Anneal 1 .9

KC11 P o l i s h 5 . 2 3 . 0
Anneal  ( p o l i s h e d  s u r f a c e ) 3 . 0 2 . 7
Anneal  ( u n p o l i s h e d  s u r f a c e ) 5 . 2 3 . 5

KF3 P o l i s h  and g a s - e t c h 5 2 . 3
Anneal n *7

KK6 P o l i s h 5 . 0 2 . 7
Anneal  ( p o l i s h e d  s u r f a c e ) 2 . 7 2 . 3
Anneal  ( u n p o l i s h e d  s u r f a c e ) 5 . 0 3 . 5
Anneal  MOO® ( p e l . s u r f . ) 2 e 3 3 . 1

Anneal  @ MOO® ( unpo l .  s u r f . ) 3 . 5 3 . 6

KK7 P o l i s h  and g a s - e t c h 26 2 . 6

Anneal 2 . 5

KT1 Anneal 3.5 2 . 2



were  a lways  o b s e r v e d ,  i ndi  c. itetl  t h a t  d i amonds ,  as found,  u s u a l l y  

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

t h e  damage c ou l d  not  be deduced  from t h e s e  e x p e r i m e n t s .

i i )  R a d i a t i o n  damage ha d  o c c u r r e d  owing t o  beam e x n o s u r e  ( s e e

C h a p t e r  10 ) .  The p e n e t r a t i o n  and t h e r e f o r e  t i . e  damage 

d e p t h  were on l y  a few mi c r ons  in t h e  e ne r gy  r ange  used .

i i i )  Beam s t i m u l a t e d  a d s o r p t i o n  o f  c o n t a m i n a n t s  had o c c u r r e d ;

t h i s  pheno .'non i s  d e a l t  w i t h  in S e c t i o n  6 . C .  Such a d s o r b a t e s

c ou l d  no t  be removed by c l e a n i n g .

Some t y p i . a l  r e s u l t ' ,  i r e  p r e s e n t  .. in T,i!-h 5 , 5 ,  i n c l u d i n g  a t  

l e a s t  one e x a n p b  o f  e a ch  ; n  ee .

5 . 4 . 2  Ga s ^ e t c h j :

When d i a :  d i s  r a i n  ! t o  a h i g h  enough t e r p e r a t u r e  in an

o x i d i s i n g  a t r o s p h t  re ( f o r  e x . i n p l e ,  oxyj e n ,  carbon d i o x i d e ,  w a t e r  vapour )  

i t  g r a d u a l l y  b u m s  away,  f o r  in,  ca r bon  monoxide o r  p o s s i l  ly d i o x i d e .  

Such r e a c t i o n s  have  Veen t h o r o u g h l y  i n v e s t i g a t e d  by Phaal  and I v a n s  

[l ivGl,  Ph62a ,  Ph( '2b] who found t h a t  v e r y  s r . eoth e t c h e d  s u r f a c e s  were 

p r o d u c e d  in c o m p l e t e l y  dry  f a ' t - f l o w i n g  p u r e  ca r bon  d i o x i d e  a t  

1350eC [ P h 6 2 b ] ,

An a p p a r a t u s  was sot  up in which f a i r l y  pu r e  ca rbon d i o x i d e  from 

a c y l i n d e r  o r  f rom warming d r y - i c e  was d r i e d  by p a s s i n g  i t  t h r o u g h  a 

c o i l  c o o l e d  in a  a c e t o n e / d r y - i  ce f r e e z i n g - : '  i x t u r c , and t h r o u g h  a t ub e  o f  

i n d i c a t i n g  i . i l i c a - g e l .  A f t e r  p a s s i n g  o v e r  r e d - h o t  s t e e l  wool  t o  g e t t e r



oxygen and o t h e r  r e a c t i v e  g a s e s , and to  p r e h e a t  i t ,  t h e  CO s t r e a m  

p a s s e d  a t  abou t  200 cm s ' 1 o v e r  t h e  hot  diamond.  The l a t t e r  was in a 

f u s e d  q u a r t z  t u b e  h e a t e d  by an o x y a c e t y l e n e  t o r c h  t o  1000* 50°C.  A 

lower t e m p e r a t u r e  was u sed  at  f i r s t  ("SO * 50°C) b u t  p roduced  ve ry  slow  

e t c h i n g  w i t h  much p i t t i n g .

A f t e r wa r d s  the di imond was b o i l e d  in a mixture o f  e qua l  p a r t s  o f  

p e r c h l o r i c ,  n i t r i c  and s u l p h u r i c  a c i d s ,  t o  remove the  black l a v e :  o f  

amorphous carbon which forms on the  s u r f a c e . (The o r i g i n a l  workers used  

a c i d  p r o p o r t io n s  o f  3 :1 :1  r e s p e c t i v e l y  [ l v " 6 ] ,  but the p r o p o r t io n s  do 

not s e e  t o  be c r i t i c a l . )  The di a- 1 wu washed,  d r i e d ,  and the weight  

l o s s  de term in ed;  from an e s t i r a t e  o f  the s u r f a c e  area ,  the r a te  o f  

r e c e s s i o n  o f  t 

at 1 C 0 0 ° C .

The d i s a d v m t  ;e o f  t h i ■ method wa s  that  i t  o f t e n  l e f t  the  

diamond s u r f a c e  d c r p l . pi t tc  ' (m • a l s o  “c l ) ;  p o s s i b l y  the C(1 was not  

dry enough.  The p i t s  tended to  bo in a reas s truck  by the ion beam, 

probably  owing t o  the pi- u  i . n* . . 1 ct h im  o f  d i s l o c a t i o n s  com pris in g  

part o f  the bear da. i,;o. I t hing out o f  d i s l o c a t i o n s  i s  a far i l i a r  

phono: enon with othc i  c r y s t a l . ,  and has been s u g g e s te d  as a mechanism 

( u n d e r  d i f f e r e n t  e n n d i t i  ns)  fo r  pyramidal  t r i g o n  development on n a t u r a l  

diamond f a c e  ( th e  t o p i c  i> o u t l i n e d  in V, i " 1) .

However, c m n n e l l e d  y i e l d s  o b ta in ed  from smooth areas o f  gas -  

e t c h e d  samples  were amongst the lowest  recorded .
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I t  i s  p o s s i b l e  in the l i j ’ht  o f  5 5 . 4 . 4  be low,  t h a t  some at l e a s t  

o f  the improver ent  found was due t o  anneal in p  at the temperature u s e d .

5 . 4 . 3  Po 1 i sh i lit

Diamond may be p o l i s h e d  to  a very h igh f i n i s h  by means o f  a 

s p i n n i n g  c a s t - i r o n  d i e  ( s c a i f e l  impregnated v i t h  diamond powder. The 

p r o c e s s  i s  h i g h l y  an i so trop i i .  [ W i ~ ; the most r e s i s t a n t  d i r e c t i o n s  are  

p a r a l l e l  t o  the ( 1 1 1 ) p l a n e s .

I t  was e x p e c t e d  t h a t  eh n n c l l i t . j  e f f e c t ?  would be  we d w i t h  

p o l i s h e d  s u r f a c e  , b e c a u s e  1 t . r ;  t a l  da i e (by a na l o g y  wi t h  s i l i c o n ,  

s e e  $ 4 . 3 . 2 )  . In f a c t , s u r f a c e  j >1 i s!ied i n  ' e a s y 1 d i r e c t i o n s  wi t h  

4 - S um d i .. ad g r i t  g , c y i e l d :  il: st as low a s  t h o s e  o f  t h e  b e s t  g a s -  

e t c h e d  f a c e s . f h i ;  i • in a c c o r da i  e wi t h  t h e  b r i t t l e  f r a c t u r e  model  o f  

t h e  p o l i s h i n g  p r o c v  t: -t-d ' y t h e  Oxford \i p ( f o r  exar  p i e  h i  "2 , Ca-: ~ 2 , 

Cas75,  Thr7i  ) .

It  seer  tha t  s o r d r r  gv ,  how ever , i s  a s s o c i a t e d  v i t h  p o l i s h e d  

.

The q u e s t i o n  i c o n s id e r e d  in r ore d e t a i l  in S e c t io n  9 . 5 .  Sur fac es  

p o l i s h e d  w i t h i n  i f e w  d e grees  o f  tlie ' d i f f i c u l t '  (111 p la n e s  showed 

cons id erat  l e  Vistur!  ance (ver> hi h c h a n n e l l e d  y i e l d s ) .

5 . 4 . 4  Ann e a l  inr

Diamond may be annealed wi thout  g r a p h ! t i s i n g  at temperatures  up 

t o  about 1400°C, i f  o x i d i s i n g  ag e n t s  are r i g o r o u s l y  exc lud ed .  At h ig h e r  

t em peratu res  spontaneous  graph i t  i s  at ion o c c u i s .  'live temperature o f  the



o n s e t  o f  g r n p h i t  i ' . a t  ion ap])c i r s  n o t  t o  be s h a r j i l y  d e f i n e d ,  q u o t e d  v a l u e s  

d e p e n d i n g  p r o b a b l y  on t h e  s e n s i t i v i t y  k i t h  which t h e  g r a p h i t e  was 

d e t e c t e d .

S ton e s  were m ne a le d  in q u a r t z tubes  wound v i th  r e s i s t i v e  h c a t i n g -  

co i  I s , p l a c e d  in a st ii n l e s s - s t e e l  u l t  ra-hij.!: vacuum chamber which was 

pumped to  about 1 x 10 t o r r  l-y 1 Yacion'  and t i t a n i u m  s u M i r a t i o n  punns.  

(Some workers p r e f e r  t a n n e a l  i n  f ! . . i n  p u r  it mi [H.-i 75 ,  i , but

i t  i s  d i f f i c u l t  t- v:;c 1 :1c t i  t ees  : <>' en 1 Anneal i nv  t ; r e s  and

temperature v.v re v a r i e d ,  1 u t  w, tx c u e ’ 11> < no  hour at  11 SO * 50°C

(measured w i th  in e p t i c i l  p y r o r o t o r  1 .

Hi a-  mb'  a It* ay- j tve lvw«-: ch m n e l  l e d  y i e l d s  a f t e r  a n n e a l i n g .

The t o t a l  i r  r . e e n t  v. r t  t e :  f r ] 11 ‘ ’.e.i f a c e s  t h a n  f o r  n a t u r a l

f a c e s  on t h e  < ir.e s t  • . . i.i : < r  : r n . i l i n ;  t i - .  i up t o  2S h o u r s )  and 

h i g h e r  t e r ;  c r a t u r e s  (u; t o  110 ap; e a r e d  ti r ke no c o n s i s t e n t  

improvement  n t h e  at? vr v n d i t  i >n . T h i s  i s  i n  a c c o r d a n c e  w i th  t h e  

e v i d e n c e  t h a t  t h e  v a c an c y  i n  d i a :  nd i m ob i l e  above 9 0 0 6C [ C l - - ], t h e  

i n t c r s t i t i  1 l i r e  ! ly be -n • r >bi 1c roor  t e m p e r a t u r e  [Vad"5 ] ,  i f  i t  

i s  assumed t h a t  annea 1 i r; . dependc ' a t h e  n o t i o n  o f  t h e s e  d e f e c t s .  The 

b e s t  a n n e a l e d  s t o n e s  were among t!;t b e s t  o f  a l l  t h o s e  i n v e s t i g a t e d  by

c h a n n e l  1i n g .

I t  may be noted  that  an n e a l in g  was the only  one o f  the improvement  

t e c h n i q u e  used which < ye rated t li ron.-hnut the bulk o f  the s to n e ;  the  

o t h e r s  a b e d  s imply  at r e p la c i n g  or  modify ing  the s u r f a c e ,
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E s s e n t i a l l y  t h e  same p r o c e s s  has  been u se d  by w orke rs  in  low 

e n e r g y  e l e c t r o n  d i f f r a c t i o n  (I.! !;i)) t o  o b t a i n  t h e  b e s t  r e s u l t s  from 

p o l i s h e d  di  air on d s u r f a c e s  [ l.nn(( , I . u r 7 7 ] . However , in  t h o s e  s t u d i e s  

i t  was r e g a r d e d  s o l e l y  a s  .1 c l e a n i n g  t e c h n i c |u c .  The p r e s e n t  work 

i n d i c a t e s  .1 s econd  p o s s i b l e  r e a s o n  why i t  p r o d u c e s  ojit i r.iu 1,1.1.1) 

c o n t r a s t :  t h e  a n n e a l i n g  ou t  o f  p o l i  h i n ;  dar  ,i;.',e at t h e  s u r f a c e .

5 . 4 . 3  I_on_ ’!i 1_1 i

S p u t t e r  r ;  1 l i n g  u i t ! ;  SCH- eV n  ;•« n ion-- 1 is ; e r f o r ;  -d i r  t h e  

chamber  a t  a b a c k g ro u n d  p r e  s u re  o f  10 u t o r r . The r a t e  o f  r e c e s s i o n  

o f  t h e  s u r f a c e  was aK>ut 1 nr1 r i n

Ion m i l l i n g  was t h e  l e a s t  <ucct s f u l  o f  t h e  methods t r i e d .

I t  p ro d u ce d  c o n s i d e r  «' 1< di  s ixier .it t h e  c r \  • t a i  s u r f a c e ,  as shown by

. . .

d i s o r d e r e d  l a y e r s . The ; r  1- - a n - t  i p p re c i  .1! 1) r educ e d  b> h e a t i n g  in  

s i t u  to  700°C.  S i r . i l  . r r e  u l t s  have  been  o b s e r v e d  by 1.1 TP methods

[Mah64 , I. tnt ' , L'ir"( , 11:1 ' | .

Ion r i l l  inj: w ;is t h e  r e f  re r e j e c t e d  as 1 means o f  p r e p a r i n g  th e  

b e s t  p o s s i b l e  c r y s t a l s  f .■ 1 c h a n n e l l i n g .

5 . 4 . 6  lle.it i : /_ m  11; < n

Marsh an r,i m s v  t li lur  < 1 u 1. 1 vi! t h i  p r o d u c t i o n  o f  a p p a r e n t l y  

c l e a n  and o r d e r e d  1 nm ; . su r f ; ;  -i" , os m o n i t o n d  by 1.111', by h e r t i n g  

i n  h y d rogen  e i t h e r  w i t h  o r  w i t h o u t  p r i o r  a rgon  ion  m i l l i n g  [Mabel] .  

They found 1 • opt imum c o n d i t i o n s  K  he a t e m p e r a t u r e  o f  700°C a t  a



h y d r o g e n  p r e s s u r e  o f  1 0  t o r r  f o r  t w o  h o u r s

The s e  c o n d i t i o n s  were dup] 1 c . . t cd  on two s t o n e s , e x h i b i t i n g  

p o l i s h e d ,  u n p C i i s h e d ,  and ion-mi  1 l e d  s u r f a c e s . C h a n n e l l i n g  a n a l y s i s  

showed a s l i g h t  i mprovement  ( e x c e p t  f o r  t h e  p o l i s h e d  s u r f a c e )  and t he  

s t o n e s  a p p e a r e d  c l e a n e r . However ,  t h e  improvement  was not  o u t s t a n d i n g  - 

i n  p a r t i c u l a r ,  i o n - r i l l i n g  dan. i re  as r e v e a l e d  by t h e  s u r f a c e  peak was 

i e d u c e d  b u t  n t removed - and t h e  t e c h n i q u e  was not  p u r s u e d  f u r t h e r .

5 . 4 . 7  Assessment

The b e s t  t e c h n i q u e s  appc i red t o  be e i t h t r

i )  g a s - e t c h i n g ,  o r

i i )  p o l i s h i n j  f o l l o w e d  by  a n n e a l i n g .

Both p r o c e d u r e  w r e  a b l e  t o  r i v e  • I K  ; r o t o n  mi ni  r um y i e l d s  Xq i n  t he  

r e g i o n  o f  2 . 0 ' .

But t o  o b t a i n  such low y i e l d s , i t  was n e c e s s a r y  t o  t a k e  a diamond 

which a l r e a d y  had  a f a i r l y  low y i e l d  b e f o r e  t r e a t m e n t . In o t h e r  words 

i t  was n o t  pn? i b l e  t o  r ke  an e x c e l l e n t  c r y s t a l  ou t  o f  a p o o r  one by

any o f  t h e  al / e  t e c h n i q u e  ■.

The p r ob l e m was f u r t h e r  i n v e s t i g a t e d  by a p p l y i n g  g a s - e t c h i n g ,

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

m u t a t i o n s ,  t o  19 o f  t h e  P i -  and K - s f o n e s . I t  was hoped  to  e s t a b l i s h  an 

opt imum p r o c e d u r e  by which any g i ven  s t o n e  cou l d  b e s t  be improved.
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The r e s u l t s  ( i n  t h e  form o f  y() and g v a l u e s )  were t a b u l a t e d  

and p l o t t e d  i n  v a r i o u s  ways t o  t r y  t o  b r i n g  o u t  t h e i r  i n t e r r e l a t i o n s h i p s .  

However ,  no d e f i n i t e  t r e n d s  were  found.  U s u a l l y ,  w h a t e v e r  t e c h n i q u e  

was f i r s t  a p p l i e d  made a d i s t i n c t  improvement ;  s u b s e q u e n t  ones  might  

o r  might  n o t  make f u r t h e r  i mprovement ,  o r  might  even worsen t h e  s t o n e ,  

b u t  t h e  d i f f e r e n c e s  were s ma l l  and p r o b a b l y  s t a t i s t i c a l .  Th i s  can be

s e en  in  Ta b l e  5 . 5 ;  an a t t e m p t  a t  a summary i s  made in Tab l e  5 . 6 .

Thus  t h e  c h o i c e  o f  t e c h n i q u e s  a p p e a r e d  t o  be somewhat  open .  

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

e x p e r i m e n t i n g  on,  but  c o u l d  not  be us e d  f o r  t a b u l a r  spec i mens  o r i e n t e d  

on { 1 1 1 ) p l a n e s  ( s e c  5 5 . 4 . 3 ) ,  u n l e s s  t he y  c o u l d  be p o l i s h e d  s e v e r a l  

d e g r e e s  o f f  t h e i r  n a t u r a l  f a c e s . For  t h e  t h i n n e s t  { l l l i  m a c l e s , ga s -

e t c h i n g  v. is deemed t h t  most  s u i t  a" l e .  An n e a l i n g  on i t s  own was

s u c c e s s f u l  i f  t h e  s t o n e  a l r e a d y  h >d ve ry  good 111} f a c e s . The 

t e c h n i q u e s  used  on each  o f  t he  cli nnds f i n a l l y  s e l e c t e d  a r e  i n d i c a t e d  

i n  T M e  5 . 3 .

The b e s t  s y s t c i  ; t i c  p r o c e d u r e  seemed t o  be

i )  t o  choos e  t h o s e  s t o n e s  wi th  t h e  b e s t  a p p e a r a n c e ,  i n  t e r ms  o f  

morphol ogy ,  a b s e n c e  o f  c o l o u r ,  and f reedom from i n c l u s i o n s ;

i i )  t o  a p p l y  w h i c h e v e r  improvement  t e c h n i q u e  was j udged  t h e  most

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

i i i )  t o  s e l e c t  f o r  u s e ,  any s t o n e s  which p r od u c e d  low c h a n n e l l e d

y i e l d s ,  and t o  a p p l y  no f u r t h e r  e f f o r t  t o  t h o s e  which d i d
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C H A P T I  R _ 6

HXPl-RIMI N'l A I. l1 R0R!.i;NP AND TP Cl IXI OUI S

6 .1 INTRODUCTION

T h i s  c h a p t e r  d e a l s  w i t h  p r ob l e ms  which became a p p a r e n t  d u r i n g  t h e  

p e r f o r ma n c e  i r' t h e  e x p e r i m e n t s , and t h e  s p e c i a l  t e c h n i q u e  e v o l v e d  t o  

overcome t h e  and t o  e n s u r e  r e l i a b l e  d a t a .  Some a re  p e c u l i a r  t o  i on -  

beam e x p e r i m e n t s  on di amond,  w h i l s t  o t h e r s  a r c  more g e n e r a l l y  

e n c o u n t e r e d .  They a r e  c h i e f l y  c o n c e r n e d  w i t h  beam c u r r e n t  i n t e g r a t i o n , 

e l e c t r o n i c s , ..ad t h e  ; t a t  us o f  t h e  t a r g e t . These i n v e s t i g a t i o n s  

c ompr i s e d  t h e  r a i n  work o f  Phas e  I I .

6 . 2  T.LI-CTRON SUIT Pi a I ON

6 . 2 . 1  B a d  grour. !

In any e x p e r i me n t  where  d a t a  i s  b e i n ,  n o r m a l i s e d  t o  t h e  same 

t o t a l  r.uz : -cr  o f  i n c i d e n t  i on s  v i a  a measurement  o f  t a r g e t  c u r r e n t ,  i t  i s  

n e c e s s a r y  t o  s u p p r e s s  t he  e m i s s i o n  o f  s e c o n d a r y  e l e c t r o n s .  Th i s  i s  

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

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

[ S t e 5 7 ] ; r e c e n t l y ,  c r y s t a l  l ogr . nphi c  v a r i a t i o n s  have  a l s o  been seen  

[ Br u74] .

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

p o t e n t i a l  o f  a few hundr ed  vol t ; ;  t o  a r i n g  o r  s c r e e n  i n  f r o n t  o f  t he
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t a r g e t - h o l d e r .  I r  seems t r a d i t i o n a l  t o  t a k e  a r a t h e r  c a v a l i e r  a t t i t u d e  

t o wa r d s  t h i s :  a s k e t c h  o f  t h e  1 . i c  f i e l d  l i n e s  i n  some r e p o r t e d  

c o n f i g u r a t i o n s  shows them t o  1 r g c l y  i n e f f e c t i v e  i n  r e t u r n i n g  a l l

e l e c t r o n s  t o  t h e  t a r g e t .

6 . 2 . 2  Desi  r.n

The l a r g e  f l a t  t a r g e t - h o l d e r s  b e i n g  us e d  ( 5 3 . 3 . 1 )  s u g g e s t e d  

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

two f a c i n g  one a n o t h e r  t o  form a p a r a l l e l - p i  a t e  c a p a c i t o r ,  and t h e  

s u p p r e s s o r  p l a t e  h a v i n g  a h o l e  t o  a 11 o\\ \ a; a e o f  t h e  beam.  To avoid  

e s c a p e  o f  e l e c t r o n s  r ound t h e  e d g e s , t h e  r r ximum r ange  in a r a d i a l  

d i r e c t i o n  must  be l e s s  t h a n  t h e  r a d i u ;  r  : t h e  t a r g e t - h o l d e r .  i f  t he  

t a r g e t - t o - p l a t c  sej  i r a t i o n  i s  s , i t  can be shown t h a t  t h i s  c o n d i t i o n  

g i v e s

s < ? r

a s sumi ng  s u f f i c i e n t  b i a s  f o r  no e l e c t r o n s  t o  r e a c h  t h e  p l a t e . T e s t s  

i n d i c a t e d  t h a t  -400V was mere t han  a d e q u a t e  f o r  1 MeV lie i ons  on 

m e t a l s .

6 . 2 . 3  Scl  f -sui>prc : ion

Measured  b e a m - c u r r e n t s  on diamond d i d  not  change  when t h e  

s u p p r e s s i o n  v o l t a g e  was s w i t c h e d  o f f  and on.  Diamond a ppe a r s  t o  s u p p r e s s  

i t s  own s e c o n d a r y  e l e c t r o n s ; i t  was assumed t h a t  t h i s  was due t o  i t s  

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

r e g i o n  o f  t h e  b e a m- s p o t .  F u r t h e r  e v i d e n c e  f o r  t h i s  was seen  

(Sec t  ion '  . 3) .
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However ,  t h e r e  were  e x c e p t i o n s ,  f o r  e x a mp l e , i o n - m i l l e d  diamonds 

shewed no s e l f - s u p p r e s s i o n .  To be on t h e  s a f e  s i d e ,  e l e c t r o n  s u p ­

p r e s s i o n  b i a s  was a lways  used  ( u n t i l  t h e  m o d i f i c a t i o n s  o f  § 6 . 3 . 2 ) .

6 . 3 TAFGF.T CliARGlNT.

6 . 3 . 1  hv i done e

The p r o b l e m o f  p e r f o r m i n g  i on-beam e x p e r i m e n t s  on i n s u l a t i n g  

t a r g e t s  whose s u r f a c e s  c h a r g e  up u n d e r  t h e  i n c i d e n t  beam,  ha s  been 

c o n s i d e r e d  in  a r e c e n t  p a p e r  by A h l h e r g  e t  al  [Ah75] .  Diamond i s  an 

e x t r e m e l y  good i n s u l a t o r  ( r e s i s t i v i t y  > 1 0  ' -cm i n  t he  d a r k ) ; t h e  

l a c k  o f  any p r o b l e m i n  c o l l e c t i n g  t a r g e t  c u r r e n t s  was p r e s uma b l y  due t o  

s u r f a c e  breakdown b e i n g  t h e  p r ed o mi n a n t  c o n du c t i o n  mechanism.  In f a c t , 

f r e q u e n t  s u r f a c e  1 f l a s h o v e r s 1 c o u l d  e a s i l y  be s e e n .

I n  some e x p e r i m e n t s , t h e  a n g u l a r  p o s i t i o n  o f  a cha nne l  (but  n o t  

t h e  wi d t h )  showed a s ma l l  bu t  d i s t i n c t  de pendence  on b e a r  c u r r e n t . ".he 

e f f e c t  was most  n o t i c e a b l e  i t  l a r g e  i n c i d e n c e  a n g l e s , f o r  example a 

< 1 0 0 > a x i s  a t  ^55°  s h i f t e d  by - 0 . 1 ° when t h e  t a r g e t  c u r r e n t  was changed 

f rom 1 nA t o  5 nA. T h i s  c o u l d  be exp 1 i ned  i f  t h e  t a r g e t  were c h a r g i n g  

and d e f l e c t i n g  t h e  beam,  t he  e q u i l i b r i u m  p o t e n t i a l  r ea c h e d  (and hence  

t h e  d e f l e c t i o n )  be i n  p r o p o r t i o n a l  t o  t h e  r a t e  o f  a r r i v a l  o f  c h a r g e ,  

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

t o  t h e  i n c i d e n t  p a r t i c l e :  g i v e s  a p o t e n t i  1 1 o f   ̂ ! kV i n  t h e  beam-spot  

r e g i o n .

The c h a n n e l - s h i f t  e f f e c t  was c o m p l e t e l y  s u p p r e s s e d  by t he
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e v a p o r a t i o n  o f  a t h i n  c o n d u c t i n g  l a y e r  o f  a lumini um on t o  t h e  diamond 

s u r f a c e ,  and r e s t o r e d  by r emovi ng  t h e  l a y e r  w i t h  a c i d .  I t  was a l s o  

s u p p r e s s e d  by t h e  u s e  o f  an e l e c t r o n  f l o o d  f i l a m e n t  ( s e e  § 6 . 3 . 2  b e l o w ) . 

T o g e t h e r  w i t h  t h e  s c  1f - s u p p r e s s i o n  e f f e c t  ( § 6 . 2 . 3 ) ,  t h e  e v i d e n c e  

i n d i c a t e d  t h a t  c h a r g i n g  was i ndee d  o c c u r r i n g  on c l e a n  diamond s u r f a c e s ,  

and was r e s p o n s i b l e  f o r  t h e  c h a n n e l  s h i f t .

6 . 3 . 2  Rered i o s

C o n d u c t i v e  l a y e r s  on t h e  diamond s u r f a c e  cou ld  o f  c o u r s e  not  be 

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

was t a k e n  t o  keep t h e  t a r g e t - c u r r e n t ,  ;md he nc e  t h e  bear: d e f l e c t i o n ,  

c o n s t a n t .

The p r ob l em was l a t e r  e l i m i n a t e d  by u s i n g  a h e a t e d  f i l a m e n t  t o  

f l o o d  t h e  t a r g e t  w i t h  e l e c t r o n s  and t h u s  n e u t r a l i s e  any p o s i t i v e  cha r ge  

b u i l d - u p .  Secondary  e l e c t r o n  s u p p r e s s i o n  was ! ~n p o i n t l e s s ,  and t h  • 

s u p p r e s s o r  p l a t e  was removed.  The t a r g e t  c u r r e n t  was c o l l e c t e d  from 

t h e  chamber  as  a who l e ,  which was f l o a t e d  w i t h  r e s p e c t  t o  g round.  The 

f i l a m e n t  was powered by an i s o l a t e d  b a t t e r y  and grounded t o  t h e  chamber .

A p l a i n  t u n g s t e n  f i l a m e n t  was found t o  e v a p o r a t e  s i g n i f i c a n t  

q u a n t i t i e s  o f  t u n g s t e n  on t o  t h e  diamond a t  t h e  t e m p e r a t u r e s  r e q u i r e d  

f o r  t h e r m i o n i c  emi ■ i o n .  I n s t e a d ,  t h e  f i l a m e n t  a s sembl y  from an o 1 

r a d i o  v a l v e  was u s e d ;  i t s  l ower  o p e r a t i n g  t e m p e r a t u r e  (due t o  i t s  

e m i s s i v e  c o a t i n g )  r e s u l t e d  i n  no t a r g e t  c o n t a m i n a t i o n .  E l e c t r o n s  were 

drawn away from t h e  f i l a m e n t  by a p p l y i n g  a b i a s  o f  + 2 0 0  V t o  t h e  v a l v e  

g r i d .  The deve lopment  was due t o  R.W. F c a r i c k .
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Hi i s  c o n f i g u r a t i o n  was found t o  he e s s e n t i a l  when r u n n i n g  t h e  

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

c o n s i d e r a b l e  t h e r m i o n i c  e m i s s i o n  o f  i t s  own, and measurement s  o f  beam- 

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

The o l d  c o n f i g u r a t i o n  was " c t a i n c d  on t h e  Tandem b e c a u s e  o f  

d i f f i c u l t i e s  i n  i n s u l a t i n g  t h e  t a r g e t  chamber .  The h i g h e r  e n e r g i e s  

and s t e a d i e r  b e a m - c u r r c n t s  r e s u l t e d  in no d e t e c t a b l e  e f f e c t s  o f  t a r g e t -  

c h a r g i n g .

6 . 4  t a r o ;  T curb! i 1.1 v;;

6 . 4 . 1  H e a t e r

Al t hough  t h e  t a r g e t  h e a t e r  was i n s u l a t e d  from t h e  t a r g e t  by  t he  

u s e  o f  ' T h e r mo c o a x ' ,  s i g n i f i c a n t  l ea l  ige be tween t h e  two was found t o  

o c c u r  when t h e  h e a t e r  was c o n n e c t e d  t o  a mains  p o w e r - s u p p l y . I t  was 

t h e r e f o r e  powered f r o r  i s o l a t e d  l ead  a c c u m u l a t o r s .

6 . 4 . 2  O t h e r  Sc " a r c

P i c kup  o f  s t r a y  c u r r e n t s  by t h e  e x t e r n a l  b a t t e r y  l e a d s  and by t he  

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

by p e r i o d i c a l l y  b a l a n c i n g  t he  c u r r e n t  i n t e g r a t o r  i nput  b i a s .

6 . 5  EI.l'CTRON'ICS

6 . 5 . 1  Noi se

P i c k u p  o f  50 II: and o t h e r  e l e c t r o n i c  ' gar !  e ' by t h e  d e t e c t o r s
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and  t h e i r  l e a d s  was r educ e d  hy s y s t e m a t i c a l l y  e l i m i n a t i n g  g r o u n d - l o o p s , 

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

and e a r t h i n g  t o  a s i n g l e  p o i n t  on one oi  < he p r e a m p l i f i e r s .  The a n n u l a r  

d e t e c t o r  was p a r t i c u l a r l y  s u b j e c t  t o  p i c k u p  by c a p a c i t a t i v c  c o u p l i n g ,  

b e c a u s e  o f  i t s  e xposed  l i v e  e l e c t r o d e .

The n o i s e  pr ob l e m i s  s i g n i f i c a n t  w i t h  diamond b e c a u s e  o f  t h e  low 

r e l a t i v e  e n e r g i e s  o f  h a c k s c a t t c r e d  i o n s ,  c o n s e q u e n t  on the  low a t omi c  

mass  ( f o r  example  b = 0 . Zf f o r  lie ) .

6 . 5 . 2  P u l s e  P i l e . .;

S e v e r a l  d i f f e r e n t  pu l  s c - h e i g h t  a n a l y s e r s ,  w i t h  d i f f e r e n t  t ime 

r e s o l u t i o n s ,  were  used d u r i n g  t he  c o u r s e  o f  t h e  e x p e r i m e n t s . A n a l y s e r  

d e a d - t i r . e s  were g e n e r a l l y  n e g l i g i b l e  ( V I .  In some c a s e s , d e a d - t n . e s  

f o r  ' r andom'  s p e c t r a  r o s e  t o  5r , .rnd a c o r r e c t i o n  f a c t o r  was t h e n  

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

The a n a l y s e r  g e n e r a l l y  used  w i t h  t h e  low e n e r g y  a c c e l e r a t o r  

• C h r i s t i n e *  (an ND2-1

i t  was found t o  r e j e c t  more l ow- e ne r gy  t h a n  h i g h - e n e r g y  p u l s e s ,  r e s u l t i n g  

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

c i r c u i  t .

6 . 6  TAP.Ci: f  CONTA'-'I N'ATl ON

6 . 6 . 1  s o u r c es

The d e p o s i t i o n ,  in t h e  e a r l y  e x p e r i m e n t s ,  o f  s i l i c o n  and oxygen
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and i t s  a t t r i b u t i o n  t o  di  f f us i on - pu t np  b a c k s t r c a i  inf. ,  h a s  been r e f e r r e d  t o  

i n  S e c t i o n  5 . 3 .  T h i s  i n f e r e n c e  was f u r t h e r  i n v e s t i g a t e d  by o b t a i n i n g  

b a c k s c a t t e r v d  s p e c t r a  o f  a l l  o i l s  u s e d  in  t h e  vacuum s ys t e m ,  f o r  

c omp a r i s o n .

Very t h i n  l a y e r s  o f  o i l  were d e p o s i t e d  on c l e a n  b e r y l l i u  . d i s c s  

by d i s s o l v i n g  a s m a l l  drop  o f  o i l  in 25 ml e t h e r  and s p r e a d i n g  one drop 

o f  t h e  e t h e r e a l  s o l u t i o n  on t h e  d i s c .  B a c k s c a t t e r c d  s p e c t r a  o f  1 . 0  MeV 

Me i ons  were r e c o r d e d . The u s e  o f  a b e r y l l i u m  s u b s t r a t e  (M = 9) 

r e n d e r e d  c a r t o n  (M = 12) v i s i b l e .  The f o l l o w i n g  were i n v e s t i g a t e d :

i )  t u r b o m o l e c u l a r - p u i r p  o i l  ( P f e i f f e r  T 1 2 ) ;

i i )  d i  f f u s  ion-pump o i l  (DC I'04 s i l i c o n e ) ;

i i i )  b a c k i n g - p u r ; o i l  (Edwards nu h e r  18) ;

i v )  0 - r i n g  g r e a s e  (Dow Cor n i ng  s i l i c o n e ) ;  and

v) l u b r i c a n t  g r e a s e  ( Api czon  1 1.*) .

