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The primary state of damage i n  p la t inum and tungs t en  caused by i o n s  

of  va ry ing  mass and energy,  was i n v e s t i g a t e d  u s i n g  t h e  f i e l d  i o n  microscope 

(FIM). The damage could  b e  c l a s s i f i e d  i n t o  t h r e e  morphological  types:  ( a )  

d e p l e t e d  zones (DZs); (b)  v o i d s ;  ( c )  d i s l o c a t i o n  loops.  P la t inum specimens 

of  99.999% p u r i t y  were i r r a d i a t e d  i n  s i t u  a t  60 K w i t h  20 keV ~f i o n s  t o  

1 2  -2 a dose o f  ( 3  t o  5) x 10 i o n  cm and examined by t h e  p u l s e  field-evapo- 

r a t i o n  technique  a t  60 K. The expe r imen ta l  cond i t i ons  were c r e a t e d  such 

t h a t  each dep le t ed  zone was c r e a t e d  by a s i n g l e  i n c i d e n t  i o n .  A l l  t h r e e  

morphological  types  were observed.  The average  damage l e v e l ,  g iven  by t h e  

number of vacancies  p e r  cascade ( v ) ,  w a s  s a t i s f a c t o r i l y  d e s c r i b e d  by t h e  

modif ied Kinchin-Pease expres s ion .  The dimensions of t h e  D Z s  is s a t i s f a c -  

t o r i l y  exp la ined  by t h e  l i n e a r  cascade theory .  The cumulat ive damage pro- 

f i l e  ob ta ined  by summing ove r  t h e  damage due t o  i n d i v i d u a l  D Z s  very  r a p i d l y  

approaches t h e  t h e o r e t i c a l  damage p r o f i l e  a s  t h e  number of D Z s  cons idered  

increased .  The average  s t r u c t u r e  of t h e  D Z s  were similar t o  t hose  produced 

i n  t ungs t en  by i o n s  of  t h e  s a m e  mass and energy.  The d i s l o c a t i o n  loops 

were Frank loops  and both vacancy and i n t e r s t i t i a l  loops  were observed.  

Evidence was ob ta ined  t h a t  t h e  vacancy type  d i s l o c a t i o n  loops  w e r e  produced 

by t h e  c o l l a p s e  of dense D Z s .  A d e t a i l e d  s tudy  was a l s o  made of t h e  damage 

produced i n  four-pass  zone-refined tungs t en  i r r a d i a t e d  i n  s i t u  a t  10 K w i t h  



+ 1 2  -2  
20, 45 and 60 keV W i o n s  t o  a  dose of ( 2  t o  10) x 10  i o n s  cm and ex- 

amined, by p u l s e  f i e ld -evapora t ion  technique  a t  10 K.. The & a n t i t y  v in-  

c r eased  l i n e a r l y  w i t h  i n c r e a s i n g  p r o j e c t i l e  energy (E ) accord ing  t o  t h e  
1 

modif ied Kinchin-Pease formula. However, t h e  dimensions of t h e  D Z s  d i d  n o t  

i n c r e a s e  w i t h  E  a s  expected from l i n e a r  cascade theory  and i n d i c a t e d  a  pos- 

s i b l e  breakdown of t h i s  theory  f o r  dense D Z s ,  produced by .heavy i o n s  i n c i -  

den t  on heavy t a r g e t s . '  Evidence of t h e  b r e a k  up of D Z s  i n t o  s u b c l u s t e r s  

a t  60 keV was 'obtained.  The f r a c t i o n  of D Z s  t h a t  co l l apsed  t o  d i s l o c a t i o n  

loops  i n c r e a s e d  w i t h  i n c r e a s i n g  E The e f f e c t  of non l inea r  cascades on 
1 ' 

t h e  damage i n  . tungs ten  was determined by comparing the  damage produced by 

+ + 
20 teV W and A ~ +  w i t h  t h a t  produced by 40  keV w2+ and Ag2 . The va lue  

of v f o r  t h e  i n d i v i d u a l  components of t he  dim2r was 1.55 times the  v 

f o r  t h e  s i n g l e  atom i o n s ,  having  t h e  same energy.  This  c l e a r l y  i n d i c a t e d  

t h e  n o n l i n e a r  e f f e c t s  a s s o c i a t e d  w i t h  dense cascades.  The f r a c t i o n  of 

D Z s  t h a t  c o l l a p s e d  t o  d i s l o c a t i o n  loops  was a l s o  g r e a t e r  i n  t h e  case  of 

dimer i r r a d i a t i o n s  of t ungs t en  than f o r  s i n g l e  atom i o n  i r r a d i a t i o n s .  



I. INTRODUCTION 

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

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

t h e  problem. Of immense importance is t h e  damage which is produced when 

a n  e n e r g e t i c  p a r t i c l e  p a s s e s  through a  s o l i d .  The damage t h a t  i s  produced 

by a s i n g l e  i o n  occu r s  on a n  atomic s c a l e ,  and i ts  d e t a i l e d  obse rva t ion  

t h e r e f o r e  r e q u i r e s  i n s t rumen t s  t h a t  a r e  capab le  of a tomic r e s o l u t i o n .  The 

f i e l d - i o n  microscope (FIM) is t h e  only  ins t rument  t h a t  is r o u t i n e l y  capa- 

b l e  of looking  a t  s i n g l e  atoms and i t  i s  t h e r e f o r e  extremely v a l u a b l e  i n  

ana lyz ing  t h e  damage caused by a s i n g l e  i on .  The f i r s t  a p p l i c a t i o n  of 

FIM t o  t h e  s tudy  of r a d i a t i o n  damage w a s  r e p o r t e d  by P r o f e s s o r  Erwin Miil- 

1- 3 
l e r  i n  1960; t h i s  r e p o r t  w a s  based on t h e  r e s e a r c h  work of Sinha and 

~ i i l l e r  , 4  which was n o t  publ i shed  u n t i l  1964. S ince  then  t h e r e  have been 

numerous o t h e r  r e p o r t s  on e f f o r t s  t o  s o l v e  major problems i n  t h e  f i e l d  

of r a d i a t i o n  damage w i t h  t h e  a i d  of t h e  FIM technique .  5-8 Review a r t i c l e s  

on t h e  FIM s t u d i e s  of r a d i a t i o n  damage through 1968 have been w r i t t e n  by 

bo th  Miillerg and Ga l l i gan .  lo An e x t e n s i v e  rev iew h a s  a l s o  been w r i t t e n  

by Seidman i n  f o u r  r e c e n t  a r t i c l e s .  v e i l 5  desc r ibed  a  method of 

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

c r e a t e d  by a  s i n g l e  incoming i o n  and used i t  t o  show t h e  e f f e c t  of i nc reas -  

i n g  i o n  mass, on t h e  damage i n  t ungs t en  (W) .  

The p o i n t  d e f e c t  s t r u c t u r e  of t h e  damage is dependent on t h e  mass 

and energy of t h e  incoming i o n ,  t h e  m a s s  of t h e  t a r g e t  atoms, t h e  m a t e r i a l  

p r o p e r t i e s  of t h e  t a r g e t  and t h e  i r r a d i a t i o n  temperature.  W e  are i n  t h e  

main i n t e r e s t e d  i n  t h e  pr imary s t a t e  of damage, t h a t  i s ,  t h e  damage -- 



created  by t h e  incoming ion  when t h e  po in t  defec.ts t h a t  a r e  produced a r e  

immobile. The e f f e c t  of temperature on the  na tu re  of damage i s  i t s e l f  a  

b i g  s u b j e c t ,  and we w i l l  not  d i scuss  t h i s  a spec t  i n  any d e t a i l .  A l l  our 

experimental work was- done a t  low temperatures where a l l  d e f e c t s  are.immo- 

b i l e  o r  a t  a temperature where a s i n g l e  d e f e c t  type was mobile. I n  t h i s  

t h e s i s  w e  used t h e  FIM t o  study how t h e  damage is a f f e c t e d  by: 

( i )  t h e  n a t u r e  of t h e  t a r g e t  m a t e r i a l  by comparing t h e  r e s u l t s  i n  

platinum and tungsten;  

( i i )  the  e f f ec t  of i,nr.r~as;.ng the  energy El of the incoming 5 u ~ 1  f u r  

se l f - ion  i r r a d i a t i o n s  of tungsten;  and, 

( i i i )  t h e  n a t u r e  of t h e  bombarding ion by comparing t h e  r e s u l t s  of 

atomic (monomers) and molecular (dimer) ion  i r r a d i a t i o n s  of tungsten.  

I n  o rder  t o  g ive  a pe r spec t ive  of the  na tu re  of t h e  problems t h a t  

have been addressed i n  t h i s  t h e s i s ,  a  b r i e f  o u t l i n e  of t h e  fundamental 

problems i n  r a d i a t i o n  damage i s  given helnw. We have underl ined tcrm3 and 

concepts t h a t  a r e  important and ate iised over and over again i n  t h e  

t h e s i s ,  w l ~ r ~ i  they are f i r s t  introduced.  

1.1 Energy l o s s  

A l l  t h e  damage t h a t  i s  produced i n s i d e  a t a r g e t  by ion- i r rad ia t ion  i s  

t h e  r e s u l t  of t h e  l o s s  of a l l .  o r  p a r t  of t h e  energy of the  p r o j e c t i l e  

ion  i n s i d e  t h e  t a r g e t .  The p r o j e c t i l e  l o s e s  energy through a s e r i e s  of 

c o l l i s i o n e  with the target atous. 111 these  c q l l i s i o n s ,  energy is  g h e n  

t o  t h e  t a r g e t  e l e c t r o n s  ( i n e l a s t i c  process)  and momentum i s  t r a n s f e r r e d  

( e l a s t i c  process)  t o  .the t a r g e t  n u c l e i  during c o l l i s i o n s .  The d i f f e r e n t  

energy l o s s  mechanisms, i .e . ,  e l e c t r o n i c  and nuclear ,  a r e  genera l ly  

t r e a t e d  separa te ly .  16-18 



The inelastic energy loss to the target electronic system can cause 

structural damage in both insulators and semiconductors,19 whereas in 

metals this is not possible because of the very weak coupling between the 

conduction electrons and the lattice. In this case, the electronic energy 

lobs is largely dissipated as heat. In metals, the exclusive process 

leading to damage, which is in the form of point defects, is a result of 

nuclear collisions in.which elastic energy is transferred to the atoms 

of the target material. 

The spatial distribution of the damage energy is important. The 

quantities that determine this are the energy (El), atomic number (Z1), 

mass (MI) of the projectile ion and the atomic number (Z2), mass (M2) of 

the target atom as well as the density (n) of the target material. In 

the theory of ion-stopping in solids,18 it is useful to define two dimen- 

sionless parameters, the reduced length (p) and the reduced energy (E): 

where x is a length, N is the scattering centers per unit volume, which 

is related to n, e is the charge on an electron. The quantity a is the 

screening radius given by: 

a = 0.8853a0(Z1 2 / 3, 
2 2/3)-1/2 (1-3) 

I 

where a0 is the Bohr radius of the hydroge~i atom (0.529 A). 

The quantities p and E are convenient quantities to use as it can 

be shown by the Linhard-Scharff-Schrotr (LSS) l8 theory that electronic 



and nuclear 1osses.can be expressed in terms of E alone, thus allowing 

various scaling laws to be utilized. 

The electronic stopping power, (Se) in dimensionless units is: 

where 

The variations of electronic and nuclear losses with E is shown in figure 

1 and shows that for small values of E ,  nuclear stopping predominates. 

Consequently, the range of the projectile, that is, the distance the ion 

penetrates the target, is governed by the nuclear stopping power (S ) .  n 

Winterbon, Sigmund and Sanders (WSS) used the LSS formulation to 

obtain the projectile's total path length as a function of energy for E 

smaller than 0.2. By integrating the nuclear stopping power, 

they obtained: 

where p is the LSS dimensionless total path length. 
p ! 

1.1.1 Raflge profiles - and damage profiles 

In fig. 2 we show the path of three 20 keV. A ~ +  ions incident on 

tungsten. As pointed out before, the ions come to rest inside the tar- 

get after dissipating their energy in a series of collisions with the 

target atoms. Due to statistical fluctuations in the dynamics of 



Fig .  1: Nuclear stopping ( s o l i d  curve)  and e l e c t r o n i c  s topping (dashed 
curves )  a s  c a l c u l a t e d  by t h e  LSS theory  for var ious  va lues  of 
k. 



Depth in A 
Fig .  2:  I l l u s t r a t i o n  of  the  concepts  of range and damage p r o f i l e  pro- 

duced by ions  i n c i d e n t  on a  s o l i d .  



ion-ion c o l l i s i o n s ,  each of t h e  i o n s  l o s e s  i t s  energy i n  d i f f e r e n t  ways 

and comes t o  r e s t  a t  d i f f e r e n t  p o i n t s  w i t h i n  t h e  t a r g e t .  I f  we cons ide r  

a beam c o n s i s t i n g  of many such i o n s ,  w e  can  d e f i n e  two d i s t r i b u t i o n s .  

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

f u n c t i o n  of dep th  x measured p a r a l l e l  t o  t h e  d i r e c t i o n  of t h e  i n c i d e n t  i on  

beam. '  The second, t h e  damage p r o f i l e ,  g i v e s  t h e  d i s t r i b u t i o n  of t h e  n e t  

depos i t ed  energy as a f u n c t i o n  of x .  These a r e  d i sp l ayed  i n  2 ( b ) .  Both 

2(a)  and 2(b)  were drawn us ing  t h e  TRIM program of B ie r sack  and Haggmark. 

Note t h a t  t h e  r ange  p r o f i l e  is governed by t h e  s e r i e s  of b i n a r y  col-  

l i s i o n s  which t h e  p r o j e c t i l e  expe r i ences  a long  i ts  pa th .  The damage pro- 

f i l e  should a l s o  be  determined by t h i s .  Thus, t h e  shape of b o t h  p r o f i l e s  

is  determined by t h e  n a t u r e  of t h e  i n t e r a t o m i c  p o t e n t i a l s  which w i l l  d e t e r  

mine t h e  c r o s s - s e c t i o n s  f o r  energy t r a n s f e r  between t h e  p r o j e c t i l e  and 

t a r g e t  atoms i n  a n  e l a s t i c  c o l l i s i o n .  The r e c o i l  energy t r a n s f e r r e d  t o  

t h e  t a r g e t  atoms a long  t h e  p r o j e c t i l e  p a t h  w i l l  cause  t h e s e  t o  c o l l i d e  

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

on. While t h i s  p roces s  w i l l  n o t  a f f e c t  t h e  range  p r o f i l e ,  i t . m a y  a f f e c t  

t h e  shape  of t h e  damage p r o f i l e .  

The t h e o r e t i c a l  method f o r  defermining t h e  r ange  and damage p r o f i l e  

a r e  s i m i l a r  and a r e  based on l i n e a r  t r a n s p o r t  t h e o r i e s . * l  The damage 

p r o f i l e s  a r e  ob ta ined  by ex tending  L inha rd ' s  Thomas-Fermi d e s c r i p t i o n  t o  

i nc lude  t h e  r e c o i l  atoms a s  w e l l  as t h e  pr imary ion .  Again, t h e  n u c l e a r  
A A 

l o s s  E (damage energy)  and t h e  e l e c t r o n i c  l o s s  Q can be  s e p a r a t e d  w i t h  
A ,. A 

El = E + 9. Note that E i s  u s u a l l y  20-302 s m a l l e r  than  t h e  t o t a l  n u c l e a r  

s topping  power of t h e  p r o j e c t i l e  because t h e  e n e r g e t i c  r e c o i l s  c r e a t e d  

a long  t h e  t r a c k  of t h e  primary i o n  l o s e  some of t h e i r  k i n e t i c  energy 



by e l e c t r o n  e x c i t a t i o n .  

1.1.2 C o l l i s i o n  cascade 

A s  pointed ou t ,  t h e  p r o j e c t i l e  i o n  l o s e s  i ts  energy through a  s e r i e s  

of c o l l i s i o n s  wi th  t h e  t a r g e t  atoms, u n t i l  i t s  energy f a l l s  below a  

c e r t a i n  minimum va lue  and i t  comes' to r e s t .  I f ,  i n  these  c o l l i s i o n s ,  i t  

t r a n s f e r s  e l a s t i c  en2rgy g r e a t e r  than a  c e r t a i n  minimum threshold  G- 

placement energy (E-) t o  a  t a r g e t  atom, t h i s  atom i s  displaced.  I f  t h i s  
- - i3 

r e c o i l  atom rece ives  a  l a r g e  enough energy, it  can i t s e l f  cause displace- 

ments of o the r  atoms and so  on. I n  t h i s  process ,  a  l a r g e  number of atoms 

w i l l  be d isplaced and w e  have what i s  termed a  c o l l i s i o n  cascade. I n  f i g .  

3, w e  i l l u s t r a t e  t h i s  process.  The t h i c k  s o l i d  l i n e  represen t s  t h e  path 

i- 
of t h e  p r o j e c t i l e  ion ,  i n  t h i s  case  a  20 keV W . The t r a c k s  branching 

out  from i t  represen t  t h e  pa th  of r e c o i l  atoms i n  t h e  t a r g e t  which is  W. 

The t a r g e t  has been assumed. t o  be amorphous; E "  = 43eV, and t h e  t r a c k  of 
d 

all r e c o i l  atoms has  been followed u n t i l  t h e i r  energy f a l l s  below 10 eV. 

The cascade was simulated using t h e  program TRIM of Biersack and Haggmark. 20 

Notice t h a t  a  l a r g e  f r a c t i o n  of t h e  r e c o i l  atoms a r e  t h e  r e s u l t s  of t h i r d  

o r  higher order  genera t ion coll i .s ions.  . The c o l l i s i o n  cascade e f f e c t i v e l y  

ends when t h e  energy of a l l  t h e  r e c o i l  atoms f a l l s  below E because no 
d ' 

f u r t h e r  d isplaced atoms can be produced. 

The c o l l i s i o n  cascade g ives  t h e  manner i n  which t h e  energy of a  

s i n g l e  p r o j e c t i l e  i s  d i s t r i b u t e d  s p a t i a l l y .  Because of s t a t i s t i c a l  

f l u c t u a t i o n s ,  t h e  cascades due t o  d i f f e r e n t - p r o j e c t i l e s  of t h e  same mass 

and energy can be very  d i s s i m i l a r .  However, t h e  damage.prof i le  r e f e r r e d  

t o  i n - t h e  previous s e c t i o n  can be obtained by averaging t h e  r e s u l t s  of 

s e v e r a l  hundred such cascades. This  is  t h e  b a s i s  f o r  obta in ing the  



+ 
Fig.  3: A c o l l i s i o n  cascade i n  tungsten produced by a  20 keV W ion.  

The s o l i d  l i n e  i nd i ca t e s  the  path  of the  p r o j e c t i l e  i n s i d e  
the  t a r g e t ,  and the  l i g h t e r  l i n e  the  path of the  r e c o i l  atoms. 



damage profile from Monte-Carlo computer techniques. Excellent agreement 

is obtained between this approach and the analytical techniques based on 

transport theories. 20' 23 The reverse process, i. e. , obtaining the depos- 

ited energy distribution for individual cascades from the damage profile, 

is more difficult. Attempts have been made to do this analytically by 

using contraction factors. 22 In this respect, the Monte-Carlo computer 

calculations are more useful, as they allow the simulation of individual 

The important. problenh is how this deposited energymanifests itself 

physically. In metals, the collision cascade leads to the creation of 

vacancies. In the simplest picture of damage, it is assumed that a 

vacancy is produced every time that a target atom is given an energy 

greater than E and the recoiling incid.ent. ion has an energy also larger d 
+ than Ed. In fig. 4, we show a collision cascade for 20 keV Pt on Pt show- 

ing only the positions of the vacancies and the ion path. WP have not 

shown. the positions of the interstitials .  his collection nf vacancies 

fomcd from the cullislun cascade we call a'depleted zone (DZ). 