Only t h e  d i f f u s i o n  pump o i l  and t h e  0 - r i n g  g r e a s e  were found t o  

c o n t a i n  ‘ Si ( t h e  peak was r a t h e r  b r o a d ,  and S was p r o b a b l y  a l s o  

p r e s e n t ) .  The o t h e r  o i l s  a p p e a r e d  t o  be  p u r e  h y d r o c a r b o n s .  A t e s t  in 

whi ch  a w a s h e r ,  smeared  wi t h  0 - r i n g  g r e a s e ,  was h e l d  in f r o n t  o f  t he  

b e r y l l i u m  d i s c ,  p r oduce d  no d e p o s i t i o n ,  and a l l  t he  v i s i b l e  c o n t a m i n a t i o n  

a p p e a r e d  t o  o r i g i n a t e  f rom t h e  d i f f u s i o n - p u m p .  I t  was borne  i n  mind that  

h yd r o c a r b o n  o i l  c o n t a m i n a t i o n  on diamond would be s e en  on l y  w i t h  

d i f f i c u l t y ,  as  an i n c r e a s e  in t h e  c h a n n e l l e d  s u r f a c e  pe a k ;  t h e r e  i s  

e v i d e n c e  f o r  t h i s  in S e c t i o n  9 3.

I t  may be wor t h  n o t i n g  t h a t  s i l i c o n  c h a n n e l l i n g  wor ke r s  o f t e n
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m e n t i o n  o b s e r v i n g  e x c e s s i v e  amorphous s u r f a c e  l a y e r s  o f  s i l i c o n  and 

o x y g e n , u s u a l l y  c h a r a c t e r i s e d  is ' s u r f a c e  o x i d e * .  Some o f  t h i s  may w e l l  

o r i g i n a t e  f rom d i f f u s i o n  pumps.

6 . 6 . 2  Meehan i sm

I t  was f o r me r '  o e l i e v c d  t h a t  c o n t a m i n a n t  m o l e c u l e s  become 

e n t r a i n e d  i n  t h e  learn d u r i n g  i t s  p a s s a g e  t h r o u g h  t h e  vacuum,  and a r r i v e  

a t  t h e  t a r g e t  e i t h e r  as  p a r t  o f  t he  beam,  0 1  as a c o n c e n t r i c  ' h a l o ' .

T h a t  t h i s  i s  no t  t h e  c a s e ,  was i n d i c a t e d  by t h e  oh • c i v a t  i on  t h a t  w i t h  t he  

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

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

d e v e l o p e d  q u i c k e s t  on t h o s e  b e r y l l i u m  d i s c s  which had a l r e a d y  been 

s m e a r e d  w i t h  o i l .  I t  a pp e a r e d  t h a t  t a r g e t  c o n t a mi n a t i o n  must  be d e p o s i t e d  

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

On t h e  o t h e r  h a r d ,  when t h e  c r yopunp  was no t  u s e d ,  a r a p i d

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

was on t a r g e t . Thus a two- s t ag , e  mechanism i s  i m p l i e d .  C o n t ami n a t i o n

i s  d e p o s i t e d  f rom t h e  vacuum,  peri iar  : a% a c onde nse d  mono l aye r ,  b u t  i s

'

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

i n c r e a s e s .

Such b e a m - s t i m u l a t e d  a d s o r p t i o n  i s  we l l - known in e l e c t r o n  beam 

a n a l y s i s  ( f o r  e x a mp l e ,  s e e  Co70,  I.ai “ a ,  Ki 7-1 and I ur77)  ; in view o f  t h e  

f i n d i n g s  o f  I.am73, t h e  s e c o n d a r y  e l e c t r o n s  e m i t t e d  t h r o u g h  t he  t a r g e t  

s u r f a c e ,  r a t h e r  t ha n  t h e  i n c i d e n t  i o n s ,  may be r e s p o n s i b l e .  An a n a l y s i s
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o f  t h e  dynamic;;  o f  c a r b o n a c e o u s  f i l m  y j o u t h  h i '  r e c e n t l y  been  

p u b l i s h e d  [Hi 77 ] .

A s e cond  mechani sm uas  c o n s i d e r e d :  t h a t  o f  r e c o i l  i m p l a n t a t i o n

o f  t h e  atoms o f  a c o nde ns e d  s u r f a c e  l a y e r ,  unde r  t h e  i mp a c t s  o f  t h e  beam 

i o n s  [Ne69].  However ,  t h e  f r a c t i o n  o f  atoms i mp l an t e d  was c a l c u l a t e d  t o  

be q u i t e  n e g l i g i b l e ,  1 0  [l‘ea"' " ' d] .

With a h o t  t a r g e t ,  d i r e c t  b a k i n g  on o f  c o n t a m i n a n t s  seemed t o

be i m p l i c a t e d  ( ee S e c t i o n  9 . 3 ) .

6 . t>. 3 P r e v e n t  i a_

The r a t e  o f  c ontam inat ion  was r e duc e d  to  a n e g l i g i b l e  l e v e l  by 

a l ways  c h i l l i :  . the c r y opurn] b e f o r e  p u t t i n g  beam on t a r g e t .  In a d d i t i o n ,  

m i g r a t i o n  o f  purp o i l  vapour to  the targe t -cham ber  was mi n i mi s ed  by t h e  

use  o f  t h e  d i f f u s i o n -pur;' trap and i n - l i n e  trap (! 3 . 3 . 2 ) .

Dur i ng  a run, s p e c t r a l  e v id e n c e  o f  com a1 Inut ion was m o n i t o r e d ,

and a new be in pot s e l e c t e d  i f  n e c e s s a r y .

6 .7  RADI AT 10*: PA* ’AC,)

R a d i a t i o n  damage by t he  a n a l y s i n g  beam c a u s e s  an i n c r e a s e  i n  

de c ha nne l  1 i n g , and i t  wa t lie re f o i e  n e c e s s a r y  t o  e n s u r e  t h a t  i t  was 

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

C h a p t e r  10.

No e f f e c t s  o f  p r o t o n  damage were s e e n  in t h e  l o n g e s t  runs  u s e d .



n o .

Hel ium damage was o b v i o u s  i n  v e r y  long r u n s , and was i n v e s t i g a t e d  

s y s t e m a t i c a l l y  as  d e s c r i b e d  in  C h a p t e r  10.  Damage e f f e c t s  on x | r -n f i r s t  

became e v i d e n t  f o r  a dos e  D ~ 3*10 ' '  i o n s  cm *.

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

D 'v 1 * 10 1 ‘ i on s  cm • , and a f u l l  scan w i t h  s p e c t r a  gave D ~ 3 * 1 0 ' ^ .  Thus 

i t  was f e a s i b l e  t o  o b t a i n  r e s u l t s  f r e e  o f  o b s e r v a b l e  r a d i a t i o n  damage 

e f f e c t s .

The i n t e g r a t e d  c h a r g e  p e r  s p e c t r u m  was chosen as t h e  minimum 

c o m p a t i b l e  wi t h  good s t a t i s t i c s .  Un n e c e s s a r y  e x p i s u r e  was a v o i d e d  by

p l a c i n g  a s h u t t e r  in t h e  b e a n  whenever  d a t a  were not  b e i n g  t a k e n .

6 . 8  AXIAL S i  .-FI V\'l

6 . 8 . 1  N it u r e  ~ f t ' 1 ■ Pi '

Major  a x i a l  c h a n n e l s  a r e  i n t e i  e c t e d  by a number o f  s y s t e ms  o f  

p l a n a r  channe l  , c o m p r i s i n g  a l l  t h o s e  p l a n e s  f o r  which t h e  a x i s  i s  zone

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

o f  t h e s e  c r y s t  il p l a n e s  w i l l  p a s s  d i r e c t l y  from a x i a l  t o  p l a n a r  channel l i ng ,  

r a t h e r  t h a n  f r o n  a x i a l  chat  c e l l i n g  t o  random i n c i d e n c e  ( F i g u r e  6 . 1 ,  and 

R e f e r e n c e  Dav6 8 , p 348) .

I f  t h e  p l a n a r  y i e l d  i s  !iOr. i n  t h e  s a d d l e  r eg i on  be tween p l a n a r  

and a x i a l  c h a n n e l s ,  i t  w i l l  no t  be p o s s i b l e  t o  measure  f o r  t h e  a x i s .

Liven i f  t h e  y i e l d  t h e r e  i s  *50'!,, i t  woul d  be e x p e c t e d  t h a t  t h e  d i p  i s  

w i d e r  and g i v e s  l a r g e r  ; ,  v a l u e s  t ha n  a s can  in  a no n - c h a n n e l  l i n g  p l a n e .



I l l .



T h i s  was c o n f i r m e d  by t h e s e  e x p e r i m e n t s  and t h o s e  o f  o t h e r s  ( f o r  

e xa mp l e ,  s e e  AndbS) .

Fo r  an a c c u r a t e  c ompa r i s on  w i t h  t h e o r y ,  a x i a l  c r i t i c a l  a n g l e s  

must  c l e a r l y  be meas u r ed  by s c a n s  which do no t  c o i n c i d e  wi t h  maj or  

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

t h e  rows i n  i s o l a t i o n ,  "nd do not  t a k e  accoun t  o f  any p l a n a r  c h a n n e l l i n g  

c o mp o n e n t .

Many p u b l i s h e d  c r i t i c a l  a n g le  s t u d i e s  have  t a k e n  no accoun t  o f  

t h e  s c a n - p l a n e s  u s e d  - o r  at  l e a s t  have  not  r e p o r t e d  t h e n .  Some w o rk e rs  

ha ve  r e p o r t e d  a d e l i b e r a t e  c h o i c e  o f  m ajo r  c r y s t a l  p l a n e s .  Th is  cou l d  

be  t h e  s o u r c e  of  me t h e  o b s c r w d  d i s c r e p a n c i e s  w i th  t h e o r y .

6 . 8 . 2  I n v e s t  i i t ! n_

The m a gn i tude  o f  t h e  p l a n a r  e f f e c t  was i n v e s t i g a t e d  e x p e r i m e n t a l  ly, 

u s i n g  1 . 0  McY p r o t o n s  i n c i d e n t  n e a r  ■1 10>, <111 •, and <100 a x e s . Two 

t ^ p c s  o f  e x p e r i m e n t  were c a r r i e d  o u t :

i ) Sc a ns  t h r o u g h  an a x i s  were trade a t  d i f f e r e n t  o r i e n t a t i o n s  and

t h e  d e r i v e d  c r i t i  a 1 a ng l e  compared.

i i )  The beam was p r o c e s s e d  a round  t h e  s u r f a c e  o f  a cone whose a x i s

was t h e  c r y s t a l  a x i s .

Scans  ( i ) c l e a r l y  r e v e a l e d  t h e  v a r i a t i o n s  in c r i t i c a l  a n g l e  

( F i g u r e s  6 . 2 ,  6 . 3 ) .  R e p e t i t i o n  in f i n e  a z i m u t h a l  s t e p s  would have  been 

t o o  t i m e - c o n s u m i n g ,  so t h e  d e t a i l e d  s t r u c t u r e  was r e v e a l e d  by method ( i i ) .
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C o n i c a l  s c a n s  were p e r f o r me d  f o r  s e v e r a l  d i f f e r e n t  cone h a l f ­

a n g l e s  i n  t h e  r e g i o n  O ' ,  ’■ ^  2 ^,  , p r o d u c i n g  a c o n t o u r  p l o t  o f  t h e  y i e l d
2

i n  t h e  r e g i o n  o f  t h e  a x i s .  The 0 and > c o o r d i n a t e s  f o r  t h e s e  s c a ns  

were c a l c u l a t e d  w i t h  t h e  a i d  o f  t h e  p o c k e t  c a l c u l a t o r  programme CRAP-2 

( A p p e n d i x ) . I t  was not  n e c e s s a r y  t o  scan t h r o u g h  360° in a z i m u t h ,  h u t  

t h r o u g h  180/n d e g r e e s ,  where  n was t h e  o r d e r  o f  t he  a x i s ,  b e c a u s e  o f  

symmet ry  ( i n c l u d i n g  m i r r o r  p l a n e s ) .  The a z i mu t ha l  r a n g e s  o f  t h e  s c ans  

a r e  i n d i c a t e d  i n  F i g u r e  6 . 1 .

R e s u l t s  f o r  t h e  t h r e e  axes  a r e  shown in  F i g u r e s  6 . 5 ,  6 . 6  and 

6 . 7 ,  and t h e  *• 110  d a t a  a r e  r e - p r e s e n t e d  as  a t h r e e - d i m e n s i o n a l  c o n t o u r  

p l o t  i n  F i g u r e  6 . 8 .

The i n f l u e n c e  o f  l o w- i n d e x  p l a n e s  i s  c l e a r l y  s e e n .  However ,  

t h e y  do n o t  p r oduce  shar :  l y - e t c h e d  ' c a n y o n s '  hut  a g r a d u a l  y i e l d  

v a r i a t i o n ,  and t h e i r  e f f e c t  i s  e v i d e n t l y  f e l t  o v e r  most o f  t h e  a x i a l  

r e g i o n .  The l e s t  c h o i c e  o f  s c a n - p l a n e  i s  p r e s uma b l y  t h a t  whi ch  sampl es  

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

w i t h i n  ' . i o f  t h e  a x i s ,  whi ch  i s  why a c a r e l e  < c h o i c e  o f  s c a n - p l a n e  does  

no t  ha ve  an in: edi  a t c l y  n o t i c e a b l e  e f f e c t  on t he  measur ed  v a l u e  o f  . , .  

For e x a mp l e , i n  i ' av6 8  t h e  e f f e c t s  were j u d g e d  i n d i s t i n g u i s h a b l e .

6 . 8 . 3  Scan-p i  at r  Civ i ce

Opt i mum s c a n - p l a n e s  were chosen  and adhe red  t o  f o r  a l l  t he  

c r i t i c a l  a n g l e  mea s u r eme n t s  o f  Ph a s e  I I I ;  t hey  a r c  l i s t e d  i n  Tabl e  6 . 1 .  

The p e r m i s s i b l e  e r r o r s  ( c hos e n  as t h e  maximum d e v i a t i o n  which made a 

n e g l i g i b l e  d i f f e r e n c e  t o  t h e  y i e l d  in t h e  c o n i c a l  s c a n s )  a r e  u n i t e  s ma l l
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F i g u r e  6 . 5 : C o n i c a l  s c a n : -, a b o u t  a  1 1 0 -  a x i s  ( 1 . 0  McV p ,  D M ;  ' j ^ = 0 . 5 5 ° )
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F i g u r e  6 . 6 : C o n i c a l  s c a n s  a b o u t  a < 1 1 1  a x i s  ( 1 . 0  MeV p , O i l ;  ij ^ = 0 . 4 9 ° ) .
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F i  p u r e  6 . 7 : C o n i c a l  s c . m s  a b o u t  a  1OO a x i s  ( 1 . 0  MeV p ,  n i l ;  . ; = 0 . 4 2 ° ) .
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Vi  j’u r c

Counts
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( 1 1 1 )

6 . 8 : T hree-d im ens io na l  p l o t  o f  c o n i c a l  scans  about <111'

( 1 . 0  McV p ,  Di4;  = 0 . 4 9 ° ) .



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

< 1 1 1 >, i t  may be s een  t h a t  t h e  s c a n - p l a n e  chos en  a c c o r d i n g  t o  t he  

p r e v i o u s  p a r a g r a p h  v a r i e s  w i t h  ij>, and h e r e  a compromise was made.

TABLf 6.1

Opt i mum Tr.-ms.-i>; i al  Fc .u. -pi  anes

Azi .nuthal  a n g l e s  a r e  n e n s u r e d  be t ween  t h e  s c a n - p l a n e  anti a MlO}

c r y s t a l  p l i n e

Axi s
Azimuth

( d e g r e e s )

< 1 1 0 > 75 ± 5

< 1 1 1 > : I
<1 0 0 > 30 t  1

6 . 9 F'LVwM! SCA:. 1 fTAT [ N_

6 . 9 . 1  N a t u re o f  t ho  T: •' l_er

A k i n d r e d  p r ob l em t o  t h e  above ii> e n c o u n t e r e d  when p e r f o r mi n g  

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

t h e  more c l o s e - p a c k e d  mi nor  a x e s , which would i n f l a t e  t h e  measured  

p la n a r  c r i t i c a l  a n g l e s .  Many o f  t h e s e  a r c  v i s i b l e  w i t h  h e a v i e r  t a r g e t s  

( f o r  e xampl e ,  sve  Pav 6 8 , p 348- .



1 2 2 .

6 . 9 . 2  I n v e s t  i r.at ion

The p r ob l em was a p p r o a c h e d  by

i )  C a l c u l a t i n g  t h e  p o s i t i o n s  o f  t h e  minor  axes  w i t h

r e l a t i v e l y  low i n d i c e s ,  and a v o i d i n g  them.

i i )  S c a n n i n g  down t h e  p l a n e  l ook i ng  f o r  e v i d e n c e  o f

mi nor  a x e s .

The p l a n e s  o f  i n t e r e s t  ( {110},  { i l l } ,  and ' 100})  were i n v e s t i g a t e d  

i n  t h e  r e g i o n  o f  t h e  < 1 1 0 > a x i s  (where  i t  was found c o n v e n i e n t  t o  t a k e  

s c a n s ) . The r e s u l t s  a r e  p r e s e n t e d  in  F i g u r e s  <>.9, 6 . 1 0  and 6 .11 

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  c a l c u l a t e d  p o s i t i o n s  o f  t h o s e  minor  axes  

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

q u e s t i o n .  Some minor  axes  a r c  v i s i t  l e , in t h e  c a l c u l a t e d  p o s i t i o n s . 

Appa r en t  e v i d e n c e  f o r  o t h e r s  i s  p r o b a b l y  count  i n g - s t a t i s t i c s ;  o n l y  

t h o s e  which were r ep e a t  a b l e  a r e  shown.

6 . 9 . 3  S c a n - p l a n e  Ch i oc

Optimum t r a n : - p l a n a r  s c an  p o s i t i o n s  w ere s e l e c t e d ,  a v o i d i n g  t he  

c a l c u l a t e d  p o s i t i o n s  o f  u n d e t e c t e d  minor  axes  as  we l l  as t he  d e t e c t e d  

o n e s , s i n c e  t h e  s c a n s  o f  <>.9.2 a r e  p r o b a b l y  no t  v e ry  s e n s i t i v e .  They 

a r e  l i s t e d  in Ta b l e  6 . 2 .  As i n  t he  a x i a l  c a s e , t h e  maximum p e r m i s s i b l e  

e r r o r s  a r c  q u i t e  s mal l  f o r  r e l i a b l e  r e s u l t s .
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TAB LI: 6 .2

Optimun Tr;m:-;> 1 a n a r  Sc. in-p 1 anc.s

Region o f  <110> a x i s .  Angles  a r e  measured  a l o n g  th e  

c r y s t a l  p l a n e  i n  q u e s t i o n ,  from t h e  * 1 1 0  ■ a x i s .

P l a n e
Angle

( d e g r e e s )

{ 1 1 0 } 9 . 2  ± 0 . 2

{ 1 1 1 } 1 0 .0  t  0 . 3

{ 1 0 0 } 8 . 6  t  0 . 2



3 2 7  .

c n A P ’ir .R  7

CR IT IC A L  AXGI.l STUD 11 S AT ROOM 'IT MTLRATURF.

7 .1  INTROiniCTION-

Measurements  o f  c r i t i c a l  a n g l e s  o f  c h a n n e l l e d  i ons  h a c k s c a t t e r e d  

from good diamond c r y s t a l s ,  a r e  p r e s e n t e d  in  t h i s  c h a p t e r .  Measurements  

o f  t h e  same t y p e  were g e n e r a l l y  made on more than  one s t o n e  to  r e v e a l  

any specimen  d e p e n d en c e .

Fo r  e a c h  s e t  o f  c o n d i t i o n s ,  t h e  c h a n n e l l i n g  h a l f - a n g l e s  were 

m easu red  f o r  t h e  t h r e e  most open axes o f  t h e  diamond s t r u c t u r e ,  namely  

< 1 1 0 >, < 1 1 1  , and < 1 0 0  , and f o r  t h e  t h r e e  most open p l a n e s , namely 

{110},  ( 1 1 1 : ,  and f 100 ■. A few r e n s u r e m c n t s  were made f o r  h i g h e r  a x e s  

and p l a n e s . The methods o f  proc< ing  and a n a l y s i n g  th e  raw d a t a  a r e  

o u t l i n e d  in  S e c t i o n s  " . 2  and ” .3  re  p e c t i v c l y .

The r e s u l t s  a r e  s e t  o u t  in  S e c t i o n  " . I .  Data  f o r  1 .0  MeV p r o t o n s  

a t  r o o m - t e r p e r a t u r e  were r e g a r d e d  ;s s t a n d a r d ;  measurements  were 

e x t e n d e d  t o  h i g h e r  e n e r g i e s ,  t o  o t h e r  ion s p e c i e s ,  and to  h i g h e r  t e m p e r ­

a t u r e s ,  k e e p i n g  t h e  o t h e r  pa r .n  e t c i  unchanged  in each c a s e .  The h i g h -  

t e m p c r a t u r c  d a t a  a r e  c o n s i d e r e d  s e p a r a t e l y  in C h a p t e r  8 , Comparisons  

w i t h  t h e o r y  a r e  made in  S e c t i o n  7 .8 ,  and w i th  o t h e r  r e s u l t s  i n  

S e c t i o n  7.f>.



7 .2  DATA I'ROCI'SS ING

7 . 2 . 1  Depth Convor;, ion

I t  was p o i n t e d  o u t  i n  1 2 . 4 . 3  t h a t  an e n e rg y  s p e c t r u m  o f  back-  

s c a t t e r e d  io n s  c o u ld  be c o n v e r t e d  t o  a ' d e p t h  s p e c t r u m '  v i a  I.qn 2 .16  o r ,  

as  u s e d  in  t h e  p r e s e n t  work,  ! qns 2.17. I t  was assumed t h a t  t h e  

c h a n n e l l e d  s t o p p m g - p o w e r  i s  e q u a l  t o  t h e  random, t h e  s o - c a l l e d  'Aarhus 

c o n v e n t i o n '  [ R o t ~ 3 ] ; t h i s  i s  a good a v e ra g e  a p p r o x i m a t io n  f o r  ions  which 

a r e  b a c k s e a t t e r e d  [ f d 7 0 ,  H o f ’S] ,  In any c a s e  t h e o r y  p r e d i c t s  a s t o p p i n g -  

powcr in  diamond f o r  wel 1 - c h a n n e l  l e d  p a r t i c l e s  o f  a b o u t  85n o f  random.

[Dot 7 5 ] .

7 . 2 . 2  Normal i .it ion

C h a n n e l l e d  s p e c t r a  were n o r  a U s e d  by d i v i d i n g  t h e n  p o i n t - b y - p o i n t

by a s p e c t r u m  f o r  rand(  i n c i d e n c e  o f  t h e  same i o n s .  Here t h e  q u e s t i o n

a r i s e s  as  t o  how one o u gh t  t o  d e f i n e  ' r a n d o m ' : i d e a l l y  the  t a r g e t  i t s e l f  

s h o u l d  be random, t h a t  i s ,  amorphou . Many w orkers  c a r e f u l l y  choose  an 

i n c i d e n c e  d i r e c t i o n  which  does  n o t  c o i n c i d e  w i th  m a jo r  axes  o r  p l a n e s ,  

and s e t  t h e  c r y  t il  t o  t h i s  o r i e n t a t i o n  f o r  each  random s p e c t r u m ;  

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

b e s t  d o u b t f u 1 .

T h i s  p ro b le m  i s  o f t e n  t h e  i i j o r  s o u r c e  o f  s y s t e m a t i c  e r r o r  in 

c h a n n e l l i n g  e x p e r i m e n t s ,  and d e s e r v e s  some c o n s i d e r a t i o n .

I t  migh t  Io  e x p e c t e d  t h a t  an amorphous t a r g e t  would p r o v i d e  the

most a c c u r a t e  random s p c t r a .  1h i ■■ was t h e  approach  t a k e n  by Z i e g l e r

and Crowder  [Z i "21 ], who r e p o r t e d  a d i f f e r e n c e  o f  f T  be tween  random
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s p e c t r a  ( o f  a l p h a - p a r t i c l e s  b a c k s e a t t e r e d  from s i l i c o n )  t aken  w i t h  

c r y s t a l l i n e  t a r g e t s  as  d e s c r i b e d  be low ,  and t h o s e  t a k e n  w i th  f u l l y  

a m o rp h i sc d  t a r g e t s .  They a t t r i b u t e d  t h e  d i f f e r e n c e  t o  an a r t i f a c t  o f  t h e  

U a t a - c o l l e c t i o n  in t h e  c r y s t a l l i n e  c a s e , and c o n c lu d e d  t h a t  a 2 " c o r r e c ­

t i o n  s h o u l d  be a p p l i e d  t o  random s p e c t r a  t a k e n  w i th  c r y s t a l s .

However ,  t h e  d i f f e r e n c e  was more l i k e l y  due t o  chemica l  e f f e c t s  on 

t h e  s t o p p i n g - p o w e r s  o f  c r y s t a l l i n e  and amorphous forms o f  s i l i c o n .  Such 

e f f e c t s  were c l e a r l y  dei m s t  r a t e d  el  even y e a r  e a r l i e r  in  the  d i f f e r e n t  

a l l o t  r o p e s  o f  c a rb o n  by S f t k y  [Sofh 1 ] ,  who r e p o r t e r  a 6 °., d i f f e r e n c e  in  

t h e  s t o p p i n g - ]  owers and t h e r e f o r e  a ppr  xi r a t e  ly in t h e  he igh t- -  o f  b a c k -

s c a t t e r e d  s p e c t r a  o f  di ai end and g r a p h i t e  f o r  1.1 MeV p r o t o n s . A

c u r s o r y  exp t  r i n e n t  was f. und t o  c o n f i r m  h i s  re s u l t .  S i m i l a r  o b s e r v a t i o n s  

have  been  made 1 ; o th e r  ( f o r  exa- ; 1v , M a t t ' i  ) .  C l e a r l y  t h e  random 

s p e c t r a  r u s t  be t a k e n  on diamond.

( I t  i s  o f  i n t e r i  t t o  n o t e  t h a t  S o f t k y  s u g g e s t e d  f u r t h e r  t h a t

" ............ s i n c e  a l a r g e  e f f e c t  due t o  c r y s t a l  s t r u c t u r e  was o b s e r v e d  i t  i s

p o s s i b l e  t h a t  t h e  t o g ; in g wer • a> depend s o n  what on c r y s t a l

o r i e n t a t i o n ,  f u r t h e r  e x p e r i m e n t s  s h o u l d  i n v e s t ! g a e  t h i s  p o i n t  ....."

-  a y e a r  b e f o r e  the  f i r s t  r e p o r t  o f  t h e  d i s c o v e r y  o f  ion c h a n n e l l i n g  

[Oe62] ! )

In t h e  p r e s e n t  w ork , random s p e c t r a  were t a k e n  w h i l e  c o n t i n u o u s l y  

r o t a t i n g  t h e  c r y s t a l .  There  was o f t e n  a m a jo r  a x i s  a lm os t  p e r p e n d i c u l a r  

t o  t h e  s u r f a c e , a t  0 ° ;  in t h e s e  c a s e s  0 was o f f s e t  by M O . , ,  as  

s u g g e s t e d  by Z i e g l e r  and Crowder [: i "V! ] , and |  was scanned  th r o u g h
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360 /2n  d e g r e e s , where n i s  t h e  o r d e r  o f  t h e  a x i s  (which always i n c l u d e d  

m i r r o r - p l a n e s ) . Apar t  from t h e s e  d e l i b e r a t e  p r e c a u t i o n s ,  aimed a t  

a v o i d i n g  e x c e s s i v e  i n f l u e n c e  from m a jo r  a x e s ,  t h e  beam sampled t h e  

c r y s t a l  r an d o m ly .

7 . 2 . 3  CHANSPhC

Depth c o n v e r s i o n  and n o r m a l i s a t i o n  f o r  many o f  t h e  s p e c t r a  were 

c a r r i e d  out  u s i n g  t h e  F o r t r a n  programme ObWSI’IC [ Fc a 7 7 b ] ,  run on t h e  

i n - h o u s e  I n t e r d a t a  "V32 c ompu t e r .  Tlie programme a l s o  smoothed t h e  

s p e c t r a  by f i t t i n g  c u b i c  s: l i n e  f u n c t i o n s  [ Re i n ? ] .

7 . 3  DATA ANAI-i SIS

7 . 3 . 1  F le t  t i r.

For  e a c h  c o mb i na t i on  >f c o n d i t i o n s ,  t he  n o r m a l i s e d  y i e l d  was 

p l o t t e d  a g a i n s t  i n c i d e n c e  a n i l e  , ( w i t h  r e s p e c t  t o  t h e  channe l  d i r c c t i m )  

f o r  i ons  b a c k s < t t c r e d  a t  i s e r i e  f chosen  depth? : .  The w id th  . , o f  

t h e  r e s u l t i n g  cb m n c l  1 in di ;  ( h a l f  w i d t h  t h a l f  mimum) was r e a d  o f f  

f rom t h e  g r a p h .  The c u r v e s  were  c a r e f u l 1\ drawn f r e e h a n d  t h r o u g h  the  

p o i n t s .

7 . 3 . 2  f  u r ve  I it t _i n

With a view t o  p u t t i n g  t he  d a t a  e x t r a c t i o n  on a more r i g o r o u s  

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

i n v e s t i g a t e d .  For  t h e  U- s ha ped  p o r t i o n  o f  t he  c u r ve  o n l y ,  t h a t  i s ,

| * 1  < * j , t h e  d i p s  f o r  s h a l l o w  d e p th s  were f i t t e d  q u i t e  a c c u r a t e l y  by 

t h e  f u n c t i o n
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X ( M )
k

( 7 . 1 )x x mi n

where  (^»X|llinl a r e  t h e  c o o r d i n a t e s  o f  t h e  d i p  minimum, X i s  a c o n s t a n t ,  

and k = 4 f o r  axes  and 2 f o r  p l a n e s .  'Ihc k th  r o o t  o f  b o th  s i d e s  o f  

F.qn 7 .1  was t a k e n ,  and X and 5 f i t t e d  by l i n e a r  r e p r e s s i o n .  Then

e x t r a c t e d  ones t o  w i t h i n  O . ' l 0  in  i l l  case :  t e s t e d .  This c o r r e s p o n d s  t o  

t h e  a n g u l a r  r e s o l u t  ion o f  t h e  geni  o m e te r .  S in c e  t h e r e  seemed t o  be 

n o t h i n g  t o  c h o . - be tw een  t h e  two methods as r e g a r d s  a c c u r a c y ,  the  

p u r e l y  g r a p h i c a l  one was p r e f e r r e d  on t h e  grounds t h a t  any i n t e r e s t i n g  

b e h a v i o u r  o f  t h e  c u r v e s  would be i m m e d i a t e l y  o b v i o u s ,  whereas  i t  might  

be c o n c e a l e d  by a c u r v e - f i t t  i i:,; p r o c e d u r e .

7 . 3 . 3  Pcpth  r ; *

The d ependence  o f  c r i t i c . i l  a n g l e s  on de p th  were o f  i n t e r e s t  no t  

o n l y  f o r  t h e i r  own s a k e ,  b u t  a l s o  t o  e n a b l e  t h e  i e n s u r e d  v a l u e s  t o  be 

e x t r a p o l a t e d  t o  z e r o  d e p th  f o r  cor .par i  un w i th  t h e o r y .  I t  must he b o r n e  

i n  mind t h a t  t h e  c r i t i c a l  a ng le  i t s e l f  i s  no t  be ing  measured a t  a s p e c i f i c  

d e p t h  - i t  i s  a lw ays  m easu red  o u t s i d e  t h e  c r s t a i  - b u t  t h e  v a lu e  o b t a i n e d  

depends  on t h e  d e p th  from which th e  s c a t t e r e d  ions  o r i g i n a t e d .

When 'I, was p l o t t e d  a g a i n s t  t h e  d e p t h  •, i t  c o u ld  be e x t r a p o l a t e d  

t o  z =  0 by d r a w in g  a c u rv e  t h r o u g h  th e  p o i n t s  fas  in And72) . The 

s u r f a c e  v a l u e  was q u i t e  i n s e n s i t i v e  at t h e  0 . 0 1 ° l e v e l  t o  t h e  e x a c t  

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

m i n

The v a l u e s  o f  o b t a i n e d  fro :  f.qn 7 .2  a g r e e d  w i th  t h e  g r a p h i c a l l y
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T A B 1.1' 7 . 1

T ra ns  a x i a l  Scans :  lucre; ;  on t  in c \ ' . i l ues  o f  . f o r  S p e c t r a

Va lues  in d e g r e e s  f o r  1 .0  McV p r o t o n s .
Doth + and - v a l u e s  ( o p p o s i t e  s i d e s  o f  a x i s )  were t a k e n .

< 1 1 0 > < 1 1 1  > • 1 0 0 >

0 . 0 0 . 0 0 . 0

0 . 2 0 . 2 0 . 2

0 .4 0 . 3 0 . 3

0 . 5 0 . 4 0 . 4

0 . 6 0 . 5 0 .5

0 . 8 0 . 7 0 . 7

1 . 2 1 . 2 1 . 0

2 . 0 2 . 0 1 . 6

TAD IT 7.2

T r .m s ] ) l : r, ir  Se.-.n : In  r.t i n r  l u c  o f  . f o r  S p c t r a

Values  in degree -  f o r  1 .0  1'eV p r o t o n s .

{ 1  1 0 } ( 1 1 1 } ( 1 0 0 }

0 . 0 0 0 . 0 0 0 . 0 0

0 .0 6 0 .0 5 0 .0 5

0 .1 4 0 .1 5 0 . 1 0

0 . 1 8 0 . 2 0 0 .1 5

0 .2 6 0 .2 5 0 . 3 0

0 .44 0 .4 5 0 . 5 0

0 .84 0 . 7 5 0 . 7 0
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The c o r r e c t i o n s  d e t e r m i n e d  from s p e c t n i ]  s c a n s  were a p p l i e d  t o  

c o n v e r t  s iny , le-chv . , i2: r l - a n a l y s e r  (SC'A) s c a n  d; ita  from Phase  I t o  z e ro  

d e p t h . T h i s  p r o c e d u r e  was somewhat d u b io u s  s i n c e  t h e  dependence  o f  

on z i s  spe c im en  d e p e n d e n t  ( s e e  S e c t i o n  7 . 4 ) .  However , t h e  c o r r e c t i o n s  

were on ly  a few h u n d r e d t h s  o f  a d e c r e e ,  mid t h e  r e s i d u a l  e r r o r  from t h i s  

s o u r c e  c o u l d  no t  have  been more than  ^ 0 . 0 2 °.

7 . 4  Till PATA

7 . 4 . 1  Genor . il

In order  to  d e l i n e a t e  the  c h a n n e l l i n g  dip a c c u r a t e l y ,  w h i le  

m in ir . i s in  f, t h e  beam t i : e  on t a r g e t ,  the . i n t e r v a l s  were made s  a l i e s  t 

i n  the  r eg ion  c f  . , , ,  and w ides t  in the  s hou lder  r e g i o n ,  which was

n o t  under p a r t i c u l a r  i n v e s t i g a t i o n  in t h i s  s tu d y .  A f i x e d  s e t  o f  . 

v a l u e s  was chosen tnd adhered t v ,  c a l i n g  thcr tecordinj’ to  the p r o j e c t i l e  

and energy;  t h e y  ire  1i t ed  f  r 1 .0  ;*vV pr t e n s )  in Tables  " .1  (axes)  

and 7 .2  (p la n es )  .

Except at t h e  g r e a t e s t  d e j ’ h s ,  where si tt i s t  i c a l  f l u c t u a t i o n s  

became i r  port  ant ,  t h e r e  t.a-. g e n e r a l l y  no d i f f i c u l t y  in p a s s i n g  a smooth 

c u r v e  through a l l  th r  data p o i n t s ,  and they have not been reproduced on 

t h e  p l o t s  p r e s e n te d  . ( r e . S o re  t y p i c a l  curves i n c lu d in g  the  d a t a - p o i n t s  

a r e  shown in  Figure 7 . 1 .

7 . 4 . 2  f

T y p i c a l  bach s c a t t e r e d  energy s p e c t r a  f o r  1 .0  McV protons i n c id e n t  

on diamond in major c h a n n e l l i n g ,  and random, d i r e c t i o n s  are shown
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s u p e r i m p o s e d  i n  F i g u r e  7 . 2 .  The q u a l i t a t i v e  d i f f e r e n c e s  be tween  

d i f f e r e n t  c h a n n e l s  and be tw een  c h a n n e l l e d  and random i n c i d e n c e ,  and t h e  

p r e s e n c e  o f  a s u r f a c e  p e a k , can a l l  be s e e n .

A n g u la r  s c a n s  o f  t h e  t h r e e  m a jo r  axes  and t h r e e  major  p l a n e s  o f  a 

t y p i c a l  good diamond c r y s t a l ,  f o r  b a c k s c a t  t o r e d  1 .0  MeV p r o t o n s , a r e  

p r e s e n t e d  in  F i g u r e s  " . 3 ,  7 . 4 ,  7 . 5 ,  7 . 6 ,  7 . 7  and 7 .8  r e s p e c t i v e l y ,  in 

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

c u r v e s  and t h e i r  t r e n d s  w i t h  dep th  a r e  s i m i l a r  tv t h o s e  which have  been 

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

s h o u l d e r s  w i t h  i n c r e a s i n . ’ d e p t h  i a t t r i b u t a b l e  t o  t h e  r a p i d  s c a t t e r i n g  

out  o f  t h e  a l i g n e d  bear.:, o f  i o n s  •. hi  ch ample a hi n h e r - t h a n - a v e r a g e  a tomic  

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

changes  i n  t h e  s p e c t r a l  s ha pe  ve ry  s i m i l a r  t o  t hose  o b s e r v e d  by Sone and 

Fukuzawa [ S o n ' J ]  f o r  p r  t o n s  on s i l i c o n .

I t  i s  i n t e r e s t ! ! ' . ,  t h a t  a l l  t h e  c u rv e s  o f  each  fam i ly  i n t e r s e c t  a t  

( o r  v e ry  c l o s e  t o )  two common p o i n t s ,  h a v i n g  \  • SO"*,. Th i s  i s  o b s e rv e d  

i n  a l l  t h e  d a t a ,  i r r e s p e c t i v e  o f  e n e rg y  o r  i o n .  The e x p l a n a t i o n  may be 

s p e c u l a t e d  upon as  f o l l o w s :

i )  In be tw een  s t a b l e  c h a n n e l l e d  t r a j e c t o r i e s ,  h a v i n g  w i t h  a

n o r m a l i s e d  n u c l e a r  e n c o u n t e r  p r o b a b i l i t y  [ Ba i 1 ] V "  1 ,  and semi 

s t a b l e  t r a j e c t o r i e s  p e n e t r . i t  im;  d e e p l y  i n t o  t h e  rows , h a v in g  

•v 1 . 5 ; ,  w i th  P > 1, t h e r e  may be s t a b l e  t r a j e c t o r i e s  h a v i n g  P ^ l  

( o r ,  i n  t h i s  e a s e , P ' 1 0 . 8 ) .  They would p r o d u c e  i d e p t h - i n d e p e n d e n t  

y i e l d  f o r  t h e i r  p a r t i c u l a r  v a l u e  o f  v . The a s sum pt ion  o f  s t a b i l i t y  

w i t h  d e p t h  i s  p e r h a p s  r a t h e r  u n l i k e l y  t o  be f u l f i l l e d  f o r  such
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Depths ( p m )

02 o 2

F i g u r e  7 . 5 :  Scans  t h r o u g h  <100>: 1 .0  MeV p r o t o n s  (KT1). C!_ -- VC
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- 1.0 - 0 . 5 0 0- 5 o 1 - 0

F i g u re  7 . 6 : Scans  a c r o s s  {110'!: 1 . 0  MeV p r o t o n s  (Hi 18) .
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o 0 - 5 O 1-0

F i g u r e  7 . 7 :  Scans  a c r o s s  {111}:  1 . 0  MeV p r o t o n s  (Pi  18)
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0 - 50- 0 . 5- 1.0

F i g u r e  7 .8 :  Scans  a c r o s s  {100}: 1 .0  MeV p r o t o n s  ( D i 1 8 ) .



1 4 3 .

s t r o n g l y  i n t e r a c t i n g  t r a j e c t o r i e s .

i i l  A b e t t e r  p r o p o s a l  i s  p e r h a p s  t h a t  o f  a dynamic e q u i l i b r i u m .

T r a j e c t o r i e s  w i t h  y, have  a h i g h  de c h a n n e l  l i n g  p r o b a b i l i t y ,

w h e re as  t h o s e  w i t h  s a y ,  a l t h o u g h  m o s t ly  i n  t h e  random

beam, have a h ig h  p r o b a b i l i t y  f o r  ' f e e d i n g - ! n ' t o  c h a n n e l s , as  i s

p r o v e d  by t h e  s p r e a d  o f  t h e  d i p s  a t  l a r g e r  d e p t h s  t o  ^ M . S e , .  At
2

some i n t e r n e d i  a t e  a n g le  one might  e x p e c t  a b a l a n c e  be tween  t h e  two 

p r o c e s s e s , and a c o n s t a n t  y i e l d  w i th  d e p t h ,  t h e  a v e ra g e  ion 

s p e n d i n g  ab o u t  80" o f  i t s  t r a j e c t o r y  ( o r  t h e  v i s i b l e  p o r t i o n  

t h e r e o f )  in  t h e  rando: beam.

i i i )  I t  may f u r t h e r  be n o t e d  t h a t  t h e  c r o s s o v e r  a n g le  .  ̂ b e a r s  a

c o n s t a n t  r e l a t i o n  t o  T h i s  i s :
l

For  a x e s : - ( 0 .8 1  * 0 . 0 2 ) i
2

For  p l a n e s  : . - (0 .  73 t  0 . 0 3 )  ; ,

B a r r e t t  [ B a r " l ]  i n t r o d u c e d  a f a c t o r  k i n t o  h i s  e x p r e s s i o n s  f o r  

(Eqn 2 . 7  and Iqn  2 . 8 )  in  o r d e r  t o  f i t  t h e n  t o  e x p e r i m e n t a l l y  

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

r e s p e c t i v e l y .  The v a l u e s  o f  k a r c :

Axes: k = 0 . 8 0  ( o r  0 . 8 3 )

P l a n e s :  k = 0 .7 2  ( o r  0 . 7 6 )

I t  i s  i n t e r e s t i n g  t o  s p e c u l a t e  t h a t  t h e  ' c r i t i c a l  a n g l e s '

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

k,  may be i d e n t i f i e d  w i th  . . In t h a t  c a s e ,  . may r e p r e s e n t  t h e  

i n c i d e n c e  a n g le  o f  t h o s e  t r a j e c t o r i e s  which a t t a i n  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  w i th  r e s p e c t  t o  t h e  a x i s  o r  p l a n e  in  q u e s t i o n



1 4 4 .

( s e e  5 2 . 2 . 3 ) .  However,  B a r r e t t  ha s  a d v i s e d  c a u t i o n  [Bar71]  i n  

d raw ing  c o n c l u s i o n s  from t h e s e  Monte C a r lo  b a s e d  e x p r e s s i o n : ;  and 

i t  i s  n o t  c l e a r  why such  t r a j e c t o r i e s  s h o u ld  have  a d e p th  

i n d e p e n d e n t  y i e l d .

The d a t a  o f  o t h e r  w orke rs  was s e a r c h e d  f o r  t h e  above phenomenon,  

r e - p l o t t i n g  i t  i f  n e c e s s a r y .  In r e f e r e n c e s  I)av6 8  (p-*K) and How71 

(p -*A u) ,  f a m i l i e s  o f  n e s t e d  c u r v e s  o c c u r  w i th  no c r o s s o v e r  (and no 

s h o u l d e r s ) .  In And72 (p ► PhS) t h e  d a t a  i s  i n d i s t i n c t  in  t h e  

s h o u l d e r  r e g i o n ;  bu t  i n  t h e  p -»W d a t a  o f  zXnderson and Uggerhgij 

[AndbS] a c r o s s o v e r  does a p p e a r  t o  o c c u r ,  w i t h

* 1  = 0 . 8  x .

O t h e r  d a t a  p r e s e n t e d  in How" 1 ( p - 'Z n )  i n d i c a t e s  a c r o s s o v e r  w i th  

i ' i / i x ■ 0 . 6  o r  0 . 9  d e p e n d in g  on t h e  a x i s .

Th i s  e f f e c t  s h o u l d  e v i d e n t l y  be s ough t  in o t h e r  m a t e r i a l s  a l s o .

The d e pe ndenc e  o f  . ,  on t h e  d e p th  z i s  p l o t t e d  in  F i g u r e  7 .9  f o r

,

o f  z t o  w i t h i n  t h e  a c c u r a c y  o f  t h e  a p p a r a t u s  ( 0 . 0 1 *) and has  n o t  been 

p l o t t e d  h e r e .

The d e p th  de pendence  o f  f o r  axes  i s  seen  t o  d i f f e r  w i th  t h e  

s p e c i m e n .  However,  t h e  c u r v e s  a l l  e x t r a p o l a t e  t o  t h e  same p o i n t  at  = = 0 ,  

t o  w i t h i n  0 . 0 1 *.

In f a c t ,  t h i s  spec im en  dependence  i s  t o  some e x t e n t  an a r t i f a c t

o f  t h e  d e f i n i t i o n  o f  t, t a s  the  h a l f  w id th  a t  h a l f  minimum. A specimen
2
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F i g u r e  7 . 9 : Ucpcnt linco o f  c r i t i c a l  an 1 r  on d o p th  f o r  1 .0  MoV
p r o t o n s .

o KT1; A I)i3; a  D i lS ;  x Pi 1.



1 4 6 .

TAiil  r  7 . 3 

C r i t i c a l  Am 'Ics  f o r  1 .0  McV P r o t o n s

Channel Diamond ° (c xpt  1 } tli, 0  ( t h c o r )

< 1 1 0 > Di-l 0 .5 5 0 .5 4

Di 3 0 .5 5

KT1 0 .5 5

Dil  8 0 .54

< 1 1 1 > Di3 0 . 4 9 0 .4 9

KT1 0 .4 9

Di 18 0 .4 8

<1 0 0 > Di3 0 .4 2 0 .46

KT1 0.41

Dil  8 0 .4 2

< 2 1 1  > Di 18 0 .3 8 0 .41

{ 1 1 0 } KT1 0.  17 0 .1 8

Di 18 0 . 16

{ 1 1 1 } KT1 0 .1 6 0 .1 5

Dil  8 0.  17

{ 1 0 0 } KT1 0 . 1 1 0 . 1 2

D il  8 0 . 1 1



w i t h  a l a r g e r  x m^n w i l l  g i v e  a l a r g e r  Xi t h a n  one w i t h  a s m a l l e r  >n i n » 

a l t h o u g h  t h e i r  c h a n n e l l i n g  d i p s  may e l s e w h e r e  be i d e n t i c a l . M e as u re ­

ment o f  ijj, a t  t h e  same v a l u e  o f  x « was i n d ee d  found to  b r i n g  the  

i*', vs z c u r v e s  f o r  d i f f e r e n t  sp e c im en s  much c l o s e r  t o g e t h e r .

T he re  c u r r e n t l y  a p p e a r s  t o  he no a n a l y t i c  t h e o r y  w i t h  which to  

compare t h e  d e pe ndenc e  o f  , on 2 , and n u m e r i c a l  c a l c u l a t i o n s  must  be 

u s e d .  The r e s u l t s  o f  c a l c u l a t i o n s  [1ca77c]  u s i n g  t h e  U n i v e r s i t y ' s  

IBM 370 /158  c o m p u t e r ,  by means o f  t h e  programme P1XUANI L, a r e  compared 

in  F i g u r e  "b 10 w i th  d a t a  f ron  a good diamond.  Agreement  i s  v e ry  s a t i s ­

f a c t o r y  . The p n  gram: e i s  b a s e d  on a d i f f u s i o n  model f o r  t h e  s p r e a d i n g  

o f  t h e  t r a n s v e r s e  e n c ry y  d i s t r i b u t i o n ,  and w i l l  be f u l l y  d e s c r i b e d  in a 

f u t u r e  p u b l i c a t i o n  [ F c a 7 9 ] .

A l l  t h e  c r i t i c a l  a n g l e  measurem ents  f o r  1 .0  MeV p r o t o n s  a t  room- 

t e m p e r a t u r c  ( 2 0 cC ) , c o r r e c t e d  t o  z e r o  d e p t h ,  a r e  t a b u l a t e d  in  Tab le  ~ . i .  

V a lue s  c a l c u l a t e d  from Fqn 2 . 7  o r  i qn 2 . S a r e  i n c l u d e d  f o r  com pa r i son .

7 . 4 . 3  H i g h e r  F n  ton  ! n _r ic

S i m i l a r  m easu rem en ts  were made wi t l i  p r o t o n s  a t  2 .5  and 4 .5  Me\’ on 

t h e  EN Tandem van dc C r a a f f  a c c e l e r a t o r ;  t h e  r e s u l t s  a r c  p r e s e n t e d  in  

F i g u r e s  7 .11  t o  7 .1 7  arid T a b l e  7 . 4  ( 2 . 5  MeV) and in  F i g u re  ” .18  t o  " . 2 3  

and T a b l e  7 .5  ( 4 . 5  MeV). The {100} p l a n e  a t  4 .5  MeV was to o  na r row  f o r  

a c c u r a t e  d a t a - t a k i n g  and h a s  been o m i t t e d .  Some r e s u l t s  a t  a lower 

e n e r g y ,  0 . 6  MeV, from P hase  I a r e  l i s t e d  in T a b le  7 . 6 .

The same comments a l o u t  d e p th  depe ndence  and e x t r a p o l a t i o n  t o  t h e



14S.

0 . 5 5

0 5 0

0 4 0 , _i___
2-0

z (pm)

F ig»r c  7 . 1 0 : Compnri: on o f  the depth dependence o f  <110> with

comjHiter c i l cn l . i t  ion [ l e . i 7 " c ] , for  1 .0  MoV p r o t o n s , 

o data from KT1; — c a l c u l a t i o n .
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< I I O >

0 3 0

0 2 5

< l l l >

0 2 5

<I00>

I 25

0 20
5 0

DEPTH (pm)
100

Fi guf\ '  7 .1 7 :  i)e])t'inlvncc o f  c i t i r a l  a n g l e  on d e p th  f o r  2 . 5  McV p r o t o n s :

o KT!; •  n i l  3.
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lABLr 7.4

Ouumc 1 Pi amond * i 0  ( c x p t l ) Vi 6  ( t h c o r )

< 1 1 0 > Pi 15 0 .3 4 0 .3 4

KT1 0 .3 4

<1 1 1 > Pi 13 0 . 3 0 0 .31

KT1 0 . > 0

< 1 0 0 ^ KT1

5o

0 . 2 9

{ 1 1 0 } Pi 13 0 . 1 0 0 . 1 1

KT1 0 . 1 0

{ 1 1 1 } Pi 13 0 . 1 1 0 . 0 9

KT1 0 . 1 1

( 1 0 0 } Pi 13 0 . 0 9 O.OS

KT1 0 . 0 7
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Fi g u r e  7 . 1 8 : Scans  t h r o u g h  • 1 1 0 > : 4 .5  MeV p r o t o n s  (KT1) 157
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ICO

D e p t h s  ( p m )

F i gure  7 . I (J : Scans  t h ro u g h  - 1 11 >: 4 . 5  flcV p r o t o n s  (KT1)



l i g u re  7 . 2 0 : Scans  t h ro u g h  * 10C>: 4 . 3  MeV pre- tons (KTI) .



- 0 - 5

D e p t h s  ( u m )

o 0-5

F i g u r e  7 . 2 1 :  Scans a c r o s s  {110}:  4 . 5  MeV p r o t o n s  (KT1)

U
.O
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0 0-5o

F i g u r e  7 . 2 2 : Scans  a c r o s s  {111}:  4 . 5  MeV p r o t o n s  (KT1) lb] 
.
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<110

0 20

< 1 1 1

0 20

0  15
0  25

< I 0 0 >

0 2 0

DEPTH ( p m )

F i g u r e  7 . 2 3 : Depcin lc  '  o f  c r i t i c a l  an>>lc on d e p th  f o r  4 . 5  McV p r o t o n s :

o KT1; • D i 13.



1 6 3 .

ta :u i :

C r i t i c n l  \ n v l v s  f o r  4 . 5  I’r o t o o  '■

Channel Diamond ° ( e x p t l ) ij', ° ( t h c o r )

< 1 1 0 > Di 13 

KT1

0 . 2 6

0 . 2 6

0 .2 6

<1 1 1 > Di 13 

KT1

0 .2 4

0 . 2 5

0 .2 3

< 1 0 0 > KT1 0 . 2 0 0 . 2 1

{ 1 1 0 } KT1 0 . 0 8 0 .0 8

{ 1 1 1 } KT1 O.OS 0 .0 7



TAB 1.1. 7 . 6

C r i t i c . s l  \ n i ' l e s  f o r  0 . 6  MeV P r o to n s

Data  t a k e n  u s i n g  an SCA. l ist  imated  s t a t i s t i c a l  

e r r o r s : ' 0 . 0 1 ° ( a x e s ) , *0 . 0 1 ° ( p l a n e s ) .

P l a n a r  v a l u e s  a r e  me an o f  '-5 s c a n s .

Channel Diamond P i°  ( e x p t l )  
2

'v, ° ( t h e o r )

< 1 1 0 > Di4 0 .7 4 0 . 7 0

< 1 1 1 > Di4 0 . 6 2 0 . 6 3

<1CX)> Di 4 0 . 6 2 0 . 5 9

<2 1 1 > Di4 0 . 5 6 0 . 5 3

<311> Di4 0 . 4 6 0 . 4 6

<411> Di4 0 . 4 6 0 . 4 0

{ 1 1 0 } Di4 0 . 2 3 0 . 2 3

( 1 1 1 ) Di4 0 . 2 4 0 . 1 9

{ 1 0 0 } Di4 0 . 1 6 0 . 1 6

{2 1 1 } Oil 0 .1 4 0 . 1 2



1 6 5

s u r f a c e ,  c l e a r l y  a p p l y  h e r e .  The u e p t h  de pendence  d e c r e a s e s  w i t h  

i n c r e a s i n g  e n e r g y ,  as  o b s e r v e d  by P i c r a u x  e t  a l  [ P ic 6 9 a ]  in  germanium.

7 . 4 . 4  Alpha  Channel  I inp

A l p h a - p a r t i c l e s  p r o d u c e  r a d i a t i o n  damage in  diamond at an 

a p p r e c i a b l e  r a t e ,  as  m en t ioned  in S e c t i o n  6 . 7  and i n v e s t i g a t e d  in 

Chapter 10.  In o r d e r  t o  k e e p  I clow t h e  v i s i b l e  damage t h r e s h o l d  when 

t a k i n g  c h a n n e l l i n g  m e a s u r e m e n ts ,  i t  was n e c e s s a r y  t o  s e l e c t  a new beam- 

spot a f t e r  e a ch  f u l l  s p e c t r a l  s c a n .  \  f u r t h e r  p r e c a u t i o n  was t o  l o c a t e  

the c h a n n e l s  w i t h  p r o t o n s ,  s w i t c h i n g  t o  a l p h a s  on ly  t o  r e c o r d  s p e c t r a .

Some t y p i c a l  a l p h a - p a r t i c l e  s p e c t r a  a r e  shown in  F i g u r e  7 .2 4 .

A x ia l  c h a n n e l l i n g  d i p s  f o r  1 . 0  MeV He ions  a r e  p r e s e n t e d  

g r a p h i c a l l y  in  F i g u r e s  7 .2 5  t o  7 . 2 7 ,  and c r i t i c a l  a n g le  vs  d e p th  p l o t s  in  

F i g u r e  7 . 2 8 .  The dep th  d e p e n d e n c e s  o f  . ,  a r e  abou t  t e n  t im e s  g r e a t e r  

t h a n  t h o s e  o b s e r v e d  f o r  p r o t o n s .  Because  o f  t h e  v e ry  s h a l lo w  d e p th s  

s am pled ,  s t r a i g h t  l i n e s  h a v e  been f i t t e d  t h r o u g h  the  d a t a  p o i n t s  f o r  

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

The e x t r a c t e d  s u r f a c e  c r i t i c a l  a n g le s  i re  l i s t e d  in T a b le  " . 7 .

Some r e s u l t s  a t  0 . 7  MeV from Phase 1 a rc  added in Tab le  ~ .S ,  bu t  t h e s e  

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

7 . 4 . 5  hr t o r .

The u l t i m a t e  check on t h e  e r r o r s  i n h e r e n t  in t h e s e  e x p e r i m e n t s  i s  

t h e  e x t e n t  o f  ag reem en t  be tw een  s i m i l a r  d a t a  t a k e n  on . f f e r e n t  s a m p le s ,
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0 0 0
< I I 0 >

0 - 7 5

0  70  
0 - 5 5

0  6 0 < l l ! >

0 5 5  
0  6 0

< I 0 0 >

0  5 5

0 5 0
0 2

Z ( p m )

F i g u r e  7 . 2 8 :  Dependence o f  c r i t i c a l  a n g le  on dep th  f o r  1 .0  MeV
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T A B U :  7 . 7

C r i t i c a l  An i ' lor. f o r  1 . 0  McV He Ions 

Data  f o r  0i5 t a k e n  u s i n g  an SCA. i s t i m a t o d  s t a t i s t i c a l  e r r o r s  ; 0 . 0 2 ° .

Channel Diamend Vi° ( e x p t l ) 0  ( t h e o r )

<1 1 0 > Di5 0 .7 4 0 .74
KT1 0 . 7 8

< 1 1 1 > 015 0 .6 4 0 . 6 6

KT1 0 .64

<1 0 0 > KT1 0 . 6 0 0 .6 2

{ 1 1 1 } KT1 0 . 2 0 0 .1 9

{1 0 0 } KT1 0. 14 0 .1 5

TAFM 7 . S

C r i t i c a l  A;; ’ . s  f o r  0 . "  ‘W  He Ions

Data  taken i : - in ; an SCA. Hst i i  i t e d  s t a t i s t i c a l  e r r o r s : 
±0.0*5° ( a x e s ) , +0 .02°  ( p l a n e 1- ) . Pl anar  va l ue s  a r e

mean o f  ~3 s c a n s .

( t h c o r )C hannc1

< 1 1 0 > 0.88

0 .7 9< 1  1 1 > 013

0 .7 4Di 3 0 .7 7< 100>

(1 1 0 } Di 3 0 . 2 70 .2 9

{ 1 1 1 } 013 0 .2 3

{ 100 } 0 . 1 9013 0.20

{ 2 1 1 } 0.  17013
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a t  d i f f e r e n t  t i m e s ,  and  i n  some c a s e s ,  w i t h  d i f f e r e n t  a p p a r a t u s ;  and 

be tw een  d i s s i m i l a r  d a t a  when i n t e r c o m p a r e d  v i a  t h e  L indha rd  o r  B a r r e t t  

f o r m u la e  (I 'qns 2 . 4 ,  2 . b ,  2 .7  o r  2 . 8 ) .  However , some c o n s i d e r a t i o n s  o f  

t h e  e r r o r s  were made d u r i n g  a n a l y s i s .

Hie smoothness  o f  t h e  a n g u l a r  p l o t s  and t l i e i  r  good m i r ro r - sy m m e t ry  

i n d i c a t e d  t h a t  y i e l d  e r r o r s  were l e s s  t h a n  + 2  p e r c e n t a g e  p o i n t s  f o r  p l o t s  

d e r i v e d  from s p e c t r a ,  i n  ag re e m e n t  w i t h  c o u n t i n g  s t a t i s t i c s .  Th i s  was 

e q u i v a l e n t  t o  an e r r o r  i n  . ,  o f  <,0 . 0 1 ° a t  s h a l l o w  d e p t h s .

Repea t  d e t e r m i n a t i o n s  o f  random s p e c t r a  i n d i c a t e d  a s t a n d a r d  e r r o r

i n  t h e  mean o f  4 1‘ a f t e r  sm< e h i n g .  T h i s  c o n t r i b u t e s  an e r r o r  in  i ,
i

o f  <0 . 0 1 r a t  sha l low  d e p t h s  ( r i  i a g  t o  l a r g e  v a l u e s  f o r  weak c h a n n e l s  a t  

t h e  g r e a t e s t  d e p t h s ) .

As m en t ioned  in  5 ™. 3 . 3  and ' " . 4 . 2 ,  t h e  e r r o r  i n v o lv e d  in e x t r a ­

p o l a t i n g  . i  t o  = = 0  was no r o re  tlian 0 . 0 1 0 . The p r e c i s i o n  o f  t h e  

g o n i o m e t e r  i t s e l f  was o f  t h e  same o r d e r ,  i f  t h i s  i s  assumed t o  be d e f i n e d  

by t h e  s t e p  s i z e .

D i f f e r e n t  d e t e r m i n a t i o n s  o f  t h e  same c r i t i c a l  a n g l e s  a g r e e  t o  

w i t h i n  0 . 0 2 0 , which i s  t h e  v a lu e  o b t a i n e d  by ad d in g  th e  abover.cnt i o n e d  

e r r o r s  i n  q u a d r a t u r e . In most c a s e s  t h e  e r r o r  can be t a k e n  as  ' 0 . 0 1 ° .

Da ta  t a k e n  ».ith G on iom ete r  Mark 1 has  a much l a r g e r  s p r e a d ,  in k e e p i n g  

with i t s  p o o r e r  a c c u r a c y  o f  0 . 1 " ° ,  and w i t h  t h e  accompanying use  o f  SCA's 

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

The e x c e l l e n t  c o n s i s t e n c y  o f  t h e  r e s u l t s  and t h e i r  e r r o r s  needs
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some e x p l a n a t i o n , however ,  b e c a u s e  t h e  l a r g e s t  s o u r c e  o f  p o s s i b l e  e r r o r  

has  not  been  in c lu d e d  i n  t h e  above d i s c u s s i o n :  the  be a m -s p re a d  o f  .40 .0 2 5 °

( a t  1 .0  MeV) as  d e f i n e d  by t h e  c o l l i m a t o r s  ( 5 3 . 3 . 2 ) .  The s p r e a d  was 

e v i d e n t l y  much l e s s  t h a n  t h i s ,  p r e s u m a b ly  due t o  v e ry  good p a r a l l e l i s m  

and t r a n s v e r s e  s t a b i l i t y  o f  t h e  beam d e l i v e r e d  b> t h e  a c c e l e r a t o r .  In 

f a c t  i n  some v e r y  f i n e  s c a n s ,  i t  was found p o s s i b l e  t o  measure t h e i r  

w i d t h s  w i t h  a r c p r o d u c i b i  1 i t>  o f  ♦0.00-1°, Thi:  i m p l i e s  t h a t  t h e  

a p p a r a t u s  was c a p a b l e  o f  ad d in g  an e x t r a  s i g n i f i c a n t  d i g i t  t o  t h e  numbers 

p r e s e n t e d ,  b u t  i t  would p r o b a b l y  r o t  have been  j u s t i f i e d  b e c au s e  o f  o t h e r  

u n c e r t a i n t i e s ,  p a r t i c u l a r l y  i n  t h e  h e i g h t  o f  t he  random s p e c t r a .

7 . 5  co m p a r i s o n - i v r n  n i r o i i

7 . 5 . 1  Axes

A l l  t h e  a x i a l  r e s  ; ! t s  a r e  compared g r a p h i c a l l y  w i t h  B a r r e t t ' s  

s e m i - e m p i r i c a l  r e l a t i o n s h i p  (bqr  2 . ' * ) ,  which i n c o r p o r a t e s  L i n d h a r d ' s  

p r e d i c t i o n s  f o r  t h e  de pendence  mi ion c h a r . a  and ene r gy  and row s pa c i n g ,  

i n  F i g u r e  " . 2 9 .  l o r  u n e q u a l l y  s p a c e d  row? ( f o r  exampl e ,  <111' ' ) ,  t h e  

a v e r a g e  s p . v i r g  was u s e d ,  as j u s t i f i e d  by t h e  work o f  P i c r a u x  e t  a l  

[P ic 6 9 a ]  . The s t r a i g h t  l i n e  a t  -15® to  t h e  axes  r e p r e s e n t s  p e r f e c t  

ag reem en t  be t ween  t h e  measurer. ' ,  at  and liqn 2 . " ,  which has  been t a k e n  

w i t h  k = 0 . 8 3  (which B a r r e t t  found t o  be t h e  b e s t  f i t  t o  t he  dependence  

on t e m p e r a t u r e )  r a t h e r  t h a n  k 0 . 8 0  ( h i ;  v a l u e  f o r  ion and e ne r gy  

d e p e n d e n c e ) .  The agreement  be tween measurement s  and liqn 2 . "  i s  e v i d e n t l y  

v e ry  good i ndee d  f o r  t he  two most  open axes  ( - 1 1 0 - and <111"') and f o r  th e  

Phase  I I I  d a t a  (I ; 1 . 0  MeV), w i t h  t h e  m o d i f i e d  va l ue  f o r  k.



174,

( Ex p )

0  7

0-6
O <  11 0> P

D < I 0 0 >  p 
x  < 2 i i >  p 
0  <  311> p 
V < A | | >  p 
o < | | 0 >  cx 
A < l l l >  ^  
n < |00> ^

,0  2 5

0 6
o

Y'/z (1 hco r)

Figure  7. 2 0 : Comp.jri on o f  u x p c r i nxoii ;il va l ues  o f  . ; f or  axes  wi t h  

t h e o r e t i c a l  v a l u e s  c a l c u l a t e d  from 1 (tn 2 . 7 .
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The Phase  I d a t a  (FI < 1 . 0  MeV) g e n e r a l l y  g i v e  h ig h  v a lu e s  f o r  i , . 

I n  t h e  p r o t o n  c a se  t h i s  i s  a t t r i b u t a b l e  t o  s c a n s  h a v in g  been  made i n  a 

{110} p l a n e  ( s e e  S e c t i o n  6 . 8 ) .  The g r e a t e r  s c a t t e r  c o r r e s p o n d s  t o  t h e  

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

The n a r r o w  axes  (< 100 • and <211>) c o n s i s t e n t l y  have . ,  v a l u e s  

s m a l l e r  t h a n  t h o s e  p r e d i c t e d  by 1 \n 2 . 7 , even w i t h  0 . 8 0 .  Most w o rk e rs  

have  t e s t e d  t h i s  e x p r e s s i o n  f o r  t h e  one o r  tvo  most open axes i n  each  

c r y s t a l , f i n d i n g  good a g re e m e n t ;  i t  a p p e a r s  t h a t  f o r  more minor  a x e s , 

a s m a l l e r  v a l u e  o f  k ( abou t  0 . 7 6 )  i s  r e q u i r e d .  In  o t h e r  w o r d s , t h e  

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

c l o s e - p a c k e d  a x e s . The p h y s i c a l  r e a s o n  f o r  t h i s  i s  not  known. I t  c anno t  

be  a c c o u n t e d  f o r  by i n c l u d i n g  t h e  p o t e n t i a l  o f  n e a r e s t - n e i g h b o u r  rows in  

d e r i v i n g  an e x p r e s s i o n  such  as  i qn

I n s t e a d  o f  k ,  r . c o u ld  be v a r i e d , b u t  much l a r g e r  changes  w~>uld be 

n e c e s s a r y  ( s e e  5 8 . 5 . 2 ) .

7 . 5 . 2  r  i .tr.es

In a s i m i l a r  way, t h e  p l a n a r  r e s u l t s  a r e  compared w i t h  B a r r e t t ’ s 

e x p r e s s i o n  (liqn 2 . 8 ) in F i g u r e  7 . 3 0 .  Once a g a i n , the  v a lu e  o f  k 

a p p r o p r i a t e  t o  t e m p e r a t u r e  dependence  r a t h e r  than  ion and e n e rg y  d e p e n d ­

enc e  has  been  p r e f e r r e d .  The a_rreei vnt  h e r e  i s  a lm os t  as  good as f o r  

axes  (n o te  t h e  d i f f e r e n c e  in  s c a l e  be tw een  the  two g r a p h s ) , w i th  the  

marked e x c e p t i o n  o f  t h e  (111} p l a n e .  Not on ly  a r e  t h e  measured th v a l u e s  

h i g h ,  bu t  t h e y  e q u a l  o r  exceed  t h o s e  f o r  t h e  { 1 1 0 } p l a n e ,  a l t h o u g h  t h e  

{ 1 1 1 } has  t h e  s m a l l e r  mean p l a n a r  s p a c i n g .
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6  0.7

0 2 V O  6

V O  A X (211) p 
o {110} p

01 0

t . j A  OOt 5

J, “ ( T h c o r )

1 i ,̂u rc  7 . 3 0 : Coii.j'.iri .'-or o f  c x p e r i  i:ont il v a l u e s  o f  . . f o r  p l a n e s  with 

t h e o r e t i c a l  v a lu e s  c a l c u l a t e d  from I -(ii J . S .
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The e x p l a n a t i o n  i n  t h i s  c a s e  i s  r e a d i l y  a p p a r e n t .  The {111}

p l a n e s  i n  diamond have  two s e t s  o f  s p a c i n g s  ( s e e  f i g u r e  7 . 3 1 ) ,  which

were a v e r a g e d  t o  p r o d u c e  t h e  v a lu e  o f  d^ i n s e r t e d  i n  i'qn 2 . 8 .  T h i s

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

t h e  e f f e c t i v e  v a l u e  o f  d ( 1 1 1 1 , one may n o t e  t h a t  . , { 1 1 1 } i s  z l i g h t l y
P i

g r e a t e r  t h a n  ^ ,{110}  (by a b o u t  5 * ) ,  and t h e r e f o r e

d { 1 1 1 } - d { 1 1 0 } 'v 1 0 °
P P

( s i n c e  d^ = ( v , ) * ) ,  g i v i n g

d})U l l }  = 1 .4  A

U s in g  F i g u r e  " .31  and T a b le  " . 9 ,  i t  can be seen  t h a t  t h i s  c o r r e s p o n d s  

most  c l o s e l y  t o  t h e  l a r g e r  o f  t h e  two p l a n a r  s p a c i n g s  (and not  t o  t h e i r  

m e a n ) . Most i o n s  a r e  e v i d e n t l y  c h a n n e l l e d  i n  t h i s  s p a c e , w i th  on ly  a 

s m a l l  e f f e c t  from t h e  c l o s e l y  a d j a c e n t  second  p l a n e  o f  each  p a i r .