A measure of the degree of damage is given by the number of vacancies - 
cascade (v). . v is directly propurtional ro E because the vast major- 

ity of cascade atoms are generated from ].ow-energy collisiono. The Kinchin- 

2 4 Pease formula gives: 

E 
VK-P = - 

2Ed 

which can be derived:from simple kinematic considerations, with the assump- 

tion of a single E and binary collisions. Note that vK-p is independent d 

of the mass of the ion. The spatial distribution. of vacancies is,., 
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+ 
: Fig. 4: Depleted zone produced in platinum by a 20 keV Pt ion. The . .  

open squares represent vacaneies, the colid line the path of 
the projectile. 
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F i g .  5 :  (a) 3epleted  zone produced i n  tungsten by '10 keV Cu ion .  

(b) Depleted zone produced i n  tungsten by 2,Q 1ceV W" i on .  
Sputtered atoms produced i n  the c o l l i s i o n  cascade are  a l s o  shown. 



however, a f f e c t e d  by M1/M2. F igu re  5 ,  ( a )  and ( b ) ,  shows cascades  due t o  

+ + 
20 keV Cu i o n s  on W and 20 keV W on W r e s p e c t i v e l y .  The t o t a l  pa th  

l e n g t h  of t h e  Cu i o n  i s  g r e a t e r  than  t h a t  of t h e  W i on . '  The Cu cascade  

i s  more spread  o u t  t han  the '  W,cascade even though bo th  have approximately 

t h e  same v .  I n .  g e n e r a l ,  t h e  cascades  become s m a l l e r  i n  s i z e  as M1/M2 ..%.: 

i n c r e a s e s  because t h e  c o l l i s i o n  c ros s - sec t ion  f o r  a l a r g e  energy t r a n s -  

f e r  dec reases  w i t h  dec reas ing  M 1 , Z l .  A s  a  consequence, t h e  energy of a 

l i g h t  i o n  i s  d i s s i p a t e d  i n  a s e r i e s  o f ' c o l l i s i o n s  invo lv ing  t h e  t r a n s f e r  

of sma l l  amounts of energy t o  t h e  t a r g e t  atoms, w h i l e  t h a t  of a heavy 

ion  is d i s s i p a t e d  i n  a  few c o l l i s i o n s  invo lv ing  l a r g e  t r a n s f e r s ,  which 

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

energy c o l l i s i o n s  i s  c a l l e d  t h e  mean f r e e ' p a t h  (A!:). The v a l u e  of A* --- 
determines  t h e  volume i n  which t h e  energy is  d i s t r i b u t e d  and, hence, t h e  

energy d e n s i t y  (8) and t h e  related' ,defect 'coricentration (c ) .  The quan- 
. v 

t i t y ,  8 ,  is  a c r u c i a l  f a c t o r  t h a t  can a f f e c t  t h e  t o t a l  damage. F igu re  6 

shows two d i f f e r e n t  ways of how energy may be  d i s s i p a t e d  by an  e n e r g e t i c  

p a r t i c l e  i n  a s o l i d  via e l a s t i c  c o l l i s i o n s .  F i g u r e  6 (a )  shows a  l i n e a r  

c o l l i s i o n  cascade and f i g .  6(b)  a  non-l inear  cascade.  I n  bo th  c a s e s ,  

t h e  energy i s  u l t i m a t e l y  shared  by a g r e a t  number of atoms. The d i f f e r -  

ence between t h e  two s i t u a t i o n s  l i e s  i n  t h e  f a c t  t h a t  w h i l e  on ly  a  s m a l l  

f r a c t i o n  of a l l  atoms w i t h i n  a  c e r t a i n  cascade  volume a r e  i n  motion i n  

f i g .  6 ( a ) ,  e s s e n t i a l l y  a l l  atoms w i t h i n  a c e r t a i n  cascade  volume move i n  

f i g .  6 ( b ) .  The p i c t u r e  of a  l i n e a r  cascade  a p p l i e s  when A* is l a r g e  

whereas,  i n  a  non- l inear  cascade ,  A* i s  v e r y  sma l l ,  so  t h a t  t h e  energy is  

shared  w i t h  a l l  t h e  atoms i n  a  s p i k e  volume. 

I n  a  l i n e a r  c o l l i s i o n  cascade ,  t h e  approximations of b i n a r y  



Fig. 6: (a) A linear cascade. I 

(b) A non-linear cascade. i 



c o l l i s i o n s  involved  i n  t h e  a n a l y t i c a l  t h e o r i e s  based on l i n e a r  t r a n s p o r t  

theory  a r e  v a l i d .  The r e c o i l  energy spectrum, t h e r e f o r e ,  h a s  a n  E - ~  fukc- 

t i o n a l  dependence25 and v ,  which i s  dependent on t h e  n a t u r e  of t h e  r e c o i l  

spectrum, h a s  t h e  form of eqn (1-8). I n  a non-l inear  cascade ,  t h e s e  

approximations b r e a k  down; t h e  r e c o i l  energy spectrum probably d i f f e r s  from 

t h e  E - ~  dependence and t h e  v a l u e  of v is  g r e a t e r  than  v 
K-P ' 

The p r a c t i c a l  d i f f e r e n c e  between t h e  two s i t u a t i o n s  is  c h a r a c t e r i z e d  

most i l l u s t r a t i v e l y  when two l i n e a r  cascades  ( o r  non-l inear  cascades)  a r e  

genera ted  a t  t h e  same t ime on top  of each  o t h e r .  Th i s  can  be r e a l i z e d  i n  

p r a c t i c e  by bombardment w i t h  a dimer.  When two l i n e a r  cascades  a r e  super-  

imposed, t h e  s t a t i s t i c a l  n a t u r e  of t h e  c o l l i s i o n  even t s  w i l l .  p r even t  a 

s t r i c t  ove r l ap  i n  t h e  two cascades.  Because of t h e  s m a l l  f r a c t i o n  of 

atoms moving i n  e i t h e r  c a s e ,  t h e  two cascades  superimpose s o  t h a t  t h e  ': ': 

t o t a l  number of moving atoms is  twice  as l a r g e  a s  i n  e i t h e r  cascade ,  and 

t h e  energy d i s t r i b u t i o n  among t h e  atoms remains e s s e n t i a l l y  unchanged. 

The system is, l i n e a r .  When two.non- l inear  cascades  a r e  superimposed, on 

t h e  o t h e r  hand, energy w i l l  be  d i s s i p a t e d  e s s e n t i a l l y  w i t h i n  t h e  same 

cascade volume, i . e . ,  t h e  t o t a l  number of  atoms i n  motion w i l l  i n c r e a s e  

only  i n s i g n i f i c a n t l y .  Consequently,  t h e  ava i . l ab l e  energy pe r  atom must 

double approximately.  Obviously, such  a system is non- l inear ;  hence t h e  

name. The n o n - l i n e a r i t y  should appear  i n  t h e  damage l e v e l s .  I n  a l i n e a r  

system, t h e  n e t  damage should be  p r o p o r t i o n a l  t o  t h e  number of impinging 

p a r t i c l e s .  I n  a non-l inear  system, such  a s imple  r e l a t i o n s h i p  i s  n o t  

expected;  f o r  a dimer is  expected t o  d i f f e r  from t h e  sum of t h e  v of 

t h e  c o n s t i t u e n t s  of t h e  dimer.  

It is clear from t h e  above p i c t u r e s  t h a t  t h e  d i s t i n c t i o n  between a 



l i n e a r  and a non-linear cascade is a mat ter  of minimum energy an atom 

must have i n  o rder  t o  be c a l l e d  " i n  motion." I f  t h i s  minimum energy is  

s u f f i c i e n t l y  h igh,  t h e  number of "moving" atoms w i l l  always be small  

enough t h a t  t h e  l i n e a r  cascade concept app l i es .  Conversely, any cascade 

becomes l i k e  a non-linear cascade i f  t h e  minimum energy is  s u f f i c i e n t l y  

s m a l l .  I n  the  case  of r a d i a t i o n  damage, t h i s  minimum energy w i l l  be 

charac te r i zed  by Ed--the smal ler  t h e  Ed ,  t h e  more l i k e l y  a non-linear 

cascade w i l l  occur. 

On the basis of t x i s t i l l g  k~~uwledge ul: l u l l  rauges, ir appears char 

the  a v a i l a b l e  spectrum of i o n l t a r g e t  combinations a s  we l l  a s  ion  energies  

covers t h e  whole range between pronounced l i n e a r  and non-linear behavior. 

Roughly, non-linear cascades a r e  generated by heavy ions  i n  heavy t a r g e t s  

a t  not  too high ion  energies  ( ~ 1 0 0  keV) and v i c e  ve r sa  f o r  l i n e a r  cascades. 

The above d i s t i n c t i o n  between l i n e a r  and non-linear cascades on the  

b a s i s  of t h e  s p a t i a l  dens i ty  of atoms set i n t o  motion r a i s e s  t h e  ques t ion 

of time s c a l e s ,  a s  i t  i s  c l e a r  t h a t ,  i n  the  i n i t i a l  s t a g e s  of t h e  c o l l i -  

s i o n  cascade, only a few atoms w i l l  be i n  motion and the  cascade may s t i l l  

be l i n e a r .  I n  t h e  l a t e r  s t a g e s ,  t h e  number of atoms i n  motion w i l l  be 

very l a r g e  and t h e  cascade i s  non-linear. The concept of l i n e a r  and non- 

l i n e a r  e f f e c t s  separa ted  i n  time o r i g i n a t e s  i n  e a r l i e r  work of Thompson 

and Nelson. 29 

It is poss ib le  t o  de f ine  four  b a s i c  t ime ,zones  t h a t  e x i s t  when a 

heavy ion i s  implanted i n t o  a s o l i d .  These zones and t h e i r  p r o p e r t i e s  

2 6 a r e  ou t l ined  below. 

(1) Prompt c o l l i s i o n a l  regime: (10-Is - 10-l4 seconds) . This  con- 

sists of t h e  f i r s t  few v i o l e n t  c o l l i s i o n s  between the  inc iden t  ion  and 



t h e  s u b s t r a t e  atoms. Note t h a t  t h e  time involved is  a t  l e a s t  a n  order 

smal ler  than t h e  time per iod of v i b r a t i o n  of an  atom i n  the  t a r g e t  

l a t t i c e  (10'13 sec . )  so  t h a t  t h e  approximation t h a t  . t h e  t a r g e t  atoms a r e  

a t  rest i s  q u i t e  v a l i d .  Linear c o l l i s i o n  cascade theory can adequately 

t r e a t  t h i s  regime and is t h e  reason why it has been success fu l  i n  

p red ic t ing  the  range p r o f i l e s  of Cons i n , s o l i d s .  

(2)  Slow c o l l i s i o n a l  regime:. ( 1 0 - l ~  - 10'12 seconds). This  is  t h e  

time period d u r h g  which t h e  c o l l i s i o n  cascade develops and energe t i c  

knock-on e f f e c t s ,  such a s  d e f e c t  production and s p u t t e r i n g ,  occur. A s  

mentioned previously ,  t h e  e a r l i e r  s t a g e s  of development of t h e  cascade 

should be w e l l  described by l i n e a r  cascade theory,  bu t  t h e  l a t e r  s t ages  

may d i sp lay  p r o p e r t i e s  of a non-linear cascade. 

(3) Prompt thermal regime: (10-l2 - 10-lo seconds) . This  i s  the  

time zone j u s t  a f t e r  the  end of t h e  c o l l i s i o n  cascade when t h e  energy of 

a l l  t h e  atoms has  f a l l e n  below Ed,  so  t h a t  no more d e f e c t s  a r e  produced. 

Leaving a s i d e  t h e  i n t e r s t i t i a l s ,  which i n  a c r y s t a l l i n e  m a t e r i a l  a r e  

t ranspor ted  by Replacement C o l l i s i o n  Sequences (RCS's) away from the  core 

of t h e  D Z ,  many atoms i n  t h e  c o l l i s i o n  cascade (which a r e  the re fo re  

i n  t h e  v i c i n i t y  ok t h e  DZ) s t i l l  possess a l a r g e  amount of k i n e t i c  energy 

but  probably s t i l l  o s c i l l a t e  about a l a t t i c e  s i t e .  Thus, we have a l o c a l  

region wi th in  t h e  l a t t i c e  which is  i n  a h ighly  exc i t ed  s t a t e .  The 

energy of t h i s  region eventual ly  d i s s i p a t e s  t o  the  surrounding l a t t i c e .  

This t r a n s i t i o n a l  regime is  by f a r  t h e  most complex and so  f a r  a s a t i s -  

f a c t o r y  t h e o r e t i c a l  t reatment has not  been found. The t i m e  s c a l e  is too 

s h o r t  f o r  Maxwell-Boltzmann s t a t i s t i c s  t o  be appl ied  o r  f o r  t h e  coupling 

between atomic motion and e l e c t r o n i c  e x c i t a t i o n  t o  reach equil ibrium. 



Hence, a t r u e  " temperature" cannot  be  a s s igned .  On t h e  o t h e r  hand, t h e  

t i m e  s c a l e  is long enough f o r  s i g n i f i c a n t  a tomic motion t o  become d i s -  

t r i b u t e d  t o  - a l l  atoms i n . . t h e  cascade.  

(4) Slow thermal  regime: ( < l o - l o  seconds) .  Here, t h e  t ime s c a l e  

is long enough f o r  energy s h a r i n g  between atomic motion (phonons) and 

e l e c t r o n i c  e x c i t a t i o n ,  and normal . therma1 c o n d u c t i v i t y  c o n s i d e r a t i o n s  can  

be  expected t o  apply.  Unfo r tuna te ly ,  i n  most meta l  o r  omieanducl ;or  

imp lan ta t ions ,  t h e  quenchfng r a t e  is  r a p i d  orisugh te have already brought 

t h e  cascade  volume a lmost  back t o  t h e  s u b s t r a t e  tempera ture  b e f o r e  th i s  

s t a g e .  

During zone 3 ,  t h e r e  is  t h e  p o s s i b i l i t y  of movement of atoms w i t h i n  

t h e  cascade  volume a s  long as t h e  k i n e t i c  energy of t h e  atoms remain high.  

S i g n i f i c a n t  changes i n  t h e  loca l  s t r u c t u r a l  properr ies--such a s  mixing of 

components, as w e l l  a s  phase changes i n  c a s e  of alloys--can occur .  The 

changes should  b e  s i g n i f i c a n t  if the dop03ited euergy d e n s i t y  is  v e r y  

h igh .  I f  t h e  mean energy per a t n m  6 is  aonvertcd LU tempevAtures by t h e  

3 thcrmodynmic r e l a t f o n ,  0 = - kT, t hen  tempera tures  as h igh  as 104~. can 2 

b e  ob ta ined  i n  cascades  produced by heavy i o n s  of moderate energy i n c i d e n t  

on heavy t a r g e t s .  Th i s  r eg ion ,  having a  ve ry  high l o c a l  energy d e n s i t y ,  

is g e n e r a l l y  termed a n  "energy sp ike . "  During tlio per iod  When t h i s  

energy s p i k e  p e r s f s t s ,  which i s  zone 3 ,  t h c r e  is  the  p o s s 5 b i l i t y  of r e a r -  

raagtunenc of vacanc ie s  i n  t h e  BZ and t h e  vacancy c l u s t e r  may change i t s  

morphology. Both TEM and FIM r e s u l t s  have shown t h e  presence  of d i s l o c a -  

t i o n  loops ,  which a r e  two-dimensional d e f e c t  s t r u c t u r e s ,  even a f  v e r y  low 

tempera tures ,  where t h e  d e f e c t s  a r e  immobile. The loops  a r e  caused by 

t h e  c o l l a p s e  of D Z ' s .  The mechanism of c o l l a p s e  is n o t  known b u t  i t  i s  



connected wi th  c and v a s  we l l  a s  the  m a t e r i a l  p r o p e r t i e s  of t h e  t a r g e t .  
v 

Experimental observat ions  a r e  always c a r r i e d  out  a f t e r  time s c a l e s  t h a t  

a r e  f a r  i n  excess of times during which rearrangement takes place  and so  
r 

t h e  observed de fec t  d i s t r i b u t i o n  may no t  n e c e s s a r i l y  be t h e  d i s t r i b u t i o n  

stemming from the  o r i g i n a l  c o l l i s i o n  cascade. 

The co l l apse  of t h e  D Z ' s  i n t o  loops makes them v i s i b l e  i n  t h e  TEM, 

owing t o  t h e  l a r g e  s t r a i n  f i e l d s  of t h e  loops. However, a s  not  a l l  t h e  

D Z ' S  co l l apse ,  much of t h e  damage is not  v i s i b l e  i n  t h e  TEM. A q u a n t i t y  

c a l l e d  t h e  y i e l d  f a c t o r  (Y) i s  defined by: 

Y = 
Loops (number ~ m - ~ )  

ion  dose (number of ions  ~ r n - ~ )  

For most m a t e r i a l s ,  Y i s  l e s s  t h a n l .  The FIM is super io r  t o  the  TEM i n  

t h i s  r e spec t  t h a t  i t  is  capable of resolving a l l  t h e  d e f e c t s ,  inc luding 

ind iv idua l  point  defects , ,  d e f e c t  c l u s t e r s  as we l l  as loops.  

Other techniques such a s  r e s i s t i v i t y  measurements on ion- i r rad ia ted  

t h i n  films2' and wi re  specimens, and Rutherford back-scattering (RBS) 
2 8 

have been employed t o  study de fec t s .  Both measure t h e  av,erage damage 

l e v e l  f o r  many D Z ' s  and a r e  not  capable of t e l l i n g  anything about the  

s p a t i a l  d i s t r i b u t i o n  of damage within  ind iv idua l  DZ1s. 

The FIM r e s u l t s  on D Z 1 s  were t h e  experimental analog of t h e  Monte 

Carlo computer c a l c u l a t i o n s  which s imula te  t h e  e f f e c t s  of each ind iv idua l  

p r o j e c t i l e .  The "cumulative" - e f f e c t s ,  i . e . ,  t h e  e f f e c t s  of a  beam of 

ions ,  w a s  obtained by averaging over the  r e s u l t s  of many ions .  The 

a n a l y t i c a l  r e s u l t s  based on t r anspor t  t h e o r i e s  d e a l  wi th  t h i s  cumulative 

d i s t r i b u t i o n .  With t h e  FIM, we were a b l e  t o  s e e  t h e  f l u c t u a t i o n s  i n  

ind iv idua l  D Z ' s  a s  w e l l  a s  ob ta in  r e s u l t s  f o r  t h e  cumulative d i s t r i b u t i o n  



by averaging  over  t h e  D Z ' s .  

The cumula t ive  d i s t r i b u t i o n  washed o u t  t h e  s t r u c t u r a l  f e a t u r e s  of 

t h e  i n d i v i d u a l  D Z ' s .  I n  many a p p l i c a t i o n s  of i o n  beams, t h e  p r o p e r t i e s  

of t h e  cumula t ive  damage d i s t r i b u t i o n  a r e  only  d e s i r e d .  However, i t  must 

be emphasized t h a t  i n d i v i d u a l  e v e n t s  a r e  v e r y  impor tan t .  A s  po in ted  o u t ,  

above t h e  n a t u r e  of t h e  cascade  may a f f e c t  t h e  damage l e v e l  and a l s o  t h e  

morphology of t h e  d e f e c t  c l u s t e r  ( c o l l a p s e  i n t o  loops ) .  The d i ~ t i n c t i o n  

between indiv idua l .  .?nd sumula t ive ef f ~ C C S  a r e  i h p ~ r c n n t  aa i L vl~ele~l- i ires  

t h e  h p u r r a i l c e  o r  many atomic p roces ses  t h a t  occur  dur ing  t h e  c o l l i s i o n  

cascade prucess .  These p roces ses  may n o t  be  e v i d e n t ,  when v a r i n u s  groco 

p r o p e r t i e s  of t h e  m a t e r i a l ,  r e p r e s e n t i n g  t h e  average  over  many e v e n t s ,  a r e  

measured. 