TAB 11

Sp.acin / 1 o f  n i l )  P l a ia ■ in P i a r o r d  

Refer  t o  f i g u r e  7 . 3 1 .  l a t t i c e  parameter = a = 3 .5 67  A.

i )  Small gap (dj l  = / 3 a / 12 =- 0 .515  A

i i )  Large gap (d ) = / 3 a / 4 = 1.543 A

i i i )  Mean (d^) = / 3 a / 6  = 1.030 A

i v )  d + 2 * !d 1 = / 3 a / 3 = 2.059 A
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F i g u r e  " . 3 1 : Spac i ngs  o f  f i l l  p l ane s  in t h e  diamond l a t t i c e .  Values  
a r e  l i s t e d  in Table  . 9 .

1

l e n  
t r a j e c t o r y

r 2

d ,

T

I
d

1

l i i

F i g u r e  7 . 3 2: Model o f  f i l l }  p l a n a r  c h a n n e l l i n g  in the  diamond l a t t i c e ,  
as de ve l oped  in 6 7 . 5 . 3 .
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7 . 5 . 3  R c - c a l c u l . i t  ion o f  f 1 1 1 ) C j i_t i_c:\l \ i i ; 1 os

l l i c  above  o b s e r v a t i o n  may be pu t  on a more r i g o r o u s  f o o t i n g  in  

t e rm s  o f  t h e  c o n s i d e r a t i o n s  o u t l i n e d  in  ST . 2 . 3 .  I t  i s  assumed t h a t  i o n s  

a r e  c o n f i n e d  t o  t h e  w i d e r  i n t e r p l a n a r  gap ( s p a c i n g  t! ) w i th  t h e  c r i t i c a l  

a n g le  g o v e rn e d  by th e  d i s t a n c e  o f  c l o s e s t  a p p ro a c h  c  ̂ t o  t h e  two p l a i i e s  

Pj fo rm in g  i t s  w a l l s  ( F i g u r e  " . 3 2 ) ;  c . i s  s e t  e q u a l  t o  m u , , where u. i s  

t h e  luMS 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  and m i s  t a k e n  t o  have t h e  same 

v a l u e  as  f o r  s i n g l e  p l a n e s  (= 1 . 6 ) .  Then i n  c a l c u l a t i n g  t h e  c r i t i c a l  

a n g le  ; , by e q u a t i n g  t h e  i n i t i a l  t r a n s v e r s e  l . i n c t i c  e n e rg y  Tv ' to  t h e  

change in  p o t e n t i a l  e n e r g y  be tw een  r  i d - c h a n n e l  and p^ ,  the  p o t e n t i a l s  

due t o  a l l  f o u r  p l a n e s  (V. and P ,) a r c  t a k e n  i n t o  a c c o u n t .

In  t h e  n o t a t i o n  o f  R e f e r e n c e  Gc"t  and § 2 . 2 . 3 ,

*c ■ *a "  f P S , !

where t h e  sun i s  e v a l u a t e d  f o r  b o t h  p a i r s  o f  p l a n e s  P^ and P , t h a t  i s ,

■ ! ( ) ■ [ , ) ■  ( , J

♦ . ' p s ’ <7 - 3’
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where

h 's ’ - i[' L • jj ■ i r - s i
{ [ F p s  ( C , m ) ] 2 + [ F p ^ C ' . n ' ) ] 2 }^ ( 7 . 4 )

wi th C = P  /a^p

n = d2/ a TI,

C  = (p c +d 1 5 / aTF

n '  = ( 2 d , *d ) / a Tp

Tl'.c v a l u e s  o f  ( : , n) and I'pg (f. ’ » n ’ ) were e v a l u a t e d  f rom t h e  c u r v e s  in

Bar71 , g i v i n g

F » >  = 0 . , 2

Then,  by a n a lo g y  w i t h  f n 2 . 8 ,

K[ F (4)
PS ( 7 .5 )

where t h e  v a l u e  o f  t o  ho used  in  c a l c u l a t i n g  . ( i s  t h e  mean v a l u e ,  

s i n c e  d  ̂ e n t e r s  t h e  e x p r e s s i o n  v i a  t h e  a tom ic  d e n s i t y  in  t h e  p l a n e ,  which 

i s  d e t e r m i n e d  by t h e  mean p l a n a r  s p a c i n g .  The r e s u l t i n g  v a l u e s  o f  (111} 

f o r  p r o t o n s  a r c  compared v i t h  t h e  e x p e r i m e n t a l  ones  in  Tab le  “ .10 .  The

ag reem en t  i s  good,  i n d i c a t i n g  t h e  v a l i d i t y  o f  t h e  model o f  ( 1 1 1 ) 

c h a n n e l l i n g  u s e d .

Most w o r l d ' s  seem t o  have a v o id e d  t h e  pro!  lems o f  unequa l  ly  

spaced,  homogeneous p l a n e s  by c o n f i n i n g  measurements  t o  o t h e r  p l a n e s  in  

each c r y s t a l .  (An e x c e p t i o n  was Davies  c t  a l  [PavoR] . )  The p r e s e n t
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TABl.i: 7 . 1 0

'

H (MeV) ( fq n  7 .5 ) ( c x p t a l )

0 . 6 0 .2 46 0 .2 4

1 . 0 0 .191 0 .1 7

2 .5 0 . 1 2 1 0 . 1 1

4 . 5 0 .0 9 0 0 .0 8

work shows t h a t  c ha nne l  l iny,  be t ween  such p l a n e s  a d t i t s  o f  a s i r j i l e  

d e s c r i p t i o n ,  a t  l e a s t  when t h e  s p a c i n ’s a r e  vcr>- d i f f e r e n t  ( i n  t h i s  c a s e ,  

d,  = 3d ) .  There  w;r no s i  yn o f  a s e p a r a t e  channe l  1 in;  component  i n  t h e  

narrow s p a c e s  o f  wi d t h  d . ,  i n  t h e  form o f  i n f l e x i o n s  i n  t h e  s i d e s  o f  t he  

c h a n n e l l i n g  d i p ;  any ions  i n i t i  il 1> so  c h a n n e l l e d  must he  r a p i d l y  

d c channe l  l e d  i n t o  t h e  w i d e r  ' pace  - o r  i n t o  t h e  random be  am.

7 . 5 . 4  O t h e r  Theor i  e

Some o f  t h e  p r o t o n  c r i t i c a l  a n g l e s  f o r  axes  were  c o n ; - r ed  wi t h

v a l u e s  c a l c u l a t e d  by t h e  method o f  V a r e l a s  and Sizmann [ \ ' ar72]  as

o u t l i n e d  in 6 2 . 2 . 4 .  Th i s  p r oduce :  c r i t i c a l  a n g l e s  * r a t h e r  t ha n  h a l f -

a n g l e s  ( s e e  § 2 . 2 . 1 ) .  T a k i n g  H a r r c t t ' s  f a c t o r  k [Bar71 ] as b e i n g  a 
9

c o n v e r s i o n  f a c t o r  be t ween  and , ; . t h e  same f a c t o r  k was a p p l i e d  i n
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t i n s  c a s e .  'Hie r e s u l t i n g  v a l u e s  were  i n  e x c e l l e n t  a g reemen t  b o t h  wi t h  

t h e  meas ur emen t s  and w i t h  t h e  B a r r e t t  e s t i m a t e ,  hqn 2 . 7 ,  as can be s een  

f rom T a b l e  7 11,  w i t h  t h e  e x c e p t i o n  once  a g a i n  o f  t h e  <100> a x i s ,  where 

b o t h  t h e o r e t i c a l  e s t i m a t e s  a g r e e d  w i t h  one a n o t h e r  b u t  no t  w i t h  t he  

m e a s u r e m e n t .

7 . 6  COMPARISON’ WJ i ll OTH! I ‘TASUI'] MI NTS

Hie  o n l y  o t h e r  c r i t i c a l - a n g l e  measurement s  f o r  c h a n n e l l i n g  in 

d iamond which have  been  r e p o r t e d  i n  t h e  l i t e r a t u r e  a r e  t h o s e  o f  P i c r a u x  

e t  a l  [Pic<i9a] and o f  S e l l s c h  p md Gil son [ S c 7 3 ] . T h e i r  v a l u e s  a re  

compared w i t h  c o r r e s p o n d i n g  one: t a k e n  f rom t h e  p r e s e n t  work,  i n  

T a b l e  7 . 1 2 .  T h e o r e t i c a l  v a l u e s  c a l c u l a t e d  by means o f  hqn 2 . 7  ( a x e s )  

o r  hqn 2 . 8  ( p l a n e s )  a r e  i n c l u d e d .

T l ier e  i s  r e a s o n a b l e  agreement  be t ween  t h e  measurements  o f  t he  

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

found i n  t he  p r e s e n t  work a r c  g e n e r a l l y  s l i g h l y  h i g h e r , and t e n d  to  

a g r e e  more c o n s i s t e n t l y  w i t h  t h e  t h e o r e t i c a l  e s t i m a t e s .  Th i s  i s  i n  

k e e p i n g  wi t h  t h e  l a r g e r  e x p e r i m e n t a l  e r r o r s  r e p o r t e d  by t h e  o t h e r s .
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8 . 1  I NTROPUPTION'

B a r r e t t ' s  [ B a r ” l ] s e m i - e m p i r i c a l  r e l a t i o n s h i p s  f o r  a x i a l  and 

p l a n a r  h a l f - a n c l e s ,  Pqns 2 . ” and 2 . 8 ,  p r e d i c t  a r e d u c t i o n  t h e r e i n  w i t h  

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

much we a ke r  t ha n  t h a t  f o r  a x e s , in agreement  w i t h  c a l c u l a t i o n s  ( f o r  

e xampl e ,  Lrgt>5, Ando" m 1> “ 1]  and w i t h  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s  

o f  many wor ke r s  ( f o r  e xa mpl e ,  Pavt ■ , Audi 8,  a r d  1 u P P ) . I t  h a s  been 

s u g g e s t e d  t h a t  t h i s  i s  b e c a u s e

i )  c h a n n e l l e d  ion a r e  a l r e a d y  s a mp l i n g  a pseudo- r andom

d i s t r i b u t i o n  o f  c o l l i  i o n s  w i t h i n  t he  p l a n e  [ Dav68] , o r

i i )  t h e  p l a n a r  p o t e n t i a l  v a r i e s  more s l o w l y  t h a n  t h e  a x i a l  one

i n  t h e  r e g i o n  o f  a. . [ P i c 6 9 a ] .

O r d i n a r y  t e m p e r a t u r e  a r e  so  f a r  below t h e  Debye t e m p e r a t u r e  o f  

d iamond  t h a t  t h e  r e i n  t h e n  ! v i b r a t i o n  a mp l i t u d e  changes  l i t t l e  wi t h  

t e m p e r a t u r e . The c r i t i c a l  an le chan es  a r c  t h e r e f o r e  e x p e c t e d  t o  b e  

r a t h e r  s m a l l ,  ( s p e c i a l l y  below r . o i  t e m p e r a t u r e . No c r y o g e n i c  

m e a s u r e m e n t s  were  a t t e m p t e d  f o r  t h r  r e a s o n .

An a c c o u n t  o f  t h e  m e a s u r e m e n t  o f  c r i t i c a l  a n g l e s  a t  e l e v a t e d
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t e m p e r a t u r e s  i s  g i v e n  in  S e c t i o n  8 . 2 .  In S e c t i o n  8 . 5  t he y  a r e  compared 

w i t h  hqns  2 , 7  and 2 . 8 ,  and m o d i f i c a t i o n s  t o  f.qn 2 . 7  a r e  c o n s i d e r e d  

which would b r i n g  i t  more c l o s e l y  i n  a g reemen t  wi t h  t h e  a x i a l  

m e a s u r e m e n t s .

MEASURE?

8 . 2. 1 E x p e r i : e n t a l

C r i t i c a l  a n g l e s  . ,  were  meas ur ed  f o r  1 . 0  MeV p r o t o n s  i n c i d e n t  

n e a r  t h e  u s u a l  t h r e e  r . i o r  axes  and t h r e e  ma j o r  p l a n e s ,  on one good 

spec i men  (KT1) w h i l e  i t  was h e l d  a t  a s e r i e s  o f  t e m p e r a t u r e s  up t o  700°C 

( t h e  l i m i t  o f  t h e  a p p a r a t u  ) .  Ten; c r a t u n  ' were r o n i t o r e d  t he i mo-  

e l e c t r i  c a l l y  and ke p t  t o  w i t h i n  *10°C o f  t h e  nominal  v a l u e .

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

were  t he  s a n e  as f o r  C h a p t e r

8 . 2 . 2  Resu l t s

A s ma l l  bu t  s i g n i f i c a n t  r e d u c t i o n  o f  f o r  i n c r e a s i n g  t empov j t u n

was seen  f o r  a x e s ; t h e  e f f e c t  o b s e r v e d  f o r  p l a n e s  was o f  t he  o r d e r  o f

t h e  e x p e r i m e n t a l  s e n s i t i v i t y  o f  0 . 0 1 ° ,  as  p r e d i c t e d  by Fqn 2 . 8 .  Some o f

t h e  a x i a l  d i p s  a r e  p l o t t e d  in F i g u r e s  8 . 1 ,  8 . 2  and 8 . 3  f o r  d i f f e r e n t

d e p t h s . C r i t i c a l  angle -  a r e  p l o t t e d  a g a i n s t  d e p t h  a t  t h r e e  o f  t h e  t emp­

e r a t u r e s  in F i gu r e  8.-1; t h e  r e d u c t i o n  i n  i s  a p p r o x i m a t e l y  c o n s t a n t  

w i t h  d e p t h ,  s i n c e  t h e  c u r ve s  a r e  a 1 most  p a r a l l e l .

S u r f a c e - e x t r a p o l a t e d  v a l u e s  o f  T, a r c  summar i sed i n  Ta b i c  8.1
2
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20° Cj 3 0 0 ° C ,  6 0 0 °C

-------------0-1 pm
1 0  p m  

 2 0 pm

F i g u r v  H. 3: Sc.ins t h r o u g h  MO at d i f f e r e n t  t e m p e r a t u r e s :
1 . 0  *•!<;• V p r o t o n s .  Narrowe-'-t d i p  a t  each  d e p th  
i s  f o r  h i g h . e s t  t e i  n e r a t u r c . (K’r 1 ) .
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< l l l >
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0 30 
0 50

I 0 0 >

0 3 0

Z ( p m )

lk*|)(jin!vncv m' c r i t i c a l  .mi;le on depth at d i f f e r e n t  
t ernperatui es  fo r  1 . 0  MeV p r o to n s .  (KT1).

□  20oC; A 300°C; o (.00°C.
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TABI.il 8 . 1

T e m p e r a t u r e  P c p c i u l i ' n c c  o f  A,\ i a 1 C r i t i c a l  An^. l c s

Ax 1 s Temp (°C) Uj (A) 4 ’ ° ( cxpt l )
V ^ 0  ( t h c o r )  

‘ [Rar71]

, , °  ( t h c o r )  

‘ [Var72]

< 1 1 0 2 0 0.014 0 . 5 5 0 .54 0 . 5 5
300 0.051 0 . 5 3 0 .5 2 0 . 5 3
500 0 .056 0 .4 9 0.51 0 . 5 2
600 0 .0 5 8 0 .4 9 0.51 0 .5 1
700 0.061 0 . 5 0 0 . 5 0 0 .51

<1 1 1 > 2 0 0.044 0 . 4 9 0 .4 9 0 . 4 3
300 0.051 0 . 4 8 0 .4 7 0 . 4 7
500 0 .056 0 . 4 6 0 .46 0 . 4 6
600 0 .058 0 .4 6 0 .4 6 0 .4 5
700 0.061 0 . 4 5 0 .45 0 . 4 5

<1 0 0 > 2 0 0.014 0 .4 1 0 .4 6 0 . 4 6
300 0.051 0 . 4 0 0 .44 0 .4 4
500 0 .056 0 . 3 7 0 .4 3 0 . 4 3
600 0 .0 5 8 0 . 3 8 0 .4  3 0 . 4 3
700 0.061 0 . 3 7 0 .4 2 0 . 4 2

I

TAB 1.1: 8 . 2

Tj > o r a t • ire- r < ' p o n '-lcnc( o f  I ' l a r  . r  C r i t i c a l  Anr. 1 e s

P lane Temp (°C) U, (A) 4 ; °  ( c x p t l )
. j °  ( t h c o r )  

[ R a r 7 1 ]

{ 1 1 0 } 2 0 0 .044 0 . 1 7 0 . 1 8
500 0 .0 5 6 0 .  17 0 . 1 7
700 0.061 0 .  17 0 . 1 7

{1 1 1 } 2 0 0 .0 4 4 0 . 16 0.  15
500 0 .0 5 6 0 .  17 0 . 1 4
700 0.061 0 .  17 0 . 13

{ 1 0 0 } 2 0 0 .044 0 . 1 1 0 . 1 2

500 / 0 .0 5 6 0 . 1 0 0 . 1 2

700 0.061 0 . 1 1 0 . 1 1

I
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f o r  a x e s  and P . 2 f o r  p l a n e s ,  and p l o t t e d  a g a i n s 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  (u^)  i n  F i g u r e  8 . 5 .  The v a l u e s  o f  u, were c a l c u l a t e d  a f t e r  

Lonsda le  [Lon4 8 ] ,  u s i n g  a v a lu e  o f  t h e  Debye t e m p e r a t u r e  o f  I860 K 

[V ic6 2 ] .

8 . 3 COMPARISON IV 1TU_J H I  0 1 0

8 . 3 . 1  C o n p a r i s on

V a lues  o f  . ,  c a l c u l a t e d  from L^n 2 . 7  and 2 . 8  a r c  i n c l u d e d  in  
j

T a b l e s  8 .1  and 8 .2  r e s p e c t i v e l y .  In t h e  a x i a l  c a s e  (T ab le  8 .1 )  v a l u e s  

c a l c u l a t e d  a c c o r d i n g  V a r e l a s  and S i z m a n n ' s  p r o c e d u r e  [Var72]  a r e  

added ( w i th  t h e  f a c t o r  pi led .is d e s c r i b e d  i n  § 7 . 5 . 4 ) ;  t h e y  a r e  v e ry  

s i m i l a r  t o  t h o s e  o f  ! qi. 2 . ~ .  Curve c a l c u l a t e d  f r  . Lqns 2 . 7  and 2 .8  

a r e  i n c l u d e d  i n  F i g u r e  8 . 5 .  For  t h e  <1U0> a x i s ,  d i s c r e p a n c i e s  in  t h e

. .

amount ing  t o  t h i s  a x i s  r e q u i r i n g  a s m a l l e r  v a l u e  o f  k in  Fqn 2 . 7 .  

A c c o r d i n g l y ,  a set ;nd <1(5;' . t r ee  h I c o n  p l o t t e d  in  F ig u re  8 . 5 ,  w i th

k s c a l e d  t o  f i t  t h e  .‘o o r : - t e : ;  e r a t u r e  r v u l t . For t h e  (111 p 1 a n e , which 

showed t h e  d i s c r e p a n c i e s  d: c ;ed in ' " . 5 . 2  and " . 5 . 3 ,  t h e  {110} cu rve  

i s  a good a p p r o x i r  it i o n .  The c r r o r - b a r  r e p r e s e n t  ' 0 . 0 1 " ,  t h e  o v e r a l l  

e r r o r  deduced  in 5 7 . 4 . 5 .

The p l a n a r  r e s u l t  » a r e  c o n s i s t e n t  w i t h  I qn 2 . 8 ,  ifj, b e i n g  c o n s t a n t  

t o  0 .0 1 *  o v e r  t h e  t o  p c r a t u r c  r a n g e  exai i n e d .  Tlii s c o n f i r m s  t h a t  t h e  

t e m p e r a t u r e  e f f e c t  i s  i n d e e d  ve ry  smal l  f o r  p l a n e s  in  diamond.

The a x i a l  r e s u l t s  f o l l o w  I qn 2 . 7  q u i t e  w e l l  w i t h i n  e x p e r i m e n t a l  

e r r o r ,  t h e  maximum d e v i a t i o n  b e i n g  M l .0 2 ° .  It i s  o f  i n t e r e s t  t h a t  t h i s



193.

A X E S

I I O >

< I 0 0 >

< I 0 0 >

( s c a l e d )

P L A N E S

{ ' 1 0 !

(Ill)

( 100)

0  0 5 5 0 0 6 0
70 0  °C

u,  (A)

F i n u r e  8 . 5 : Dcptt idencc'  o f  u r f . i cv  c r i t i i . i l  i ng l e s  on t he r ma l  v i b r a t i o n  
a m p l i t u d e .  (Mata from KT1)

o <110- ,  {110};  A <111>,  {111};

□  r 100> {100} — t h e o r y .
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e q u a t i o n  i s  s t i l l  v a l i d  f o r  u. «  a.^. ( i n  diamond ^  0 . 2  compared

w i t h  u /a.j.j. 'v 0 . 5  in most s u b s t a n c e s  - s e e  T a b le  2 . 2 ) .  In t e rm s  o f  

t h e  c o n s i d e r a t i o n s  o f  § 2 . 2 . 5 ,  t h i s  c o n f i r m s  t h a t  t h e  c r i t i c a l  approach  

d i s t a n c e  t o  a s t r i n g ,  o , ,  i s  d e t e r m i n e d  by u^ r a t h e r  t h a n  a , ^ . , even in  

s o  n e a r l y  s t a t i c  a l a t t i c e  a s  diamond,  i ll  i s  was a l s o  deduced  by 

Altman c t  a l  [A1V0]  from d i f f e r e n t  e v i d e n c e  ( t r a n s m i s s i o n  e n e rg y  l o s s  

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

T he re  i s ,  however ,  a s y s t e m a t i c  i n d i c a t i o n  in t h e  <'110> and <100> 

r e s u l t s  o f  a somewhat s t r o n g e r  d e pendence  on u t h a n  Fqn 2 . 7  s u g g e s t s .  

T h i s  was a l s o  n o t e d  by  Andersen  and L'cysgSrd [And72] f o r  p r o t o n s  

c h a n n e l l e d  in t e n  d i f f e r e n t  s u b s t a n c e s .  The <111> cu rve  h e r e  does no t  

show t h i s  b e h a v i o u r ,  and p r e d i c t s  t h e  measurements  a c c u r a t e l y .

The t h e o r e t i c a l  t r e a t m e n t  o f  V a r e l a s  and Si zmann [Var72]  c o n t a i n s  

i n h e r e n t  d i f f e r e n c e s  be tween  t h e  b e h a v i o u r  o f  rows in  which two d i f f e r e n t  

a t  or i c spacing -;  a l t e r n a t e ,  such is 1 1 1 >, and t l io sc  w i th  un i fo rm  s p a c i n g  

such  a r <110> and "100 -. I f  v a l u e s  o f  . ,  a r c  c a l c u l a t e d  by t h e i r  method 

t o  one more s i g n i f i c a n t  d i g i t  t h a n  h a s  i n c l u d e d  in T a b l e  8 . 1 ,  i t

can be seen  t h a t  w he re as  t h e i r  c u r v e s  : , i 1 0  - and <1 0 0 > a r e  p a r a l l e l  

t o  t h o s e  o f  1 ]n 2 . 7  t o  ; i t h i :  O'1 i 0  , t h a t  f o r  t h e  < 111 > i s  s h a l l o w e r  t o

t h e  e x t e n t  o f  an i n c r e m e n t  o f  .005°  o v e r  t h e  r a n g e  0°C t o  700°C.

Al though  th  i ■ i t o o  sm a l l  t o  a c c o u n t  f o r  t h e  d i f f e r e n c e  f u l l y ,  i t  

i n d i c a t e s  t h a t  t h e  d i f i t  r e n t  b e h a v i o u r  o b s e rv e d  f o r  <111 - i n  F i g u r e  S . 5 

i s  l i k e l y  t o  be a r e a l  e f f e c t , and t h a t  i f  t he  une qua l  s t r i n g  s p a c i n g  

were  t a k e n  . r . t o  ac co u n t  in Fqn 2 . 7 ,  t h e  same o b s e r v a t i o n  i s  p r o b a b l y  

t r u e  f o r  a l l  t h r e e  a x e s , namely t h a t  t h e  t e m p e r a t u r e  depe ndence  o f  ,
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i s  s t r o n g e r  t h a n  t h a t  p r e d i c t e d  by t h e  e q u a t i o n .

8 . 3 . 2  Modi f i  c a t  ions

The p o s s i b i l i t y  o f  f i t t i n g  t h e  <110> and < 1 0 0  r e s u l t s  u s i n g  

s l i g h t l y  d i f f e r e n t  v a l u e s  o f  k and m was i n v e s t i g a t e d .  'Die p a r a m e t e r  k 

a c t s  o n l y  as  a s c a l i n g  f a c t o r ,  and  th e  n e c e s s a r y  change i n  t h e  s l o p e  o f  

t h e  k i v e r s u s  c u r v e s  must come from c h a n g in g  m.

In  h i s  p a p e r  [ B a r T l ] B a r r e t t  p r e s e n t e d  such f i t s  f o r  e x p e r i m e n t a l  

d a t a  [AndGS] o f  p r o t o n s  on t u n g s t e n , and i t  i s  e v id e n t  t h a t  q u i t e  

a p p r e c i a b l e  v a r i a t i o n s  o f  m p r o d u c e  ve ry  l i t t l e  change  in  t h e  s l o p e s  o f  

t h e  c u r v e s .  The c hanges  were  found to  be even  s m a l l e r  w i th  diamond:  

t h e  <110> and <100" c u r v e s  r e q u i r e d  v a l u e s  o f  r = 2 .5  ( w i th  k - 1 .02)  f o r  

t h e  b e s t  f i t  t o  t h e  e n s u r e d  p o i n t  , compared to  B a r r e t t ' s  m 1 .2  and 

k = 0 . 8 3 .  To s u g g e s t  d o u b l i r  t h e  v a l u e  o f  m a p p e a r s  u n j u s t i f i e d  in 

view o f  t h e  good a g ree :  -, u t  which has  been  found be tw een  F.qn 2 . 7  and 

th e  measurements  i n  many d i f f e r e n t  e x p e r i m e n t s .

An a l t e r n a t i v e  i s  t o  a l l o w  m t o  v a r y  w i th  t e m p e r a t u r e  ( k e e p i n g  k 

c o n s t a n t ) . T h i s  was found t o  r e q u i r e  much s m a l l e r  c h a n g e s ; a v a lu e  o f  

m - 1 . 3 ( 5 )  r e p r o d u c e d  t h e  diamond d a t a  a t  600 - "00°C q u i t e  w e l l .

Us ing  t h e  c o n s i d e r a t i o n s  o f  5 2 . 2 . 3 ,  t h e s e  r e s u l t s  may be i n t e r ­

p r e t e d  as  f o l l o w s .  The form o f  I qn 2 .7  i s  t h a t  o b t a i n e d  from t h e  

con t inuum  mode 1 ot  c h a n n e l l i n g  ( 2 . 2 . 1 ) by e q u a t i n g  t h e  1 t r a n s v e r s e  

k i n e t i c  e n e r g y 1 I . • o f  an ion f a r  from th e  s t r i n g s  t o  i t s  p o t e n t i a l  

e n e rg y  a t  t h e  c r i t i c a l  a pproach  d i s t a n c e  . The l a t t e r  i s  assumed to
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be d e t e r m i n e d  on ly  by t h e  mean 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  u, o f

i n d i v i d u a l  a toms p e r p e n d i c u l a r  t o  the  s t r i n g  (u. = / 2 u 1) ;  t h e  r e l ­

a t i o n s h i p  be tw een  and u (and t h e r e f o r e  u l ) i s  assumed t o  be l i n e a r ,  

Pc =muj where m i s  a c o n s t a n t  chosen  t o  f i t  t h e  d a t a .  The r e s u l t i n g  

v a l u e  o f  t h e  c r i t i c a l  a n g le  , i s  c o n v e r t e d  t o  t h e  h a l f - a n g l e  ip, by 

m u l t i p l y i n g  by t h e  f i t t i n g  p a r a m e t e r  k .

Choos ing  a l a r g e r  v a l u e  o f  m i m p l i e s  a s t r o n g e r  l i n e a r  r e l a t i o n ­

s h i p  be tw een  ( and u . , w he re as  a l l o w i n g  m t o  v a ry  i m p l i e s  t h a t  t h e  

r e l a t i o n s h i p  i s  no t  l i n e a r  beyond a f i r s t  a p p r o x i m a t i o n .  Th is  seems 

r e a s o n a b l e ,  as  t h e r e  i s  no a p r i o r i  r e a s o n  t o  e x p e c t  a l i n e a r  r e l a t i o n ­

s h i p .  In f a c t ,  b o t h  V a r e l a s  and S i z r a n n  [Var ' ’2 ] ,  and Morgan and

t i c  r e l a t  1 found i t

good f i t  t o  r e a su  rer .cn t i n  t h e  f i r ;  t c a s e , and compute r  s i m u l a t i o n s  in  

t h e  s e c o n d .  However ,  t h e i r  r e l a t i o n s h i p s  g iv e  an m which i s  a d e c r e a s i n g  

f u n c t i o n  o f  u, , r a t h e r  t h a n  an i n c r e a s i n g  one .is r e q u i r e d  h e r e .  I t  may

be c o n c lu d e d  t h e r e f o r e  t h a t  n _ i s  no t  s t r i c t l y  a l i n e a r  f u n c t i o n  o f  i;, ,

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

B a r r e t t  [Bar" !  ] d v i s e d  c a u t i o n  in  b a s i n g  c o n c l u s i o n s  on P.qn 2 . 7 ,  

b e c a u s e  i t  i s  a f i t  t o  Monte C a r l o  c a l c u l a t i o n s  r a t h e r  t h a n  a t h e o r e t i c a l  

r e l a t i o n s h i p ;  moreover  h i s  d i r e c t l y  d e t e r m i n e d  v a l u e s  o f  f _ d i d  no t  b e a r  

a l i n e a r  ( o r  q u a d r a t i c ) d e p e n d e n c e  on u . However ,  t h e  e q u a t i o n  has  a 

form i n  Keeping  w i t h  t h e  phy i c s  o f  t h e  c h a n n e l l i n g  s i t u a t i o n  in  terms 

o f  t h e  w e l l - t r i e d  con t inuum  model ,  and has  a l r e a d y  shown i t s e l f  amenable 

t o  a p h y s i c a l  i n t e r p r e t a t i o n  by fiemic 11 and M ikke lson  [Ge 2 ] ,  and in 

§ 7 . 5 . 3  o f  t h e  p r e s e n t  wort t o  c l a r i f y  t h e  measurements  o f  c r i t i c a l  a n g le s
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f o r  t h e  diamond {111} p l a n e s .  The n o n - l i n e a r i t y  o f  p on i s  in  

a g re e m e n t  w i t h  t h e  i m p l i c a t i o n s  o f  t h e  diamond m ea s u rem e n ts .
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Ct l A P T I i ' R  9

MI N’ I MUM V l l l.n A XD h UR [-.AC I I RAK

9.1  INTRODUCTION

TTie c h a r a c t e r i s a t i o n  o f  diamonds by t h e i r  ( v e r y  v a r i e d )  v a lu e s

o f  c h a n n e l l e d  minimum y i e l d  ( > M 1 h a s  been  d e s c r i b e d  in  § 5 . 2 . 3 .  In

t h e  p r e s e n t  c h a p t e r  t h e  s u r f a c e  minimum y i e l d s  of good c r y s t a l s  (measured

m o s t l y  f o r  1 . 0  McV p r o t o n s  u n d e r g o i n g  a x i a l  c h a n n e l l i n g )  a re  compared

w i t h  t h e o r y  as  r e g a r d s  i i g n i t u d e  and f u n c t i o n a l  dependence .  The s u r f a c e

p e a k ,  c l o s e l y  c o n n e c t e d  w i t h  \  . was a l s o  e v a l u a t e d .nun

Data p r o c e s s i n g  m ethods  a r e  summarised in  S e c t i o n  9 . 2 .  The 

s u r f a c e  peak i s  c o n s i d e r e d  i n  S e c t i o n  9 .3  and t h e  s u r f a c e  minimum y i e l d  

i n  S e c t i o n  9 . 4 .  A fev, c o n c l u s i o n s  a! out  t h e  n a t u r e  o f  t h e  diamond 

s u r f a c e  a r c  v r o u g h t  t o g e t h e r  in S e c t i o n  9 . 5 .

The dept! ,  d e pendence  o f  . i s  o f  c o n s i d e r a b l e  i n t e r e s t ,  s i n c e  

i t  m easu res  t h e  r a t e  o f  dec h an n e l  1 i n g  o f  i n i t i a l l y  w e l l - c h a n n e l  l ed  

p a r t i c l e s .  T h i s  i s  not  t r e a t e d  a t  a l l  i n  t h e  p r e s e n t  w o r k , as  i t  w i 1 1 

form t h e  s u b j e c t  o f  a s e p a r a t e  t h e s i s  [ F e a 7 9 ] .

9 .  2 DA'l A RROfTSSIN'G

I n - c h a n n e l  s p e c t r a  a c c u m u la t e d  f o r  l a r g e r  ion f l u e n c e s  t h a n  t h o s e  

u s e d  f o r  t h e  c r i t i c a l - a n g l e  d e t e r m i n a t i o n s  o f  C h a p te r  7 (x f  f o r  p r o t o n s ,



xS f o r  a l p h a s )  were u s e d  f o r  t h e  e x t r a c t i o n  o f  a c c u r a t e  minimum y i e l d s .

The e x t r a c t i o n s  were p e r f o r m e d  by t h e  F o r t r a n  programme PHAKFIT 

[ F c a 7 7 a ] , which s t r i p p e d  t h e  s u r f a c e  peak  and e x t r a p o l a t e d  the  u n d e r l y i n g  

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

f u n c t i o n s  t o  t h e  s p e c t r a l  p o in t ' -  u s i n g  t h e  f i t t i n g  programme ?!1N'UIT 

[ J a 7 5 ] .

Two e s t i m a t e ?  o f  y a t  t h e  s u r f a c e  were t hus  o b t a i n e d :  t h emi n

y i e l d  Xq j u s t  b e h in d  t h e  s u r f a c e  peak ( s i m i l a r  t o  t h e  xQ o f  5 5 . 2 . 3 ,  and 

c o r r e s p o n d i n g  t o  z ' v O . l  un i and t h e  y i e l d  >  ̂ e x t r a p o l a t e d  t o  z e ro  d e p t h .  

F o r  a c c u r a t e  c om pa r i son  w i th  t h e o r y ,  >v was u s e d .

S e v e r a l  w o r k e rs  [B a r -"!,  Fo72,  AF 2,  Vae"3]  have r e p o r t e d  d e p th  

o s c i l l a t i o n s  o f  the  minimum y i e l d  j u s t  b e h in d  t h e  s u r f a c e  p e a k .  They 

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

s u r f a c e  by s t r o n g l y  f o r w a r d - p o k e d  s c a t t e r i n g  o f f  p l a n e s  o r  rows;  t h e s e  

i o n s  must c r o s s  t h e  channe l  sp ice b e f o r e  they  can i n t e r a c t  a g a i n ,  d u r i n g  

which t im e  t h e y  p e n e t r a t e  a d i s t a n c e  s .  Van d c r  Weg e t  a l  [Vac"3] have  

shown t h a t  f o r  p l a n e s

s  'v d j / O . S ' ^ )  ( 9 . 1 )

P u t t i n g  d ^ '  1 A and .  ̂ 0 . 1 ° f o r  diamond p l a n e s  g i v e s

s ~ 400 A

The a n a l y s i s  i s  more complex f o r  rows ,  bu t  s i s  e x p e c t e d  t o  be somewhat 

s m a l l e r .  The d e t e c t o r  r e s o l u t i o n  in  t h e  p r e s e n t  e x p e r i m e n t s  c o r r e s p o n d e d
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t o  'vSOO A in  d e p t h  r e s o l u t i o n ;  t h u s  any d e p t h  o s c i l l a t i o n s  would he 

smeared  ou t ,  and i n d e e d  none  was s e e n .

9 . 3  Till: SUl'i'ACl 1'1 AK

From t h e  number o f  c o u n t s  !’ i n  t h e  s u r f a c e  p e a k ,  t h e  number o f  

a toms p e r  u n i t  a r e a  cont  r i  but  i nj’ t o  i t  was c a l c u l a t e d  i n  each  ca se  

u s i n g  Dpi 2 . 1 5 .  For  t h e s e  e xpe r im en t : ,  t h e  e q u a t i o n  became

N, = P x ( l . 7 x 1 0 1 4 ) c o s 6  ( 9 . 2 )

The e x p e c t e d  v a l u e s  o f  N, were c a l c u l a t e d  from B a r r e t t ’ s suj;j’, e s t e d  

f o r m u la  f o r  t h e  e f f e c t i v e  nui;! e r  o f  s u r f a c e  l a y e r s  L fliqn 2 . 1 2 ) combined

w i t h  t h e  known a to m ic  d e n s i t y  N, and s t r i n g  s p a c i n ^ s  d:

Na = LXv,d c o s :  ( 9 . 3 )

The measured  v a l u e 1 o f  N  ̂ were g e n e r a l l y  a t  l e a s t  t w i c e  t h e  

e x p e c t e d  v a l u e s ;  : o r e o v e r , t h e y  showed « c o r r e l a t i o n  w i t h  t o t a l  p r o t o n  

d o s e ,  i n d i c a t i n g  t h a t  e i t h e r  s u r f a c e  r a d i a t i o n  da:.ape o r  amorphous 

ca rb o n  d e p o s i t i o n  were o c c u r r i n g .  A p l o t  o f  r  v e r s u s  a p p i o x i r a t e  dose  P 

(w i th  due a l l o w a n c e  f o r  d i f f e r e n t  i n c i d e n c e  a n g l e s )  i s  shown in 

F i g u r e  9 . 1 ,  f o r  two good diamonds at  d i f f e r e n t  t e r s e r a t u r e s . The dashed  

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

A c l o s e r  cxat, j n a t  i < n o f  F i g u r e  9.1 i n d i c a t e s  some s e g r e g a t i o n  o f  

t h e  p o i n t s  a c c o r d  in.; t o  t e m p e r a t u r e .  It  ».i assumed t h a t  t h e  r e l a t i o n  

mi glit be o f  t h e  form

P -  bD + c  ( 9 . 4 )
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o < 1 10>; A < 1 11s ; □  <100 • (KT1);

•  < 1 1 0 ;  4 111-;  tu 100 • (Pi 3) ;

numbers  a r c  t e m p e r a t u r e s  in u n i t s  o f  100°C.
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where h i s  t e m p e r a t u r e  d e p e n d e n t , and c 180*20 in t h e  u n i t s  u s e d .  A 

p l o t  o f  b = ( P - c ) / D  i s  shown in I i i .urc 0 . 2 ,  w i t h  c =  180; t h e  t r e n d  i s  

again s u g g e s t e d  by a d a s h e d  l i n e .  The f a s t e s t  i n c r e a s e  in  t h e  s u r f a c e  

peak i s  a t  i n t e r m e d i a t e  t e m p e r a t u r e s , which would no t  be e x p e c t e d  f o r  

either r a d i a t i o n  damage o r  b e a m - s t i m u l a t e d  a d s o r p t i o n . I t  i s  s u rm i s e d  

that d i r e c t  b a k in g - o n  o f  t h e  h y d r o c a r l  on t u r b o r o l c c u l a r  o i l  had 

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

t e m p e r a t u r e s .

C o n v e r s io n  o f  t h e  number o f  a t  or s / c n r  t o  t h e  number o f  e x t r a  

a to m ic  l a y e r s  i s  c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  d e n s i t y  o f  t h e  

amorphous l a y e r  i s  unknown. Tak ing  t h e  d e n s i t y  o f  g r a p h i t e  as an 

e s t i m a t e  g i v e s  abou t  1 0 - 2 0  anorphou  s u r f a c e  l a y e r s  in most c a s e s

( c o r r e s p o n d i n g  t o  t h e  b o t t o i  t h i r d  o f  F i g u r e  P . 1) .

The v a l u e  o f  c r e p r e s e n t s  t h e  number o f  c o u n t s  in t h e  s u r f a c e  

peak due t o  t h e  c r y s t a l  a l o n e ;  p u t t i n g  1' -  c 18 0 t 20 i n t o  Fqns 0 . 2  and 

0 . 3  g i v e s  an e f f e c t i v e  nu h e r  o f  s u r f a c e  a t  • s p e r  row

L = 6 + 1

( u s i n g  an a v e r a g e  v a lu e  o f  3 A f o r  t h e  row s p a c i n g s ) . The e x p e c t e d

number  a c c o r d i n g  to  hqn 2 . 1 2  i s

I. = / l  + = 4 t o  6

d e p e n d in g  on t e m p e r a t u r e . The agreen  n t  i s  cp i i te  good,  i n d i c a t i n g  t h a t  

the c r y s t a l  re: a in s  p e r f e c t  a lm os t  t o  t h e  s u r f a c e ,  w i th  t h e  p o s s i b i l i t y  

of one or two d i s o r d e r e d  l a y e r s .



(P 
- 

1
8

0
1

/D

o

I

150

100

5 0

0

- 3

/ \
/

/ \
/ \

/ \
D /
n Z

iz
A 

2

/ \
\
□ \ x o

o
□

A

0 200 4 0 0  

I °C
6 0 0

9 . 2 ; Ra te  o f  i n c r e a s e  o f  s u r f a c e  peak v e r s u s  t e m p e r a t u r e  

o <110 •; A •' 111 >; □  <100> (KT1) ;

•  <  110 > ;  A <111 >; m "100 " (013) .



2 0 4

9 . 4 TUI! MIN’IMIJM Yl 1:1 JD

9 . 4 . 1  Pa t  a Anal y s i  s

The o b s e r v a t i o n s  o f  t h e  p r e v i o u s  s e c t i o n  i n d i c a t e d  t h a t  i t  would

n o t  be p o s s i b l e  t o  e x t r a c t  the  r e l a t i v e  c o n t r i b u t i o n s  t o  v . and P from
nun

amorphous l a y e r s  and from t h e  u n d e r l y i n g  c r y s t a l  as  s u g g e s t e d  by B a r r e t t  

[ Bar71] n o r  t o  check  h i s  e q u a t i o n s  ( l i s t e d  i n  ' 2 . 3 . 2  as  Pqns 2 . 1 0  t o  2.13) 

by v a r y i n g  t h e  e n e rg y  and t e m p e r a t u r e , s i n c e  t h e  d e p o s i t i o n  amounted to  

random a d d i t i o n s  to  t h e  d a t a ,  and t h e  e x p e c t e d  e f f e c t s  were much s m a l l e r .  

I n s t e a d ,  t h e  e q u a t i o n  ■ were  a s s u r e d  to  be v a l i d  f o r  diamond ,  so t h a t  t h e y  

c o u l d  be u sed  t o  c o r r e c t  X]„ U 1  f o r  t h . ’ e f f e c t  o f  t h e  amorphous l a y e r .  I t

will be shown t h a t  t h i s  c o r r e c t i o n  i s  s m a l l ,  o t h a t  •he e x a c t n e s s  o f  t h e

e q u a t i o n s  f o r  diamond w i l l  n e g l i g i b l y  a f f e c t  t h e  r e s u l t s .

C o n s i d e r  Eqn 2 .1 0 :

xmin c * X2  ♦ X3

= NydirfCu + C ' n.’j p) * 1 ♦ r . ♦ x3

w i th  t h e  symbols  as  d e f i n e d  in C h a p t e r  2. As p o i n t e d  out  in  5 2 . 3 . 1 ,  i t  

i s  o f  some i n t e r e s t  t o  s e e  w h e t h e r  t h e  v a l u e s  which B a r r e t t  a s s i g n e d  to  

C and C  s t i l l  a p p ly  in  t h e  c a s e  o f  diamond.

V a lue s  f o r  • 1 ♦ ", we re c a l c u l a t e d  f o r  t h e  e n e r g i e s ,  t e m p e r a t u r e s , 

and a x e s  t o  be u s e d ;  t h e y  r ange  from 1.01 t o  1 .0 4 .  I t  i s  t h e r e f o r e  a 

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

a s  1 . 0 0  t h r o u g h o u t .
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V alues  f o r  % , t h e  t e r m  due t o  s u r f a c e  amorphous l a y e r s , may be 

e s t i m a t e d  i n  two ways:

i )  By bqn 2 . 1 3 ,  which w i l l  be t a k e n  i n  t h e  form

AV'Y
X3 “ N'An( ~  j  s c c  9 ( 9 . 5 )

w i t h  N^ d e t e r m i n e d  from P by ! qn 9 . 2 .

i i )  Prom work on t h e  e f f e c t :  o f  e v a p o r a t e d  s u r f a c e  l a y e r s  on diamond

[ l c a 7 5 ] , which d e t e r m i n e d  th e  v a l u e  o f  f  in

X, * P/AS x f  x ( v , ) " 2  ( 9 . 6 )
l

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

Methods ( i ) and ( i i )  gave t h e  same r e s u l t  t o  ' 3 - :  a p resum a b ly

f o r t u i t o u s  a g r e e :  n t , s i n c e  i.qn 9 .5  wa no t  i n t e n d e d  to  be e x a c t . Method 

( i i )  was c h o s e n , u s i n g  Pqn 9 . 6  w i th

f  = 6 . 0  x io"  r a d 2 .

In t h e s e  e q u a t i o n s  i t  i n e c e s  a ry  t o  c o r r e c t  P f o r  tlio.se c o u n t s  

a t t r i b u t a b l e  t o  t h e  c r y s t a l  s u r f a c e ; one must use

P r  p _ p ( 9 . 7 )
amorph c r y s

where PLrv , i s  c a l c u l a t e d  by u h s t i t u t i n g  Pqn 2 .1 2  i n t o  Pqn 9 . 3  and t h e  

r e s u l t  i n t o  Pqn 9 . 2 .
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The v a l u e  o f  x 3  t h u s  o b t a i n e d  i s  ^ 0 .0 01  (0. ll.) i n  most c a s e s .  

(W i thou t  t h e  c r y s t a l  s u r f a c e  c o r r e c t i o n  i t  would be ' iQ.0 0 2 . )  T h i s  i s  a 

s m a l l  t e rm  compared w i t h  t h e  e x p e c t e d  v a l u e s  o f  x { and x o f  •vO.Ol e a c h .

Data  a n a l y s i s  p r o c e e d e d  as  f o l l o w s .  The c o n n e c t i o n  be tw een  x 3  

and P was used  to  s u b t r a c t  o f f  x , from X|nin and t h u s  e l i m i n a t e  t h e  

v a r i a b l e  e f f e c t  o f  s u r f a c e  l a y e r s ,  liqn 2 . 1 0  had now become

( x „ i n  - ■ V " f C u 2  * c , 4 f ’

I t  c o u ld  t h e r e f o r e  be d i v i d e d  t h ro u g h  by d , t o  s c a l e  t h e  r e s u l t s  f o r

a l l  axes  on t o  one g r a p h .  (The v a l i d i t y  o f  t h i s  i s  checked  in  §9 .4  3.)

The v a l u e s  o f  ( x , . , j n  -  )  ) / d  were  p l o t t e d  a g a i n s t  u - , e n a b l i n g  C t o  be 

d e t e r m i n e d  from th e  s l o p e  (= N^.^C) M i d  C 1 from t h e  i n t e r c e p t  (= N^.rC’ a ^ p ) .

9 . 4 . 2  Tcr:.per.:t ,::-o I'c; ' -

Rav> d a t a  a r e  p r e s e n t e d  in Table  9 . 1 ,  and (X,,. j n ~ X 3 ) / d  i s  p l o t t e d  

a g a i n s t  i r  in  F i g u r e  9. ~. A l t ' i o u .h  t h e r e  i < c o n s i d e r a b l e  s c a t t e r ,  t h e  

t r e n d  i s  c l e a r ,  w i th  no y s t e r a t  i d e v i a t i o n s  f o r  any o f  t h e  t h r e e  a x e s . 

The l i n e  drawn th r o u g h  t h e  p o i n t s  is  a l e a s t - s q u a r e s  r e g r e s s i o n .  The 

v a l u e s  o f  t h e  two c o n s t a n t s  a r e  iw i th  t h o s e  o f  B a r r e t t  [B a r71 ] in  

b r a c k e t s ) :

C = 3 .2  : 0 . 6  ( 3 . 0  t  0 . 2 )

C  = 0.05* 0 .0 5  (0 .2  ± 0 .1 )

These  r e s u l t s  a r e  q u i t e  i n t e r e s t i n g .  The v a lu e  o f  C i s  ve ry  

s i m i l a r  t o  B a r r e t t ' s ,  w h i l e  C  i s  r a t h e r  l e s s ,  and may even  be z e r o .
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The e r r o r s  i n  t h i s  sttuill number  a r c  l a r g e ,  b u t  i t  i s  a lm os t  c e r t a i n  

t h a t  C  < 0 . 1 .

S i m i l a r  v a l u e s  have  been  o b t a i n e d  by ,  f o r  exam ple ,  Komaki c t  a l  

[Kom71] k i t h  p r o t o n s  in  s i l i c o n .  I t  i s  o f  p a r t i c u l a r  i n t e r e s t  t h a t  even 

in  d iamond,  where t h e  th e r m a l  v i b r a t i o n  a m p l i t u d e s  a r e  much s m a l l e r  in 

c o m p a r i s o n  w i th  . so  t h a t  \ .  does  no t  d o m ina te  so c o m p l e t e l y  o v e r  

X, as i t  does  i n  o t h e r  s o l i d s ,  t h e  t h e r m a l  t e r m  x i p l a y s  t h e  m ajo r  rcMe 

i n  d e t e r m i n i n g  minimum v i e  Id ; t h e  ' a t o m i c  s i z e '  t e rm  x i s  o f  l i t t l e  

r . n p o r t a n e e .

T h i s  a p p e a r s  t o  be in  agreement  w i th  t h e  c r i t i c a l  approach

d i s t a n c e  ^ b e i n g  d e t e r m i n e d  by v, r a t h e r  th a n  a . , ) , as  was em p h a s i se d

i n  8 . 3 . 1 ,  s i n c e  . . can be r e g a r d e d  as b e i n g  d e t e r m i n e d  by th e  s i z e  o f

t h e  f o r b i d d e n  re  i ons  r-wrn und ing  t h e  a t o n i c  s t r i n g s ,  and w r i t t e n  in

te rm s  o f  a f u n c t i o n  . :c

Xmin = N’vdr ,  ' ( 9 . 9 a )

where

•- Cu + C ' . . . | ( 9 . 9 b )

However,  t h i s  i n o t  t h e  same , as  t h e  one which d e t e r m i n e s  as
c 2

may be v e r i f i e d  by a num er ic  ul  co:. p a r i  son w i th  Tab le  " . 1 1 .  In f a c t ,  

B a r r e t t  h a s  shown [B i r7 1 ]  t h a t  t h e  s i n g l e  g e o m e t r i c a l  model f o r  Xm^n i s  

i n c o r r e c t ,  and t l  it a s i g n i f i c a n t  c o n t r i l u t i o n  t o  \ ]ru) comes from t h o s e  

t r a j e c t o r i e s  which do no t  have  s u f f i c i e n t  t r a n s v e . s e  e n e r g y  t o  a p p ro a c h  

t h e  rows .  Such t r a j e c t o r i c  s t i l l  h a t e  a f i n i t  ' n u c l e a r  e n c o u n t e r
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p r o b a b i l i t y ,  and a r c  v e r y  n u m e r o u s . The t e m p e r a t u r e  dependence  o f  X,,^ , 

and i t s  dom in ance ,  come from t h e  t e m p e r a t u r e  dependence  o f  t h e  d e n s i t y -  

o f - t r a j c c t o r i c s  f u n c t i o n  d e f i n e d  in Bar71 and d e r i v e d  from t h e  p o t e n t i a l  

f o r  a v i b r a t i n g  row. Thus p^ as  d e f i n e d  by hqns 9 .9  .acs no t  liave a 

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

B a r r e t t ' s  f i n d i n g s  a p p l y  a l s o  in t h e  c a s e  where u i s  s m a l l .  The same 

c o n c l u s i o n  a b o u t  p ,  ha s  been de duced  from e x p e r i m e n t a l  e v id e n c e  [ A l t 70 ] .

9 . 4 . 3  Row-spac in  ■ Pepcndence

I t  i s  c l e a r  from 5 9 . 1 . 1  t h a t  > i s  a lmos t  n e g l i g i b l e  compared 

w i t h  X. and t h e r e f o r e  t h a t   ̂ ought  t o  be q u i t e  a c c u r a t e l y  n r c p o r t i o n a l  

t o  d .  Some Phase  I O.i- MeV p r o t o n  d a t a ,  which were no t  c o r r e c t e d  f o r  x. 

bu t  which i n c l u d e  h i g h e r  axes  up to  * 1 1 1  , a re  a p p r o p r i a t e l y  p l o t t e d  in 

F i g u r e  9 . 4 ;  t h e  l i n e a r i t y  o i  .  ̂ ( r e p r e s e n t e d  in t h i s  c a se  by > , )  w i th

d i s  q u i t e  a c c u r a t e .

I t  may be n o t e d  t h a t  t h e  s l o p e  i s  about  t h r e e  t im e s  l a r g e r  than 

t h e  v a lu e  o f  + C f .x;..) 1< d a t e d  from t h e  r e s u l t s  in t h e  p r e v i o u s

s e c t i o n .  T h i s  i s  b e c a u s e  t h e  Plume I v a l u e s  o f  x„ were a v e ra g e d  o v e r  a 

r e l a t i v e ] ;  l a r g e  d e p th  u s ing  i i n g l e  channe l  a n a l y s e r .

9 . 4 . 4  PI  ana r_ '  Ih i ' u \ e l , :

No g’c n c r a l  r e l a t i o n s h i p  i n i l a g o u s  t o  Fqn 2 . 1 0  ha s  been found  fo r  

t h e  minimum y i e l d s  in p l a n a r  c h a n n e l l i n g ,  o t h e r  t h a n  l i n d h a r d ' s  rough 

e s t i m a t e ,  f.qn 2 . 9 ' :
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9 . 4 :  Dcpendcnre o f  a x i . i l  mini mum y i e l d  on t h e  s t r i n g  s p a c i n g .
(U i 4 ) .
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V a r i o u s  m o l l i f i c a t i o n s  t o  t h i s  have  been sup ,pos ted ,  and a r c  c o n s i d e r e d  

l a t e r .

For  t h e  {111} p l a n e s , i t  was j n o p o s e d  in  5 " . 5 . 1  t h a t  c h a n n e l l i n g  

w i t h i n  t h e  n a r r o w e r  o f  t h e  two s p a c i n p s  i s  u n l i k e l y ,  and t h a t  i ons  

i n c i d e n t  t h e r e i n  a r e  p r o b f M y  fed q u i t e  r a p i d l y  i n t o  t h e  random beam. 

T h i s  m o d i f i e s  V.qn 2 . 9 '  t o  r e a d  ( s e e  F i g u r e s  7 .31 and 7 . 3 2 ) :

xmi n
'

d 2  * 2 ( i ) d 1

^ 1  + ‘ aTF

2 d

I t  happens  t h a t  d. (= 0 .5 1 5  X) i s  a l m o s t  e x a c t l y  e q u a l  t o  2a.jj: (= 0 .5 1 6  A) 

g i v i n g  xr • n - 2a^.^/d_ as  b e f o r e . Thus t h e  une qua l  (111)  p l a n a r  s p a c i n g  

d oe s  n o t  r e v c 31 i t s e l f  in t h e  r . in i ru i  y i e l d  in t h e  case  o f  diamond.

Some t y p i c a l  measured  v a l u e s  o f  . a r e  cor p a r e d  w i t h  2 a _ _ /d  in / ' min II p

T a b l e  9 . 2 ;  t h e  agreem en t  i s  r e a s ,  n a b l e .  The dependence  on d • i s  q u i t e  

a c c u r a t e l y  f o l l o w e ! .  I t  i s  n o t e w o r t h y  t h a t  t h e  measured v a l u e s  a r e  

lower  t h a n  t h e  c a l c u l a t e d  o n e s , and n o t  h i g h e r  as i s  u s u a l l y  found f o r  

o t h e r  s u b s t a n c e  ( f o r  c x a r n l e , s ee  r)av6 S ) .

Morgan and Van V l i e t  [Mo70] : u g v e s t e d  r e p l a c i n g  in  Fqn 2 . 9 '

by a c r i t i c a l  appro  ich d i s t a n c e  which wa:. t o  be  d e t e r m i n e d  by t h e  

p r o c e d u r e  o u t l i n e d  in 5 2 . 2 . 1 ;  in  Mo71 t h e y  i n c l u d e d  an e m p i r i c a l  

m o d i fy in g  f a c t o r  f o r  a v i b r a t i n g  l a t t i c e .  FUit as  p o i n t e d  out  in 5 2 . 2 . 4 ,  

t h e  n e c e s s a r y  a p p r o x i m a t i o n s  b reak  down f o r  diamond.  B a r r e t t ' s
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TAin.i: . 2

'

1 . 0  MeV p r o t o n s  on D i 18

P lane dp (A) ( 2 a TF/ d , | ) x 1 0 0 xmin (n,) ' mi n ^p

{ 1 1 0 } 1.261 41 34 4 3

{ 1 1 1 } 1.030 50 41 42

{ 1 0 0 } 0 .8 9 2 59 49 44

Monte C a r l o  s i n . u l a t h ' n :  [B . i r " l ]  i>rodu(vd a l i n e a r  dependence  o f  > „ in

on , w i th  a n o n - z e r o  i n t e r c e p t , in  t h e  p l a n a r  c a s e .  Roosenda l  e t  a l  

[Roo71 ] o b t a i n e d  a ,.;ood f i t  t o  t h e i r  s i l i c o n  measurements  us in j

* m i „  " 2 V ( “ l * “T F 1

al thou, ; ! i  t h e y  o b t a i n e d  a i<' ■ a c c u r a t e  f i t  t o  t h e  d a t a  o f  Davies  e t  al  

[DavCS] f o r  S i ,  K and An.

The p r e s e n t  m easu rem en ts  showed a s m a l l  dependence  on t e m p e r a t u r e :  

t h e  t o t a l  change  in  ̂ ^ be tw een  2 0 °( and 700°C,  o f  ~3 p e r c e n t a g e  p o i n t s ,  

was s l i g h t l y  g r e a t e r  t h a n  t h e  e x p e r i m e n t a l  e r r o r .  Assuming a r e l a t i o n ­

s h i p  o f  t h e  form
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X„in = Z / d p C u ,  ‘ B , a TF> (9 ' « )

t h e  d a t a  were a n a l y s e d  in  a s i m i l a r  manner t o  t h o s e  f o r  axes  ( § 9 . 4 . ' ' ) ;  

a l i n e a r  r e g r e s s i o n  p ro d u ce d  t h e  v a l u e  o f  R and B 1 i n c l u d e d  in  

T a b l e  9 . 3 ,  t o g e t h e r  w i t h  t h o s e  o f  o t h e r  w o r k e r s .  (There  i s  an e n e rg y  

d e p e n d e n c e ,  bu t  t h i s  i s  s m a l l  [ B a r7 1 ] . )  The v a l u e s  a r e  in  rough 

ag reem en t  b u t  p r o b a b l y  depend  on t h e  n a t u r e  o f  t h e  c r y s t a l . I t  i s

T A B U  9 - 2

R e f e re n e e C r y s t a l B

T h i s  work C v-1 . 0 'vO.G

Roo74 Si 1 . 0 * 1 . 0

Bar71 J W 2 . 2 0 . 6

*A g r e a t e r  va lu e  produces b e t t e r  agreement  
w i t h  the d a t a  o f  l av;

e v i d e n t  t h a t  t h e  c o n t r i b u t i o n  o f  th e r m a l  v i b r a t i o n s  i s  not  n e g l i g i b l e ,

and t h a t  hqn 2 . 9 1 i s  n o t  a v e ry  good a p p r o x i m a t i o n .  The o b s e r v a t i o n

t h a t  t h i s  fo rm ula  u s u a l l y  u n d e r e s t i m a t e .  , excep t  f o r  diamond ,  i s
man 1

e x p l a i n e d  i f  t h e  a p p a r e n t  t r e n d  t h a i  B • B1, o b s e r v e d  in  T a b le  9 . 3 ,  

i s  t r u e  f o r  most s u b s t a n c e s .
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215.

9 . ‘1.5 Comparison  w i th  Otl

Values f o r  t h e  minimum y i e l d  x j u s t  b e h in d  t h e  s u r f a c e  peak  in 

the <110> axis o f  diamond have  b e e n  r e p o r t e d  by P i c r a u x  c t  a l  [P ic 6 9 a ]  

and by S e l l s c h o p  ;uid Gibson  [ S e 7 5 ] . They o b t a i n e d  somewhat d i f f e r e n t  

values f o r  d i f f e r e n t  i o n s  and e n e r g i e s ,  most l i k e l y  due to  s t a t i s t i c s  o r  

to d i f f e r e n t  s u r f a c e - p e a k  w i d t h s .  T h e i r  low es t  mea: u r e r e n t s  ( f o r  1 .0  MeV 

p r o t o n s  in  b o t h  cases ' )  a r e  compared w i t h  the  lowest  v a lu e  t y p i c a 1 o f  the  

present work in  T a b le  9.-1.  Tlic t h e o r e t i c a l  e s t i m a t e s  were c a l c u l a t e d  

from liqn 9 . 8  u s i n g  B a r r e t t ’ s v a l u e s  o f  C and C  ( 1 Hieory (1) ' )  and u s i n g  

the v a l u e s  o f  C and C 1 o b t a i n e d  in 9 . 1 . 2  ( 'Theory  (2) ' )  .

TABU 9.1

Compari son o f  Diamond Vinimun Y i e l d s  
X. Measured V; P i f f v r e n t  Workers

Measured f o r  1 .0  MeV p r o t o n  in  <110 . V a lues  a r e  in

T h i s  Work Ref PicCPa Ref S e / 3 Thcorv 
( 1 ) '

Tlieorv 
( 2 ) ’

1 .9  t  0 .1 4 2 . 1 3 .5

The second  t h e o r e t i c a l  e s t i m a t e , t h e  p r e s e n t  m e a s u r e m e n ts , and 

t h a t  o f  Ref  Sc73 ,  a r e  a l l  in good a r e u n t .  The f i r s t  t h e o r e t i c a l  v a l u e  

is  t o o  h i g h ,  e n p h a s i < ing t h e  need  t o  u s e  a s m a l l e r  C . The measurement  

of Ref P i c 6 9 a  i s  h i g h ,  t y p i c a l  o f  a diamond t o  which t h e  improvement 

t e c h n i q u e s  d e s c r i b e d  in Sc. t i on 5 .1  have  no t  been a p p l i e d  ( see  

Table 5 .6 )  .
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9 . 5  NATIH'T OF Till SUh'FACI:

The n a t u r e  o f  t h e  diamond s u r f a c e  c o n t i n u e s  t o  he a p rob lem ;  

r e c e n t  r e v i e w s  a r e  Th”5 and Ta75.  A s im p l e  t r u n c a t i o n  o f  the  diamond 

s t r u c t u r e  a t  t h e  s u r f a c e  r e s u l t s  in ' d a n g l i n g  b o n d s ' ;  t h e s e  seem 

u n l i k e l y  t o  e x i s t , and in  f a c t  e l e c t r o n  s p i n  r e s o n a n c e  e x p e r i m e n t s  

( f o r  exam ple ,  Sap 6 8 a) show t h a t  the  d e n s i t y  o f  u n p a i r e d  e l e c t r o n s  on 

diamond s u r f a c e s  i s  v e r y  low. The re  a r e  two o' v i o u s  p o s s i b i l i t i e s :

i )  The s u r f a c e  may r e c o n s t r u c t ,  i n v o l v i n g  r c - h y b r i d i s a t i o n

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

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

t e r m i n a t i n g  s t r u c t u r e , di  f f v r e n t  from t h a t  o f  the  b u l l .

i i )  The ' d a n g l i n g  b o n d s '  may be s a t i s f i e d  by a l a y e r  o f

f o r e i g n  a to m s .

There ; s e v i d e n c e  f  r 1 t h  r e  chan isms in  IT. HI) s t u d i e s  [Man64, 

Lan66, L ur ' t i ,  b u r " ] , and in  t h e  w. rh o f  Sappok and Boehm [Sap 6 8 a ,  

Sap 6 S b ] . The l a t t e r  w o r k e r s  a p p l i e d  a number o f  c h e m i s t r y  t c c h i q u e s ,  

such as t h e  i _ i s u r e r e n t  o f  h e a t s  o f  h y d r a t i o n ,  e l e c t r o n  spin r e s o n a n c e , 

infrared s p e c t r o m e t r y ,  q u a l i t a t i v e  m i c r o a n a l y s i s ,  and o r g a n i c  f u n c t i o n a l  

group a n a l y s i s ,  t o  f i n e  diamond p o w d e r s , and were a b l e  not  o n l y  to 

conclude t h a t  c l e a n  diamond s u r f a c e :  can a dso rb  h yd rogen  and oxygen 

(and c e r t a i n  o t h e r  g a s e s ) , but  a l s o  t o  i d e n t i f y  t h e  f u n c t i o n a l  groups 

formed: c h i e f l y  *CH, >CH , C - - 0 ,  —COOfl, and *C —0 —C*. O t h e r  

evidence i s  r e v i e w e d  in  Th7S and l a 76.

l l ic  r e s u l t s  a r c  no t  c o m p l e t e l y  c o n s i s t e n t ,  and t h e r e  a r e  p r o b a b l y
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as  y e t  u n c o n t r o l l e d  i n f l u e n c e s ,  suc h  as  s u r f a c e  t o p o g ra p h y  [ L u r7 7 ] .  In 

t h i s  c o n n e c t i o n  i t  i s  w or th  remember ing ,  when e x p e r i m e n t s  have  been 

p e r f o r m e d  on p o l i s h e d  s u r f a c e s  o f ,  s a y ,  n o m i n a l l y  { 1 1 0 } o r  ( 1 0 0 } 

o r i e n t a t i o n ,  t h a t  m i c r o - f a c e t s  o f  ( 1 1 1 } o r i e n t a t i o n  may a l s o  be p r e s e n t  

( s e e  b e lo w ) .

The p r e s e n t  work was no t  d e s i g n e d  s p e c i f i c a l l y  t o  s t u d y  diamond 

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

t h a t  any c o n c l u s i o n s  on t h i s  s u b j e c t  a r c  hound t o  he l e s s  t r u l y  s u r f a c e -  

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

s h e d s  some l i g h t  on t h e  pro! 1 cm o u t l i n e d  ibove.

I t  a p p e a r s  l i k e l y  t h a t  t h e  'dar .g . l ing  b o n d s '  can he e l i m i n a t e d  

e i t h e r  by s u r f a c e  r e c o n s t r u c t i o n  o r  by i - p u r i t y  a to m s ,  t h e  two modes 

h a v i n g  a  c e r t a i n  s t a b i l i t y  w i th  r e s p e c t  t o  one a n o t h e r  s i n c e  h e a t  ng i s  

n e c e s s a r y  t o  p r o  t o  a t r a n s i t i o n  [bag a ] .  N a t u r a l  diamond s u r f a c e s  

a r e  e x p e c t e d  t o  be t e r m i n u t i  1 by a l a y e r  o f  i m p u r i t y  atoms ( t h e  s p e c i e s  

d e p e n d in g  on th e  en v i ro n m en t  in which t h e  diamond has  r e s i d e d ) ,  and t h i s  

was s e e n  in  t h e  o x p e i i :  n t :  d e s c r i b e d  in S . 3 . 1 .  These  atoms were found 

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

p h y s i s v r p t i 3 n ;  a c c : dent  a 1 l y - i  n t r o d u c e d  : 1 1  c on ,  which has  t h e  same 

e l e c t r o n i c  s t r u c t u r e  v c a r b o n ,  was even more t e n a c i o u s ,  and must have  

d i s p l a c e d  o t h e r  ■ p v c i c s  i o  bond d i r e c t l y  t  t h e  ca rb o n .  On c l e a n i n g  in  

s t a g e s ,  t h e  ' e a r t h y '  i m p u r i t i e s  were l o s t  f i r s t ,  t h e n  th e  s i l i c o n  

( F i g u r e  . 3 ) .  (The s i l i c o n  was a lw axs  . s o c i a ' e d  w i th  t h r e e  t im e s  t h e  

number o f  atoms o f  o x \ g c n ,  imply in ,  a group c o n t a i n i n g  an SiO^ g r o u p i n g . )



2 1 8 .

S u r f a c e  i m p u r i t i e s  c o u ld  be removed by v i g o ro u s  chemica l  a c t i o n  

( § 5 . 3 . 2 ) ,  bu t  some oxygen a lw ays  r em a in e d  as a s u r f a c e  l a y e r  ( t h a t  i s ,  

as  a peak in  t h e  spec t rum  o f  b a c k s c a t t c r c d  a - p a r t i c l c s ) . The s u r f a c e  

d e n s i t y  o f  t h e  oxygen atoms was c a l c u l a t e d  from the  a r e a  u nde r  t h e  p e a k ,  

u s i n g  Eqn 2 . 1 5 ,  f o r  a number o f  {111} s u r f a c e :  , and compared w i t h  t h e  

t h e o r e t i c a l  d e n s i t y  assum ing  one oxygen atom p e r  ' d a n g l i n g  b o n d 1: f o r  

f r e s h l y  c l e a n e d  s u r f a c e s  the  d e n s i t y  c o r r e s p o n d e d  to  1 . 2 *0 . 1  m o n o la y e r s .  

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

would e x p l a i n  t h e  s l i g h t  e x c e s s  oi t h i s  f i g u r e  ov e r  1 . 0 .