We end t h i s  s e c t i o n  w i t h  a few comments on t h e  s u b j e c t  of s p u t t e r i n g ,  

which i s  c l o s e l y  connected w i t h  t h e  phenomenon of r a d i a t i o n  damage. I n  

f i g .  4 w e  saw t h a r  c e r t a i n  r e c o i l  atoms, nea r  t h e  surface-- that  a r e  

involved i n  t h e  cnl1. is ion cascade--are ejected, provided thaL they possess 

s u f f i c i e n t  k i n e t i c  energy t o  overcome t h e  s u r f a c e  p o t e n t i a l  b a r r i e r .  On 

t h e  b a s i s  of  t h i s  p i c t u r e  i t  is c l e a r  t h a t  t h e  s p u t t e r i n g  y i e l d  CS) de f ined  

by : 

s = no. 01 sputtered. ions /  . ~. cm2 
i n c i d e n t  i o n s  c m 2  

is determined by t l ~ v  dis tance u1 t h e  c o l l i s i o n  cascade  from t h e  s u r f a c e ,  

t h e  s p a t i a l  energy d i s t r i b u t i o n  a s  w e l l  a s  t h e  r e c o i l  spectrum of t h e  

d i s p l a c e d  atoms w i t h i n  t h e  cascade.  C l e a r l y ,  t h e  b u l k  of t l ie s p u r t e r e d  

i o n s  w i l l '  come from cascades  c l o s e  t o  t h e  s u r f a c e  and t h e  FIM w i t h  i t s  

h i g h  dep th  r e s o l u t i o n  i s  capab le  of ana lyz ing  t h e  D Z ' s  r e s u l t i n g  from 



these  cascades. Note t h a t  because S is dependent on t h e  r e c o i l  spectrum 

i t  should r e f l e c t  any non-1.j.nearities i n  t h e  cascade. The only problem 

is t h a t  S i s  an average over many cascades and over many q u a n t i t i e s  such 

a s  t h e  energy and d i r e c t i o n  of t h e  spu t t e red  ions .  The non- l inea r i t i e s  

have t o  be very pronounced t o  be no t i ceab le  i n  S .  Here, once again ,  t h e  

a b i l i t y  of t h e  FIM t o  d e t e c t  ind iv idua l  DZ'S  al lows f l u c t u a t i o n s  t o  be 

detec ted  more e a s i l y  than wi th  any o t h e r  method. 

8 

1.1.3 Prospectus - of t h e s i s  

Chapter 111 examines t h e  na tu re  of the  primary s t a t e  of damage i n  P t  

and compares i t  wi th  t h a t  i n  W ,  so  a s  t o  determine t h e  e f f e c t  of t h e  

m a t e r i a l  p r o p e r t i e s  of t h e  targe- t  on t h e  f i n a l  s t a t e  of damage. 

Chapter I V  dea l s  wi th  t h e  change i n  t h e  na tu re  of t h e  damage i n  W 

a s  t h e  energy of se l f - ions  is increased.  It examines both  t h e  p r o p e r t i e s  

of t h e  D Z ' s  a s  a func t ion  of El, a s  w e l l  a s  t h e  change i n  t h e  d e f e c t  mor- 

phology. 

Chapter V d e a l s  wi th  t h e  i s s u e  of non-linear cascades and non-lin- 

e a r i t i e s  by comparing t h e  damage s t a t e  produced i n  W due t o  i r r a d i a t i o n  

+ + 
with heavy monomers (Ag and W ) with  t h a t  caused by i r r a d i a t i o n  wi th  

+ + 
dimers (Ag2 and W2 ).  
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11. EXPERIMENTAL DETAILS 

11. 1 Experimental  s e t  up 

The exper imenta l  set up c o n s i s t s  b a s i c a l l y  of two main s e c t i o n s ,  as 

shown i n  f i g .  7-the i o n  a c c e l e r a t o r  and t h e  f i e l d - i o n  microscope (FIM). 

The p r e s s u r e  i n  t h e  a c c e l e r a t o r ,  when i n  o p e r a t i o n ,  was u s u a l l y  lo-' Corr 

w h i l e  t h a t  i n  t h e  FIM was main ta ined  a t  <2 x t o r r  i n  t h e  absence of 

t h e  imaging gas .  Thc p r e s s u r e  d i f f e r e n t i a l  between the twn secf ions  was 

maantained by o c p a r a L i ~ ~ g  them by a three-s tage  d i f f e r e n t i a l  pumping 

system. The FIM specimens were i r r a d i v t o d  at t11v t~mpePature  a t  which 

they  were imaged, w i t h  t h e  imaging f i e l d  o f f ,  and i n  t h e  absence of t h e  

imaging gas. The t i m e  r e q u i r e d  f o r  t h e  i r r a d i a t i o n  t o  t h e  d e s i r e d  dose  

was u s u a l l y  l e s s  t han  t h e  t ime r e q u i r e d  f o r  one monolayer of CO t o  be  

adsorbed on t h e  s u r f a c e  of t h e  t i p .  

The a c c e l e r a t o r  was equipped w i t h  a Hil l -Nelson s p u t t e r e d  meral i o n  

1 , 2  sou rce ,  which could produce i o n s  of gases  in t roduced  i n t o  the plasma 

chamber, o r  m e t a l l i c  4nns produced by che s p u t t e r i n g  of t h e  corresponding 

m e t a l  t a r g e t  i n  t h e  plasma. The p o s i t i v e  i o n s  were e x t r a c t e d  through a 

s m a l l  a p e r t u r e  and a f t e r  a c c e l e r a t i o n  t o  t h e  deo i r ed  v v l t a g c  were mass-. 

s p e ~ t r o m e f r i c a l  ly analyzed by an electromagnet i n  t h e  h o r i z o n t a l  d i r e c t i o n .  

The i o n  c u r r e n t  was measured w i t h  a f l a g  i n  t h e  f l i g h t  t u b e  p laced  b e f o r e  

the entrance a p e r t u c e  ca a n  FIM. By r a i s i n g  t h e  f l a g  t h e  i o n  beam waa 

made t o  impinge on t h e  specimen. The beam c u r r e n t  i n c i d e n t  on t h e  t i p  

was measured, w h i l e  s imul taneous ly  monitor ing t h e  p r o f i l e  of t h e  beam, 

with a spec ia l ly-des igned  Faraday cup. The beam was d e f l e c t e d  horizon-  

t a l l y  and v e r t i c a l l y  by means of d e f l e c t i o n  p l a t e s  p laced  b e f o r e  t h e  



Fig. 7: An overall view of the experimental apparatus. 



a p e r t u r e  t o  t h e  FIM. 

The a c c e l e r a t o r  could be operated t o  g ive  ions ,  wi th  a s  low an energy 

a s  8 keV, al though t h e  cur ren t  w a s  very small  compared t o  t h a t  a t  higher 

energies .  The highes t  a c c e l e r a t i n g  vo l t age  which could be applied-- 

determined by e l e c t r i c a l  breakdown i n  t h e  connections--was 55 kV. How- 

e v e r , . b y  using doubly-charged ions  t h e  e f f e c t i v e  energy range of t h e  

a c c e l e r a t o r  could be doubled t o  110 keV. The use  of doubly-charged lo l l s  

was a l s o  advantageous, as .it a l l  owed Ll~r use of much 1 n r ~ e r  magnetic 

t i e l d s  than w a s  required LO bend singly-charged ions  of t h e  same energy. 

This was important because the  magnet power supply was not  a b l e  t o  pro- 

v ide  s u f f i c i e n t  c u r r e n t  t o  bend heavy ions  l i k e  W+ having energies  g r e a t e r  

than 50 keV. W e  used doubly-charged ions  f o r  60 keV and 90 1ceV se l f - ion  

i r r a d i a t i o n s  of tungsten.  The main disadvantage of using doubly-charged 

ions  was t h a t  t h e i r  i n t e n s i t i e s  were an order  of magnitude l e s s  than t h a t  

of singly-charged ions  and a s  a consequence t h e  i r r a d i a t i o n  t h e  f o r  a 

p a r t i c u l a r  dose increased by the  same f a c t o r .  It was p o ~ o i b l e  cu ohtain 

ion-beams of doubly-charged spec ies ,  of s u f f i c i e n t  i n  t e n s i t y  ~ 1 0 - ~  amps 

- 
cm 2, f o r  t h e  va r ious  gases (such a s  X e ,  K r  and Ar) a s  w e l l  a s  f o r  t a r g e t s  

t h a t  have a high s p u t t e r i n g  y i e l d  l i k e  Au, Ag dlld C t l .  However r e a ~ o n a b l e  

- 
ir1Lensities amps cm 2, were a l s o  obtained f o r  tungstell which has a 

lower s p u t t e r i n g  y i e l d .  

I n  f i g .  8 w e  show a charocterLer ic  mass spectrum obtained from t h e  

a c c e l e r a t o r  f o r  a Xenon plasma and with a Ag t a r g e t .  The i n t e n s i t y  of 

t h e  beam was decreased t o  ob ta in  t h e  b e s t  r e s o l u t i o n .  The peaks of t h e  

two i so topes  of Ag a r e  c l e a r l y  resolved a s  we l l  a s  those  of Xe, showing 

t h a t  t h e  experimental s e t  up is  capable of a mass r e s o l u t i o n  (~m/m) b e t t e r  
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Fig .  8: A t y p i c a l  mass spectrum obtainable from the acce l era tor .  



than 1/100. The Ag* peak is also clearly visible and its intensity is lo-' 

+ 
less than the Ag peak. The ~e* peak is also clearly visible, but we 

+ + 
have omitted the Xe peak since it is ten times larger than the Ag peak. 

It was possible to maximize the Ag* peak by adjusting various parameters 

such as are voltage, the extraction voltage, the axial magnetic field in 

the plasma, etc. The doubly-charged ion peak was, in particular, sensi- 

tive to the arc voltage, which controls the enrrgy of the exciting electrons. 

This was anticipated as more energy is requbrcd to crcdte a douhly-charged 

ion than a singly-charged one. The yield wqs  also c i g n i f i r a u c l y  intrctmccl 

by increasing the axial magnetic field which constricted the plasma further. 

In the duoplasmatron ion source, where a very intense plasiua 1s created 

by tightly constricting it through the use of an intermediate electrode, 

very high yi.elds of multiply-charged ions can be obtained, and thus the 

effective energy range of an accelerator can be further increased. 

In order tn carry out irradlaclons with dimers we used the fact that 

a fraction of the spiittered atoms foxu lu~~'l.riafom clusters. Wllle It has 

been shown that the secondary ions (charged sputtered atoms) form multi- 

atom clusters, 3 , 4 , 5  various authors have pointed out the presence nf 

sputtered multiatom clusters among the neutral purticlcs. A tl~ermoion- 

ically, sustained, magnetically cul~ffned arc discharge in Ar used by 

Cooper and coworkers to study neutral sputtering products from Cu and 

GaAs for the bombardment with Ar' ions below 100 e ~ . ~ "  Cu2 molecules 

were detected with a fraction up to 6% while for GaAs, aside from the 

atomic constituents, only a fraction of 0.6% of GaAs molecules were 

found. More recently, mass spectrometric investigations of sputtered 

neutrals using post-ionization in a 'plasma were performed by Coburn and 



~ a ~ , ~ "  using a c a p a c i t i v e  high frequency discharge  a t  p ressures  of 6 x 

t o r r  f o r  A r  and 1 . 3  x 10-I t o r r  f o r  Ne and by Oeschner 10911 using a low 

pressure  rad io  frequency induced plasma. 0eschner12 showed t h a t  t h e r e  were 

multiatom c l u s t e r s  among t h e  spu t t e red  n e u t r a l s  and t h a t  t h e  f r a c t i o n  of 

dimers was p ropor t iona l  t o  s2, where S was t h e  s p u t t e r i n g  y i e l d  of t h e  

element. H i s  r e s u l t s  gave s t rong  evidence f o r  a  s t a t i s t i c a l  model of t h e  

genera t ion of spu t t e red  molecules. I n  t h i s  model, two o r m o r e  s i n g l e  atoms 

e jec ted  a s  a consequence of one ind iv idua l  c o l l i s i o n  cascade may agglom- 

e r a t e  during emission when t h e i r  r e l a t i v e  k i n e t i c  energy is  smal ler  than 

the  d i s s o c i a t i o n  energy of t h e  generated molecule. The ex i s t ence  of 

such a mechanism is confirmed i n  p a r t i c u l a r  by t h e  energy d i s t r i b u t i o n  

measurements of spu t t e red  diatomic molecules ,12 s i n c e  t h e  formation of 

dimers should be  enhanced i n  t h e  low energy region.  

Previous i r r a d i a t i o n s  of m a t e r i a l s  wi th  dimers were done wi th  Se, Te 

o r  B e  which have a high f r a c t i o n  of diatomic molecules i n  t h e  vapor. This 

is the  f i r s t  repor ted  use  of t h e  dimers obtained from the  s p u t t e r i n g  of 

t a r g e t s ,  f o r  t h e  purpose of i r r a d i a t i o n .  

On t h e  b a s i s  of t h e  s2 dependence of the  dimer c u r r e n t  it  was obvious 

t h a t  the  b e s t  candidates  f o r  dimer i r r a d i a t i o n s  were Ag2 o r  Au2. 

I n  f i g .  9 we show t h e  m a s s  spectrum obtained using Ag a s  t h e  t a r g e t ,  

employing an a c c e l e r a t i n g  vo l t age  of 20 kV, t h a t  c l e a r l y  shows t h e  Ag2 
+ 

peak. We conf imed  t h a t  t h i s  was indeed a dimer peak and not  an a r t i f a c t  

caused by t h e  charge exchange of A** i.n t h e  region between the  acce le ra t -  

ing e l e c t r o d e s  and t h e  analyzing magnet (which would have l e d  t o  a peak 

+ 
a t  the  same p o s i t i o n  a s  t h e  Ag2 ) by not ing t h a t  t h e  i n t e n s i t y  of t h e  Ag2 

+ 

peak was i n  f a c t  much higher than that of t h e  A ~ *  peak. The charge 
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F i g .  9: Mass spectrum showing the Ag and the  Ag 2 * peak. 



exchange cross-sect ion would have t o  be very l a r g e ,  given t h e  pressure  (p) 

i n s i d e  t h e  a c c e l e r a t o r  and t h e  d i s t a n c e  (1) between the  a c c e l e r a t i n g  

+ e lec t rodes  and t h e  magnet t o  account f o r  a high conversion of A ~ *  t o  Ag . 
For example, wi th  a t y p i c a l  cross-sect ion of say ,  2 x 10-l6 cm2, and f o r  

a p ressure  of t o r r  and 1 = 100 cm t h e  f r a c t i o n  conversion is: 

f = 3.3 x 1016 p l a  (2-1) 

=: 10-2 

+I- 
Moreover, t h e  Ag peak increased by inc reas ing  t h e  a r c  vo l t age ,  

+ 
whereas t h e  Ag2 peak d id  not  inc rease  correspondingly. W e  a l s o  

+ 
observed t h e  Ag2 peak increased by varying t h e  gas p ressure  i n  t h e  a r c  

'+ 
without changing t h e  Ag peak. These two observat ions  showed c l e a r l y  

+ 
t h a t  t h e  Ag2 peak was not  coupled t o  t h e  A ~ *  cu r ren t  which i t  would have 

been if i t  were an  a r t i f a c t  t h a t  depended on i t .  Figure 9 shows t h e  mass 

+ s p e c t r a  obtained f o r  W which c l e a r l y  i n d i c a t e s  t h e  W2 peak. 

W e  measured t h e  dimer c u r r e n t s  f o r  s e v e r a l  t a r g e t s ,  i n  order  t o  inves- 

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

Let  I1 = ion  cur ren t  f o r  monomers; and 

I 2  = ion  cur ren t  f o r  dimers. 

We can set: 

11 = ayS (2-2) 

where a is  t h e  i o n i z a t i o n  e f f i c i e n c y  of t h e  plasma and y is  a transmission 

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

plasma. S imi la r ly ,  

I2 = aByS (2-3). 

where B would be a f a c t o r  t h a t  r epresen t s  t h e  formation of t h e  dimer from 

two monomers. Hence, 
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Fig. 20: Mass spectrum showing the  W and H peak.  2 



i . e . ,  t h e  r a t i o  of t h e  dimer t o  monomer c u r r e n t s  should be p ropor t iona l  

t o  S i f  t h e  s t a t i s t i c a l  model proposed by'oeschner is v a l i d .  

Figure 11 shows t h e  r a t i o  - I2 p l o t t e d  versus  S .  It is approximately 
1 1 

a s t r a i g h t  l i n e ,  which is  c o n s i s t e n t  wi th  t h e  r e s u l t s  of Oeschner. 

The FIM images were observed wi th  t h e  he lp  of an i n t e r n a l  image- 

i n t e n s i f i c a t i o n  system based on a . G a l i l e o  76 mm diameter channel e l e c t r o n  

m u l t i p l i e r  a r r a y  and t h e  FIM images produced i n  t h i s  manner w e r e  recorded 

on a 35 mm cin6 f i l m  wi th  t h e  a i d  of an Automan c in6 camera equipped wi th  

a 1000 f t  f i l m  chamber. Each. FIM image was recorded a f t e r  a f i e l d  evapor- 

a t i o n  pulse  had been i n i t i a t e d .  The recorded and developed cin6-film 

was analyzed wi th  a Vanguard motion analyzer  which was equipped wi th  x-y 

cross-hai rs ,  a p o s i t i o n  read-out and a zeroing device.  The procedure 

f o r  r econs t ruc t ing  a deple ted  zone i n  three-dimensions from t h e  two-di-men- 

s i o n a l  micrographs is  described i n  re fe rence  14. 

1 2 Platinum 

11.2.1 Specimen prepara t ion 

The FIM.specimens were. prepared from platinum w i r e  0.015 cm i n  

diameter and 99.999 w t  % pure, obtained from Engelhardt I n d u s t r i e s .  The 

w i r e  w a s  given a 9 h r  recover a n n e a l - a t  4 5 0 ' ~  b y . t h e  company, which w a s  

s u f f i c i e n t  t o  cause primary r e c r y s t a l l i z a t i o n  of t h e  cold-drawn wire.  

Specimens prepared from t h e  as-received wi re  presented no problems during 

t h e  imaging and f i e l d  evaporat ion processes--prior t o  i r radia t ion--but  

a l l  of them f rac tu red  a f t e r  i r r a d i a t i o n ,  when t h e  f i r s t  few l a y e r s  were 
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Fig. 11: I)imer/ Monomer current as a function of the sputtering yield 

of the material. The sputtering gas was Xe and the sputter- 
ing voltage 750 V. 



pulse-field evaporated. Best results were obtained with wire that had 

been annealed at llOO°C for 24 hrs in air. At this temperature secondary 

recrystallization grain growth takes place and a large fraction of the 

FIM specimens were found to have a [lll] fiber axis. Specimens with a 

[lll] fiber axis were preferred for the irradiation experiments as a 

larger number of high index planes were obtained that could be utilized 

for analyzing, in atomic detail, the displacement cascade--hereinafter 

referred to as depleted zones (DZ's). 

Great care had to be taken to maintain the wires in a stress-free 

state, after the annealing, since this was found to greatly affect the 

fracture rate of the FIM specimens after irradiation and during pulse- 

field evaporation. The importance of this became clear when an annealed 

piece of wire was work-hardened.by merely straightening a small length. 

FIM specimens prepared from this length fractured at once after bombard- 

ment for ion energies as low as 10 keV, before even one or two layers 

could be field-evaporated. 

Sharply pointed FIM specimens were prepared by the standard electro- 

polishing technique at 3 to 4V dc, in a molten solution of NaNO3 and 

20% by wt NaCl at 6 2 3 K .  The procedure consisted of dipping a wire speci- . 

men, at regular intervals, into the salt bath to a depth of -5 mm and rap- 

idly removing it after 0.2 sec. Next the FIM specimen was field evaporated 

continuously at 7 7 K  and then pulse field-evaporated at 570K to a final 

end-form at a background pressure of 1 x torr Ne. 

11.2.2 Irradiation 

All the irradiations were carried out at 6 0 K  and the FIM specimens 

were maintained at this temperature throughout the pulse-field evaporation 



process.  Attempts t o  f ield-evaporate platinum a t  temperatures lower than 

60K were made but  t h e  r a t e  of f r a c t u r e  was ve ry  high. s o  t h a t  l i t t l e  infor-  

mation on t h e  vacancv s t r u c t u r e  of t h e  DZts.could be obtained.  A t  60K, 

almost a l l  c o n t r a s t  i s  l o s t  around t h e  (111) and (001) p lanes ,  i f  He is 

used a s  the. imaging gas.  Thus, i t  w a s  necessary t o . u s e  Ne.as  t h e  imaging 

gas. The r e s o l u t i o n  wi th  Ne is lower than f o r  He, but  t h e  c o n t r a s t  i s  

f a r  super io r  and a l lows the  a n a l y s i s  of the  v i c i n a l  planes around 111 and 

100 poles.  Figure 12 shows a t y p i c a l  FIM image obtained f o r  Pt a t  60K, 

us ing Ne a s  t h e  imaging gas. 

The energy of t h e  i r r a d i a t i n g  ions  was l imi ted  t o  20 keV a s  t h e  f rac -  

t u r e  r a t e  r o s e  sharply  a s  t h e  energy of t h e  bombarding ions  was increased.  

Almost 100% of t h e  FIM specimens f rac tu red  a t  bombardment energies  g r e a t e r  

than o r  equal  - to 30 keV. The f r a c t u r e  r a t e  is  in t imate ly  l inked up wi th  

t h e  na tu re  of d e f e c t s  produced i n s i d e  t h e  specimen, a s  discussed l a t e r  i n  

t h i s  t h e s i s .  

T?.. ? Tungsten 

11.3.1 Specimen p repara t ion  

The specimens w e r e  prepared from two-pass zone-refined.tungsten rods 

which were grown from a seed so  t h a t  the axes o f  t h e  c r y s t a l s  were along 

t h e  [222] d i r e c t i o n .  They were f i r s t  reduced to 0.55 mm diameter rod by 

e. lectropolishing a t  30 V dc i n  a solu . t ion  of 20 g NaOH i n  one l i t e r  of 

a  60-40 by volume mixture of g lyce ro l  and water ,  wi th  air  bubbled through 

t h e  e l e c t r o l y t e .  The thinned rods were then polished and sect ioned i n t o  

2 cms l eng ths ,  0 .1  m diameter i n  a 1 N  NaOH e l e c t r o l y t e  a t  9 V. A sec- 

t i o n  of t h e  rod w a s  mounted i n  a specimen holder and polished wi th  a 

sharply  pointed FIM t i p  by dipping t h e  specimen t o  a depth of 3-4 mm i n  



Fig. 12: FIM micrograph of platinum t i p  imaged with Ne at 60K. 

- - - - - 



a lN s o l u t i o n  of NaOH and applying a vo l t age  of 4 V A.C. between t h e  speci-  

men and a s t a i n l e s s  s t e e l  cathode. Normally a t i p  having t h e  des i red  

rad ius  w a s  obtained when 1 mm of t h e  specimen was removed by e lec t ropo l -  

i sh ing.  Occasionally,  c e r t a i n  specimens could no t  be  polished t o  t h e  

des i red  r a d i u s  by t h i s  technique. To overcome t h i s  problem, we appl ied  

a very  low v o l t a g e  of <1 V A.C., f o r  some time, t o  t h i n  t h e  specimen down 

t o  a very small diameter (-.005 cm) and then appl ied  sudden pu l ses  of 4 V 

A.C. Very sharp t i p s ,  s u i t a b l e  f o r  FTM imaging could be obrained. I n  

some cases ,  e tchlng took p lace  f a s t e r  a t  a po in t  above t h e  end of t h e  

s p e c i m e ~ ~  aud a s  a r e s u l t  t h e  lower por t ion  dropped o f f .  The po in t  formed 

by t h i s  drop-off method was found t o  be exce l l en t  f o r  imaging purposes, 

provided t h a t  t h e  end was back-polished s l i g h t l y  a f t e r  t h e  drop-off. 

There was no evidence f o r  any s t r a i n s  produced i n  t h e  m a t e r i a l ,  caused by 

t h e  drop o f f  a s  r epor ted  by Miiller. The i n i t i a l  end form of t h e  e lec t ro -  

polished t i p  was extremely rough on an  atomic sca le .  An a tomical ly  smooth 

end form was obtained hy cnrnbining dc and pulsed f ield-evaporat ion at INK. 

11.3.2 I r r a d i a t i o n  

A l l  the i r r a d i a t i o n s  were c a r r i e d  out  a t  10K and t h e  temperature of 

L I I ~  FPM specimens was maintained a t  t h i s  va lue  throughout t h e  pu l se  f i e l d -  

evaporat ion process. This  temperature is below t h a t  f o r  t h e  long range 

migra t ion of t h e  SIA i n  tungsten,  s o  t h a t  during t h e  e n t i r e  experiments 

t h e r e  was no mavPmcut uf any d e f e c t s  and Lhe damage d i s t r i b u t i o n  repre-  

sented  t h e  primary s t a t e  of damage. Helium was used a s  t h e  imaging gas. 

The tungsten specimens were bombarded wi th  20, 45 keV w+, 60 keV wCC 

ion  o r  20 keV ~ g +  ions .  The t y p i c a l  doses ranged from (5  - 10) x 1012 

i o n s  I r r a d i a t i o n s  were a l s o  performed wi th  40 keV w2+ and Agq 
+ 
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+ 
dimers and. s i m i l a r  doses were used. The dimers a s  we l l  a s  t h e  60 keV W 

cur ren t s  were low and a s  a r e s u l t  t h e  i r r a d i a t i o n  period was much g r e a t e r  

than t h e  time required  t o  form one monolayer. However, we were a b l e  t o  

check t h a t  t h i s  introduced no a r t i f a c t  vacancies i n  the  image by keeping 

the  specimen, wi th  t h e  f i e l d  o f f ,  and under t h e  same condi t ions  a s  during 

i r r a d i a t i o n ,  bu t  with no ion beam inc iden t  on i t ,  and then br inging t h e  

vo l t age  back up t o  the  imaging vol tage .  The exact  same image of t h e  tung- 

s t e n  s u r f a c e  was obtained a s  be fore  wi th  no evidence of any corros ion.  
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111. DAMAGE STATE OF ION-IRRADIATED PURE PLATINUM -- 

111.1 Introduction 

The present chapter represents an extension of the earlier radiation 

damage research' on body-centered cubic (bcc) tungsten to face-centered 

cubic (fcc) platinum. Platinum is particularly well-suited for FIM 

work as clear images can be routinely obtained and the image quality 

has been well characterized. An added advantage is that it is very 

close to tungsten (W) in atomic number and weight, so that it is possible 

to compare directly the damage produced in the two materials by ions 

of the same mass and energy without having to correct,for differences 

in the target atomic numbers. There is earlier quantitative work on 

DZ's in fast neutron-irradiated Pt by Attardo and ~alli~an"~ and Inal 

3 and Galligan ; the main emphasis in this work was in determining size 

distributions. The first work in determining the spatial distribution 

of vacancies within and around DZ1s was done by Wei and ~eidman,~ who 

examined a (220) vacancy platelet produced in a specimen of a Pt-4% Au 

+ 
alloy by a single 30 keV W ion at 40K. 

In the research on W the point-defect structure of Dzls created 

7 
at both'18k5" (Stage I) and 473K (near the top of Stage 11) were 

studied. See Ref. 8 for a discussion of Stage I1 (25°K to 400°K) in 

pure Pt. 'The work presented here describes the nature of defects pro- 

duced in Pt during Stage I1 by 20 keV ~ r +  irradiations, and compares 

the experimental results with th&e predicted by various theories of 

radiation damage. Finally the results are compared with those from 

irradiations of W in order to determine the contribution of the nature 

4 1 



of the target material on the damage state. The results are also com- 

+ 
pared with those from 20 keV Pt irradiations at the same temperature to 

illustrate the effect of increasing the atomic number (Z1) of the projec- 

tile on the type of defects created. 

+ 
111.2 20 keV Kr irradiation of Pt --- -- 
111.2.1 Results 

The experhontal dofa21~ regarding opccimcn preparation and irradia 

+ 
tion were described in Chap. 11. The results for 20 keV I<r irradiations 

of pure Pt showed that the primary state of damage due to 20 keV bombard- 

ment at 60K could be classified into 3 morphological types: (a) depleted 

zones; (b) compact vacancy clusters or voids; and, (c) dislocation loops. 

The voids can be considered as DZ1s with very high vacancy concentrations 

and we have classified them as such, pointing ou the void-like nature, 

where it was pertinent. We were.able to detect seven DZ'S (this included 

void-like DZ's) in planes. that had a low point-defect artifact density 

and we analyzed them complete,ly. In addition, we have observed other 

defects that were classified as loops by virtue of contrast effects 

obtained in the FIM images. 

In all, eight DZ1s and throe dislocation  loop^ were detected in 

+ 
three FIM specimens which had been irradiated with 20 keV Kr ions. The 

tips had a radius of approximately 300 A which was determined by the 

method of Dreschler and wolf .ll Their expression for the tip radius is: 

where n is the number ofrings between the two poles, dnkl is the step 

height, and B is the crystallographic angle between the two poles. The 



l o c a l  t i p  r a d i i  were measured between t h e  200 pole  and 420, 620, 311 

poles  and t h e  111 pole  and 202, 313, 642, 311 poles  and t h e  average of 

these  was taken a s  t h e  rad ius  of t h e  t i p .  A l l  of the  t i p s  had an (001) 

o r i e n t a t i o n .  Figures 1 3  a ,  b y  and c  e x h i b i t  t h e  p a r t i a l  s tandard s tereo-  

graphic p ro jec t ions  t h a t  show t h e  top view of each specimen. The plane 

(or  planes)  on which a  DZ was detec ted  is ind ica ted .  The cross-sect ional  

s i d e  views of t h e  specimen a r e  shown i n  f i g s .  1 3  d ,  e ,  and f .  The f i g u r e s  

show t h e  p o s i t i o n s  of o t h e r  damaged regions  detec ted  i n  t h e  specimens 

but  which could n o t . b e  analyzed i n  atomic d e t a i l .  The d e f e c t s  were 

l a b e l l e d  a s  DPKrla and LPKrla, the  f i r s t  l e t t e r  "D" o r  "L" i n d i c a t i n g  

whether t h e  d e f e c t  is a  DZ o r  a  d i s l o c a t i o n  loop respec t ive ly ;  "P" de- 

notes.  t h e  m a t e r i a l  of the.specimen ( i n  t h i s  case  plat inum),  "Kr" i n d i c a t e s  

t h e  type of i r r a d i a t i n g  ion  ( i n  t h i s  case Kr) and t h e  l a s t  two charac te r s  

i n d i c a t e  t h e  s e r i a l  number of t h e  t i p  and t h e  s e r i a l  number of t h e  d e f e c t  

i n  t h e  t i p ,  r e spec t ive ly .  

Figure 14 shows FIM micrographs of a  platinum specimen before  and 

+ 
a f t e r  i r r a d i a t i o n  wi th  20 keV K r  ions .  The regions  i n  which damage is  

v i s i b l e  is indicated  i n  f i g .  14 b  by vees.  

We analyzed t h e  D Z ' s  and t h e  d i s l o c a t i o n  loops t h a t  were c rea ted  by 

the  i r r a d i a t i o n .  

111.2.2 Analysis  - of Depleted Zones 

Using t h e  method developed by wei5 we analyzed i n  atomic d e t a i l  t h e  

vacancies cor ls t i tu t ing  each DZ. The method required  t h e  vacancies t o  be 

s i t u a t e d  i n  planes t h a t  possess s u f f i c i e n t  atomic r e s o l u t i o n  f o r  each 

atom i n  the  p lane  t o  be seen and which have low a r t i f a c t  vacancy concen- 

t r a t i o n s .  Only t h e  regions  around t h e  420-type planes--excluding t h e  



F i g .  13.: 200 s t e r e o g r a ~ h i c  ~ ~ m j e c t i o n s  end s ideviews  o f  irradiated  platinum FIM specimens, showing the  
' p o s i t i o n  a £  depleted  zones produc~d  by 20 keV ~ r +  i o n s .  

20 kdr  krt 
BEAM 
DIRECUCN 

b 

t r2001 
20  keb # r +  
BEAM DIRECTION BEAM DIRECTION 

.r 

.e 

. - 

: 

! 

LPKr3a 

2 0  keV ~ r *  
BE4M 
DIRECTION 

foisl 



Fig. 14: (a) Platinum FIN specimen before irradiation. 
(b) Surface of specimen after irradiation. Regkons of damage 

are indicated with vees. 



Fig. 15: A schematic diagram showing 1 arrangamenc of sLonur of vati- 

ous planes in  and around the 420 pole. The solid black cir- 

c les  indicate the a t m s  in  the zeroth layer and the open cir- 

c l e s  indicate the atoms i n  the f i r s t  layer. 



€420) and (7311 planes--satisfy this requirement. In an FIM specimen 

with a 111 pole, there are six such regions while in a specimen with a 

002 pole there are four such regions observed in the FIM pattern. Figure 

15 shows a schematic diagram of two successive layers for the 420 pole. 

The atoms in the zeroth and first layers are indicated by solid black 

circles and open circles respectively. The Miller indices for each 

plane are shown in the figure. The vectors which are along the inter- 

section of two neighboring planes are also indicated. The vectors are 

in units of a0/2 where a0 is the lattice constant. The diagram was 

plotted using the procedure and information given in Nicholas' Atlas. 9 

Figure 16 is an FIM micrograph showing the location of each plane in 

the region of the 420 pole. Figure 17 illustrates a field evaporation 

sequence showing the vacancies on successive planes. Once the atomic 

positions of the vacancies were obtained it was possible to obtain a 

three-dimensional visualization of the DZ using the OR TEP program. 10 

Also the following quantities of interest were determined for each DZ. 

(a) Number of vacancies (v) ; 

(b) Mean depth of DZ (L) ; 

(c) Spatial arrangement of vacancies; 

(d) Mean vacancy concentrat ion ( cv) ; and, 

(e) Radial distribution functions. 

We briefly describe the manner in which each of these quantities were 

determined before presenting the results. 

(a) The parameter, v, is the easiest quantity to determine and 

was obtained by directly counting the vacancies in the planes. In the 

cases where the DZ overlaps several planes and vacancies appeared on 



Fig. 16: An FIM micrograph ahowing the arrangement of planea in the 
region of the 420 pole. 



e.. 
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Fig.  17: A series of eight FIH micrographs out of 567 recorded during the atom-by-atom dissection of a 
depleted zone. The sofid black circles indicate normal latt ice atop. and the open circles in- 
dicate vacant latt ice  s i tes .  



the  edge separat ing two planes, the  computer program checks t o  see  

whether a vacancy had been counted twice by comparing coordinates i n  the  

cubic coordinate system of the  l a t t i c e .  

(b) The parameter, L,  can be calculated from the following expres- 

s ion : 

where (hkl) is the  plane on which the center of the  DZ was s i tua ted ,  

nhkl i s  the  number of (hkl) planes from the i n i t i a l  surface,  f i e l d  eva- 

porated before reaching the  center  of the  DZ; the angle is the  azimuth- 

a l  angle with rcspect  t o  t he  pole and 8 the  angle with respect  t o  the  

incident beam di rec t ion .  The der ivat ion of eq. (3-2) can be found i n  

appendix B ,  a s  w e l l  as the  exact expression. Equation (3-2) is a good 

approximation a s  long a s  the range L is  small compared with t he  radius  

of the  t i p  R, which i t  was i n  the  majority of the  cases we  considered. 

I n  f a c t ,  t he  s m a l l  d i f ferences  between t h e  ac tua l  value of L and the 

approximate one calculated from (3-2) a r e  probably l e s s  than the  uncer- 

t a i n t y  i n  pinpointing the exact center  of the  DZ, 

(c) The OR TEP drawings give a d i r e c t  visiJalizaLiun of the s p a t i a l  

arrangement of vacancies. An important quanti ty t ha t  character izes  the 

DZ is its dimenoiono i n  various directions. 'I'he dimensions of each DZ 

w e r e  determined by calculat ing teh  standard deviations f o r  project ions  

along the 13 pr inc ipa l  <loo>, <110> and <Il l>- type direct ions .  The 

l a r g e s t  standard deviation was defined a s  the  major axis--d%mension, al. 

The average value of the  standard deviations f o r  the  d i s t r i bu t ions  per- 

pendicular t o  the  d i r ec t ion  of 01 was defined a s  the  minor ax i s  dimension, 



02. An average dimension < A >  was defined as the 20 average full width 

by the expression: 

,a> = ~ ( U ~ U ~ ~ )  1 1 3  (3-3) 

The volume of an ellipsoid with major and minor axes of 01 and 02 is 

then : 

and would include 30% of the total number of vacancies within the DZ. 

(d) The determination of the vacancy concentration within an indi- 

vidual DZ depends on the definition of the volume of the lattice occu- 

pied by the DZ. We have chosen to calculate the number of atomic sites 

included in a volume which was made up of a series of rectangular slabs 

which were fitted to the contours of the DZ and which included all 

the vacancies in the DZ. The first series of slab-elements are four 

atomic layers deep, normal to the [loo] direction of the W lattice with 

a lateral extent determined by the largest vacancy concentration along 

the [010] and [001] directions. The vacancy concentration'is then: 

where AV. is the number of atomic sites within the jth slab element and 
J 

v is the total number of vacancies in the DZ. In order to compensate for 

the irregular shape of the DZ's, this calculation was repeated for slab 

elements normal to [001] and [010] directions.. An average of the three 

results was taken as the vacancy concentration <c >. 
v 

In Table 3.1 and 3.2, we have summarized the various quantities 

listed above, for the seven DZ's that were analyzed in detail. In figs. 

18-24, we exhibit the, OR TEP visualizations of the 7 DZ's. Each of the 



TABLE 3.1 

Range, number of vacancies and vacancy concentration 
for rhe DZ's produced by 2n 1 w V  KT on Pt 

DEPLETED 
ZONE (DZ) 

DPKrla 

DPKrlb 

DPKr 2a 

DPKr 2b 

DPKr 2c 

DPKr3a 

DPKr3b 

RANGE (L) 

L i  

27.5 

5 

5 

4 5 

5 

3s. ti 

15 

NUMBER OF 
VACANCIES 

(v> 

154 

,? 55 

116  

269 

85 

209 

269 

c v 
(AT %) 

1.7 

11 . 5 

2.5 

7 

11 

3 . 7  

10.8 



TABLE 3 . 2  

Dimensions o f  D Z ' s  produced by 20 keV ~ r +  on P t  

<A > 
t 

(A) 
41.35 

24.14 

34.84 

23.08 

11.62 

30.05 

1 4 . 5 1  

DEPLETED 
ZONE (DZ) 

DPKrla 

DPKrlb 

DPKr 2a 

DPKr 2b 

DPKr 2c  

DPKr3a 

DPKr 3b 

'see text and  eqn.  (3-3) f o r  t h e  d e f i n i t i o n s  of 
X I ,  X2, and  < A > .  

ELONGATION 
DIRECTION 

[Ool l  

[ool]  

[0111 

[ 0 0 1  1 

[ 1011 

[0111 

[Ool l  

t 
1 

(A) 
57.8 

30.74 

50.3 

29.4 

14 .8  

36.8 

16.6 

t 
2 

(A) 
35 

21.4 

2 9 

20.45 

10 .3  

27.16 

13.57 



F i g .  18: An OR TEP drawing of d e p l e t e d  zone DPKrla. 



F i g .  19:  An OR TEP drawing o f  dep le t ed  zone DPKrlb. 
. . .  - - 

- .  - .  
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Fig. 20: An OR 'TEP drawing of depleted  zone DPKr2a. 



Fig. 21: An OR TEP drawing of depleted zone DPKr2b. 
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F i g .  22: An OR TEP drawing of  dep le t ed  zone DPKr2c. 



F i g .  23: An OR TEP drawing of d e p l e t e d  zone DPKr3a. 