S i n c e  t h e  c l e a n i n g  was c a r r i e d  o u t  in aqueous s o l u t i o n  (which was 

a l s o  s t r o n g l y  a l k a l i n e ) ,  i t  i s  s p e c u l a t e d  t h a t  ito- ' on ' d a n g l i n g  b o n d s ’ 

were r e p l a c e d  by h y d r o x y l  ( - 0 1 1 ) g r o u p s ,  l i t t l e  e v id e n c e  f o r  such g roups  

was found by Sappok and Boehr [Sapt cb ] , bu t  t h e i r  s u r f a c e  t r e a t m e n t s  

were  not  i n  aqueous  m edia .  Hydrogen i s  n o t  r e v e a l e d  by b a c k s c a t t e r i n g ,  

b u t  r e c e n t  worl by S e l l s c h o p  c t  a l  [S c - ""] u s i n g  n u c l e a r  r e a c t i o n s ,  on 

diamonds  c l e a n e d  by t h e  same p r o c e s s , has  shown a s u r f a c e  c o n c e n t r a t i o n  

o f  h y d r o g e n , a l s o  e q u i v a l e n t  t o  ab o u t  a m ono laye r .

O t h e r  p r o c e s s e s  o f  p r e p a r i n g  t h e  s u r f a c e  would be e x p e c t e d  t o  

s a t u r a t e  t h e  ' d a n g l i n g  b o n d s '  by d i f f e r e n t  s p e c i e s :  f o r  exam ple ,  s i n g l e  

hyd rogen  atoms ( t h a t  i s ,  0 - 1 1  g ro u p s )  in t h e  c o f  p o l i s h i n g ,  which i s  

c a r r i e d  ou t  i n  o i l y  medium. Th i s  was assumed by L u r ie  and Wilson [ l u r - 6 , 

Lur77] t o  e x p l a i n  t h e i r  r e s u l t s  on p o l i s h e d  s a m p l e s : IT ED p a t t e r n s

c h a r a c t e r i s t i c  o f  t h e  b u l k , w i t h  no i m p u r i t i e s  d e t e c t a b l e  by Auger 

e l e c t r o n  s p e c t r o s c o p y  (which i s  b l i n d  t o  h y d r o g e n ) .  On h e a t i n g ,  t h e  

h yd rogen  was a p p a r e n t l y  l o s t , and t h e  s u r f a c e  r e c o n s t r u c t e d .
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An oxygen l a y e r  was a l s o  o b s e r v e d  by Davidson e t  a l  [ Das7 1 ] ,  

a f t e r  an aqueous c l e a n i n g  p r o c e d u r e ,  and i d e n t i f i e d  as a monolayer .  

However,  t h e i r  c a l c u l a t i o n  i s  in  e r r o r  by a f a c t o r  o f  t h r e e , a n d  two- 

t h i r d s  o f  t i n s  oxygen must  have  been due to  beam- in duced  d e p o s i t i o n .

The p o l i s h i n g  b e h a v i o u r  o f  diamond h a s  been s u c c e s s f u l l y  

e x p l a i n e d  by e x p e r i m e n t e r s  a t  Oxford U n i v e r s i t y  ( s e c  f o r  exam ple ,  Wi72, 

Cas72 ,  Cas73,  Thr"S )  u s i n g  a model b a s e d  on one f i r s t  p u t  fo rw ard  by 

f i J k o w s k y  [To20] .  I t  a s s u r e s  t h a t  p o l i  h i n g  p r o c e e d s  by b r i t t l e  f r a c t u r e  

c h i e f l y  a l o n g  t h e  e a s y  ( 1 1 1  c l e a v a g e  p l a n e s  and t h e  t e a r i n g  o f f  o f  smal l  

p a r t i c l e s  bounded by i r r e g u l a r  -"111 f a c e s .  Th is  would r e s u ’ t in  v e ry  

l i t t l e  damage be in p r o p a g a t e d  i n t o  t h e  b u l k ,  and would e x p l a i n  why good 

c h a n n e l l i n g  was o b t a i n e d  v i t h  p o l i s h e d  samples  5 5 . 4 . 3 )  - i n  s h a rp  

c o n t r a s t  t o  m e ta l ;  and even t h e  di am ond - . 1 t r u c t u r e  sc: i c o n d u c t o r s  such 

a s  s i l i c o n ,  in  which a b r a s i v e  p o l i s h i n g  i s  accompanied by c o n s i d e r a b l e  

p l a s t i c  f lo w .

A p o l i s h e d  s u r f a c e  wou ld ,  how ever ,  be e x p e c t e d  t o  be i n t e r s e c t e d  

by a ne tw ork  o f  f i l l  - o r i e n t a t e d  r i c r o - c r a c ’. s ,  r e p r e s e n t i n g  th e  

i n c i p i e n t  s t a g e  o f  t h e  p o l i s h i n g  p r o c e s s ,  and so  would be somewhat 

s t r a i n e d .  The improvement  o f  ch m n e l l i n g  minimum y i e l d s  which was 

a lw a y s  o b s e rv e d  a f t e r  p o l i s h e d  sam ples  were a n n e a l e d  (55.4.-1)  i s  

e x p l a i n e d  by th e  h e a l i n g  o f  t h e s e  c r i c k s .  A ne twork  o f  m i c r o - c r a c k s  

was a l s o  p o s t u l a t e d  by Vander  ande [Yad7.3, Vad76] t o  e x p l a i n  h i s  t h e rm a l  

c o n d u c t i v i t y  r e s u l t s  from p o l i s h e d  s a : p i c s .

The c h a n n e l l i n g  o b s e r v a t i o n s  a r e  a l s o  in a c c o r d  w i t h  a
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t h e r m a l  l y - a c t i v a t e d  c he m ica l  mechanism o f  diamond p o l i s h i n s ’, p ropose d  

by S e a l  [Sea58 ,  S e a 6 6 ] ,  However ,  a c h e m ic a l  p r o c e s s  oup.ht t o  l ea v e  

no damage a t  a l l  u n d e r  t h e  s u r f a c e ,  and no improvement  would be e x p e c t e d  

on a n n e a l i n g .

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

improved  by a n n e a l i n g  ( ‘ 5 . 1 . 1 1 ;  i t  i s  l i k e l y  t h a t  diamonds a ccum ula te  

m e c h a n ic a l  damage d u r i n g  t h e i r  h i s t o r y .  A f t e r  a n n e a l i n g  and c l e a n i n g ,  

t h e  s i z e  o f  t h e  s u r f a c v  peak ( e x t r a p o l a t e d  t o  z e r o  b e a n - i n d u c e d  

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

( 6 i l )  c l o s e  t o  t h a t  ( 5 M )  t h e o r e t i c a l l y  c a l c u l a t e d  f o r  a p e r f e c t  c r y s t a l  

( S e c t i o n  9 . 5 ) ,  i n d i c a t i n g  t h a t  the  s t r u c t u r e  became a lm o s t  p e r f e c t  a t  

t h e  s u r f a c e .
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C H A P  T T  R 1 0

R A D I A T I O N  I- AMAGR

10.1  INTRODUCTION

In  the e a r l i e s t  Phase I invo t i v;it i on-- o f  diamond with a - p a r t i c l e s ,  

r a d i a t i o n  damage e f f e c t s  rani fe- ted themselvv  as a progress ive  increase  

o f  t h e  channelled spectrur hci lit with do: c . Systematic in v e s t i g a t i o n s  

o f  rad ia t ion  damage were therefore  undertaken to determine correc t ions  

to t h e  channel! in  cat i , r to vst iMi h whether dan av. ■ could be made 

n e g l i g i b l e . \s sore i n t e r e s t i n g  e f fec t ' -  appeared, the in v e s t i g a t i o n s  

were  pursued somewhat further .

All rad ia t ion  darr ; e in the e s t u d i e s  was induced by 1 .0  MeV He 

ion bombard e n t , and analysed by channelled i - p a r t i c l e s  or p r o to n s . No 

system at ic  in ves t :  >t • o f  p r o t c : da- o wa undertaken, s in c e  no

ev idence for i t  was ever  seen in the longest  runs employed.

A note o f  warn in lias ri T.t 1} been sounded by Qudrd [Qu'fi] 

a g a i n s t  using tlie channel l ing  e f f e c t  too n a ive ly  to ex tract  radia t ion  

damage in  the form o f  "mr  1 cr  o f  displ  iced atoms’ by t h e  method o f  Pdgh 

(Sect ion  2 . 5 ) .  Bdgh1s a n a ly s i s  w a s  for randomly disordered or amorphous 

reg ions  o f  a c r y s t a l , whereas in a typ ica l  experiment,  i n t e r s t i t i a l s ,  

v a c a n c i e s ,  v o id s ,  d i s l o c a t i o n  lo o p s , e t c  might a l s o  be formed, a l l  

h a v i n g  d i f f e r e n t  dechannel 1 in cro s e c t io n s  and rendering such an
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a n a l y s i s  m e a n i n g l e s s . At b e s t , i t  g i v e s  a u s e f u l  i n d i c a t i o n  o f  t h e  

amount o f  damage,  r a t h e r  t h a n  a q u a n t i t a t i v e  measure  o f  t h e  numb' '- 

d i s o r d e r e d  a t o m s , u n l e s s  t h e s e  a r c  a l l  known t o  be i n  amorphous r  ; n s .

In  S e c t i o n  10.2 a s im p l e  d e t e r m i n a t i o n  o f  t h e  r e l a t i o n s h i p  

be tw een  minimur y i e l d  and ion dose  i d e s c r i b e d ,  l e a d i n g  t o  a l i m i t  on 

t h e  maximum d o s e  t o l e r a b l e  i f  damage e f f e c t s  were t o  be n e g l i g i b l e .

(The i n f l u e n c e  on c r i t i c a l  a n g le  was e x p e c t e d  t o  be l c  s m i r k e d ,  and t o  

o c c u r  c h i e f l y  v i a  t h e  i n c r e a s e d  d e p t h  o f  t h e  c h a n n e l l i n g  d i p . )  A t t em p ts  

t o  e l u c i d a t e  t h e  n a t u r e  o f  t h e  dan go a r c  d e s c r i b e d  in  S e c t i o n s  10.3 

( a n n e a l i n g  b e h a v i o u r )  and 1 0 . 1  ( e n e r g y  d e p e n d e n c e ) , and e x t r a c t i o n s  o f  

the damage p r o f i l e s  a r c  ivet  in s e c t i o n  1 0 . . ' .  The c o n c l u s i o n s  i re  

summarised  in  S e c t i o n  1 0 . e .

The most r e r  r k a h l c  f e i t u r e  o f  t h e  damage d a t a  was i t s  

i n c o n s i s t e n c y .  The d e c h a n n e l  l i n g  vet u d o s e  c u r v e s  were no t  a c c u r a t e l y  

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

t i m e s  o c c u r r e d .  T h i s  i s  re* r d e d  t r o r . g  e v id e n c e  f o r  t h e  m i g r a t i o n  

and c l u s t e r i n g  o f  p o i n t  d e f e c t s  (m e n t ione d  i n  Qu" 6 ) , and f o r  t h e  

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

_ r y s t al  i n  v a r i a b l e  amounts .  A p r o p e r  s t u d y  o f  1i g h t - i o n  damage in 

diamond would e v i d e n t l y  have  to  be r e s e a r c h e d  a t  l e a s t  as c a r e f u l l y  as 

t h e  c h a n n e l l i n g  s t u d i e s  f  undamaged diamend in o r d e r  t o  p ro d u ce  

c o n s i s t e n t  r e s u l t s .

S e v e r a l  s t u d i e s  o f  r a d i a t i o n  damage in  diamond due t o  ion 

bombardment  h a v e  a l r e a d y  been r e p o r t e d ;  t h e y  a r c  rev iewed  and r e f e r e n c e d
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i n  Bou7.r> ( t o g e t h e r  w i t h  n e u t r o n  and e l e c t r o n  i r r a d i a t i o n  s t u d i e s ) .  

However ,  a l l  were p e r f o r m e d  w i t h  l o w -en e rg y  heavy  i o n s  f f o r  example ,

40 kcV Ar+) and t h e  r e s u l t s  a r e  no t  n e c e s s a r i l y  e x p e c t e d  to  be c l o s e l y  

s i m i l a r  t o  t h o s e  ol  t h e  p r e s e n t  w o r k , s i n c e  a heavy io n  on s t o p p i n g  

d e p o s i t s  a g r e a t e r  amount o f  e n e r g y  i n t o  a to m ic  m o t io n ,  i n  a s m a l l e r  

volum e,  t h a n  docs a 1 f'eV i le+ i o n .  The h e a v y - i o n  r e s u l t s  cou ld  a t  b e s t  

be  used  as  a g u i d e , as  c o u ld  s i m i l a r  r e s u l t s  f o r  i 1 i con  and germanium.

Vav i lox  an 1 c o - w o r k e r s  [Yav"74 ] t r  iced t h e  p r o g r e s s  o f  40 keV

■

I n i t i a l l y ,  p l a t e - l i k e  c I vis t  v n  o f  di p l a c e d  at  or.', were for.: cd;  a f t e r  

h e a v i e r  f l u e n c c  t h e  c r \  t 1 I'rokt* up invo  1 0 0 0  * - . s a l e  ' 1 c :! s and

tw in s  o r i e n t a t e d  j u  .11(1 t .> t ' .  I l l  1 . ae o f  t h e  . pecir:  v n , acv ; :p a r v  d

by some g e n e r a l  a: n-; : t i t  a .  Tin i l l ) ,  c om ple te  a m o r p h i sa t  ion and

g r a p h i t i  s a t i o n  o c c u r r e d .  I t  r a> be n o t e d  t h a t  t h e  f l u e  nee (n.1 0 ‘ r Ar 

cm ? ) was t h e n  a' a t  tv : !<•: o f  1 - : i t u d v  i e s -  t h a n  t h e  i - p a r t i c l e

f l u e n c e  ne e ded  t r e n d e r  d! , ■ n«i a- t:s in  t h e  e x p e r i m e n t s  d e s c r i b e d

i n  S e c t i o n  1 0 .5 .  r e s p i t e  t ! . ; uid t h e  di f f e r t  nces  in  p r o j e c t i l e  .aid 

a n a l y s i s  method,  t h e  o c c u r r e n  e o f  s i m i l a r  p r o c e s s e s  w i l l  be deduced .

The e x p e r i r c n t s  t o  1. d e s c r i b e d  a r e  b e s t  r e g a r d e d  as an e x c u r s i o n

a l o n g  an u n c o m p le te d  l i n o  o f  r e s e a r c h . No s t u d i e s  o f  l i g h t  ion  damage

i n  diamond a p p e a r  t o  h a v  b e e n  r e p u t e d  h i t h e r t o ,  and t h i s  s t u d y , 

a l t h o u g h  p e r h a p s  r e p r e s e n t  a tiv< on h  o f  p a r t i c u l a r  spec im ens  and 

c o n d i t i o n s ,  i n d i c a t e s  t h e  re  u l t s  which r a y  be a n t i c i p a t e d  in i f u l l e r  

i rives t i g a t  i o n .



1 0 . 2  EFFECT ON MIN'I ' fUM V I I FP

1 0 . 2 . 1  Method

To d e t e r m i n e  t h e  m a gn i tude  o f  damage e f f e c t s  in  a t y p i c a l  a l p h a -  

c h a n n e l l i n g  e x p e r i m e n t , long  damage r u n s  were a l t e r n a t e d  w i t h  short ,  

a n a l y s i s  r u n s , b o t h  u s i n g  1 . 0  McV He i o n s  on t h e  same c r y s t a l  s p o t . 

Dur ing  t h e  a n a l y s i s  r u n s , <110 • c h a n n e l l e d  s p e c t r a  were r e c o r d e d . The 

damage runs  were f i v e  t im e s  as  long as  t h e  a n a l y s i s  r u n s ,  in  e i t h e r  

1 random'  o r  < 1 1 0 > o r i e n t a t i o n s .

1 0 . 2 . 2  F c s u l t  s

The minimum y i e l d  measured  i u s t  u n d e r  t h e  s u r f a c e  (x.  1 i s  p l o t t e d  

a g a i n s t  t o t a l  i l p h a - p a r t i  c l e  f l u e r c e  D in F i g u re  1 0 .1 ,  f o r  t h r e e  d i f f e r e n t  

e x p e r i m e n t s  on two s t o n e s .  I t  r ay  he n o t e d  t h a t  t h e  doses  i n v o l v e d  a re  

h e a v y :  abou t  3 * 1( i o n s  cr • a r e  enough t o  r e n d e r  t h e  c r y s t a l

c o m p l e t e l y  amorphous a t  t h e  end o f  t h e i r  range  ( a c c o r d i n g  t o  t h e  

e x p e r i m e n t s  d e s c r i b e d  in S e c t i o n  1 0 . 4 ) .

A good l i n e a r  r e l a t i o n s h i p  be tw een  . .  and D i s  r e v e a l e d  ( e x c e p t  

f o r  an i n i t i a l  r e g i o n ) , w i t h  t h e  s l o p e  f o r  damage in a < 1 1 0 > d i r e c t i o n  

o f  Di 6  b e i n g  abou t  o n e - t h i r d  o f  t h a t  f o r  damage in  a random d i r e c t i o n  on 

t h e  same s t o n e .  Hi i s  i s  in  agreem en t  w i t h  e x p e c t a t i o n s  s i n c e  a t  t h e s e  

s h a l l o w  d e p t h s  the  :-beam i s  w e l l - c h a n n e l l e d  and l i t t l e  damage would  be 

e x p e c t e d .  However ,  when dan iging  KT2 in a random d i r e c t i o n ,  t h e  s t r a i g h t  

l i n e  c o i n c i d e s  c l o s e l y  w i th  t h a t  f o r  DiG < 1 lO-1 r a t h e r  t h a n  Di 6  ( random) , 

e x c e p t  f o r  one p o i n t  ( a r row e d)  which l i e s  on t h e  DiG ( random) l i n e .

T h i s  one p o i n t  doe:, not  a p p e a r  t o  r e s u l t  from e r r o r .  I t  may be t h a t  

t h e r e  arc  two d i f f e r e n t  r e g im e s  o f  damage,  dep e n d in g  f o r  example on i t s
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r a t e  o f  p r o d u c t i o n  r e l a t i v e  t o  t h e  r a t e  o f  m i g r a t i o n  o** i n t e r s t i t i a l s  

(KT2 had  abou t  t h r o e  t im e s  t h e  a v e r a g e  beam c u r r e n t  d e n s i t y  o f  Di 6 , 

b u t  a swep t  beam was used  - see  5 1 0 . 3 . 2 ) .

The most v a l u a b l e  c o n c l u s i o n  from t h e s e  g raphs  i s  t h a t  damage 

e f f e c t s  n e a r  t h e  s u r f a c e  o n l y  become a p p a r e n t  a t  a dose o f  v 3 * 1 0 1 6  

i o n s  cm * ( c o r r e s p o n d i n g  t o  t h e  dose  f o r  deep a m o r p h i s a t i o n ) . I t  was n o t  

d i f f i c u l t  t o  Veep below t h i s  l i m i t  in t y p i c a l  e x p e r i m e n t s  ( s e e  

S e c t i o n  6 . 7 ) .

10. 5 AN NT ALIS'G

1 0 . 3 . 1  1 x p e r i :  o n t a  1

The r an g e  o f  1 .0  MeV He ions  i n  c a rbon  i s  1 .5  am; t h e  g r e a t e s t  

depth f rom which 1 . 0  MeV pro ton?  can be 1 a c t ; s c a t t e r e d  ou t  o f  t h e  c r y s t a l  

i s  g r e a t e r ,  "-2.5 urn, so "h it  by u s i n g  a p r o t o n  beam f o r  a n a l y s i s  t h e  

e n t i r e  damaged volume c o u ld  be i n v e s t i g a t e d  it t h e  same e n e rg y  as  was 

u sed  f o r  t h e  damaging b e a n .  Most o f  t h e  damage caused  by a f a s t  ion  i s  

a t  t h e  end o f  i t s  r a n g e ,  where n u c l e a r  s t o p p i n g  comes i n t o  o p e r a t i o n ,  

and t h e  a lp h a - d a :  age shows up in t h e  c h a n n e l l e d  p r o to n  s p e c t r a  as  a 

peak r i s i n g  to wards  t h e  random s p e c t r a l  l e v e l ,  c e n t r e d  on an e ne rgy  

c o r r e s p o n d i n g  t o  a d e p th  o f  1 .5  mi ( F i g u r e  1 0 . 2 ) .  The peak i s  due bo th  

t o  d c c h a n n c 1 l i n g  by di rd- red r e g i o n s  , and t o  d i r e c t  b a c k s e a t t c r i n g  

by atoms n -t on l a t t i c e  s i t e s .  At g r e a t e r  d e p t h s  ( l o w e r  e n e r g i e s )  the  

spectrum docs  no t  d rop  back t o  t in p e r f e c t - c r y s t a l  l e v e l  owing t o  t h e  

accumulated d c c h a n n c 1 l i n g  which has  a l r e a d y  o c c u r r e d
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For  t h e s e  e x p e r i m e n t s , a u n i fo r m  l a t e r a l  damage d i s t r i b u t i o n  was 

e n s u r e d  o v e r  an a r e a  g r e a t e r  t h a n  t h a t  o f  t h e  a n a l y s i n g  beam -spo t  

( 0 . 7  mm d i a m e t e r  a t  normal  i n c i d e n c e ,  s p r e a d i n g  t o  1 .3  mm long  a t  t h e  

l a r g e s t  v a l u e s  o f  0 ) by e l e c t r o s t a t i c a l l y  s c a n n i n g  th e  a lpha -bea m  in a 

r a s t e r  o v e r  t h e  c r y s t a l  s u r f a c e ,  t h r o u g h  an o v e r s i z e  c o l l i m a t o r  ( 2 . 0  mm 

d i a m e t e r )  .

Anneal in.'. ; > c a r r i e d  out  in  ( u s u a l l y  i s o c h r o n a l )  s t a g e s ,

t y p i c a l l y  o f  20 m in u t e s  d u r a t i o n  at 100* i n t e r v a l s ,  up t o  700°C, a f t e r  

v a r i o u s  t o t a l  ion  bombard: :en ts  .

1 0 . 3 . 2  R esu l t  -

The r e s u l t s  o f  anne.-ilin, ; were no t  a lways c o n s i s t e n t ,  as  p o i n t e d  

out  in  S e c t i o n  1 0 .1 ,  b u t  s o r e  g e n e ra  1 f e a t u r e s  c o u ld  be e s t a b l i s h e d .

No a n n e a l i n g  o f  t h e  damage peak was o b s e r v e d  a f t e r  t h e  h e a v i e s t  

bombardments  ( "10  ^ons cm ) ,  even  on p r o l o n g e d  h e a t i n g .  A f t e r  

s m a l l e r  d o s e s  ( 1 ( ‘ i o n s  cm ) abou t  a 5 0 ’ r e c o v e r y  was o b s e r v e d ;  

t h a t  i s ,  t h e  peak  d ropped  t o  mid u .y  be tw een  th e  damaged and undamaged 

l e v e l s .  The 1 i ght ly-c. -i :  "d r e g i o n  be tw een  t h e  c r y s t a l  s u r f a c e  and t h e

damage l a y e r  a lways showed i s i r  i l a r  r e c o v e r y ,  (50  4 10) . B e a r in g  in

mind Q u v r d ' s w a rn ing  [Qu76] , t h e  r e d u c t i o n  in  ' d i s o r d e r *  can be t a k e n  

r o u g h l y  as  ^50%.

I t  was q u i t e  s u r p r i s i n g  t o  obsi rve  any r e c o v e r y  at a l l ,  as t h e  

damage was e x p e c t e d  t o  cons i t o f  bu lk  amorphou- r e g i o n s  a t  t h e  end  o f  

t h e  r a n g e  o f  ea ch  ion o r  knock-on  ( se e  Pa65 and r e f e r e n c e s  t h e r e i n )  and
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tin; <• vt . < i. ■? i •: • • i in ' tl.i p r e v e l l i n g  terap-

■ •

■

surrounded by j f f i c i c n t  l' t l  c t  . r y s t a l  f o r  an n e a l in g  to  be 

vner .ct. i t .LI', feas*.

'fhii i » .  .1 "  n  "sti mate o f  the  s i z e s  o f  t!ie zones to  be

i t i nod. I t  w i l l  I im d tha t  they  arc roughly s p h e r i c a l  and that

th • f - ..•! 1 > to  -.e<-q wi t h i n  a few i n te r a t o m i c

5 pacing.  , r.a MO A (t  l ength  o f  th e  carbon-carbon bond in diamond i s  

1 . 4 4  A . hen fo; h volume o f  an amorphous sphere o f  d iameter  t

t • th t o f  ;il '  * j) i v s e m i-danaged h a l o ,

n/6 r  b i  [ t t /6(T + 2*10)  ]

g i v i n g  a pprox im ate ly ,

t ~  c o  A.

T h i s  should  be an ov( ri . t i r  it e utce i t  n e g l e c t s  i s o l a t e d  i n t e r s t i t i a l s ,

and because  o f  the  or i g i n a l  assumptions .

Anothi . s t  mi to f o r  the  s i z e  o f  t h e s e  zones may be obta in ed  from

th e  fa Jure ol ihe  h a v i ly da: aged region  t o anneal  at large doses  -

presumably because  t - morphout ones had over lapped  t o  form a s i n g l e

amorphous l a y e r .  The it ic . i t  dose w i l l  be taken as  ~3*10l '  i o n s  cm ,

which i s  a l s o  i lie dc d t which the s p e c t r a l  peak was observed t o  reach 

the  random l e v e l .  1 h< thickn* o f  the damage l a y e r  was determined from 

the s p e c t r a  as 'V). 6 i. Then tin nun Ter  o f  ^ - p a r t i c l e s  stopped in u ni t
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volume o f  t h e  c r y s t a l  i s

1 % 0 . 0  * 1 0 " 4

and t h e  volume p e r  damage . one i: t h e  r e c i p r  •• •>! ■ f V .1

t  -v 3 / 2  x 10"21

~ 10 A.

T h i s  i s  an under- s t i m a t c  s i n c e  s u p e r i r p o s i t i o n  o f  t h e  damage re > 

keen  n e g l e c t e d .

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 s u m p t io n s ,  t h  t 

a g r e e  q u i t e  w e l l .  T h i s  l ends  conf idence  in t h e  model oi  th 

c o n s i s t i n g  o f  i n d i v i d u a 1 q h o u s  z o n e s . Amorphous c l u s t -

s i z e  have  been  o b s e rv e d  by t r a n s m i s s i o n  e l e c t r o n  mic roscop ;  n s i  i m 

damaged by Sc* i o n s  (~50 A d i a m e t e r )  [I'azOS] and germanium damaged b> 

i o n s  (70 - 90 A d i a m e t e r )  ( P a ( S ] .

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

t h e o r i e s  ( f o r  exar j  l e ,  hi '  1 i n d i e  t e d  t h a t  . - p a r t i c l e ;  w .il r rc  n 

a to m ic  d i s p l a c e  c n t  in diamond o v e r  a much g r e a t e r  r a n g  , 'vlOOO A.

T h i s  i m p l i e s  t h a t  a g g r e g a t i o n  i n t o  s m a l l e r  amorphous c l u s t e r s  must tv- 

o c c u r r e d  a f t e r  damag ing ,  p r e  urn,ably by t he  motion o f  i n t e r s t  i t i a l ;  . 

S i m i l a r  c o n c l u s i o n s  were r e a c h e d  by Vandcrsande  [Vad75] from t h e  r e s u l t s  

o f  t h e r m a l  c o n d u c t i v i t y  e \ j  < l i t  :nt on diamond a f t e r  e l e c t r o n  i r r a d i  aticn 

(which p r o d u c e s  a d i f f e r e n t  i n i t i a l  d i s t r i b u t i o n  o f  a to m ic  d i s p l a c e m e n t s ) :  

t h a t  t h e  i n t e r s t i t i a l s  a r c  m ob i le  and form a g g r e g a t e s  o f  '100  - 200 A
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d i a m e t e r  a t  room t e m p e r a t u r e ,  o r  ^55 A d i a m e t e r  a f t e r  a n n e a l i n g  to  

1100°C.

F i n a l l y ,  an e s t i m a t e  o f  t h e  number o f  d i s o r d e r e d  atoms p e r  

i n c i d e n t  ion  may be o b t a i n e d  from t h e  e s t i m a t e d  volurie o f  a dar.age 

c l u s t e r .  Tho number o f  a toms p e r  u n i t  volume i s

d e n s i t y  * A v a g a d r o ' s  number 

a to m ic  mass

and m u l t i p l y i n g  t h e s e  two q u a n t i t i e s  t o g e t h e r  g i v e s  

d i s o r d e r e d
atoms p e r  ion  v [ 2  * 1 0  * ] * [3 .52  * 6 .0 2 3  % 1 0  V l 2 . 0 1  ]

~ 3 x IQ2 .

T h i s  a g r e e s  w i t h  a r.ore ac c u r a te  e s t i r . i t c  which w i l l  be o b t a i n e d  

s u b s e q u e n t l y  ( § 1 0 . 5 . 2 ) .

No s h a r p l y  d e f i n e d  Zimealin, ,  s t a g e  was o b s e r v e d :  i f  a n n e a l i n g

o c c u r r e d  a t  a l l ,  t h e  s j o c t r a l  h e i g h t  d e c r e a s e d  p r o g r e s s i v e l y  as  t h e  

t e m p e r a t u r e  was r a i s e d  ( F i g u r e  1 0 . 3 ) .  A pparen t  s t e p s  a r e  t h o u g h t  t o  be 

due t o  c o u n t i n g  s t a t i s t i c s  o r  s l i g h t  u y . s i u l  m i s a l i g n m e n t s , as t h e y  a r e  

w i t h i n  e x p e r i m e n t a l  e r r o r  and a r c  not  r e f l e c t e d  in  b o th  t h e  damage and 

sub-damage  r e g i o n s  ( d e f i n e d  in § 1 0 . 4 . 2 ) .  The lack  o f  w e l l - d e f i n e d  

a n n e a l i n g  t h r e s h o l d s  i m p l i e s  t h a t  no v e ry  s p e c i f i c  t y p e s  o f  d e f e c t s ,  

w i t h  w e l l - d e f i n e d  a c t i v a t i o n  e n e r g i e s ,  were a n n e a l i n g  o u t ,  bu t  t h a t  t h e  

damage c o n s i s t e d  l a r g e l y  o f  r a t  h e r  g e n e r a l  amorphi s a t  ion and semi ­

c r y s t a l l i n e  r e g i o n s ;  such damage would a l s o  c o n t r o l  t h e  r a t e  o f  a n n e a l i n g  

by motion  o f  i n t e r s t i t i a l s  t h r o u g h  t h e  l a t t i c e .
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X
X

X

x xDamage

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

Sub - damage

0
TEMPERATURE °C 5 0 0

i ^nre 1 0 .5:  Anneal ing t>f alpha-dam iged diamond monitored by changes in 
the  miniiaun y i e l d .  I lie damage and uh-damage depths are  
d e f i n e d  in Table  10. 1 with I'igtirc 10.2.

29 X 10IGDamage dose 1 -  ?cm ‘ .
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The u p p e r  l i m i t  o f  t h e  a p p a r a t u s  f o r  in  s i t u  a n n e a l i n g  was about  

7 5 0 ° C . A n n e a l in g  t o  h i g h e r  t e m p e r a t u r e  ; would have  been d e s i r a b l e , 

s i n c e  c om ple te  r e s t o r a t i o n  o f  c r y s t a l l i n e  o r d e r  i n  ion-bom barded  diamond 

h a s  been r e p o r t e d  a f t e r  a n n e a l i n g  a t  9r>0°C [Das7 1 ] .

10.4  1 NT ROY P! iTNP! NCr

1 0 . 4 . 1  Oene ral

I t  has  been  p o i n t e d  out [ B r o " 7] t h a t  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 s  f o r  si a l l  d e f e c t s  ( i n t e r s t  i t i ! and e l u  t e n s )  s h o u l d  be 

p r o p o r t i o n a l  t o  C 1 , and f o r  e x t e n d e d  d e f e c t s  ( such  as d i s l o c a t i o n s )  

t o  E* [Qu6 8 a,  QuG8 b ,  Moy72]. i n e rg y  dept n d e n c  o f  F. ; f o r  p r o t o n  

i n t e r s t i t i a l s  [ J o u -'4]  and I f o r  s t a c l  n g - f a u l t s  [Moy72] and v o i d s  

[Ron75] have a l s o  been c a l c u l a t e d .  P r o t o n  s p e c t r a  were t h e r e f o r e  

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

da m a ge .

1 0 . 4 . 2  E x p e r i r  on t i l

The u s a b l e  energy r a n g e  f o r  t h e s e  e x p e r i m e n t s  was l i m i t e d  by 

r e s o n a n c e s  a t  i t s  lower  and u; p e r  bound'  . Data  were t ake n  be tw een  0 .7 5  

and 4 . 5 0  McV, u s i n g  b o th  a c c e l e r a t o r s .  The damage was a lways  by 1 .0  MeV 

He i o n s ,  u s i n g  a s c an n e d  beam, in a random d i r e c t i o n  n e a r  <111^. L igh t  

d o s e s  were u s e d ,  up t o  1 .3  * 1 0 1 ’ i o n s  cm

C h a n n e l l e d  minimum y i e l d s  were p l o t t e d  l o g a r i t h m i c a l l y  a g a i n s t

e n e r g y :

i )  f o r  t h e  undamaged c r y s t a l ,  f o r  t h r e e  d i f f e r e n t  a l p h a - p a r t i c l e
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f l u c n c c s , and f o r  t h e  s u b s e q u e n t l y  a n n e a l e d  c r y s t a l ;

i i )  f o r  p r o t o n s  c h a n n e l l e d  down < 1 1 0 >, < 1 1 1 >, and < 1 0 0 > a x e s ;

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

damage d e p t h :  t h e y  a r e  i n d i c a t e d  on t h e  p r o t o n  s p e c t r a  in

F i g u r e  10 .2  and l i s t e d  in T a b le  1 0 .1 .

TAjU.l 1 0 . 1

An a l  ys i s ! • j  ih _ f. : F n e r  -y be. i: \  nee o f  J  ■ cl: mm 1 l i n e

S p e c t n r  Region 
( F i g u r e  10.2) R e f e r r e d  t o  as Depth (tm)

A S u r f a c e 0 . 0

B S u b - s u r f a c e 0 . "

C Damage peak 1 .5

D Sub-damage 2 .25

The d e p th  r e g i o n  o f  g r e a t e s t  i n t e r e s t  i s  t h e  sub-damage  r e g io n  

D, i n  which t h e  dcchanne  11 ing, due t o  t h e  damage l a y e r  m a n i f e s t s  i t s e l f .  

F o r  t h i s  d e p t h ,  the  ' p e r f e c t  c r y s t a l ' y i e l d  was s u b t r a c t e d  from th e  

'd am aged '  y i e l d ,  and t h e  r e s u l t i n g  'damage dechanne l  l e d ' y i e l d  p l o t t e d  

f o r  c o n d i t i o n s  ( i )  and ( i i ) .
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The e n e r g y  I.t a t  each  d e p t h  was c a l c u l a t e d  by t h e  method 

e x p l a i n e d  i n  § 2 . 4 . 3 .

10 .4  . 5 Rest)It  s

Some o f  t h e  p l o t s  a r c  shown in f i g u r e s  10.4 t o  1 0 .1 5 .  The s u r f a c e  

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

p l o t s  have  not  been  r e p e a t e d  f o r  each  damage s t a g e .