Fig. 24: An OR TEP drawing of depleted  zone DPRrZb. 



vacancies has  been represented by a  sphere and t h e  surrounding l a t t i c e  has 

been omitted f o r  c l a r i t y .  Vacancies t h a t  l i e  on f i r s t  nea res t  neighbor 

s i t e s  on a  l a t t i c e  have been connected by bonds i n  order  t o  g ive  an indica-  

t i o n  of t h e  degree of c l u s t e r i n g .  

(e)  A s  can be seen from t h e  OR TEP v i s u a l i z a t i o n s ,  t h e  l o c a l  d i s -  

t r i b u t i o n  of vacancies w i t h i n  the D Z ' s  can be  h ighly  non-uniform w i t g  a  

; s t rong tendency towards t h e  formation of l o c a l  c l u s t e r s  of vacancies.  I n  

order t o  c h a r a c t e r i z e  these  v a r i a t i o n s  wi th in  t h e  D Z ,  we have ca lcu la ted  

two types  of average r a d i a l  d i s t r i b u t i o n  funct ions  (RDF's). The f i r s t  is 

a l o c a l  RDF, R ( i ) / Z ( i ) ,  which .measures t h e  average f r a c t i o n  of vacant  s i t e s  

around each vacancy i n  t h e  DZ ou t  t o  t h e  9 th  n e a r e s t a e i g h b o r .  Here R( i )  

is t h e  average number of vacancies i n  t h e  r i n g  of t h e  i - t h  n e a r e s t  neigh- 

bor l a t t i c e  s i t e s  and Z( i )  is  t h e  coordinat ion number of t h e  i t h  s h e l l .  

The f i r s t  d i s t r i b u t i o n  is a  measure of t h e  average l o c a l  environment .: 

around t h e  vacancies.  

A second d i s t r i b u t i o n  N(i) extends over t h e  e n t i r e  DZ and is t h e  

average number of vacancies i n  an annular  s h e l l  of th ickness  a0 and 

radius r, centered on a  vacancy. This  second d i s t r i b u t i o n  gives  a  measure 
j 

of t h e  separa t ion  between major c l u s t e r s  of vacancies wi th in  t h e  DZ s t ruc -  

tu re .  

I n  f i g .  25, w e  show R(i )  /Z( i )  f o r  t h e  seven DZ 's a s  w e i l  a s  t h e  

average f o r  a l l  t h e  D Z ' s .  The ind iv idua l  R ( i ) / Z ( i )  show l a r g e  v a r i a t i o n s  

from DZ t o  D Z ,  which is  apparent from t h e  OR TEP v i s u a l i z a t i o n s .  The 

average ~ ( i ) / ~ ( i ) ~ g i v e s  t h e  average l o c a l  d i s t r i b u t i o n  around a  vacancy 

when a  P t  t a r g e t  is  bombarded wi th  a  low dose of 20 keV ~ r +  ions  such 

t h a t  t h e  ind iv idua l  cascades do not  overlap.  This average i s  cherefuze 



NEIGHBORING SITE SEPARATION 

Fig .  25: The normalized r a d i a l  d i s t r i b u t i o n  f u n c t i o n  [ ~(i)/~(i)] f o r  
d e p l e t e d  zones produced by 20 keV ~ r +  i o n s  on p la t inum.  



representative of the cumulative damage profile. 

In fig. 26, we show <N(i)> for the seven DZ's. The <N(i)>'s reflect 

the difference in the degree of clustering from DZ to DZ. For example, . 

DPKrla is a diffuse DZ and its <N(i)> shows no prominent peaks. On the 

other hand, the compact nature of DPKr3b shows up in a sharp single peak 

at 3i. 

Since the atomic positions of the vacancies are known, it is possible 

to determine the degree of association of vacancies into cluster's which 

are linked to each other by nearest neighbor.distances. This was carried 

out with the help of the computer and the following informa,tion was ob- 

tained for each of the DZ 's. 

DPKrlb: There were 33 monovacancies, six divacancies, and one each 

of clusters of four, 47 and 68 vacancies. 

DPKrla: There were 89 monovacancies, 12 clusters of divacanci.es, 

two clusters of tri-vacancies and one each of clusters of six, 14 and 16. 

DPKr3a: There were 69 monovacancies, 11 clusters of divacancies, 

four clusters of 3 vacancies, two quadravacancies and one of each cluster 

of five, six, seven, 24, 26, and 30. 

DPKr2a: The number of monovacancies was 61, there were 9 divacan- 

cies, two clusters of six and one each of clusters of seven and 17. 

DPKr2b: There were 53 monovacancies, 10 divacancies, one each 

of clusters of three, five and eight vacancies and one jumbo cluster of 

182 vacancies. 

DPKr2c: There were 19 monovacancies and one big cluster of 65 

vacancies. 

DPKr3b: There were 41 monovacancies, five divacancies, two clusters 



ri (in uni ts  of a,) 
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F i g .  26: The s p e c t r a  o f  the  < ~ ( i ) > s  f o r  dep le t ed  zones produced by 
20 keV ~ r +  i o n  on plat inum. 



of t h r e e  and one jumbo c l u s t e r  of 224 vacanc,ies. 

111.2.3 Discussion 

I n  t h i s  sec t ion ,  w e  w i l l  compare our experimental r e s u l t s  wi th  t h e  

p red ic t ions  of r a d i a t i o n  damage theory.  I n  t h e  p a s t ,  t h e  theory has  

followed two approaches. The f i r s t ,  t h e  a n a l y t i c a l  theory,  developed t o  

a  l a r g e  ex ten t  t o  by Sigmund 12-14, i s  based on t r a n s p o r t  t h e o r i e s ,  whi le  

t h e  second approach, using Monte-Carlo methods, u t i l i z e s  t h e  computer t o  

simulate t h e  t r a n s f e r  of energy between t h e  i r r a d i a t i n g  p a r t i c l e  and t h e  

t a r g e t  atoms 15-18. It must be emphasized t h a t  both approaches depend very  

heavi ly  on knowledge of t h e  in tera tomic  p o t e n t i a l s ,  which a r e  not  very  

w e l l  known--particularly a t  va lues  of Various approximations 

a r e  i n  cur ren t  use  and using these ,  both t h e o r i e s  have been success fu l  i n  

deal ing w i t h  t h e  range of energe t i c  ions  i n  s o l i d s .  Neverthe1ess;caution 

has t o  be exercised i n  comparing t h e  t h e o r e t i c a l  p red ic t ions  wi th  t h e  

experimental r e s u l t s .  Agreement between t h e  two does not  n e c e s s a r i l y  

i n d i c a t e  t h e  v a l i d i t y  of - a l l  t h e  assumptions underlying t h e  theory,  

while disagreement d e f i n i t e l y  w i l l  po in t  out  va r ious  d e f i c i e n c i e s  i n  t h e  

theory. 

The a n a l y t i c a l  t h e o r i e s  a r e  more d i f f i c u l t  t o  apply t o  our r e s u l t s  

than the  Monte-Carlo approach because they d e a l  wi th  q u a n t i t i e s  t h a t  a r e  

t h e  r e s u l t  of bombardment by a  beam, i .e. ,  by a  l a r g e  number of p a r t i c l e s ,  

whereas w e  a r e  deal ing wi th  q u a n t i t i e s  due t o  a  s i n g l e  p r o j e c t i l e  ion.  

W e  s h a l l  hencefor th  r e f e r  t o  q u a n t i t i e s  r e l a t e d  t o  t h e  beam a s  "cumulative" 

q u a n t i t i e s  and those  t o  s i n g l e  ions  a s  "individual" q u a n t i t i e s .  For 

example, t h e  a n a l y t i c a l  t h e o r i e s  g ive  t h e  width of t h e  cumulative damage 

p r o f i l e  which is  obviously going t o  be  l a r g e r  than t h e  ind iv idua l  width. 



Attempts have been made t o  r e l a t e  t h e  q u a n t i t i e s  ca lcu la ted  from a n a l y t i c a l  

t h e o r i e s  t o  i n d i v i d u a l  q u a n t i t i e s  through con t rac t ion  f a c t o r s .  l9 I n  t h i s  

r e spec t ,  the  Monte-Carlo s imula t ions  a r e  c l o s e r  i n  s p i r i t  t o  t h e  experi-  

ments, a s  they fo l low t h e  pa th  of a s i n g l e  i o n  through the  s o l i d  and 

o b t a i n  t h e  r e s u l t s  f o r  a  beam by superposing t h e  r e s u l t s  f o r  a l a r g e  

number of ions .  The computer codes w r i t t e n  f o r  t h i s  purpose d i f f e r  i n  

t h e i r  s o p h i s t i c a t i o n .  The Monte-Carlo c a l c u l a t i a n s  of Rublnson and T o r -  

rens  
17,18 

des ignat inn MARLOWE allowo the effect 01 t a r g e t  c r y s t a l l i n i t y  t o  

be studied--but i t  is  time consuming and expensive. The recen t  TRIM code 

by Haggmark and ~ i e r s a c k * '  i s  f a r  more e f f i c i e n t ,  though i t  is r e s t r i c t e d  

t o  amorphous t a r g e t s .  Both TRIM and MARLOWE assume binary c o l l i s i o n s  

between p r o j e c t i l e  and t a r g e t  atoms, thereby neglect ing many-body e f f e c t s .  

I n  t h e  range of energ ies  above 1 keV these  e f f e c t s  a r e  assumed to. be ins ig -  

n i f  i c a n t  . 
We have adapted the  TRIM program t o  s imula te  t h e  c r e a t i o n  of cas- 

cades wi th in  t h e  t a r g e t  by fol lowing t h e  t r a j e c t o r i e s  of a l l  t h c  r e c o i l  

atoms wi th  energies  above a  threshold  energy (E ) ,  a s  t h e  inc iden t  ion 
d 

energy is d i s s i p a t e d  through a  series of r e c o i l  events .  W e  then ca lcu la ted  

Various q u a n t i t i e s  of i n t e r e s t  t h a t  could bc comp~rcd d i x e ~ k l y  w i t h  the 

same q u a n t i t i e s  f o r  the.experimenta1 D Z ' s .  W e  found t h e  computer simula- 

t i n n s  t n  be extremely uocful  as tlley alluwed f o r  v a r i a t i o n  of input  para- 

meters of t h e  inc iden t  ions  such a s  t h e  angle of incidence.  The computer 

s imula t ions  were a l s o  capable of taking i n t o  account t h e  l o s s  of energy 

diie t o . r e c s i 1  atoms leaving t h e  s u ~ f a c e  o r  the inc iden t  p r o j e c t i l e  being 

backscat tered  out  through t h e  su r face ,  a  f e a t u r e  which t h e  a n a l y t i c a l  ca l -  

c u l a t i o n s  were incapable  of accounting f o r .  For l a r g e  angles of incidence,  



and i n  o the r  cases where the-DZ's were formed near t h e  su r face  t h i s  e f f e c t  

can be important i n  determining t h e  shape and s i z e  of t h e  DZ. 

The next  few subsect ions  w i l l  compare t h e  r e s u l t s  of theory wi th  

va r ious  experimental q u a n t i t i e s .  

I I I .3 .3a  Number - of d e f e c t s  

The most u s e f u l  a s  w e l l  a s  commonly used measure of t h e  damage r a t e  

due t o  an incoming ion  is  t h e  number of vacancies  (v) crea ted  per  inc iden t  

ion.  The most elementary theory and t h e  most widely used one f o r  obtain-  

ing  an es t ima te  of t h e  number of vacancies c rea ted  i n  a cascade i s  t h a t  

of Kinchin and They obtained f o r  t h e  number of vacancies:  

E v (E) = - 
K-P 2Ed 

under t h e  assumption of a n  amorphous s o l i d ,  two-body hard sphere atomic 

c o l l i s i o n s ,  a sharp displacement threshold  (Ed), and - no i n e l a s t i c  energy 
.. 

l o s s e s .  I f  an energy Q i s  l o s t  during t h e  development of t h e  cascade 

through i n e l a s t i c  processes ,  t h e  t o t a l  energy a v a i l a b l e  f o r  e l a s t i c  col-  

.. 
l i s i o n s ,  o r  damage energy i s  (E-Q). Also, when a more r e a l i s t i c  i n t e r -  

atomic p o t e n t i a l  is  used ins tead  of t h e  hard-sphere model, t h e  s c a t t e r i n g  

cross-sect ion favors  low-energy t r a n s f e r s ,  r e s u l t i n g  i n  a smaller nuruber 

of d isplaced atoms per cascade. Equation (3-6) may then be w r i t t e n ,  as 

pointed ou t  by Robinson and Torrens: 
18  

The f a c t o r  n, known as t h e  displacement e f f i c i e n c y ,  depends on t h e  sca t -  

t e r i n g  law assumed. For a Moligre-type p o t e n t i a l  TI is  usua l ly  around 

0.84. It is independent of t h e  energy E because t h e  v a s t  ma jor i ty  of the  



cascade atoms a r e  generated from low-energy c o l l i s i o n s ,  which would make 

v(E) remain d i r e c t l y  p ropor t iona l  t o  E. 

+ ,. 
For t h e  case  of 20 keV K r  on P t ,  w e  obtained t h e  va lue  <E - Q> 

from the  t a b l e s  of ~ i n t e r b o n , ~ ~  which were i n  tu rn  based on a Linhard- 

Scharff e l e c t r o n i c  stopping formalism. 24 For P t ,  we t o o k E  = 36 e~~~ 
d 

and from sigmund13 w e  assume n= 0.84. Equation (3-7) then gives  

v R-T = 172. The modified K-P'expression givec t h c  mean number uf vacan- 

c i e s  but  g ives  no i n d i c a t i o n  of t h e  spread i.n t h e  nl~mbar sf vacancies.  

There a r e  s e v e r a l  sources of f l u c t u a t i o n  i n  v. They a re :  

( i )  f l u c t u a t i o n s  due t o  t h e  d i f fe rences  i n  t h e  kinematic evolut ion 

of t h e  cascade; 

(ii) f l u c t u a t i o n s  i n  t h e  e l e c t r o n i c  energy l o s s  6; and, 

( i i i )  f l u c t u a t i o n s  i n  the  threshold energy E 
d ' 

~ e i b f r i e d ~ ~  has discussed t h e  e f f e c t s  of ( i )  using hard-sphere 

s c a t t e r i n g  and t h e  K-P sharp displacement threshold  model. He found t h e  

sca led  vaeiance,  <hv2>/<v> , t o  be given by: 

(<v2> - < Y > ~ ) / < v >  = 0.15 (3-8) 

For <v> = 180 w e  ob ta in  t h e  s tandard  dev ia t lon  f o r  t h e  d i ~ t r i b u t i o n  i n  t h e  

number of v a c a ~ ~ c i e s  to be Av = 5. ~ e h m a n ~ ~  showed by an example that 

increas ing t h e  r e l a t i v e  importance of forward s p a t t e r i n g  over t h c  hard- 

sphere  a p p r o x h a t i o n  l e a d s  t o  an inc rease  i n  t h e  sca led  va r iance  t o  11. -. 

This  inc reases  Av - t o  27% f o r  <v> = 180. 
V 

Linhard, Scharf f  and sch io t t2 ' l  provided s e v e r a l  e s t ima tes  of the  

f l u c t u a t i o n  i n  e l e c t r o n i c  l o s s e s  from s c a t t e r i n g  of t h e  t a r g e t  e l ec t rons .  

F luc tua t ions  i n  t h e  e l e c t r o n i c  l o s s  AG,  r e s u l t s  i n  equal  f l u c t u a t i o n s  i n  



(El - Q) and thus  t h e  number v according t o  t h e  ~ o b i n s o n - ~ o r r e n s  formula. 

Another es t imate  based on t h e  r a t i o  of e l e c t r o n i c  t o  nuclear  s topping powers 

Av 
gives  - 4%.  <v> 

The con t r ibu t ion  from ( i i i )  i s  more d i f f i c u l t  t o  eva lua te  s i n c e  i t  

i s  not  immediately evident  how t h e  n a t u r e  of t h e  threshold  energy w i l l  

a f f e c t  t h e  damage i n  a cascade. Both computer s imula t ions  a s  w e l l  a s  

e l e c t r o n  damage experiments i n d i c a t e  t h a t  t h e  displacement energy depends 

on t h e  c rys ta l lograph ic  d i r e ~ t i o n . ~ ~ - ~ O  It i s  c l e a r  t h a t  t h e  assumption 

of a range of va lues  of Ed w i l l  l ead  t o  a broader d i s t r i b u t i o n  of t h e  

number of d e f e c t s  than a s i n g l e  threshold .  However, i t  i s  l i k e l y  t h a t  when 

an atom is displaced from i ts  l a t t i c e  p o s i t i o n  t h e  displacement w i l l  be 

determined by t h e  minimum threshold  energy. I n  P t ,  we have chosen t h e  

minimum threshold energy of 36 eV.as t h e  threshold  energy. Lucasson 
31 

has proposed an  e f f e c t i v e  threshold  energy t h a t  is  four  times t h e  minimum 

value .  Such a threshold  energy g ives  t h e  number of d e f e c t s  a s  vL = 4 3 .  

which is  f a r  below t h e  r e s u l t s  obtained from our FIM da ta .  

W e  h a v e ' a l s o ~ c a l c u l a t e d  t h e  number of vacancies produced i n  a cas- 

cade from computer s imula t ions .  The same assumptions were made f o r  t h e  

production of a vacancy a s  Kinchin-Pease, namely t h a t  a vacancy i s  created  

every time t h e  inc iden t  and r e c o i l  atoms have energies  g r e a t e r  than a 

sharp threshold  E I f  a t  t h e  end of t h e  c o l l i s i o n  t h e  r e c o i l  atom has  an d 

energy g r e a t e r  than.E --but t h e  inc iden t  p a r t i c l e  has an energy l e s s  than d 

Ed--the number of vacancies i s  unchanged. The paths  of a l l  r e c o i l  atoms 

having an energy g r e a t e r  than Ed were--fol lowrd u i ~ t i l  t h e i r  energy had 



dropped below Ed. Using t h e  Lindhard-Scharff expression f o r  t h e  e l e c t r o n i c  

energy l o s s  w e  obtained <v> 
TRIM = 182, which is c l o s e  t o  - T. This was 

n o t ' s u r p r i s i n g  s i n c e  t h e  same assumptions were contained i n  both r e s u l t s .  

The computer s imula t ion has  t h e  advantage of giving t h e  va lue  of <Av> due 

t o  kinematic f l u c t u a t i o n s .  We obtained <Av> 
TRIM 

= 11, so t h a t  

<Av> 
TRIM 

= 6 % .  Both t h e  a n a l y t i c a l  a s  w e l l  a s  t h e  TRIM r e s u l t s  i n d i c a t e  

a very "narrow spread i n  v .  

The avcrage v observed experimental ly was <v> = 184 which agreed 
'=XI' 

very w e l l  w i th  <v> and <v>TRIM but  t h e  experimental f l u c t u a t i o n s  
R-T 

<Av> = 79 w e r e  s e v e r a l  times g r e a t e r . t h a n  the  t h e o r e t i c a l  f l u c t u a t i o n s .  
exp 

I n  t h e  experimental arrangement t h e  ions  were inc iden t  on t h e  sur-  

f a c e  of t h e  specimen a t  angles  g r e a t e r  than.50° .  Since a n&ber of t h e  

observed DZ'S  were ve ry  c l o s e  t o  the s u r f a r e  the  e f f e c t  of l a s s  of energy 

through t h e  su r face ,  on <v> was investigated, using t h e  TRIM p r u g r m .  Fnr 

Inns inc iden t  a t  60' t o  Lhe sur face  we obtained <v> TRIM = 144 and 

<Av> = 3 5 ,  

A c  was expected, due eo l o s s  of energy through t h e  s u r l a c e ,  <v> was 

much less f o r  an ang le  of incidence of 60' than f o r  normal incidence.  

The va lue  of <Av> was a l s o  t h r e e  t imes g r e a t e r .  The cascades produced 

near  t h e  su r face ,  on the a v c r ~ g t ,  liavv a csmaller number of vacancies,  

though a l a r g e  number s t i l l  possessed t h e  f u l l  complement. A cascade wi th  

a s  few a s  12 vacancies and one wi th  32 were obtained i n  a sample of 50 

cascades. The cascades t h a t  were produced deeper i n s i d e  t h e  t a r g e t ,  had 

on t h e  average, t h e  same number of vacancies a s  those  f o r  normal incidence-- 



which was t o  be expected a s  t h e r e  was no l o s s  of energy through t h e  sur-  

f ace  f o r  these  cascades. The l a r g e r  va lue  of <Av> f o r  t h e  60" incidence  

was a r e s u l t  of cascades wi th  smal ler  va lues  of v ,  t h a t  is ,  t h e  d i s t r i b u -  

t i o n  w a s  skewed towards lower va lues  whereas a t  normal inc idence  i t  was 

approximately a gaussian. The maximum poss ib le  va lue  of v remained t h e  

same independent of t h e  angle of incidence.  On t h e  b a s i s  of t h i s  consid- 

e r a t i o n ,  w e  regarded an observed v which was ou t s ide  <v> + 3<Av>, calcu- 

+ 
l a t e d  f o r  normal incidence t o  be s i g n i f i c a n t .  For 20 keV K r  on P t ,  i f  

w e  obtained an experimental va lue  of v f o r  a  cascade t h a t  was g r e a t e r  than 

182 + 3(11) = 215 we regarded t h i s  a s  an i n d i c a t i o n  of a  phys ica l  process 

t h a t  had not  been incorporated i n  the  theory. 

The smal l  number of vacancies i n  DPKr2a and DPKr2c could be i n t e r -  

pre ted  a s  a r e s u l t  of t h e  l o s s  of energy through the  surface .  The v ' s  

f o r  DPKr2b and DPKr3b were s i g n i f i c a n t l y  l a r g e r  than vR T. - I n  each D Z ,  

t h e r e  were regions  wi th  a high l o c a l  vacancy concentra t ion,  which were 

l a r g e  i n  s i z e  a s  was evident  from t h e  d i s t r i b u t i o n  of a  f i r s t  n e a r e s t  

neighbor c l u s t e r  s i z e s .  

The high concentra t ion of vacancies ind ica ted  t h a t  t h e  deposited 

energy dens i ty  i n  t h i s  a r e a  was very l a rge .  The cascade t h a t  generated 

t h i s  DZ was the re fo re  very  l i k e l y  a non-linear cascade. 32 1n such cas- 

cades v may be very  much i a r g e r  than v .because t h e  assumptions of b inary  
R-T 

c o l l i s i o n s  breaks down. Moreover, t h e  l a r g e  number of atoms t h a t  a r e  

s e t  i n t o  motion would des t roy the  l a t t i c e  s t r u c t u r e  wi th in  the  cascade 

during t h e  time t h a t  it  develops, leading t o  lower values  of Ed f o r  

atoms displaced during t h e  l a t e r  phases of t h e  c o l l i s i o n  cascade. 

A f requen t ly  employed measure of cascade energy d e n s i t y  t s  80 ,  t h e  
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+ 
mean energy d e n s i t y  a t  the  core  of t h e  cascade. For 20 keV K r  on p l a t i -  

num, w e  obtained €I0 = 7 eV/atom. 80 represen t s  an  average f o r  many cas- 

cades, b u t  t h e  s t a t i s t i c a l  f l u c t u a t i o n s  cause t h e  energy dens i ty  t o  vary 

from one cascade t o  another produced by ions  of t h e  same mass and energy. 

It is  t h e r e f o r e  p o s s i b l e  f o r  t h e  cascades produced by p r o j e c t i l e s  wi th  

same M1,E1 t o  span t h e  whole range from " l inear"  t o  "non-linear". There- 

f o r e ,  t h e  ac tual  f l .uctuations i n  u w i l l  b e  g r e a t e r  than t h a t  expected 

assuming that a l l  t h e  cascades were f i n e a r ,  It is e ~ y r c t e d  nn the baoio 

of t h i s  reasoning t h a t  f l u c t u a t i o n s  i n  v should become g r e a t e r  a s  w e  ap- 

proach t h e  case  of heavy ions  on heavy t a r g e t s  where the n o n l i n e a r i t y  i n  

t h e  cascades should become more prominent. 

It has  been commented on before  t h a t  v w i l l  depend on t h e  r e c o i l  

spectrum of t h e  atoms i n  t h e  cascade. For t h e  case  of a s i n g l e  threshold  

Ed, eqn. (3-6) a r i s e s  from t h e  E - ~  r e c o i l  spectrum. A d i f f e r e n t  r e c o i l  

spectrum w i l l  produce a d i f f e r e n t  func t iona l  dependence on E r)hvi,ni~sly, d ' 

t h e  l a r g e s t  number of vacancies t h a t  can be produced  is.,^ = - - - 411. 
max Ed 

This value  i s  g r e a t e r  than the  l a r g e s t  v obtained experimental ly,  assum- 

i n g  Ed = 36 eV. 

The FIM d a t a  ind ica ted  t h a t  vR - is a good approximation t o  t h c  

average number of vacancies i n  s p i t e  of t h e  l a r g e  f l u c t u a t i o n s .  This  

agrees  with n the r  re cult^ of PI31 un ion-irradiated ruagsten f o r  which 

more s t a t i s t i c s  a r e  a v a i l a b l e ,  bu t  is  i n  sharp disagreement with t h e  

conclusions of ~ v e r b a c k .  33 H e  used r e s i s t i v i t y  measurements, on t h i n  f i lm6 

of Copper and S i l v e r ,  t o  determine t h e  point-defect  production below 10' K 

due t o  i r r a d i a t i o n  wi th  ion  masses between 1 and 209 amu--in t h e  energy 



. . 
range between 20 and 850 keV. In the experiments, v was calculated from 

the expression: 

where N is the atomic density, t is the film thickness, pF is the Frenkel- 

. . . .  
' dAp 

pair resistivity and (-) is the size-effect corrected initial-damage 
d+ 0 

rate. A cascade efficiency factor was defined by the relationship: 

v e 5 =.y 
R-T 

They found that 5 = 1 for light projectiles but that for masses >20 

5 was approximately 0.4 for both Au and Cu. According to our FIM data, 

even for heavy projectiles 6 = 1. The low value of 5 obtained by Averback 

may be due to the reduced resistivity. contribution of vacancies in clusters. 

A 50% reduction in resistivity per vacancy seems rea,sonable for clusters 

containing several hundred vacancies. The effect of clustering on the re- 

.34 sistivity is. clearly shown by the results for'Ag and.Au above Stage 111, 

the temperature range in which the vacancies are mobile. TEM data indi- 

c a t e s  that a large fraction of the vacancies survive as clusters and ~0.4. 

However, the resistivity data showed that 5 = 0.1, whereas at low tempera- 

tures it was-~0.4. Since the TEM results indicate that there has been 

very little decrease in the total nuniber of vacancies in the sampl.e, the 

decrease in the resistivity can only have been caused by the rearrange- 

ment of the vacancies. This confirms the fact that the resistivity con- 

tribution per vacancy is dependent on the spatial arrangement of the 

vacancies and that the residual resistivity measurements considerably 

underestimated the number of Frenkel pairs in a cascade. While there 



appears t o  be some d i f f i c u l t y  i n  obta in ing abso lu te  damage r a t e s  from 

r e s i s t i v i t y  measurements, t h e  r e l a t i v e  comparisons of damage r a t e s  should 

be f r e e  from these  d i f f i c u l t i e s .  Merkle and ~ v e r b a c k ~ ~  s tud ied  t h e  i so-  

chronal  recovery of e l e c t r i c a l  r e s i s t i v i t y  i n  Ag a f t e r  i r r a d i a t i o n s  with 

va r ious  i o n s  and found t h a t  f o r  heavy ions ,  t h e  t o t a l  recovery above 

Stage I,  corresponding t o  long-range i n t e r s t i t i a l  migra t ion was very  low. 

It w a s  =lo% f o r  se l f - ion  i r r a d i a t i o n s  n f  Ag and -15X f o r  Au. This agreed 

very  we l l  wi th  t h e  FIM r e s u l t s  f o r  P t  where w c  found [hat v did  not  change 

much from t h e  va lue  expected f o r  no recombination even though t h e  STA's 

were mobile. The r e s u l t  can be understood on t h e  b a s i s  of t h e  p i c t u r e  

of damage ind ica ted  by t h e  FIM r e s u l t s  on W ;  of SIA's w e l l  separa ted  from 

t h e  c e n t r a l  co re  of vacancies,  poss ib ly  a s  a r e s u l t  of RCS's along c l o s e  

packed d i r e c t i o n s .  W e i  , Seidman and 13eavan4* measured the  mean separa t ion  

of SIA's from t h e  vacancy-rich core  t o  be 160 + 120 A. I n  P t ,  w e  a l s o  

expected t h a t  t h e  S I A ' s  should hnvc bet,, separared from the  vacancies 

and s o  a consequence, during t h e i r  long-raage m i g r ~  t ion, they were anui- 

h i l a t e d  rna-il~ly ar t h e  su r face ,  r a t h e r  than a t  the  D Z ' s .  I n  the  case  of 

three-dimensional d i f f u s i o n  i t  is  w e l l  known t h a t  t h e  p r o b a b i l i t y  f o r  an 

SIA t o  r e t u r n  t o  i ts  o r i g i n  is  ~ 0 . 3 5 .  35 

I I I .2 .3b Radiat ion damage range - and y ~ u f i l e  

The D Z ' s  were p r o d u c ~ d  a t  va r ious  depths w i ~ h l n  t h e  sample by incom- 

ing ions .  The super-posi t ion i n  space of many such D Z ' s  should g ive  t h e  

r a d i a t i o n  damage p r o f i l e  due t o  a beam of ions.  The mean damage range f o r  

such a p r o f i l e  can be calcizlated from a n a l y t i c a l  rheor ies  and is  tabula ted  

f o r  va r ious  ion- target  combinations and energies  by Winterbon. Using 

these  t a b l e s  w e  found t h e  mean damage range L = 38 A. Under c e r t a i n  



s impl i fy ing assumptions, it can be shown a n a l y t i c a l l y  t h a t  t h e  mean depth 

of t h e  c e n t e r s  of ind iv idua l  cascades is  equal  t o  the  mean depth of t h e  

o v e r a l l  damage d i s t r i b u t i o n .  ~ e n e d e k ~ ~  r e p o r t s  t h a t  i n  t h e  MARLOWE simula- 

t i o n s  of va r ious  ions  on Au, the  mean ;f t h e  average damage depth f o r  

ind iv idua l  cascades was very  c l o s e  t o  t h e  mean damage depth f o r  t h e  o v e r a l l  

d i s t r i b u t i o n .  W e  used t h i s  f a c t  t o  determine L  from t h e  TRIM program f o r  

cascades. The TRIM program gave L  = 34.45 wi th  s t r a g g l i n g  AL = 23 .7  i. 

A l l  t h e  D Z 1 s ,  a s  w e l l  a s  o the r  d e f e c t s ,  were found wi th in  t h e  expected 

limits. There is ,  however, a  s l i g h t  b i a s  t o  t h e  lower s i d e  of t h e  range. 

A cumulative damage p r o f i l e  t h a t  can be compared wi th  t h e o r e t i c a l  

r e s u l t s  can be  obtained by adding t h e  t o t a l  r a d i a t i o n  damage due t o  the  

seven D Z ' S .  We d id  t h i s  by counting t h e  number of vacancies i n  5 A t h i c k  

s l a b s ,  p a r a l l e l  t o  t h e  s u r f a c e  of t h e  specimen f o r  each of t h e  D Z 1 s  and 

summing up t h e  t o t a l  number of vacancies f o r  each s l a b .  Note t h a t  i n  t h i s  

process t h e  s t r u c t u r e  of t h e  ind iv idua l  cascades was washed ou t  and was 

replaced by a  smoother d i s t r i b u t i o n .  The t o t a l  vacancy count was 1285. 

W e  r e l a t e d  t h e  vacancy d i s t r i b u t i o n  t o  t h e  damage p r o f i l e  a s  fol lows:  

Let Av(x) equal t h e  number of vacancies i n  one 5  A s l a b  a t  a  d i s t a n c e  x ,  

measured normal t o  the  su r face ,  i . e . ,  along t h e  d i r e c t i o n  [hkl]  t h a t  was 

perpendidular  t o  (hkl)  . W e  assumed t h a t  : 

where FD(x)Ax was t h e  damage energy deposited between x  and x  + Ai (here  

we have taken AX = 5  A) and where a is  a  constant .  I f  Ax is l a r g e  

enough we would expect the  p r o p o r t i o n a l i t y  t o  be given by a  Robinson-Tor- 

rens  type formula wi th  : 



Since FD(x)Ax is t h e  t o t a l  energy going i n t o  r e c o i l s  i n  t h e  volume repre- 

sented by Ax, w e  expect t h a t  t h e  r e c o i l  d i s t r i b u t i o n  wi th in  t h i s  volume 

would be t h e  same a s  t h a t  wi th in  t h e  cascade volume a s  a whole. This 

po in t  has been proved r igorous ly  by Sigmund. 3 7 

,. 
I f  N is t h e  t o t a l  number of vacancies crea ted  and E is t h e  t o t a l  v 

damage energy, then : 

Thus from eqns. (3-10) and (3-9) , we obtained:  

That is ,  i f  t h e  f r a c t i o n  of vacancies i s  p lo t t ed  a s  a funct iou of d i s t ance ,  

then the  curve o r  histogram would be t h e  same a s  t h e  damage p r o f i l e  

measured i n  terms o f .  the f r a c t i o n  of the t o t a l  deposi ted .  damage energy 

a s  a func t ion  of depth. Note t h a t  t h i s  i s  not  exac t ly  the  sault! as the 

damage p r o f i l e  r e f e r r e d  t o  i n  t h e  a n a l y t i c a l  t h e o r i e s  which consider 

rhe damage depnaited as  PI f r u ~ t i a n  o t  the incoming energy, al though the  

shape -- of t l ~ e  p r o f i l e s  w i l l  be  t h e  same. It is necessary t o  d e p i c t  t h e  

damage p r o f i l e  i n  L 1 1 l s  fash ion  i n  order  t o  match t h e  c a l c u l s t c d  proLilco 

t o  t h e  experimental damage p r o f i l e s  measured from t h e  vacancy counts,  with- 

o u t - u s i n g  any s c a l i n g  f a c t o r s .  W e  obtained t h e  t h e o r e t i c a l  damage p r o f i l e  

9 
using t h e  TRIM prog~ath  f o r  lo3 20 keV K r  ions  inc iden t  a t  60° and 70' t o  

t h e  su r face  of an amorphous platinum t a r g e t ,  wi th  t h e  damage d i s t a n c e  

measured normal t o  t h e  su r face .  Figure 27 e x h i b i t s  t h e  r e s u l t s  of t h e  



DEPTH NORMAL TO .SURFACE IN ANGSTROMS 

Fig.  27: %e measured f r a c t i o n  of the t o t a l  number of vacancies per + 

5A i n t e r v a l  summed dver the  seven D Z s  produced by 20 keV K r  
on platinum (histogram) and the  ca l cu l a t ed  fraction of e las -  
t i c a l l y  deposited energy (smooth curve) a s  a  funct ion of depth 
normal t o  the  i r r a d i a t e d  sur face  [x(A)] .  



c a l c u l a t i o n s  a s  w e l l  a s  experimental r e s u l t s .  The peak i n  t h e  damage pro- 

f i l e  moves c l o s e r  t o  t h e  su r face  a s  t h e  angle  of incidence is  increased.  

This is expected from simple geometric considera t ions ,  because on t h e  

average t h e  l a r g e r  t h e  angle  of incidence of t h e  inc iden t  ions ,  t h e  

c l o s e r  i s  t h e  pa th  of t h e  average p r o j e c t i l e  ion  t o  t h e  su r face  and a 

l a r g e r  f r a c t i o n  of t h e  r e c o i l  energy i s  deposited near t h e  su r face .  

The ve rs ion  of t h e  TRIM progrwlll used t o  ca lcu laee  t h e  damage p r o f i l e  

considers  rhe  path nf t h e  p r o j e c l l l e  a lone  and ca l r i i l a t ao  t h e  dauage pro- 

f i l e  from t h e  energy t r a n s f e r  t o  t h e  t a r g e t  atolas a l o n g  i ~ b :  pach. T h e  

damage d i s t r i b u t i o n  represen t ing  t h e  energy u l t i m a t e l y  l e f t  i n  the  motion 

of t h e  t a r g e t  atoms i 3  ca lcu la ted  from t h e  theory of Linhard. 39 However, 

no te  t h a t  t h e  s p a t i a l  ex ten t  of t h e  damage p r o f i l e  is determined by t h e  

path  of t h e  inc iden t  p ro jec t i l e - - the  r e c o i l  atoms a r e  not  considered a t  

a l l .  I n  o t h e r  words, t h e  ind iv idua l  c o l l i s i o n  cascades w i l l  not  a f f e c t  

t h e  cumulative damage p r o f i l e .  

The TRIM r e s u l t s  f o r  an angle  of inc idence  of 70' agreed w e l l  wi th  

experimental r e s u l t s .  The average ang le  of inc idence  f o r  t h e  seven D Z ' s  

was =70°. I n  f a c t ,  f o r  f i v e  ou t  of seven D Z ' s  t h e  angle  of incidence was 

~70'. 111 one case ,  i t  was 54' and i n  Lhe o the r  case  it was ~ 8 5 " .  

The excel l e n t  agreuuc~lL bemeen t h e  experimental p r o f i l e  obtained 

from summing t h e  damage associared wi th  ind iv idua l  D Z ' s  wi th  the damage 

pru1iI.e from TRIM i l l u s t r a t e s  t h e  comments made above regarding t h e  indi -  

v i d u a l  D Z ' s  and t h e  cumulative damage p r o f i l e .  It shows t h a t  t h e  approxi- 

mations introduced i n  t h e  theory of ion  s topping a r e  v a l i d  f o r  t h e  p a r t i -  

c u l a r  energy El and t h e  ion- target  combination f o r  which E = 2.8 x 

It should be noted t h a t ,  whereas the  theory may be adequate to. p r e d i c t  



the  cumulative damage p r o f i l e  i t  may not  n e c e s s a r i l y  be  a b l e  t o  p r e d i c t  

t h e  s p a t i a l  ex ten t  of ind iv idua l  D Z ' s  a s  t h e  E f o r  t h e  r e c o i l  atoms a r e  

very small and i n  t h e  range where t h e  atomic p o t e n t i a l s  used a r e  no t  w e l l  

known. 

This example i l l u s t r a t e s  t h e  a b i l i t y  of t h e  FIM t o  c a r r y  ou t  measure- 

ments of t h e  damage p r o f i l e  wi th  very high r e s o l u t i o n  and complements 

t h e  work of ~ i d e l b e r ~ ~ '  on t h e  measurement of damage p r o f i l e s  i n  order- 

d i so rder  a l l o y s  (Pt3Co and NiqMo) using the  change i n  t h e  degree of long- 

range order a s  a measure of t h e  deposited energy. 

We end t h i s  s e c t i o n  on damage p r o f i l e s  wi th  a b r i e f  no te  on s p u t t e r -  

ing which is  c l o s e l y  r e l a t e d  t o  t h e  deposited energy d i s t r i b u t i o n .  Accord- 

ing  t o  Sigmund's theory,  s p u t t e r i n g  i s  caused by t h e  i n t e r s e c t i o n  of a 

cascade wi th  t h e  s u r f a c e  and t h e  s p u t t e r i n g  y i e l d  per ion  should be  c l o s e l y  

r e l a t e d  t o  the  damage energy deposited near t h e  surface .  On t h e  b a s i s  of 

t h i s  and t h e  previous comments l ink ing  t h e  damage p r o f i l e  t o  t h e  vacancy 

d i s t r i b u t i o n ,  i t  was found poss ib le  t o  ob ta in  an  es t ima te  of t h e  s p u t t e r -  

ing  y i e l d  from our r e s u l t s .  