R i o t s  f o r  t h e  undamaged c r y s t a l , f o r  t h e  fo u r  d i f f e r e n t  d e p th  

r e g i o n s , a r e  shown f o r  <110^ a n a l y s i s  i n  F i g u r e  1 0 .4 ,  f o r   ̂1 1 1 > in 

Figure  10.5  and f o r  <100'> in  F i g u r e  10 .( ’ . The s u r f a c e  y i e l d  r em a ins  

n e a r l y  c o n s t a n t  w i t h  e n e r g y ,  as  e x p e c t e d  from Fqn 2 . 1 0 , and t h e  o t h e r  

three  r e g i o n s  show t h e  e n e r g y  dependence  e x p e c t e d  f o r  de c h a n n e l  l i n g  in 

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

v i b r a t i o n s  f L i 65] , > . -I w i th  v - - 0 . 8 .
1 ‘ Amin

The c u r i o u s  b e h a v i o u r  o f  t h e  damage peak and sub-damage r e g i o n s  

a f t e r  a - p a r t i c l e  bombard: .ent  may be seen  in  F i g u r e s  1 0 . "  t o  1 0 .1 2 .

At the  l ower  e n e r g i e  •. ret  a i n s  n e g a t i v e  as  t h e  dose  i n c r e a s e s ,  w i th  

v a l u e s  b e tw een  - 0 . 9  and - 0 . 5  ( u n t i l  t h e  y i e l d  a p p r o a c h e s  1 0 0 1 ) , bu t  a t  

h i g h e r  e n e r g i e s  t h e  c u r v e s  f o r  t h e  ' 1 1 0 s and t h e  <1 0 0 > axes c u r l  

upward, w i t h  v r e a c h i n g  + 1 .0  in  some c a s e s . The l i l >  c u rv e s  m a i n t a i n  

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

t h e  sub-damage y i e l d  i 1 d e t e r m i n e d  p u r e l y  by dechanne l  1 ing - t h e  damage 

peak y i e l d  i s  due t o  d i r e c t  b a c k s e a t t e r i n g  a l s o  - t h e  two r e g i o n s  show 

v e r y  s i m i l a r  b e h a v i o u r . T h i s  a g r e e s  w i th  a s i n g l e  s c a t t e r i n g  model o f  

the  dvchannc l  1 i n g ,  in  which do channe l  1 ing. and b a c k s c a t t c i  ing  a r e
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YIELD

7c

1 0 0

2,2 5 p m

E . ( M e V )
i

Figure  1 0 . *1: Minimum y i e l d  vcrsu-  energy at d i f f e r e n t  de pths :  undamaged 
c r y s t a l ,  ' 1 10> (KT2),
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ICO

Z = 0

1.0 2.0 5 . 0

(MeV)

Minimum y i t - h l  v e r s u s  e n e r g y  ;it d i f f e r e n t  d e p t h s :  undamaged
c r y s t a l ,  ̂111 > (KT2) .
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2,2 5pm

1 , 5 p m

YIELD

v --------

1.0 2.0 5 . 0

E , ( M e V )

Fip,urc 1 0 .6 :  Minimum y i e l d  v e r s u s  e n e r g y  ;.t d i f f e r e n t  d e p t h s :  undamaged 
c r y s t a l , <100> (KT2).
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K X Y

0 111) undamaged

- (J D1 1 . 0  x 1 0 1 5 a cm •

A 1 ) 2 3 . 3  x 1 0 1 5 a cm '

V D3 12 . 9  x 1 0 1 5 a cm *'•

<• PA p o s t - a n n c a 1

j i___________________ i___________ i_______ i___________ i i i
1 . 0  2 . 0  5 , 0

E j ( M e V )

Figure 10.7: Minimum yield versus energy after damage: damage peak
depth, <110 (KT2).
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1 0 0  1 1 1 1 1---------

YIELD

K i Y

0 UD undamaged

n D1 1 . 0  x 1015 a cm •

A D2 3 . 3  x 1015 a cm •

V D3 12 .9  x 1015
— Oa cm ^

o PA p os t -an n oa  1

1 ___________________ I___________ I_______ I___________I_______ I______
1 , 0  2 . 0  5 . 0

E 1 (MeV)

10. S: Mi ni mum y i e l d  versu s  energy  a f t e r  damayc: damage peak
dep th ,  <1 11> fKT2).
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n  ?

PA

UD -ry

YIELD

K1 J .

UD undamaged

1 5

3 .3  x 101 r' a cm

20 5 . 0

E j M e V )

g i n ' c  1 0 . 9 :  M i n i  im i c  I d  v c i  u s  e n e r g y  i f t c r  d a m a g e : d a m a g e  p e a k
d e p t h .  1 0 0  ( k i d ) .
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100

YIELD

7 c
10

D 3

D 2

 — ----  T̂**"

PA A . -

X

u d N

K l V

0 UD undamaged

f-1 D1 1 . 0  x I0 1 5  s cm

A D2 :. :> x i c 1 c cm •

V 1 2 . 9  X 10 1 5  c

o PA i 'OSt

1.0 2.0

Ej (MeV)

-i?

5 . 0

•i t>nre 10 . 1 0 : Minimum y i e l d  ■ r  . ■ c-r • 1 :
d e p t h , <110 > (KT2) .

sub-damage
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YIELD

%
1 0 -

i

D3 ' 

PA

UD

o UD undamaged

U D1 o X o U1 a cm 2

A D2 3 . 3  x IQ1 5 a cm 2

V D3 12. 9  x 1 0 1 5 a — 9cm -

o t'A post-anneal

1,0 2,0 b,0

E1 (MeV)

Figure 10.11: Minimum yield versus energy after damage: sub-damage
depth, <111 > (KT2).
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Fi  {;urc 10 .  12 :
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U ni 1 . 0  X 1015 a cm 2

A D2 3 . 3  X 10lf> a cm •

V D3 12 . 9  X 1U15 a cm 2

o PA p o s t - anneal

___________________ I___________ !_______ !___________I_______ t
1 , 0  2 . 0  5 . 0

E , ( M e V )

Minimum y i e l d  versus  energy  a f t e r  damage: sub-damage
dep th ,  <100> (KT2).
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p r o p o r t i o n a l  t o  one a n o t h e r  ( ' 2 . 5 . 1  and Sc 73) . The b e h a v i o u r  o f  t h e  

d e c h a n n e l l i n g  due t o  t h e  d.n i$;e a l o n e  ( wi t h  t h e  p e r f e c t - c r y s t a l  

c o n t r i b u t i o i  rvi:-oved ,i i n d i e - ' t e d  in t h e  prev.i  ou-" s e c t i o n )  i s  i l l u s t r a t e d  

in  F i g u r e s  10 . 13  t o  1 0 . 1 ' .  S i m i l a r  f e a t u r e s  t o  t h e  a bove me n t i one d  ones  

are  s e e n , e x c e p t  t h . i t  t h e  l o t * - emi t . y  n e g a t i v e  s l o p e  o f  t h e  <110> and 

< 1 0 0 '* c u r v e s  i s  a b s e n t .

I t  may a l s o  be  n o t i c e d  1 1 it t h e  amount o f  d e c h a n n c l l i n & ,  and i t s  

r a t e  o f  i n c r e a s e  wi t h  i -p i r t i c h -  f  1 uc i i ' . e , i s  much g r e a t e r  in < 1 1 0 > t han

■

whi ch y i e l d  i < p l o t t e d  . i n < t  da: v ’ d ;c f o r  two e n e r g i e s , and by

Ta b l e  10. .?,  which she. ,  value--  o f  tl dat n  v c- ch.- . i .ncl l in, .  y i e l d  r e l a t i v e

TABLf i c . :

V

Ion d o s e  1 . 3 * 1 0 '  i cm ■'

I n c i d e n t
Hner, ;y
(McV)

!*ml n (dan)

< 1 1 0 > < 1 1 1 > < 1 0 0 >

1. 3 2 . 0 0 . 7 0 . 4

4 . 5 do

i

1 . 1 1.4
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PAYIELD 02

E, (McV)

g u r c  1 0 . 1 3 : Dt'vli nnc l  1 ii • voi.jioiti lit duo t o  damage o n l y , ve r s u s
e n e r g y  : •' 1 1 0 ’ ( ;  P 2 ) .
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100

ill  V

- 1

YIELD
( % )

0-5 2 0 5 0
E,  (McV)

F i g u r e  1 0 . 1 4 : Dcvli;mnc 11 in  , conipotn-nt ihiv t o  d.inmj’.v o n l y ,  v e r s u s  
e n e r g y :  <111 ( K i d ) .
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i; £  v

cm

cm

p os t -ann c  11o

YIELD

PA

1 0 2-0 5 0

Ej  (McVJ

F igure  1 0 . 1 5 : Dechanne 11 int* component due to  damage o n l y , versus
energy :  ^100 ■ ( KT2).
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100

1,3 M e V  p

YIELD
(110)

10 1 50 5

DAMAGE DOSE 
x101,s i o n s  cm 2

F i g u r e  10.1 ft: Dependence o f  sub-damage  y i e l d  on d o s e ,  a t  1 . 3  McV (KT2)

o <110>; A <111>; □  <100>
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4 , 5  M e V  p

oN

DAMAGE DOSE 
x 1 o’ 5 i o n s  cm '2

F i g u r e  10 . 17 :  Dependence o f  sub-dam. ige y i e l d  on d o s e ,  a t  4 . 5  MoV (KT2)

o <110>; A <111*;  n  <100>.



t o  that for the perfect crystal, Riven by

- xmin{i ’̂ n ] / x „ l i n ( pc Tf ) .

Tlie relative damage dcchannel 1 ing is similar and small for the <111> and 

<1(K)> axes, in contrast to the <110 case, and despite the quite different 

e n e r g y  dependences of the <111-  and ‘ 100 '  yields. The higher ri10> 

dcchannelling is evidently the major effect.

1 0 . 4 . 4  I'xplanati n;

There appears to be no single explanation for the behaviour just 

described. rt is libel) that several types of defect are present, and 

their influence are ccn sup i i r: 1 in tlie dcchannel ling result .

The first pc sit i l i ty  nlii ch can he di rissed is that the observed

curvature of the yield versus encr y plots is due to the presence of

both snail and extended defect , the I dependence of the fcrncr
1

dominating at lower cncr n  ■ and t i n  ! • d c p  ndvnce of the latter tab ing 

over at higher cncr, ii . Although both types of defects arc probably 

present, the effect of the small defects is strong only in <111>

(Figure 10.14), indicating dominance of other damage; moreover at high 

energies v > 0.5, in fact v~1.0.

The most important anomaly to be explained is probably the high 

<110> damage dcchannel1ing; this could be due to a lattice location of 

damage interstitials within the regions of nearly perfect crystal. One 

r e q u i r e s  a site which is shielded aleng the - 1 1 1  and ‘ 1 0 0 '  rows, but 

no t  along the <110 row .
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F our  s i t e s  ha ve  been  s u g g e s t e d  [Wat71,  We 173] f o r  t he  s e l f -  

i n t e r s t i t i a l  i n  diamond;  t h e y  a r e  i l l u s t r a t e d  i n  F i g u r e  10 .18 .  A 

c a r e f u l  e x a m i n a t i o n  o f  a t h r e e - d i m e n s i o n a l  model r e v e a l s  t h a t  o n l y  t he  

t e t r a h e d r a l  s i t e  s a t i s f i e s  t h e  above r e q u i r e m e n t s  ( F i g u r e  1 0 . 1 9 ) .  

T h e r e f o r e ,  t h e  t e t r a h e d r a l  s i t e  a p p e a r s  t o  be t he  p r e f e r r e d  r e s i d e n c e  o f  

i n t e r s t i t i a l  ca r bon  atoms g e n e r a t e d  in t h e s e  e x p e r i m e n t s ,  i n  c o n t r a n  t o  

c a l c u l a t i o n s  [Wat" 1, Wei". ' ]  which have  p o i n t e d  t o  t h e  ' s p l  i t - < 1 0 0 >  

o r  ' b o n d - c e n t r e d '  c o n f i g u r a t i o n  is e n e r g e t i c a l l y  most  f a v o u r a b l e .

I t  r e m a i n s  t o  be e x p l a i n e d  why t h e s e  i n t e r  t i t i a l s  do n o t  

p r o d u c e  a n e g a t i v e  one r gv  exponent  f  r dechanne l  l i n g  in «’1 1 0 > - in 

f a c t  v "v + 0 . 3  a t  low e n e r g i i  ( F i g u r e  10.13)  . H u s  c o u l d  be due t o

f l u x - p e a k i n g  e f f e c t  ,: i t  can be shown [ Fea7( ]  t h a t  t h e  f l u x  peak a t  a

f i x e d  d e p t h  ' s h a r p e n s  u p '  as the e n e r g y  o f  t h e  i ons  i n c i d e n t  on t h e

c r y s t a l  s u r f a c e  i n c r e a . • . Thi  w u l d  p n  'a e an i n c r e a s i n g  i n t e r a c t i o n

p r o b a b i l i t y  be tween i ons  a n .1 i n t e r ,  t i t i a l s  l o c a t e d  n e a r  t h e  channe l  

c e n t r e  a s  t h e  e n e r g y  i n c r e  vd.

Many o t h e r  s t u d i e s  have  e mpha s i s e d  t h e  i n p o r t a n c e  o f  d e t a i l e d  

t r a n s a x i a l  a n g u l a r  ' cans  i n  d e r i v i n g  v a l i d  l a t t i c e - l o c a t i o n  r e s u l t s , in 

o r d e r  t o  a l l o w  f o r ,  and t a k e  a d v a n t a g e  o f ,  f l u x - p e a k i n g  e f f e c t s . Some 

p r e l i m i n a r y  scans  a t  1 . 0  MeV were  u n d e r t a k e n , bu t  no obv i ous  e f f e c t s  o f  

f l u x - p e a k i n g  n a n i f c  t e d  t in e l v e s  i n  t h i s  i ode o f  a n a l y s i s .  I t  would 

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

Hie s t r o n g  upward c u i 1 o f  t h e  • 110 - and <100" c u r ve s  a t  t h e  

h i g h e s t  e n e r g i e s , t o  a s l o p e  o f  v l . O ,  r e q u i r e s  an a d d i t i o n a l  e x p l a n a t i o n .
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V i n  : .

I i j  1 1 • _ 1 '

< I I O >

( d )

0  (b)

0 (Q)

< 100>

P r o j e c t i o n  o f  diamond l a t t i c e  on {1 1 0 } ,  showing examples  
o f  s u  " t e l  ; e l f - i n t e r s t i t i a l  s i t e s :  o l a t t i c e  atoms;
# in :  e r s t  t il , n a i e l y :  la)  t e t r a h e d r a l ,  (b) hexagonal ,  
( c )  s p l i t -  100 , (d) b o n d -c e n tre d .  ( A f t e r  W a t 7 i ) .

< l l l >  < I I 0 >\l
< 100>

v  f —

.  t f i l i . ' i lral  s i t e s .
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I t  i s  s u g g e s t e d  t h a t  t h i s  i s  due t o  t h e  b r e a k u p  o f  t h e  c r y s t a l  i n t o  

s l i g h t l y  m i s o r i e n t a t e d  m o s a i c  b l o c k s . C o n s i d e r  c h a n n e l l e d  i ons  e n t e r i n g  

a mosaic  bl ock  which i s  m i s o r i e n t a t e d  f rom t he  o r i g i n a l  c ha nne l  a x i s  

by a smal l  a n g l e  P ; t h e i r  a n g u l a r  s p r e a d  wi t h  r e s p e c t  t o  t h a t  a x i s  w i l l  

be be t we e n  'v +*'; and ~ ^ . Thus i f  (3 < ijj most  o f  t he  beam w i l l

remain c h a n n e l l e d ,  whe r e as  i f  P  ̂ , most  w i l l  he dechanne l  l ed .  S i n c e

^  depends on e n e r g y ,  a t r a n s i t i o n  be t ween  t he  two r eg i mes  w i l l  o c c u r  

as t h e  c n e r  v i s  r a i s e d .

The energy dependence o f  the  dechannel  l i n g  ray he o b ta in ed  by 

c o n s i d e r i n g  the  dependence o f  the  y i e l d  . on the i n c id e n c e  ar. l e  f . - ?) 

with r e s p e c t  ti the channel  ix i < o f  a r . . i c b i t  ck . In 5 ~. 3.1 i t  was 

mentioned t h a t ,  f o r  . - , ^, % * /  with k- 1 for  axes at sha l lo w  depths  

( s e c  Tqn ~ . l ) ;  at the deaths  now be in g  c on s id e r e d  ( 2  vm), k = 2  i s  

found to  p r o v id e  a b e t t e r  f i t .  The width o f  the dip s c a l e s  with ; • ,  

so  th a t

X * [ (V - 8 ) / V ; ] 2 ( 1 0 . II

( n e g l e c t i n g  the  r.ini • urn y i c i  i t  her  liqn 2 .4  or Eqn 2 ."  g i v e s

« n'* ( i o . 2 )

and from fqn 10.2  and Eqn 10.1

X “ k 1 ( 10 . 5 )

Hi i s  i s  the dependence o f  y i e l d  on energy  observed  for the  damage 

dcchannc 11 ing at  the h i g h e s t  e n e r g i e s ,  In the  <110'' and <100> a x e s . The 

lack o f  a s i r . i l  ir e f f e c t  in <111 ous t  be due to  a l l  the  m i s o r i e i u a t i o n s
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c o n s i s t i n g  o f  t w i s t s  abou t  t h i s  < 1 1 1 > a x i s  ( t h e  one used  was 

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

I t  h a s  been i m p l i c i t l y  assumed i n  t he  d e r i v a t i o n  above t h a t  

p a r a l l e l  t r a j e c t o r i e s  were  i n c i d e n t  on a mosa i c  b l ock  w i t h  a w e l l - d e f i n e d  

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

as  p r e v i o u s l y  m e n t i o n e d ,  but  a l s o  p r e s u m a b l y  a d i s t r i b u t i o n  o f  £. Th i s  

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

An e s t i m a t e  o f  t h e  r e a n  n i s o r i c n t  i t  i on  o f  t h e  c r y s t a l l i t e s  may 

be  o b t a i n e d  b> c o n s i d e r i n g  t h a t  t h e  t r an i t  i on  from low t o  h i g h  d e ­

c h a n n e l l i n g  o c c u r s  when .  ̂ ~ . For  d i f f e r e n t  axes  o f  p o l a r  a ng l e  6 ,

one may pu t  S -  y s i nO,  where > i s  t he  t w i s t  o f  a mosa i c  b l o c k  about  

<111>.  The v a l u e  o f  t o  be u s e d  i s  t h a t  f o r  t h e  ene r gy  a t  which t h e  

y i e l d  c u r v e  b e g i n s  t o  c u r l  upward.  Then

Y s inO ~ ( ( 10 .4)

At t h i s  s t a g e  i t  may be n o t e d  t h . i t  t he  change o f  s l o p e  i n  t he  

< 1 10> c a s e  o c c u r s  a t  a b o u t  2 - 5  t i mes  t h e  e n e r g y  o f  t h e  < 100> c ase  ( f o r  

damage s t  ... c 2, where t h e  boh-.vi  o u r  i s  c l e a r e s t ,  2 . 5 - 5  Met f o r  <110> 

( F i g u r e  10.15)  and -w 1 - 1 . 5  McV f o r  <100 - ( F i g u r e  1 0 . 1 5 ) ) .  Th i s  i s  i n  

agreement  w i t h  e x p e c t a t i o n s ;  e i t h e r  I qn 2 . 4  o r  Fqn 2 . 7  g i v e s  

“ (F:d) ‘ , and i f  i qn 10.4 i s  s a t i s f i e d ,  t hen

Fj a (d s i n ‘ 0 ) 1

T h i s  g i v e s  a c a l c u l a t e d  v a l u e  o f  t h e  r a t i o  I , 110> / I . ^100>  o f  2 . 8 8 .
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I n s e r t i n g  the above rough v a lu e s  o f  I } i n t o  t'qn 10.4 g i v e s

Y ~  0 . 5 °

f o r  b o t h  < 1 lO "1 and <100> d a t a .

Ano t he r  f o r a  o f  p o lyvr )  t a l  U n i t y  was con s id er e d :  mi c r o t i  i n n i n g

by 60° r o t a t i o n  about t h e  <111 a x i s  normal to  t h e  sample f a c e .  ( Th i s  

i s  t h e  same t wi n  lav tha t  product-s n a v i e s .) I t  can e a s i l y  be shown t h a t  

l o w - i ndex axes  lyin.r in f 110' p la n e s  (as  ilo a l l  • hose i n v e s t i g a t e d  he r e )  

a l wa ys  c o i n c i d e  with low-ind'  \  axes  in the twin;  the  p a i r s  o f  axes have 

i n d i c e s  o f  the form k  1 .uid <1 1 C> where

4/i -  t k  -  21  -  1 * 0  (10 .5 )

For  <110> ar.J <10 c h a n n e l l i n g ,  the correspond in g  axes presen te d  by twins  

(<411'  and < 2 2 1 )  have a l l e i  c r i t i c a l  a n g l e s ,  and enhanced dechannel  l i n g  

would r e s u i t .  A der.enst r -.t ion i f  t h i s  e f f e c t  in s i l i c o n  has r e c e n t l y  

been pul 1 i hod [I ""] .

Thi s  rechani  r produce • in energy independent  d e c h a n n t l l i n g :  the

r a t i o  between two c r i t i c a l  in It depend- . n lv on the r v . s p a c i n g ,  so 

t h a t  the r e l a t i v t  n trn-u in , :  o f  the  channel  in the twin does not depend 

on energy .  Dechannel l in;: at the  m a tr i x / t w i n  i n t e r f a c e  i s  a l s o  energy  

independent  as the l a t t e r  con t i t u t e s  a s t a c k i n g - f a u l t  or  f r e e  s u r f a c e  

w i t h i n  the c r y s t a l .

Tliere i s  ne e v id e n c e  for  an energy- independent  component in the  

dechannel  1 ing curves  for  <110- (! igure  10. 13) and <100'* (F igure  1 0 . 1 5 ) .
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T h e re  i s  no such  e v i d e n c e  in t h e  <111 c u r v e s  ( F i g u r e  1 0 .1 4 ) ,  as  e x p e c t e d ,  

i f  t w i n n i n g  i s  by r o t a t i o n  a b o u t  t h i s  a x i s .  Voids  a l s o  g i ve  an 

e n e r g y - i n d e p e n d e n t  d c c h a n n c l 1 i n g ,  b u t  would be v i s i b l e  i n  a l l  a x e s .

A c r u c i a l  e x p e r i m e n t  t o  t e s t  some o f  t h e  above d e d u c t i o n s  would 

be t o  c h a n n e l  a l o n g  one o f  t h e  o t h e r  <111 axes  a t  70*32'  t o  t h e  one 

u s e d .  Here t h e  y i e l d  v e r s u  e n e rg y  c u r v e s  would s t i l l  n o t  be a f f e c t e d  

by t e t r a h e d r a l  i n t e r s t i t i a l  , but m osa ic  s p r e a d  would p roduce  a s t rong,  

upward t r e n d  a t  h i g h  e n e r . i ' S ,  and tv. inn in a would c o n t r i b u t e  an e n e rg y -  

i n d e p e n d e n t  c om ponen t , as a c c o r d i n g  t o  liqn 10 .5 ,  an a x i s  such as  

[111] t r a n s f .  its i n t o  one o f  t h e  f - r r  <551 in  t h e  t w i n .  U n f o r t u n a t e l y  

t h e  maxis u: an ; u l a r  p e r t u i a  )*' t ! • :i i i t e r  was ' O * , and t h e  

e x p e r i m e n t  was n o t  c a r r i e d  o u t .

Curves  f o r  d a t a  t a k e n  a f t e r  n n e a l i n g  t o  "00°L a r e  a l s o  p l o t t e d  

on F i g u r e s  1 0 . "  t o  10 .15 .  Apar t  from t h e i r  low er  o v e r a l l  y i e l d  v a l u e s , 

t h e i r  most n t i c e  a b l e  fe t u  r e  . tb .at  a t  h i g h e r  e n e r g i e s ,  f o r  t h e  <110> 

and <100> a x e s , t h e y  a r c  much f l a t t e r  t h a n  t h e  p r o - a n n e a l  c u r v e s . Th is  

i m p l i e s  t h a t  t h e  : ' s a i c  pro ad has  liven r e d u c e d . There  s t i l l  seems to  

be  an e n e r g y -ir.de pen l e n t  component , imply in t h a t  t h e  pi  t u l a t e d  

m ic r o f .  ir.' a r e  - 1 a! l e ;  and d c c h a n n c l  l i n g  in < 110"‘ i s  s t i l l  g r e a t e r ,  

a l t h o u g h  in  somewhat l l e r  p r o p o r t  ion r e l a t i v e  t o  t h a t  in < 111> and

< 100> t h a n  was t h e  ca " b e f o r e  a n n e a l i n g .  One may deduce  t h a t  no t  a l l  

t h e  t e t r a h e d r a l  i n t i r - t  i t  i al  have a n n e a l e d  out  a t  700°C, a l t h o u g h  the  

s e l f - i n t e r s t i t i a l  in diamond i s  n o r m a l l y  m ob il e  below room t e m p e r a t u r e  

[V ad75 ] . T h i s  s u p p o r t s  t h e  • ugge t i o n  o f  1 0 .3 .2  t h a t  t h e i r  motion i s  

h e r e  l i m i t e d  by t h e  pro e n c e  o f  o t h e r  forms of d i s o r d e r  which have  no t  

y e t  a n n e a l e d  c o m p l e t e l y  a t  700*0.
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1 0 .5  DAMAGE: PROPIM i XTRACTlON'

1 0 . 5 .  1 Metliod

The p r i n c i p l e  oi '  e x t r a c t i n g  a q u a n t i t y  r e p r e s e n t i n g  t h e  ' d e g r e e  

o f  d i s o r d e r '  o f  a damaged c r y s t a l , as  a f u n c t i o n  o f  d e p t h ,  from t h e  

d e p t h - d e p e n d e n t  c ha nne l  l ed  minimum y i e l d ,  was o u t l i n e d  in  S e c t i o n  2 . 5 .

A F o r t r a n  pr ogra?  e t o  p e r f o r m  t h e  e x t r a c t i o n  a c c o r d i n g  t o  t h e s e

p r i n c i p l e s ,  was w r i t t e n  t o  r un  as  a sub r o u t : ue o f  Q!.A.NSPFC ( 5 7 . 2 . 3 )  .

A ' p e r f e c t ' (undar  ,u ed s p e c t r u r , as  wel l  as  th e  'damaged '  

s p e c t r a  and a ' i indc::t' s r e c t r :  • , wer r e q u i r e d .  A f t e r  d e p th  c o n v e y  ion  

( § 7 . 2 . 1 )  and n o r  a 1 i a t  ion 2 . 2 ) ,  t h e  v a lue  o f  the  d i s o r d e r  p a r a m e t e r  

n ( z )  was c a l c u l a t e d  as  a s t e p ,  i s e  f u n c t i o n  o f  d e p t h , s t a r t i n g  a t  the  

s u r f a c e ,  f o r  each, d e p th  i n c r e m e n t  i n t o  which t h e  programme d i v i d e d  t h e  

s p e c t r a .  The d e c h a n n e l  1 ing f u n c t i o n  f ( z )  (1 on 2 .19 )  was r e q u i r e d  to  

merge s m o o th ly  wi t !  t h e  c h a n n e l l e d  y i e l d  , z) a t  dep th s  g r e a t e r  t h a n  

t h o s e  o f  t h e  vi : M e  pe -A . The d :!: r.ne 11 ing p a r a m e t e r  •

(Eqn 2 .21)  was s u i t a b l y  a d j u  t e d  and t h e  damage e x t r a c t i o n  r e - i t e r a t e d  

u n t i l  t h i s  c o n w r :  m.c- c n d i t i o n  was n e t .

To o b t a i n  t h e  i n i t i a l  e s t i m a t e  o f  * , » . ,  Schmid ( Sc“ 3] showed 

how t o  us e  a s t r a i  h t - i i ;  a p p r o x i m a t i o n  t o  f ( z )  unde r  t h e  damage p e a k .

I t  was found t h a t  t h e  p a r t i c u l a r  shape  o f  t he  diamond s p e c t r a  o f t e n  gave 

r i s e  t o  u n r e a l i s t i c a l l y  1 a t  ;c o r  smal l  v a l u e s  o f  ► when t h i s  method was 

a p p l i e d ,  and t h e  programme became u n s t a b l e .  It  was u s u a l h  b e t t e r  t o  

impose an a r b i t r a r y  v a l u e  o f  < 0  w i t h  0  < • 1 , f rom which t h e

programme was a b l e  t o  c o n v e r g e .
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The s t e p s  i n  t h e  c a l c u l a t i o n  v.ere as  f o l l o ws  (. the n o t a t i o n  i s  

t h a t  o f  § 2 . 5 . 2 ;  i  d e n o t e s  t h e  d e p t h  i n t e r v a l  number)  . By Hqur. 2 . 19  

and 2 . 21 ,

i - 1

f ( i )  = xn m  + < i  g ( j )
1 j=i

For  t h e  f i r s t  d e p t h  i n t e r v a l  t h i   ̂ became

f ( D  = Xj .d)

Then by  Hqn 2 . IS,

g ( i )  = xd ( i )  - f ( i )

F i n a l l y ,  1 y Fqr, 2 . 2 0 ,

n ( i )  = g ( i ) / [ l  - f ( D ]

The p r o  r. ir-.e h.id t > be t o L 1 i p p r o x i -  i t v l \  where t o  e x p e c t  t h e  damage

. . . .

t h e  d a r a g e  a c t u a l l y  f o u n d ) . A f t e r  t h i s  p o i n t , t h e  sum Eg ( j )  was no 

l o n g e r  a c c u m u l a t e d ,  md t h  proj-.rar.- e be in compar ing  v a l u e s  o f  f ( i ) 

and ) , ( i ) . A f t e r  a d j u s t i n g  • upv t rd u  downward as r e q u i r e d ,  a n o t h e r  

i t e r a t i o i .  was p e r f o r " 1 1 , unt  i 1 f ( i )  c onve r ge d  to  \ ji i )  t o  t he  

s t i p u l a t e d  d e g r e e  o f  a c c u r a c y .  The i n t o  - a t e d  dar  age (T n ( i ) )  and i t s  

d i s t r i b u t i o n  were  tl en p r i n t e d  o u t .

1 0 . 5 .  2 [U-sii 1 1 ''

An example o f  a damage p r o f i l e  e x t r a c t i o n  ( t r a c e d  from t h e  

comput e r  o u t p u t )  i • shown i n  F i g u r e  10 . 20 .  I . x t r a c t i o n s  were p e r f o r me d
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Figure  1 0 . 2 0 : Fx tr - i c tcd  ilzmagc p r o f i l e  n r )  % ith  o r i g i n a l  spectrum
X(z) and f i t t e d  dcchannc11ing fu n c t io n  f ( z )  (KT2).
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f o r  two o f  t h e  a n a l y s i s  e n e r g i e s ,  1 . 3  f!eV and -1.r> McV. Appr ox i ma t e l y  

t h e  same v a l u e s  o f  t h e  a d j u s t a b l e  p a r a m e t e r  < (which measures  t he  

r a t i o  o f  d e c h a n n e l  1 i n g  t o  d i r e c t  b a d  s c a t t e r i n g )  were  r e q u i r e d  f o r  

d i f f e r e n t  damage s t a g e s , but  e a ch  c o m b i n a t i o n  o f  a x i s  and e n e r g y  r e q u " r e d  

a d i f f e r e n t  v a l u e ;  t h e y  a r e  l i s t e d  in T a b l e  1 0 . 3 .  I t  seems p o s s i b l e  t o  

f i t  a l l  t h e  da t . i  w i t h  a s i n g l e  v a l u e  o f  * u s i n g  t h e  e q u i v a l e n t  o f  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  ba s ed  on t h e  o b s e r v e d  dechanne l  1 i ng  by 

amorphous  s u r f a c e  l a y e r :  [Fca ' ,5 ] . Thus t h e  n e c e s s i t y  f o r  d i f f e r e n t

TAB1! 10 .3  

Pam.ire I vt r :> c t i on P .\ r  i: v t e f

Ener gy

(McV)

Va l ues  o f  k
Damage Peak 

(ym) *

<1 1 0 * <1 1 1 > < 1 0 0 Depth Width

1 . 3 0 . 1 7 0 . 0 9 0 . 1 1 1 . 5 0 . 3

4 . 5 0 . 4 0 0 . 1 0 0 . 2 0 1 . 7 0 . 3

* K r r o r s  in t h e s e  f i g u r e s  a r e  ‘0 . 0 5  um.

v a l u e s  hi r e  i s  p r o b a b l y  due to  t h e  • h o r t c o r i n g . s  o f  t h e  s i n g l e  s c a t t e r i n g  

model which i s  in pi i ud in t !ie t r e a t m e n t  u sed ( 5 2 . 5 . . ' ) .

T a b l e  10 . 3  a l s o  c o n t a i n s  t he  mean damage d e p t h  md the h a l f - w i d t h  

a t  ha l f -maximum o f  t he  e x t r a c t e d  peak ( a f t e r  c o r r e c t i o n  f o r  t h °  t r a j e c t o r y  

a n g l e ,  t h e s e  q u a n t i t i e s  were  t h e  same f o r  a l l  t h r e e  a x e s ) . The dep t h
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i n c r e a s e s  s l i g h t l y  wi t h  e n e r g y ,  t h e  w i d t h  r e t r a i n i n g  c o n s t a n t . Thi s  

may due to a d e p t h - s c a l e  e r r o r , b u t  i s  p r o b a b l y  an o b s e r v a t i o n  of a 

phenomenon p o i n t e d  o u t  by Querc  [Qu^b] ,  t h a t  d e f e c t s  which o b s t r u c t  t he  

c h a n n e l s ,  s u c h  as  smal l  c l u s t e r s  o r  s t a c k in g - f a u l t s , c a us e  most of t h e i r  

d e c h a n n e l l i n g  w i t h i n  a d i s t a n c e  V I  beyond t he  d e f e c t ,  where  X i s  t he  

c h a n n e l l e d  t r a j e c t o r y  ' w a v e l e n g t h 1, which i n c r e a s e s  w i t h  e n e r g y .

E x t r a c t e d  v a l u e s  o f  t h e  i n t e g r a t e d  damage E n ( i )  a r c  summar i sed in 

Table 10.<1 and p l o t t e d  a g a i n s t  damaging dos e  i n  F i g u r e  10 . 21 .  They have  

been m u l t i p l i e d  by cos  t o  e l i  i n a t e  t he  e f f e c t  o f  t r a v e r s i n g  a g r e a t e r  

t h i c k n e s s  o f  damage a t  I a rgot  p l a r  a n g l e s .  The a b s o l u t e  a c c u r a c y  o f  t he  

e x t r a c t i o n  i s  a p p r o x i m a t e l y  indv;  i nden t  o f  dose  and i s  - ' 0 . 1  * 1 0 1 " cm"".