Following t h e  treatment of Current and Seidman a near-surface region 

w a s  defined as t h e  set of l a t t i c e  s i t e s  occupied by hard sphere acorns 

whose geometric c e n t e r s  w e r e  visib1e;within t h e  two dimensional .pr imi t ive  

u n i t  c e l l  o f -  an  (hkl) plane,. when viewed along a d i r e c t i o n  normal t o  t h i s  

Chkl) plane i n  a hard sphere model; t h a t  is along the [hkl ]  d i r e c t i o n  

f o r  a cubic c r y s t a l .  According t o  t h i s  c r i t e r i o n  t h e  t h i c k n e s . ~  (d) o f '  

t h e  near-surface region w a s  -2.5 A f o r  most of t h e  p lanes  considered.  

The t o t a l  number of vacancies w i t h i n  t h i s  depth [near su r face  vacancies  

(NSV)] wasZvns = 373. The y i e l d  of vacancies found i n  t h e  near-surface 



region w a s  defined a s :  

S = 
v (3-14) 

t o t a l  number of D Z ' s  de tec ted  
i n  FIM specimens 

Since t h e r e  were ,seven D Z ' s ,  we obtained SV = 53. I f  i t  is  assumed t h a t  

t h e  major i ty  of t h e  spu t t e red  atoms came from t h e  near su r face  region then 

S should be c l o s e  t o  t h e  va lue  of the s p u t t e r i n g  y i e l d  S. Experimentally v 

t h e  va lue  of S has becn deLemfne4 t o  be "11 foy 2U kcv Kg on p t ,  which 

is a l s o  approximately c l o s e  t o  t h e  va lue  obtained from Sigmund's formula. 

This  y i e l d  was f o r  normal incidence.  Both experimetltally and t h e o r e t i c a l l y  

t h e  s p u t t e r i n g  y i e l d  should inc rease  wi th  inc reas ing  angle  of incidence 

according t o  t h e  r e l a t i o n  

where f = 1 . 7 ~ ' ' ~ ~  f o r  , 0<70°. Thus .wo h u & d  a p e c t  t h a t  

which is  of t h e  order  of t h e  value  obtained from t h e  count of NSV's. 

I f  w e  count t h e  number of vacancies ud down t o  a depth d ,  equal  t o  

t h e  source depth defined by Sigmund and which is =5 f o r  P t ,  w e  g e t  

vd = 401 and i f  a l l  these  vacancies were caused by atoms t h a t  were sput- 

t e r e d ,  w e  would ob ta in  a s p u t t e r i n g  y i e l d  of 69, which wuufd be t h e  same 

a s  t h e  t h e o r e t i c a l  value.  

The FIM d a t a  g ives  an i n d i c a t i o n  of t h e  degree of f l u c t u a t i o n  

tnvolvcd i n  the  number of spu t t e red  atoms per  DZ.  The h ighes t  number of 

NSV's--for d-2.5 A--was found f o r  DPKrlb and was 118. The lowest number 

w a s  f o r  DPKrla and was 9. 



1 1 1 . 2 . 3 ~  - The dimensions of t h e  D Z ' s  --- 
The dimensions of t h e  D Z ' s  l i s t e d  i n  t a h l e  3.2 indicated  a  l a r g e  

spread i n  t h i s  quan t i ty  among the  DZ.  The average diameter of the  DZ was 

< A >  = 26.36 + 12 A 

We have est imated t h e  widths of ind iv idua l  D Z ' s  generated by t h e  TRIM 

program. Since w e  a r e  deal ing wi th  an amorphous s o l i d  i n  t h i s  case ,  

the re  was no p a r t i c u l a r  preference f o r  any one d i r e c t i o n  and w e  have ca l -  

cula ted  t h e  widths i n  two direct ions--in t h e  x d i r e c t i o n ,  i . e . ,  along 

the  i n i t i a l  d i r e c t i o n  of t h e  inc iden t  i o n  and i n  t h e  y  d i r e c t i o n  perpen- 

d i c u l a r  t o  t h i s  d i r e c t i o n .  The widths have been ca lcu la ted  i n  these  two 

d i r e c t i o n s  i n  t h e  same fashion a s  f o r  t h e  experimental D Z ' s  i n  t h e  13 . . .  

close-packed d i r e c t i o n s ,  so  t h e  average dimensions ca lcu la ted  experimen- 

t a l l y  and. t h e o r e t i c a l l y  w e r e  d i r e c t l y  comparable. Note t h a t  whi le  i n  t h e  

experimental r e s u l t s  w e  chose s p e c i a l  d i r e c t i o n s  t o  measure t h e  width,  t h e  

averaging over s e v e r a l  d i r e c t i o n s  should remove any d i r e c t i o n a l  dependence 

of t h e  s i z e  of t h e  DZ. The mean diameters of t h e  cascades w e r e  found t o  

and hence . ' . ' 

. . . . 

The v a r i a t i o n  i n  t h e  diameters of t h e  cascade along t h e  x and .y d i r e c t i o n s  

was 



The average s i z e  expected from TRIM agrees exce l len t ly  with the  

measured s izes .  The l i m i t s  of the  diameters of the  TRIM cascades include 

a l l  the  seven experimental D Z ' s  including the  most d i f fu se  one, DPKrla. 

Thus, t h e  seven D Z ' s  mirror t he  spread i n  cascade s i z e s  expected from 

f luc tua t i ons  i n  t he  kinematics of ion-ion co l l i s i ons .  

From Wintcrbans t ab les ,  i t  was poss ible  t o  ca l cu l a t e  t he  s t ragg l ing  

<Ax> and CyL for the'damage d i s t r i b u t i o n  d u n g  the  i n i t i a l  d i r ec t i on  o f '  U D 

t he  ion beam and perpendicular t o  i t ,  respect ively .  I n  order t o  go from 

these  numbers t o  those f o r  a s i n g l e  cascade one can multiply these quan- 

t i t i e s  by a contract ion f ac to r  6lI2 which is an es t imate  of t he  d i f fe rence  

between t h e  individual  damage diameters and the  cumulative damage diameters. 

+ For t he  case  of 20 keV K r  on P t  we obta in  from these  a n a l y t i c a l  r e s u l t s  

an es t imate  of t he  s p a t i a l  extent  of a DZ t o  be 

From Winterbons t ab l e  

<Ax> = 24.6 A; and <y> = 19.8 A 
D D 

Also 6 1 / 2  0.6 f o r  t h i s  p a r t i c u l a r  case. Hence, = 26.16 which is 

a l s o  c lose  t o  the experimental value.  

l II .2.3d Vacancy concentrat ion 

The value of the  vacancy concentrat ion c f o r  the  seven depleted v 

zones exhibited a l a rge  spread with the  l a r g e s t  vacancy concentrat ion 

being s i x  times t he  smal les t .  The f l uc tua t i on  i n  c v m i r r o r s  the  f luctua- 

t i ons  i n  s i z e s  of the  D Z ' s  s ince  v should be approximately constant .  The 

OR TEP v i sua l i za t i ons  c l e a r l y  show the  spread of cv. .The average vacancy 



concentra t ion < c  > of t h e  .seven cascades was 6%. v 
* 

We ca lcu la ted  t h e  average vacancy concentra t ion c from t h e  TRIM v 

program by using t h e  diameters measured f o r  the  cascades. The va lue  of 

* 
c . i s  given by v 

* * 
where Q0 is  t h e  atomic volume, 4 1 ~ 0 ~ -  0 2 /3  measures t h e  volume of t h e  

Y 

cascade t h a t  encompasses 30% of t h e  t o t a l  number of vacancies.  On t h e  

* 
b a s i s  of t h i s  formula w e  obtained c = 7.6% which is s l i g h t l y  g r e a t e r  than v 

t h e  average measured concentra t ion.  

It was assumed t h a t  t h e  vacancy s p a t i a l  d i s t r i b u t i o n  was given by a 

~ a u s s i a n  d i s t r  ibu t ton  i n  accordance wi th  the  a n a l y t i c a l  expression f o r  

t h e  deposited energy dens i ty .  For such a d i s t r i b u t i o n  t h e  vacancy concen- 

t r a t i o n  is  higher a t  t h e  cen te r  and f a l l s  off  towards t h e  ou te r  periphery 

* 
of t h e  cascade. The cv ca lcu la ted  from eqn (3-15) represen t s  t h e  aver- 

age vacancy concentra t ion wi th in  a one-a rad ius  around t h e  cen te r .  A lower- 

* 
bound on < c  > was obtained by considering an e l l i p s o i d a l  volume based on 

v 

axes 6ax, 60 60 t h a t  encompassed 88% of a l l  t h e  vacancies.  The n e t  
Y' Y 

volume then increased by 27 t i . m k s  t h a t - b e f o r e  but  the  number of vacancies 

* 
encompassed was only t h r e e  times g r e a t e r .  A s  a consequence c = 0.85% v 

f o r  t h i s  case. 

* 
Comparing <c > and c w e  s e e  t h a t  t h e  eqn (3-15) g ives  a good e s t i -  v v 

mate of t h e  a c t u a l  average vacancy concentra t ion,  ca lcu la ted  using t h e  

c l o s e s t  f i t t i n g  volume t o  t h e  DZ. 

Some c a r e  must be exerc ised i n  t h e  i n t e r p r e t a t i o n s  of these  vacancy 

concentra t ions  a s  they represen t  an average over t h e  e n t i r e  DZ.  A s  t h e  



OR TEP v i s u a l i z a t i o n s  i n d i c a t e  t h e  l o c a l  vacancy concentra t ions  show very 

l a r g e  f l u c t u a t i o n s  w i t h i n  t h e  cascade volume. 

I I I .2 .3e  Radia l  d i s t r i b u t i o n  func t ions  - and c l u s t e r i n g  

+ 
I n  f i g .  26, w e  have p l o t t e d  t h e  average R ( i ) / Z ( i )  f o r  20 keV K r  

on P t  and compared it wi th  t h e  values  obtained f o r  W f o r  d i f f e r e n t  spec ies  

of p r o j e c t i l e  ions .  It w a s  shown by Current -- e t  a ~ . ~ '  t h a t  t h e  average 

R(i)/fZ(i) f o r  d i f f e r e n t  p r o j e c t i l e  ions  on a  given target hag no I~ynnounccd 

depcndcl~ce on ion  energy but  depends only on t h e  p r o j e c t i l e  mass. A s  is  

c l e a r  frnm f i g .  28 i l lere is  a  c o n s i s t e n t  t rend towards decreased l o c a l  

c l u s t e r i n g  of vacancies a s  t h e  ion  mass i s  increased.  

The atomic weight of P t  and W a r e  very c l o s e  t o  each o the r  and t h e  

d i f f e r e n c e  i n  d e n s i t y  of t h e  two m a t e r i a l s  is  also very small. A s  a  

consequence, t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  deposited damage energy 

wi th in  the  two f o r  ions  of same mass and energy should be approximately 

t h e  same. According t o  Lhe simple K-P type r e l a t i o n  c l ~ e  vacancy d i s t r i -  

but ion should be proport ional  t o  t h e  deposited damage energy d i s t r i b u t i o n  

and the  number of vacancies w i l l  be p ropor t iona l  only t o  E ~ - ' .  The d i f -  a 

fe rence  i n  E between P t  and W is  20% and hence t h e r e  should be 20% more d 

vacancies i n  P t  than i n  W f o r  t h e  same deposited energy d e n s i t y ,  This 

would r e f l e c t  i t s e l f  i n  a 20% higher R ( i P ( i )  fop P t  compared t o  tungsten.  

In f i g .  28, i t  is c l e a r  than t h e  d i f f e r e n c e  between t h e  two curves f o r  K r  

on P t  and W r e s p e c t i v e l y  i s  very small .  ,Thus, i t  appears t h a t  t h e  damage 

i s  t h e  same i n  both mate r i a l s .  A s  mentioned before ,  whi le  a s i n g l e  

threshold  energy model g ives  approximately <v> it does not  g ive  a good 

i n d i c a t i o n  of t h e  range of f l u c t u a t i o n s  i n  cv> and t h e  degree of f luc tua-  

t i o n  wi th in  <v> f o r  e i t h e r  W o r  P t  i s  l a r g e r  than expected d i f f e r e n c e  i n  



Fig. 28: A comparison of the average normalized radial distribution 
function <R(i)/Z(i)> in platinum and tungsten for various pro- 
jectile ions. 



<v> between them based on t h e  K-P model. It is  not  s u r p r i s i n g ,  the re fo re ,  

t h a t  t h e r e  is very l i t t l e  d i f f e r e n c e  between t h e  l o c a l  c l u s t e r i n g  i n  P t  

and W f o r  t h e  same p r o j e c t i l e  ions.  The r e s u l t s  indica ted  a l s o  t h a t  t h e  

c r y s t a l  s t r u c t u r e  d i d  no t  p lay  a major r o l e  i n  t h e  s p a t i a l  d i s t r i b u t i o n  

of t h e  damage when t h e  inc iden t  ion  was d i r e c t e d  along a  non-channeling 

d i r e c t i o n .  It i s  now c l e a r  why t h e  r e s u l t s  f o r  amorphous t a r g e t s  a r e  

r e a d i l y  a p p l i c a b l e  t o  t h e  case of c r y s t a l l i ~ ~ e  t a r g e t s ,  as long a s  chan- 

ne l ing  e f f e c t s  have ~ w t  t o  be  cnnsidered. 

A comparison of t h e  a s s o c i a t i o n  of vacancies i.r~to ffrsL=rzcnPesL 

n e ~ g l ~ b o r  c l u s t e r s  f o r  K r  i r r a d i a t i o n  of W and P t  a l s o  shows s t r i k i n g  

s i m i l a r i t y  i n  t h e  degree of c l u s t e r i a g  f o r  t h e  two meta ls .  I n  W f o r  

30 keV K r  i r r a d i a t i o n s  28% of t h e  vaeancles a r e  monovacancies and 52% a r e  

i n  c l u s t e r s  of s i z e  l a r g e r  than o r  equal  t o  f i v e  vacancies.  I n  the  case  

of P t ,  the  r e s u l t s  of which a r e  shown i n  t a b l e  3 . 3 ,  t h e  corresponding 

4 1 f i g u r e s  are 2 Y X  and 60%. Currcnt -- e L  al. showed t h a t  t h e r e  were s t rong 

v a r i a t i o n s  i n  6hc numler of monovacancies and f r a c t i o n  of vacancies con- 

t a ined  i n  l a r g e  c l u s t e r s  wi th  v a r i a t i o n s  i n  p r o j e c t i l e  mass. The f rac -  

t i o n  of monovacancies r o s e  gradual ly  a s  t h e  p r o j e c t i l e  mass decreased 

and the f r a c t i o n  of l a r g e  c l u s t e r s  correcpondingly decreased. Our r e s u l t s  

ind ica ted  t h a t ,  on t h e  average,  t h e  fracrio~ of monovacancies and c l u s t e r s  

i s  dependent only on t h e  p r o j e c t i l e  and ta rge t .  masses, and t h e  o t h e r  

.p roper t i e s  of the t a r g e t  do not  a f f e c t  t h e  c l u s t e r  d i s t r i b u t i o n s .  Current 

e t  al.41 a l s o  pointed ou t  t h a t  t h e  d i s t r i b u t i o n  5 = Nn/(AnEN.) was not  --. J J  

s i g n i f i c a n t l y  e f f e c t e d  by v a r i a t i o n s .  i n  i o n  mass and energy. Here Nn i s  

t h e  number of c l u s t e r s  of s i z e  n  and t h e  sum i s  from n = 1 t o  n  = n 
max ' 

t h e  l a r g e s t  c l u s t e r  s i z e ;  An i s  a  s i z e  i n t e r v a l .  The r e s u l t s . f o r  D Z ' s  



TABLE 3.3 

Fraction of vacancies in first-nearest neighbor 
clusters. of size n for 20 keV ~ r +  on platinum 

Size of 
cluster (n) 

f = n h  
v 

5 

0.6 

1 

0.29 

3 

.02 

2 

,083 

4 

.009 



mapped ou t  i n  W f o r  va r ious  ion.masses and energy gave 

5 = (0.75 f 0.05)n - ( 2 , 5  f 0.5) 
(3-18) 

I n  the  case  of P t  f o r  t h e  20 keV K r  i r r a d i a t i o n s ,  t h e  d i s t r i b u t i o n  was 

given by 

= o.8n-2.2 

which is  v i r t u a l l y  s i m i l a r  t o  t h e  one i n  W. .The v a r i a t i o n  of 5 with  n is 

shown i n  f i g .  29. 

LII.2.4 Dis locat ion loops 

T h e ~ d i o l o c a t i o i i  loops w e r e  i d e n t i f i e d  by t h e  c o n t r a s t  p a t t e r n s  

they produced i n  t h e  FIM micrographs. The c o n t r a s t  p a t t e r n  expected from 

a d i s l o c a t i o n  loop can be understood on simple telmls, usl-ng t h e  f a c t  t h a t  

t h e  FIM image can be simulated wi th  remarkable success on purely geometric 

grounds. The d e t a i l s  of t h e  geometric theory a r e  out l ined i n  Appendix A. 

B r i e f l y ,  t h e  e f f e c t  of a  d i s l o c a t i o n  emerging near t h e  pole of a  low 

index plane is  t o  ehauge t h e  p a t t e r n  frnm a conce i~ tx lc  s e r i e s  of c i r c l e s  t o  

a s i n g l e  o r  m u l t i p l e  s p i r a l .  A p e r f e c t  d i s l o c a t i o u  loop can be cunsldered 

as a p a i r  of s i n g l e  d i s l o c a t i o n s  and t h e  s p i r a l  s t a r t e d  a t  one d i s l o c a t i o n  

ends a t  t h e  o t h e r  one. Plane r i n g s . e n c l o s i n g  both d i s l o c a t i o n s  w i l l  be 

unbroken, s i n c e , t h e  n e t  Bnrgero vetcur w f l l  be zero.  A stacking faulr :  

m e r g i n g  a t  an ang le  to a low index plane  s h i f t s  tile r i n g s  on one s i d e  of 

t h e . f a u l t  r e l a t i v e  t o  t h e  o the r  s o  t h a t  t h e  r i n g s  appear stepped a t  t h e  

s t ack ing  f a u l t .  The contrast expected from a f a u l t e d  loop such a s  a 

Frank loop can be obtained by combining t h e  e f f e c t  of a  p e r f e c t  d i s loca -  

t i o n  and a f a u l t .  Thus t h e  FIM p a t t e r n  from a f a u l t e d  loop w i l l  be a 

s tepped s p i r a l .  

+ + 
An important quan t i ty  f o r  a  p e r f e c t  d i s l o c a t i o n  is  p = 

'ghkl 



- .. - .. 
CLUSTER SIZE (n) 

Fig. 29: The distribution o f  nearest neighbor clusters of size n(f,) 
as a function of cluster size (n) for all the DZs produced by 



+ 
ghkl is  t h e  r e c i p r o c a l  l a t t i c e  vec to r  of t h e  p lane  (hkl)  on which t h e  d i s -  

l o c a t i o n  emerges. The va lue  of p is  an i n t e g e r  t h a t  i n d i c a t e s  t h e  mult i-  

p l i c i t y  of t h e  image s p i r a l  caused by t h e  d i s l o c a t i o n .  A s i m i l a r  quan- 

+ -+ 
t i t y ,  defined f o r  a f a u l t e d  d i s l o c a t i o n  loop is  q = beghkl which may o r  

may not be  an i n t e g e r .  I f  i t  is  not  an  i n t e g e r  then t h e  image s p i r a l  shows 

a s t e p  a t  t h e  f a u l t ;  i f  i t  i s  an i n t e g e r ,  ins tead  of a s t e p  a t  t h e  f a u l t ,  

t h e r e  w i l l  be a kink caused by displacement o f  atomic rews i n  ehe plane. 