For <111> and <100> a n a l y s i s ,  t h e  i n t e g r a t e d  damage i s  i ndepe nde n t  

o f  a x i s  o r  e ne r gy  and i n c r e a s e  a ; ; n - u - a t e l v  l i n e a r l y  w i t h  a - p a r t i c l c  

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

s a t u r a t i o n  e f f e c t .  ( I t  may 1, n o t ed  however  t h a t  t h e  maximum va l u e  

o f  n ( i )  a t t a i n e d  i ;  o n l y  0 . 4 . )  For  < 1 1 0 >, t h e  r e l a t i o n s h i p  i s  a g a i n  

linear, and s i m i l a r  in r a g n i t t . d e  a t  t h e  l ower  e n e r g y ,  b u t  more damage 

i s  o b s e r v e d  a t  t h e  h i g h e r  e n e r g y .  Thi s  i s  i n  k e e p i ng  wi t h  t he  

s u g g e s t i o n s  o f  1 1 0 . 4 . 1 ,  t h a t  t h e  c h i e f  anomaly i s  t h a t  be tween M10> 

and t he  o t h e r  a x e s ,  and t h a t  i t  i: due t o  t h e  p r e s e n c e  o f  t e t r a h e d r a l  

interstitials which i re  onl> o b s e r v a b l e  i n  <1 1 0 > and f o r  which t he  

n u c l e a r  e n c o u n t e r  pro! i b i l i t y  i n c r e a s e s  us t h e  e n e r g y  i n c r e a s e s  c a u s i n g  

the ion f l u x  t o  pea!  more h a r p l y  it t h e  mid-ch innel  a x i s  [ F e a 7 6 ] .

These r e s u l t s  p r o v i d e  an e x p e r i m e n t a l  example o f  t h e  p r ob l em 

discussed by Quvrv [Qu7f-] :  t h a t  u n l e s s  a damaged r e g i o n  i s  a mor phous ,
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F i g u r c  10 . 2 1 : D e p e n d e n c e  o f  m e a s u r e d  d a m a g e  o n  d a m a g i n g  d o s e  ( K T 2 ) .
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t h e  ' amount  o f  damage ' f ound depends  on e x p e r i m e n t a l  f a c t o r s  and 

c a n n o t  be  t a k e n  as  t h e  ' number  o f  atoms n o t  on l a t t i c e  s i t e s ' .

I f  d e s p i t e  i h i s  t h e  ^ 110 - d a t a  a t  4 . 5  MeV a r c  t a k e n  as g i v i n g  

t h e  b e s t  rough e s t i m a t e  o f  t h e  number  o f  a t omi c  d i s p l a c e m e n t s ,  t hen  

t h e  s l o p e  o f  t h e  u p p e r  l i n e  in F i g u r e  10.21 g i v e s  a number  o f  d i s p l a c e d  

ca r bon  atoms p e r  i n c i d e n t  i - p a r t i c l e  o f  330±20.  Th i s  a g r e e s  w i t h  t he  

e s t i m a t e  o f  ^300 d e r i v e d  from t he  a n n e a l i n g  b e h a v i o u r  ( 5 1 0 . 3 . 2 1 .  

I n s e r t i n g  i t  i n t o  t h e  K i n c h i n - P e a s c  r e l a t i o n s h i p  in t h e  form

N(En ) -  0 . 4 2  En / Ed

(where  N(E^) i s  t h e  number  o f  d i s p l a c e d  a toms ,  i s  t h e  amount  o f  

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

d i s p l a c e m e n t  e n e r g y  which i s  e qua l  t o  c-0 eV f o r  diamond when a ve r a ge d  

o v e r  a l l  d i r e c t i o n s  [Hi~4 ] )  givi  ■ an e s t i  mate f o r  1 n o f  60 KeV. I t  

would be  i n t e r e s t i n g  t o  com; i re t h i s  v a l u e  w i t h  t h e  r e s u l t  o f  a 

comprehens ive  c a l e u l i t i o n  o f  Wi n t r r bon  t yp e  [l‘. ' i n" 2 ] .

1 0 . 6  Sll?21.M V

There  was e v i d e n c e  f o r  s e v e r a l  d i f f e r e n t  t y p e s  o f  damage in  

u-bombarded  di amond,  b u t  i t  was compl ement a r y  r a t h e r  t h a n  c o n f l i c t i n g .  

In a d d i t i o n  t o  i d e n t i f i a b l e  damage t y p o s  t h e r e  were p r o b a b l y  more 

g e n e r a l  a r o r p h i s a t i o n  and even g r aph i  t i s a t  ion p r e s e n t .

The a n n e a l i n g  b e h a v i o u r  ( 5 1 0 . 3 . 1 )  i mp l i e d  t h e  e x i s t e n c e  o f  

c l u s t e r s  w i t h  d i a m e t e r s  o f  a few t e n s  o f  AngstrOms (5 1 0 . 3 . 2 ) .  Al though 

t h e  d a t a  were c o n s i s t e n t  w i t h  one c l u s t e r  p e r  ion t r a c k ,  t h e  s i c e  was
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s m a l l e r  t ha n  t h e  e x p e c t e d  r e g i o n  o f  h e a v y  damage a t  t he  end o f  t h e  

t r a c k , and a g g r e g a t i o n  o f  i n t e r s t i t i a l s  had p r o b a b l y  o c c u r r e d .  The 

c l u s t e r s  may have had  amorphous  c o r e s  whi ch  were una b l e  t o  a n n e a l . The 

e n e r g y  de pendence  c f  t h e  d e c h a n n c l l i n g  ( 5 1 0 . 4 . 3 )  p o i n t e d  t o  t he  

p r e s e n c e  o f  i n t e r s t i t i a l  c a r bon  atoms in t h e  t e t r a h e d r a l  s i t e s , and 

mosa i c  b l o c k s  w i t h  a s p r e a d  o f  " 0 . 5 " ;  w i t h  l e s s  d i r e c t  e v i d e n c e  f o r  

m i c r o t w i n n i n g  on (111)  p l a n e  p a r a l l e l  t o  t h e  c r y s t a l  s u r f a c e  ( § 1 0 . 4 . 4 ) .  

D e c h a n n c l l i n g  by e x t e n d e d  d e f e c t s  may have  been p r e s e n t  ( t h e r e  was 

e v i d e n c e  in  t h e  g a s - e t c h i n g  r e  u l t s  o f  § 5 . 4 . 2  f o r  d i s l o c a t i o n s  i n  

bombarded c r y s t a l  r e g i o n s )  but  d i d  no t  a p p e a r  t o  p l a y  a maj or  r o l e . 

E x t r a c t i o n  o f  t h e  damage p r o f i l e s  (5 1 0 . 5 . 2 )  s u p p o r t e d  t h e  d e d u c t i o n  o f  

t e t r a h e d r a l  i n t e r s t i t i a l s .

On a n n e a l i n g  t o  "00*0 ,  t h e  e v i d e n c e  f o r  i n t e r s t i t i a l s  and mosai c  

s p r e a d  was p r o g r e s s i v e l y  r e d u c e d .  The mot ion o f  s i n g l e  i n t e r s t i t i a l s ,  

whi ch  a r e  n o r m a l l y  a l r e a d y  r ' i l e  a t  r o o m - t e m p e r a t u r e ,  must  have  been 

l i m i t e d  by t h e  e x t e n t  t o  which o t h e r  damage ha d  h e a l e d .

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

e t  a l  [Vav74] a l r e a d y  r e f e r r e d  to  ( S e c t i o n  1 0 . 1 ) ,  e x c e p t  t h a t  t h o s e  

w o r k e r s  o b s e r v e d  a s e que nc e  o f  damage t y p e s  w i t h  i n c r e a s i n g  dos e .  The 

i on - bc a m t e c h n i q u e  was n o t  s e n s i t i v e  enough t o  r ev e a l  such e v i d e n c e .
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C H A P  I t :  R I I

CONCLUSIONS

I t  h a s  been shown t h a t  r e p r o d u c i b l e ,  r e l i a b l e  ion c h a n n e l l i n g  

d a t a  can be o b t a i n e d  f o r  n a t u r a l  d i amond,  a l t h o u g h  a c h i e v i n g  t h i s  i s  no t  

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

must  be  t a k e n  ( C h a p t e r s  5 and 6 ) .  R e s u l t s  can be  v e r y  specimen 

d e p e n d e n t , and c a r e f u l  s e l e c t i o n  f rom a moder a t e  number  o f  good s t o n e s  

i s  n e c e s s a r y  i n  o r d e r  t o  o b t a i n  s p e c i me n -  r e p r e s e n t a t i v e  o f  i n t r i n s i c  

diamond w i t h o u t  a p p r e c i a b l e  i m p u r i t y  o r  me c h a n i c a l  damage e f f e c t s  

( S e c t i o n  5 . 2 ) .  C h a n n e l l e d  minimum y i e l d  measurement s  p r o v i d e  t h e  b e s t  

c r i t e r i o n  f o r  s e l e c t i n g  s t o n e  f o r  c h a n n e l l i n g  s t u d i e s  ( 5 . 2 . 3 ) .  

P r e t r e a t i n g  t h e  diamonds  by s u r f a c e  removal  o r  a n n e a l i n g  u s u a l l y  

p r o d u c e s  a s i g n i f i c a n t  improvement  in c r y s t a l  q u a l i t y  as mo n i t o r e d  by 

c h a n n e l l i n g  ( S e c t i o n  5 . 1 )  .

C l e a n i n g ,  t o o ,  can be i m p o r t a n t , md r e q u i r e s  t h e  a p p l i c a t i o n  o f  

s p e c i a l  me t hods  ( S e c t i o n  5 . 3 ) .  He r e  ion b a c k s e a t t e r i n g  p r o v i d e s  a 

s e n s i t i v e  mean1, o f  m o n i t o r i n g  s u r f a c e  c l e a n l i n e s s  ( 5 . 3 . 2 ) .  Care  must  

be  t a k e n  t o  a v o i d  r e - c o n  tarn in it ion from t h e  vacuum e nv i  ronmci v 

( S e c t i o n  6 . 6 ) ,  be c a us e  common c o n t a m i n a n t : have  h i g h e r  a tomic  numbers 

t ha n  ca rbon  and can c a u s e  s i g n i f i c a n t  d o c h a n n e l ! i n g .

Some o f  t h e  s p e c i a l  t e c h n i q u e s  d e s c r i b e d  in C h a p t e r  6  wvre 

e v o l v e d  t o  de a l  w i t h  o t h e r  p r ob l e ms  which a r e  more s e v e r e  w i t h  d i amond.
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s u c h  a s  t a r g e t  c h a r g i n g  ( S e c t i o n  6 . 3 )  ;irul e l e c t r o n i c  n o i s e  p i ck u p  

( S e c t i o n  6 . 5 ) ;  i n  o t h e r  c a s e s  t h e  p rob lem s  a r e  common t o  a l l  ion 

c h a n n e l l i n g  e x p e r i m e n t s  b u t  a r e  not  a lw ays  a d e q u a t e l y  c o n s i d e r e d ,  such 

a s  s e c o n d a r y  e l e c t r o n  s u p p r e s s i o n  ( S e c t i o n  6 . 2 )  , and t h e  o r i e n t a t i o n  o f  

t r a n s a x i a l  s c a n - p l a n e s  ( S e c t i o n  6 . 8 ) .  I t  was shown t h a t  t h e  e x a c t  c h o ic e  

o f  a x i a l  and  p l a n a r  s c ans  can have  a s i g n i f i c a n t  e f f e c t  on t h e  measured  

v a l u e s  o f  c h a n n e l l i n g  c r i t i c a l  a n g l e s  ( S e c t i o n s  6 . 8  and 6 . 9 ) .

C r i t i c a l  a n g l e s  h. ve been  measured  f o r  s e v e r a l  low - in d e x

a x e s  and p l a n e s  o f  d i a r o n d ,  a t  s e v e r a l  e n e r g i e s  and f o r  two ion s p e c i e s  

( S e c t i o n  ™ .4) . They were r e p o r t e d  in T a b l e s  ~ .5  t o  7 S; t h e  c h a n n e l l i n g  

d i p s  .'.nd t h e i r  b e h a v i o u r  w i t h  d e p t h  were p l o t t e d  in f i g u r e s  7 . 5  t o  7 . 2 8 .  

The r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s  be tw een  d i f f e r e n t  spec imens  was good 

and t h e  e r r o r s  were +0 . 0 1 * which i s  sm a l l  by ion  c h a n n e l l i n g  s t a n d a r d s .

With t h e  exc ep t io n - ;  n o t e d  be low ,  a l l  t h e  r e s u l t s  were shown in 

S e c t i o n  7 .5  t o  be w e l l  d e s c r i b e d  by B a r r e t t ' s  s e m i - e m p i r i c a l  r e l a t i o n ­

s h i p s  [ B a r 7 1 ] ,  which a r c  r o o t e d  in t h e  con t inuum  model o f  c h a n n e l l i n g  

p r o p o s e d  by L indha rd  [L i6 5 ] .  These  r e l a t i o n s h i p s  a r e ,  f o r  a x i a l  

c h a n n e l l i n g  F:qn 2 . " :

2

with k = 0 . 8 3  ;ind m - 1 .2 ,  and f o r  p l a n a r  c h a n n e l l i n g  fqn  2 . 8 :

'



k i t h  k = 0 . 7 6  and m = 1 . 6 .  The o t h e r  symbols  a r c  d e f i n e d  in C h a p t e r  2 ,  

and t h e  f u n c t i o n s  and Fp i. ( f , n )  a r e  p r e s e n t e d  in Bar71 and G c 7 4 .

Tyjiical d i f f e r e n c e s  be tw een  t h e o r e t i c a l  and e x p e r i m e n t a l  v a lu e s  o f  I ,  

we re  ^ 0 . 0 1 ° .  The v a l u e s  o f  k and m q u o t e d  above were p r o p o s e d  by 

B a r r e t t  a s  g i v i n g  t h e  b e s t  r e p r e s e n t a t i o n  o f  t h e  v a r i a t i o n  o f  w i t h  

t e m p e r a t u r e ; f o r  t h e  ion and e n e r g y  dependence  lv found s l i g h t l y  

s m a l l e r  v a l u e s  o f  k gave a b e t t e r  f i t  t o  h i s  Monte C a r l o  s i m u l a t i o n s  

( s e e  T a b le  2 . 1 ) .  However ,  t h e  fo rm er  s e t  o f  v a l u e s  gave b e t t e r  agreement  

w i t h  t h e  ion and e n e rg y  de pendence  as  we l l  a w i t h  t h e  t e m p e r a t u r e  

d ependence  in t h e  p r e s e n t  c a s e .  Th i s  may be b e c a u s e  B a r r e t t  d id  no t  

e x t r a p o l a t e  h i s  v a l u e s  t o  z e r o  d e p t h ,  a ■ was done h e r e .

I t  i s  rein t r i a b l e  t h a t  t h e  - exp re ion a p p ly  so w e l l  t o  diamond,  

which  has  t h e  L w es t  v a lu e  ; o f  I- -th t., and Z f o r  which c a r e f u l  comparisons 

w i t h  e x p e r im e n t  have  been  i ide,  ind t h e r e f o r e  r e p r e s e n t s  an e x t r em e  c a s e .

For  h i g h e r - o r d c r  axes  (- 1 0 0  -, <2 11 >) a s m a l l e r  v a l u e  o f  k in  

Eqn 2 . 7  gave a b e t t e r  f i t ,  namely  k 0.7(>‘0 . 0 1 ;  t h e  p h y s i c a l  s i g n i f i c a n c e  

of t h i s  was n o t  o b v io u s  . For  an u n e q u a l l y - s p a c e d  p l a n e  ( 111}) Fqn 2 .8  

gave i n c o r r e c t  v a l u e s  when t h e  mean p l a n a r  s p a c i n g  was i n s e r t e d .  However , 

m o d i f y i n g  t h e  e q u a t i o n  in terms o f  t h e  con t inuum model ,  t o  i n c l u d e  t h e  

e f f e c t s  o f  t h e  f o u r  n e a r e s t  p l a n e s  and no t  j u s t  two (1 qn 7 .5  with Eqn ” .4)  

was s u c c e s s f u l  i n  c o r r e c t l y  p r e d i c t i n g  t h e  m easu red  v a l u e s  o f  >j ( § 7 . 5 . 3 ) .

The a x i a l  d a t a  a g r e e d  e q u a l  1v w e l l  w i th  v a l u e s  c a l c u l a t e d  by th e  

method o f  V a r e l a s  and Sizmann [Va . 7 2 ] ,  b a s e d  on a c o n s i d e r a t i o n  of  t h e  

e x a c t n e s s  o f  t r a n s v e r s e  e n e rg y  c o n s e r v a t i o n  in t h e  c h a n n e l s  as  d e t e r m i n e d
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by  b i n a r y - c o l 1 i s i o n  c a l c u l a t i o n s  ( 5 7 . 5 . 4 )  . The f a c t  t h a t  two q u i t e  

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

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

u n d e r s t o o d .  The  a c c u r a c y  o f  V a r e l a s  and S i z m a n n ' s  t r e a t m e n t  does not  

s eem t o  have  been  a p p r e c i a t e d  h i t h e r t o ,  b e c a u s e  t  p roduce s  c r i t i c a l  

a n g l e s  . which  s h o u l d  n o t  be compared d i r e c t l y  k i t h  measured h i l f - a n g l e s  

4’i .  I f  B a r r e t t ' s  k i s  r e g a r d e d  as  a c o n v e r s i o n  f a c t o r  as i n  § 7 . 5 . 4 ,  t h e n  

t h e  c a l c u l a t e d  v a l u e s  o f  k.  a r e  found t o  a g re e  c l o s e l y  w i th  t h e  m easured  

v a l u e s  o f

The  e m p i r i c a l  approx :  i t :  >n> o f  Morgan and Van V l i e t  [Mo"0, Mo"!]

a p p e a r  t o  be out  o f  t h e i r  r ange  o f  a p p l i c a b i l i t y  in t h e  c a s e  o f  diamond.

The de pendence  o f  p r o t o n  c r i t i c a l  a n g le s  on t e m p e r a t u r e  was a l s o  

found t o  be w e l l  r e p r  Jucvd by I in 2.™ and 2 .S  o f  B a r r e t t ,  and by t h e  

method o f  V a r e l a s  md S iz r .ann ,  -ver  t h e  r an g e  examined ,  20eC t o  ™00?C 

( S e c t i o n  8 . 3 ) .  The d a t a  were p r e s e n t e d  in T a b l e s  8 .1  and 8 .2  and 

F i g u r e s  8 . 1  t o  S. 1 .

The f o r m o f  D p s  2 . "  and 2 . 8  i s  t h a t  o b t a i n e d  in  t h e  cont inuum 

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

s t r i n g s  o r  p l a n e  hound in.: t h e  c h . n n c l ,  e qua l  t o  mu , where u. i s  t h e  

RMS th e rm a l  v i b r a t i o n  a m p l i t u d e  o f  t h e  atoms in  one d im ens ion  and 

m v 1 . The a c c u r a c y  w i t h  which t h e s e  e x p r e s s i o n s  h o l d  f o r  diamond 

( 5 8 . 3 . 1 )  i s  t h e  most d i r e c t  c o n f i r m a t i o n  ycr  o b t a i n e d  t h a t  t h e  c r i t i c a l  

d i s t a n c e  p a r a m e t e r  f o r  t a b l e  channe l  1 in.  i s  u, r a t h e r  t h a n  a.^ as  

s u g g e s t e d  by I . indhard  [L : 6 5 ] .  In  diamond u^ 'v 0 .17 ;^^ .  whereas  in most
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s o l i d s  on which  c h a n n e l l i n g  e x p e r i m e n t s  have  been  p e r f o r m e d , t h e  two 

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

T h e r e  was some i n d i c a t i o n  o f  a s t r o n g e r  t e m p e r a t u r e  dependence  

t h a n  t h a t  p r e d i c t e d  f o r  axes  by f.qn 2 . 7 ,  as  n o t i c e d  a l s o  by o t h e r s  

[ A n d 7 2 ] . I t  was s u g g e s t e d  t h a t  t h i s  c o u l d  b e s t  be a c c o u n t e d  f o r  by a 

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

P c on  Uj somewhat s t r o n g e r  t h a n  l i n e a r  ( 8 . 3 . 2 ) .

S t u d i e s  o f  t h e  s u r f a c e  peak in  t h e  h a c k sc  i t t e r  p c c t r a  o f  a x i a l  1 y 

c h a n n e l l e d  p r o t o n s  . . e re  c o n p l u  i t ed  by t h e  s low d e p o s i t i o n  o f  carbon 

l a y e r s  f rom th e  t u r b o m o l e c u l a r  pump. /\n e x t r a p o l a t i o n  t o  z e ro  d e p o s i t  

gave  an e f f e c t i v e  number o f  s u r f a c e  l a y e r s  o f  t h e  c r y s t a l  i t s e l f  in  n e a r  

agreem en t  w i th  B a r r e t t  1 - p r e d i c t i o n ,  Eqn 2 . 1 2 ,  i n d i c a t i n g  t h a t  t h e  

c r y s t a l  was p e r f e c t  a t  t h e  s u r f a c e  w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  on" o r  

two o u t e r  l a y e r s  ( S e c t i o n  9 . 3 ) .

The s u r f a c e  minimum y i e l d  wa s t u d i e d  in S e c t i o n  9 . 4 ;  d a t a  a rc  

p r e s e n t e d  in T a b l e s  9 .1  and 9 . 2 .  The e f f e c t  t h e r e o n  o f  t h e  s u r f a c e  

d e p o s i t  was small  and c o u ld  be c o r r e c t e d  f o r  ( 5 9 . 4 . 1 ) .  The p r e d i c t e d  

d e p e n d en c e  on row s p a c i n g  o f  , ^ ^  d (I.qn 9.81 was w e l l  r e p r o d u c e d  

( § 9 . 4 . 3 ;  F i g u r e  9 . 1 ) .  The t e m p e r a t u r e  dependence  igrved  w i t h  t h a t  

p r o p o s e d  by B a r r e t t  [ B a r ? 1 ) and embodied in i qn 2 .10 :

xmin = NVdTr(Cu2 * X3

where B a r r e t t ' s  v a l u e s  f o r  C and C 1 wi re 3 . 0 * 0 . 2  and 0 . 2 * 0 . 1  r e s p e c t i v e l y ,  

and t h e  o t h e r  symbols  were d e f i n e d  in C h a p t e r  2 .  (The s q u a r e - r o o t  f a c t o r
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was a lw a ys  M  i n  t h i s  work,  and x ^ O . )  B a r r e t t  s u g g e s t e d  t h a t  one

m i g h t  g e n e r a l l y  t a k e  C  - 0.  Hie v a l u e s  o b t a i n e d  h e r e  were C = 5 . 2 1 0 . 6

and C  = 0 . 0 5 * 0 . 0 5  ( § 9 . 4 . 2 ) .  Once a g a i n ,  diamond p r o v i d e s  a s t r i n g e n t

t e s t  o f  t h e o r y .  The two m ajo r  te rms  (> | = NydnCir and x N y d n C a ^ p )

a r e  v e r y  d i s p a r a t e  i n  most s u b s t a n c e s ,  w i th  x, ( b e c a u s e  C * C '  and

u^ 'x- a^p i  and t h e  t r u e  v a l u e s  o f  and h ence  o f  C  a r c  h a r d  t o  a s s e s s ;

i n  diamond x [ ^  X ( b e c a u s e  u , «  a.^.) and t h e  v a l u e  o f  C  may be

examined  more c l o s e l y .  Tlie v a l u e  o b t a i n e d  wa d i s t i n c t l y  s m a l l e r  than

t 1 s ,  and t h a t  t a k e  C * 0  in

p r a c t i c e .  In f a c t ,  in h i s  a n a l ,  s i n , a l l  c o n t r i b u t i o n  to  weref ' mm

d e t e r m i n e d  by a d e n t i t y - o f - t r a j e c t o r i e s  ^ u n c t i o n  p r o p o r t i o n a l  t o  u; ,

and t h i s  i s  v i n d i c a t e d  bx t in  pis cn t  d a t a .  In such a model <1 min

c a n n o t  he i n t e r p r e t e d  g e o m e t r i c a l l y  as r e p r e s e n t i n g  th e  f o r b i d d e n  a r e a  

a ro u n d  t h e  s t r i n g s ,  as  was f o r m e r 1 \ cm ternary .

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

a r c  n o t  a v a i l a b l e .  I t  i g e n e r a l l y  need t h a t  s h o u ld  be * dmi n p

and t h i s  dependence  was wel l  f o l l o w e d  by t h e  d a t a  (Tab le  9 . 2 ) .  (By

c o i n c i d e n c e ,  t h e  un e q u a l  ( 1 1 1  s p a c i n g  dot . no t  p r o d u c e  an anomaly h e r e . )  

A s m a l l  t c p e r a t u r e  dependence  w., o b s e r v e d ,  and t e n t a t i v e l y  f i t t e d  by a 

r e a s o n a b l e  f u n c t i o n  ( 9 . 1 . 4 ;  T a b l e  9 . 3 ) .

A b y - p r o d u c t  o f  then.e s t u d i o s  wa t h e  s h e d d in g  o f  some l i g h t  on 

t h e  n a t u r e  o f  t h e  diamond s u r i  v ,  which i s t i l l  an u n r e s o l v e d  p rob lem . 

I l i c  ion -be a m  r e s u l t s  a ; r e e d  w i t h  o t h e r  work which has  s u g g e s t e d  t h a t  the  

s u r f a c e  ' d a n g l i n g  b o n d s '  can be s a t i s f i e d  c i t h e r  by i m p u r i t y  atoms o r  by 

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

p r o c e s s  a s  b e i n g  p r i m a r i l y  one o f  t h e  t e a r i n g  o f f  o f  v e ry  s m a l l  b l o c k s  

by  b r i t t l e  f r a c t u r e ,  and a l s o  w i t h  an a l t e r n a t i v e  mechanism o f  

t h e r m a l l y - a c t i v a t e d  c he m ica l  r e a c t i o n  ( S e c t i o n  9 . 5 j .

The r a d i a t i o n  damage o f  diamond by l i g h t  ions  a p p e a r e d  to  be a 

h i g h l y  complex phenomenon ( C h a p t e r  10) as  has  been o b s e rv e d  f o r  o t h e r  

s u b s t a n c e s  and p r o j e c t i l e - . .  I t  was however  p o s s i b l e  t o  keep  damage 

e f f e c t s  n e g l  g i b l e  w h i l e  t a k i n g  c h a n n e l l i n g  d a t a  ( S e c t i o n  1 0 . 7 ) .  Prom 

t h e  a n n e a l  in K-h..vi r i S e c t  i n 10. o ,  t h e  < n e r  dependence  o f  the  

d e c h a n r e l i i r . i  ( S e c t  i n l - ) . 4)  , and t h e  e x t r a c t e d  dor. ige p r o f i l e s  

( S e c t i o n  1 0 . 5 ) ,  s o rv  d e d u c t i o n  c o u v 1 be r i d e  abou t  the  n a t u r e  o f  t h e  

damage;  t h e y  were ;u a r i s c d  in  S e c t i o n  10.: . No s i n g l e  t y p e  o f  

damage f i t t e d  a l l  t h e  o b s e r v a t i o n : - ;  t h e r e  was good e v id e n c e  f o r  

amorphous zones o r  c l u s t e r s ,  sc  1 f - i n t e r  t i t  i a l s  p r e f e r e n t i a l l y  l o c a t e d  

i n  t h e  t e t  r a h e d r  1 tv ;  , a t  ! . i v , r< ad, and weaker  e v i d e n c e  f o r

mi c r o t w i n n i n g  and r a t h e r  g e n e r a l  amorphi -■ a t i o n ,  i n  g e n e r a l  agreement  

w i t h  ( t h e i r t u d i e :  [VavT-l],

Diamond i s  an e a s y  c r y s t a l  ' n which t o  p e r f o r m  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 ,  hu t  l i f f i c u l t  one in which t o  do ther  r c p r o d u c i b l y .

The p rob lem  can  be overcome by a p p l y i n g  c a r e f u l , l o g i c a l  p r o c e d u r e s , 

and t h e  r e s u l t i n g  nc . u r e r v n t -  a re  o f  i n t e r e s t  in  p r o v i d i n g  some e x t r em e  

t e s t s  o f  t h e  a c c e p t e d  channel  1 i i  t h e o *• i • •. In  most c a s e s  t h e o r e t i c a l  

p r e d i c t i o n s  a g r e e d  v e i l  w i t h  t h e  experiment - ;  h e r e i n  d e s c r i b e d .
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A l l  v a l u e s  i n  A.

Name Symho1 Formula Value

l a t t i c e  p a r .  - l i t e r a - 3.567

a x i a l  s p a c i n g s d< 1 1 0 > a / 2 / 2 2.522

d < l l l > a / 3 / 2 3.089

d< 1 0 0 > a 3.567

d<2 1 1 > a / 6 / 2 4 .3 69

p l a n a r  s p a c i n g s d ^ f l l O ) a / 2 / 4 1.261

d { 1 1 1 } 
P

a / 3 / 6 * 1.030

dn( ioo} a /4 0 .892

d‘ {2 1 1 } 
P

/ 3 / 2 a / 6 0 .7 2 8

Thomas - f c ri i s c r e e n i n g a rf.(p} Eqn 2 .2 a 0 .2 5 8

d i s t a n c e (a) Fqn 2 . 2 b 0 . 2 1

atoms p e r  u n i t  volume NV 8 / a 3 0 .1 7 6

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 i ( : o ° c ) Debye 0.044

*But s e e  5 7 . 5 . 2 .
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A

The v e r s i o n s  g i v e n  h e r e  a r e  f o r  t h e  H e w l e t t - P a c k a r d  IIP25. They 

r u n  w i t h  s l i g h t  m o d i f i c a t i o n s  on t h e  o t h e r  IIP programmable c a l c u l a t o r s .

C o - o r d i n a t e  c o n v e n t i o n s  f o r  b o t h  programmes a r e  d e f i n e d  in  

F i g u r e s  A . 1 and A.2.

The e q u a t i o n s  u se d  a r e  as  f o l l o w s :

9 = a r c  cos  ( co s   ̂ costj/ - s i n 9  ̂ s i n t  c o s * ' )

siniji s i n * 1

* = * + a r c  s i n  ------------------
s i n e

In CCS, t h e  v a l u e  c f  . i s  s t e p p e d ;  in  CRAP-2, * '  i s  s t e p p e d .
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fbs

Neg.  0 Pos .  0

Pos 0

F i f l u r e  A1: D e f i n i t i o n  o f  • ti i omvt v r v i o r d i n a t c !  . : i s  p o s i t i v e
c l o c k w i s e .

di r ec t i on  of 
| G |  i n c r e a s i n g

0  negat ive  
ant iclock wise

0  p o s i t i v e
clockwise

origin

F i g u re A2: D e f i n i t i o n  of l o c a l  c o o r d i n a t e s ,  c i s  a lw ays  p o s i t i v e .
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l i  nc
Key
t n t r y

Cor . i r rnt  s

25 RCI. 1

26 1.NT1P. ♦

27 g AtlS

28 4

20 X

30 R/S

31 g ABf.

32 f  s i n

33 RCL ’

M f  s i n

35 x y ♦

36 4 l o o p

37 RCL 0

38 X

39 g s i n " 1

40 RCL 2

41 ♦

42 R/S

43 RCL 5 S t e p *  s c a n

44 STO ♦ 3 a n g l e  4 . r  1

45 CTO 14 g o e s  back t o

46 l o o p  s t a r t

47

48

49

L i n e K e y
E n t r y

Coeiments

0 0

01 RCL 1

0 2 f  c o s

0 3 STO 6 C a l c u l a t i o n

O-i RCL 1 a n d  s t o r a g e  o f

OS g ABS c o n s t a n t

0 6 f  s i n t r l g o n o n c *  r i c

0 7 RCL 4 f u n c t i o n s

OS f  c o s

0 9 X

10 STO 7

11 RCL 4

12 f  s i n

13 STO 0

14 t  (CU.ARJSTX

15 RCL 3

16 f  c o s

17 RCL 6

18 X

19 RCL 3 6 l oo p

2 0 f  s i n

21 RCL 7

22 X

2 3 -

24 g C OS' 1

*0

R1

*2

*3

R c g i s t " :

s i n  ♦ ’ R4

t l  (Co o r d i n a t e s  o f  a x i s )  R^ 

4^ ( C o - o r d i n a t e s  o f  a x i s )  Pf 

4 ( I n s e r t  i n i t i a l  s  n a n g l e )  R,

4 1 ( s c a n  p l a n e  o r i e n t a l  i .  r.) 

AS ( s c a n  a n g l e  s t e p )  

c o s  0

c o s  t ' s i n  0

S t e p I n s t  r u ' t  . ons I n p u t  
t ' a t n / l ' n i  1 1

k e y s O u t p u t
D a t a / U n i t s

1 Key i n  p r o g : . i  r e

2 I n i t i a l ! z e f  PRCM

3 S t o r e  const ,  t s 6 STO 1
t . STO 2

*0 STO 3
STO 4

44 STO 5

4 Run R/S *0
5 R/S ♦o
6 R/S °1
7 R/S ♦ l

t - p e a t  as  r e q u i r e d e t c

8 To e l  1 v 1 1 ue  o f  4 u se d  f o r
p r e v i o u s  p a i r  " f  @ . inJ t  \  i l u c s a *
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Line Key
E n t r y

Comments l i n e
Key
E n t r y

Comr.cn t s

00 25 ENTER t

01 RCL 1 26 g ABS

02 f  c o s 27 *

03 RCL 3 28 X

04 f  c o s 29 R/S

05 X C a l c u l a t  on 30 g ABS

06 STO 6 an d  s t o r a g e 31 f  s i n

07 RCL 1 o f  c o n s t a n t 32 RCL 4

08 g ABS t r i g o n o r c t  r i  i 33 f  s i n

0 9 f  s i n f u n c t i o n s 34 x . i y

10 RCL 3 35 I * l o o p

11 f  s i n 36 RCL 0

12 STO 0 37 X

13 X 38 g s i n " 1

14 STO 7 39 RCL 2

15 f  (CLTAR)Sl  K 40 ♦

16 RCL 4 41 R/S

17 f  c o s 42 RCL 5 S t e p s  a c i r . u t h

18 RCL 7 43 STO ♦ 4 : '

19 X 44 CTO 15 t o  l oo]  s t a r t

20 OIS 45

21 RCL 6 46

22 ♦ 6 l o o p 47

23 g c o s  • 48

24 RCL 1 49

Ro
s i n  * R^ 4 '  ( I n s e r t  : ’ , i n i

R,
6^ ( C o - o r d i n a t e s  o f a x i s ) Rs A* ( Az i mu th  s t e p )

♦a ( C o - o r d i n i t e s  o f a x i ? ) R6 c o s  6a c o s  4

K; ♦ ( S c a n  ' r a d i u s ' )
R7 s i n  f’a  s i n  c

S t e p I n s t r u c t  i o n s I n p u t  
Pat . i /Vr .  i t s

1
Keys O u t p u t  

D a t a  ' I ' l l i t s

1 Key i n  p r o g r a m c

2 I n i t i a l  i : e f  PROM

3 S t o r e  c o n s t a n t s e a STO 1

«a STO 2
V STO 3

♦ i STO 4
6* STO 5

4 Run R/S e o
5 R/S *0
6 R/S 6 ,
7 R/S ♦ ,

R e p e a t  a s  r e q u i r e d e t c
8 To c h e c k  v a l u e  o f  » '  u s e d  f o r

p r e v i o u s  p a i r  o f  0 a n d  i  v a l u e s RCL 4 ♦  '
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