The h a b i t  p lanc  of a fau l t ed  loop can he  obtained from f h c  t r a c e  of 

t h e  f a u l r  p lane  on t h e  image plane ,  i f  i t  i s  v i s i b l c .  Tho hakniL plane of 

a pcrfece loop i s  more d i f f i c u l t  t o  oh ta in ,  un less  It appears on a high 

index plane.  Once t h e  h a b i t  pl.ane of t h e  I.nnp io lcnoiu~~ ir is poss ib le  t o  

determine whether t h e  loop is vacancy o r  i n ~ e r s t i t i a l  t h a t  i s  whether i t  

is i n t r i n s i c  o r  e x t r i n s i c  r espec t ive ly  from t h e  sense of t h e  s p i r a l  o r  i n  

the  case  of a f a u l t e d  loop,  from t h e  s i z e  of t h e  r i n g s  on e i t h e r  s i d e  of 

the  f a u l t  l i n e .  

I n  f i g .  27 ,  we show two .loops A and B f n s i d e  an FIM specimen. The 

i n i t i a l  su r face  wi th  i t s  cen te r  a t  0 i n t e r s e c t s  t h e  top of t h e  loops. 

Consider t h e  loop A,  whose h a b i t  p lane  (hkl)  makes an ang le  wi th  t h e  

pole  of t h e  sqecimsa. A f t r ~  f i e l d  evapnrat ion,  the aur tace  has  moved down 

t o  t h e  do t t ed  p o s i t i o n  with cen tc r  a t  O1 and now i n t e r s e c t s  t h e  plane of 

t h e  loop. The t r a c e  of t h e  loop on t h e  su r face  is  shown a s  a s o l i d  line 

on the  dotted sur face  and i ts  diamters is  w l  a t  t h i s  s t age .  w l  can be 

measured from the  FIM micrograph using t h e  l o c a l  magnificat ion m which 

is found a s  fol lows.  Severa l  h igh  index planes i n  t h e  immediate v i c i n i t y  

of t h e  loop were chosen and t h e  d i s t a n c e  i n  cent imeters  between a p a r t i -  

c u l a r  c r y s t a l l o g r a p h i c  row of atoms was measured on one of these  planes.  
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Fig. 30: A schematic diagram of a FIM specimen, showing the diameters w 1 and w2 measured, for a d i s -  
location loop. 



9 2 

From a knowledge of t h e  crys ta l lography of the  planes,  t h e  a c t u a l  d i s t ance  

i n  angstroms was known. The value  of m was then determined. By choosing 

va r ious  rows on these  p lanes  t h e  va lue  of m i n  s e v e r a l  d i r e c t i o n s  and 

s e v e r a l  a r e a s  was determined and t h e  average of these  values  was taken 

a s  m. The d i s t a n c e s  determined from t h e  l o c a l  magnificat ion may be s l i g h t  

'underestimates of t h e  a c t u a l  d i s t a n c e s  because the  FIM specimen sur face  

is  d i l a t e d  by t h e  high e l e c t r i c  f i e l d .  

As f i e l d  evaporat ion proceeds and t h e  rurgace of t h e  specimen 

motes, down through t h e  loop,  t h e  diameter ~1 -varied according t o  t h e  shape 

uf the loop. We took w l  t o  be t h e  maximum diameter of t h e  t r a c e  of t h e  

loop. The diameter w 2  of t h e  loop i n  a second d i r e c t i o n  could a l s o  be 

measured from t h e  f i e l d  evsporaLion sequence (see  f i g u r e  30). I f  t h e  loop 

c o n t r a s t  appeared on a (h lkyl l )  p lane  and p e r s i s t e d  u n t i l  n planes were 

evaporated, then w 2  is given by 

11 .9  = - '  -. 
= S i u  9 

m e r e  Q is t h e  angle  between t h e  p lane  (hkl) and t h e  loop and (h ;kl l l )  , 

%kill is t h e  i n t e r p l a n a r  spacing of (hlkll. l)  . ' It has been. pointed out  

hy S t o l ~  chat  the di;mcn.sion~ ol: che loop determined i n  t h i s  fasllion may 

overest imate t h e  a c t u a l  dimensions by as much as 20% s i n c e  t h e  con t ras t  

from t h e  loop ie v i s i b l e  be fore  t h e  s u t f a c c  t i r t e r sec t s  t h e ' l o o p .  W e  

chink chat  t h e  d i a m e t e r s . t h a t  w e  measured by t h i s  method a r e  not  over- 

est imated by t h i s  percentage a s  t h e  counting of planes is begun only when 

t h e  c o n t r a s t  i o  very s t rong.  It i s  e a s i e r  t o  d e t e c t  smal l  changes i n  

computer simulated FIM p a t t e r n s  than it is i n  an a c t u a l  experimental 

p a t t e r n .  Hence, we f e e l  t h a t  t h e  'loop is a t  the  su r face  o r  a l ready  



in te rsec t ing  it when we begin counting planes. 

Two d is loca t ion  loops were detected a f t e r  the  20 keV ~ r +  i r rad ia -  

t ions ,  both of which were located a t  the  surface j u s t  a f t e r  the  i r rad ia -  

+ 
t ion.  The Burgers vector b of the  loop, its habi t  plane and whether it 

was an i n t e r s t i t i a l  o r  vacancy loop could be determined i n  many cases on 

the bas i s  of the  simple geometric theory of cont ras t  outl ined above. 

Loop LPKr2a appeared on the  (311) plane. Successive frames of a 

pulse-field-evaporation sequence a r e  shown i n  f i g .  31(a). The l a s t  

frame ind ica tes  the  cont ras t  on the  plane when the  d i s loca t ion  loop is  no 

longer present. The f i r s t  frame w a s  taken j u s t  a f t e r  i r r a d i a t i o n  and a 

few atoms had been f i e l d  evaporated ( l e s s  than one (311) plane was 

field-evaporated). The contras t  before i r r a d i a t i o n  was therefore  l i k e  

t h a t  i n  the  l a s t  frame and the e f f e c t  of the  loop is  immediately evident. 

The cont ras t  i n  frame 1 c lea r ly  shows the broken r ing  s t ruc tu re  charac- 

t e r i s t i c  of a stacking f a u l t  and the d i s loca t ion  loop is therefore  a 

Frank loop. The t r ace  of the  loop is immediately evident from the break 

i n  the  r ings  i n  frame 1 and is shown i n  a l l  the  frames where the  loop con- 

t r a s t  is evident. The [12i]  d i r ec t ion  is shown a l so  i n  Frame 1 and l i e s  

on the  zone l i n e  joining the 200 and 111 pole. From the  or ien ta t ion  of 

the t r ace  with t h i s  d i rec t ion ,  it was possible  t o  determine which of the  

four possibl& €111) planes, ( I l l ) ,  ( i l l ) ,  ( l i l ) ,  (111) w e r e  t he  habi t  

planes. The last two are re jec ted  because t h e i r  t r ace  on the ( 3 I l ) ~ l a n e  

make too l a rge  an angle with [ l z l ]  compared with t ha t  observed. The 

t r ace  of the other  two planes make equal but opposite angles with t h i s  

direct ion.  From the or ien ta t ion  of the  t r ace  with [12i]  we deduced tha t  

the hahi t  plane was (111). 



Fig, 31(a): A pulse field evaporation sequeqce showing contrast from 
dislocation loop emerging on (311) planes. 
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Fig. 31(b): A schematic diagram of atom near the dislocation loop for 
the sequmce shown in fig. 31(a). 



The f i e l d  evaporation sequences showed the contrast to  be a single 

kinked s p i r a l  indicating tha t  Iql = 1. This is consistent with a Frank 

loop on (111). An isometric view of the pole on which the loop emerges 

is shown i n  f i g .  32 which indicates the ef fec t  of the displacements 

caused by the loop on the low index planes. The contrast t o  be expected 

is also shown and it can be compared with several of the frames i n  the 

f i e l d  evaporation sequence such a s  328, 523 e t c - ,  t o  confirm tha t  the 

observed pat tern was indeed tha t  due ta  a faulted loop fnr  wlll~h 1q.l 4 1. 

Finally, the nature of the loop was determined from the sense of the 

s p i r a l  which is clockxdse. This would require that the planes on the 

lefthand s ide  (LEIS) of the trace be pushed up re la t ive  t o  those on the 

RHS of the t race  a s  indicated in  f i g .  33. Tbio f a c t  is confirmed by 

frames 1 and 2. The two-half r ings  i n  the center a re  from the same plane 

with one half being pushed up r e l a t i v e  to  the other a s  a r e s u l t  of the 

loop. This par t icular  pattern appears because suIIlclrmr number of 

a r m s  b e  not been field-evaporated t o  obtain the end form tha t  i s  shown 

&n fig* 32. Fleld evaporation removes f i r s t  the 'half that extends further  

outwards and from frame 1 and 2 it is c lear  tha t  t h i s  is the half on the 

LHS of the trace. The orientation of ( I l l )  with respect t o  (3il) is such 

that the plane of the loop ~ $ 1 1  he t i - l ted tevards the EIlS of the trace. 

In order f o r  the LHS t o  be pushed lip this requires t h e  the loop be 

extrSnsic. By the methad described above we.were further  able to  deter- 

mine the diameters of the  loop t o  be u1 - 26 k and uz - 7 i. 
The second dislocation loop LPKr3a was deteeterl on the ( 3 s )  plane. 

The pulse f i e l d  evaporation sequence is shown i n  f ig .  33. The l a s t  

frame indicates the contrast when no loop is present and a comparison with 



LOOP 

r --- - 

Big. 32: A three-dimensional isometric drawing illustrating the effect 
of a dislocation loop emerging on a low index plane and the 
corresponding contrast expected in the FIM micrograph. 



3 3 W :  A pulse f i e l d  evaporation sequence showi% the contrast 
a dislocation loop emerging on a (311) plane. 



Fig. 33(b): A schematic diagram of atoms near the dislocation loop for 
the sequence shown in fig. 33(a). 



t h e  c o n t r a s t  is  t h e  f i r s t  e i g h t  frames i n d i c a t e s  very c l e a r l y  t h e  e f f e c t  

of t h e  d i s l o c a t i o n  loop. The t r a c e  of the  loop is  deduced from t h e  kinks 

i n  t h e  r i n g s ,  and is shown i n  t h e  frames where the  e f f e c t  of t h e  loop is 

v i s i b l e .  The [ l Z i ]  d i r e c t i o n  i s  a l s o  shown which l i e s  on t h e  zone l i n e  

jo in ing  t h e  200 and lii poles.  A s  described f o r  t h e  previous case  t h e  

o r i e n t a t i o n  of t h e  t r a c e  r e l a t i v e  t o  t h i s  d i r e c t i o n  r e s t r i c t s  t h e  h a b i t  

p lane  t o  (111). The loop is  a  Frank loop because the  r i n g s  a r e  kinked. 

The c o n t r a s t  patter11 i s  i n  fact very similar rs t h e  previous loop except 

t h a t  t h e  h a b i t  p lane  is  s h i f t e d  f u r t h e r  away from t h e  cen te r  of t h e  plane.  

The f i e l d  evaporat ion sequences c l e a r l y  showed t h e  c o n t r a s t  t o  be 

a s i n g l e  kinked s p i r a l .  This i s  made c l e a r  i n  f i g .  33(b) where t h e  s p i r a l  

has been t r aced  out .  Thus Iqi = 1 and t h i s  is cons i s t en t  wi th  a  Frank 

loop on ( l l i )  . An isometr ic  view of t h e  pole  showing t h e  e f f e c t  of t h e  

displacements caused by t h e  loop is  shown i n  f i g .  34. The FIM c o n t r a s t  

t o  be expected is a l s o  shoyn and it can be compared with s e v e r a l  of the 

frames i n  t h e  f i e l d  evaporat ion sequences such as 287 ,  608 e t c , ,  to 

confirm t h a t  t h e  observed p a t t e r n  w a s  indeed t h a t  due t o  a  f a u l t e d  loop 

f o r  which I q l  = 1. The na tu re  of t h e  loop was determined from the  sense 

of t h e  s p i r a l  and the  h a b i t , p l a n e .  The clockwise sense of t h e  s p i r a l  

ind ica ted  t h a t  t h e  p lanes  on t h e  LHS of t h e  t r a c e  had been pushed up 

r e l a t i v e  t o  those  on t h e  RHS, and from t h e  n r i en ta t i . on  of (111) r e l a t i v e  

t o  (3ii) t h i s  required  t h a t  t h e  loop be  i n t r i n s i c .  The diameters mea- 

sured f o r  t h e  loop were o l  = 34 A and w2 = 10 A. 

Thus both  loops.  a r e  Frank loops; one i s  i n t r i n s i c  and t h e  o t h e r  is 

e x t r i n s i c .  TEM d a t a  on 60 keV 8u2+ i r r a d i a t i o n  of P t  ind ica ted  t h e  

presence of pr imar i ly .  vacancy-type loops,  both  Frank loops and p e r f e c t  



Fig. 

I I 
A three-dimensional isometric drawing illustrating the e 
of a dislocation loop emerging on a low index plane and 
corresponding contrast expected in the FIN micrograph. 

ffect 
the . 



<110> type loops.  Unannealed Neutron-irradiated P t  specimens exhibi ted  

both  vacancy and i n t e r s t i t i a l  type loops. I n  t h e  case  of gold which is  

an f .c .c .  meta l  wi th  a lmos t .  t h e  same atomic number a s  ~ t ,  both  types of 

loops a r e  seen f o r  l i g h t  ion  (MI 5 85) i r r a d i a t i o n s .  The f r a c t i o n  of 

i n t e r s t i t i a l  loops decreased wi th  increas ing atomic number and w a s  almost 

n e g l i g i b l e  f o r  20 keV ~ r +  i r r a d i a t i o n s .  Though t h e  f r a c t i o n  of i n t e r -  

s t i t i a l  loops may be,  i n  a l l  l ike l ihood ,  very smal l  f o r  20 keV ~ r +  i r r a -  

d i a t i o n s  of P t  i t  does not  r u l e  ou t  t h e  p o s s i b i l i t y  of t h e i r  occurence. 

The i n t e r s t i t i a l  loop t h a t  we have detec ted  could have 'been produced by 

t h e  aggregation of SIA1s a t  t h e  su r face ,  during t h e  long-range migrat ion.  

A s  mentioned e a r l i e r ,  t h e  bulk  of t h e  SIA1s a r e  separa ted  by comparatively 

l a r g e  d i s t ances  from t h e  DZ by means of RCS's and a s  a.consequence a r e  

more l i k e l y  t o  reach t h e  s u r f a c e  than recombine wi th  t h e  vacancies i n  a 

It is very  l i k e l y  t h a t  the  vacancy type loops are caused by the 

co l l apse  of very dense D Z ' s .  I n  t h e  case  of piatinuni o r  any o t h e r  f.c.c. 

metals, Frank loops a r e  formed by t h e  co l l apse  of vacancies onto the (111) 

plane. P e r f e c t  loops could be formed by the  unfau l t ing  of Frank loops 

through t h e  r e a c t i o n  

or  d i r e c t l y  (which would l eave  t h e  loops on (111) planes)  o r  by t h e  col-  

l a p s e  of vacancies  - onto  (220) p.lanes. The ex i s t ence  of . a  (110) vacancy 

p l a t e l e t  i n  Pt-4 a t  % a l l o y  ind ica ted  t h a t  t h e  second p o s s i b i l i t y  is 

very l i k e l y .  W e  have examined t h e  width .of  t h e  individual .  D Z 1 s  t h a t  have 

a h igh cv. I n  DPKr2c, t h e  width was a minimum along. t h e  [I101 d i r e c t i o n  



and the projection of the positions onto the (001) plane showed that the 

bulk of the vacancies (78) lay on seven (110) planes. In DPKrlb, a total 

of 120 vacancies lay on eight [I101 planes. The existence of these multi- 

layer plate-like structures indicated the possibility of a defect struc- 

ture intermediate between that of a DZ and a loop. On the theoretical 

side 30hnson~~ has predicted that a single layer vacancy-platelet on a 

(111) plane, in nickel, is stable to collapse into a perfect dislocation 

loop up to 180 vacancies. On the other hand, Savino and  erri in^^ have 
calculated by a computer simulation technique that a (111) planar vacancy 

aggregate, in copper of as few as six vacancies can readily collapse into 

a more stable configuration. A point which has to be kept in mind is 

that a collection of defects existing in a configuration of a much higher 

energy than a second configuration may not necessarily transform to the 

second configuration because o f  a kinetic barrier. 

The formation of loops at low temperatures evidently requires the 

rearrangement of vacancies that have been created by the above-threshold 

recoils generated within the target by the incoming ion. The time scale 

involved in creating the DZ is 10-l3 sec. After the creation of the DZ, 

the atoms within the vicinity of the DZ will have energies below the 

threshold, (in this case, 36 eV) but which can still be very large com- 

pared to the normal energy of the atom. This energy will be dissipated 

to the surrounding lattice. During this process, vacancies and SIA's in 

the vicinity of the DZ can apparently undergo a few jumps. The diffusion 

process can cause recombinations and clustering. The effect can be sig- 

nificant in BZ's having a high defect density. It has been customary to 

use 80, the effective maximum deposited energy per atom, which can be 



estimated from analytical theories as a measure of the "thermal spike" 

effect. The quantity describes an energy deposition average while the 

collapse process involves individual cascades and it is not immediately 

obvious how to relate the two. The results we have obtained for 20 keV 

+ 
Kr on Pt indicates a whole range of cascade sizes and clustering of'vacan- 

cies, a fact which is also confirmed by TRIM. The possibility exists 

that due to statistical fluctuations, the deposited energy density may be 

very high in some of the cascades that generated hy ions of a particular 

mass and energy. The BZ1s produced in such a cascade will also have a 

high vacancy concentration. In these high density DZ's, the vacancies 

can undergo further rearrangement to platelets or further collapse to 

loops. In the more diffuse cascades the energy is deposited over too 

large a volume to cause further rearrangements. 

In one of the DZ1s, DPKr2b, we noticed that in a region where there 

was a high density of vacancies, the field evaporation sequence indicated 

very severe distortions of the lattice and in snme cases the arrangement 

of atoms on successive planes showed a spiral-like structllre. This is 

illustrated in fig. 35. Frame A shows the (531) plane before irradiation. 

The atoms are arranged in regular rows and s~~ccessive planes are concen- 

tric with each other. In a twical field evaporation sequence the outer 

atoms on the plane field evaporate first and the planes shrink in size, 

but always maintaining the concentric pattern. Frames 1 to 665 display 

the field evaporation sequence for the same plane in a region.encompassing 

part of DPKr2b. Frame 167 to 254 illustrate the field evaporation for 

one plane that is complete in 297. Note the spiral-like appearance of 

the planes, instead of the concentric pattern in frame A. Because of this, 



Fig. 35: A pulse field evaporation sequence illust 
collapsed region in a dense DZ produced b 
in platinum. 



it becomes d i f f i c u l t  t o  assoc ia te  atoms to  a pa r t i cu l a r  plane j u s t  by 

glancing a t  a s ing le  frame. For example, the  atoms observed i n  the  upper 

p a r t  i n  297 do not  belong t o  the  plane which is observed t o  f i e l d  evapo- 

r a t e  i n  340 and 418 but  t o  the  plane i n  the  center  i n  468. I n  such cases, 

the  necessi ty  of f i n e  f i e l d  evaporation, whereby only a few atoms a r e  

removed per pulse and the recording of the  pa t te rn  a f t e r  each pulse becomes 

evident. I n  frame 1773 the  vacancy concentration has become low enough 

t h a t  successive planes now appear concentric again. The sequence can be 

compared with f i g .  16 which showed the  vacancies i n  a d i f fu se  DZ on 

successive (513) planes. The r e s u l t s  indicated the poss ib i l i t y  t h a t  i n  

pa r t  of the  DZ a p a r t i a l  col lapse t o  a loop-like s t ruc tu re  may have 

occurred. 

111.3 --- 20 keV ~ t +  i r r a d i a t i o n  

+ 
20 keV P t  i r r a d i a t i o n  of pure platinum produced the same three 

+ 
morphological types of defec ts  a s  20 keV K r  . I n  a l l ,  we were ab le  

t o  de tec t  four D Z ' s  and one d is loca t ion  loop. 

111.3.1 Depleted zones 

0t t he  four UZ'S we  were ab l e  t o  obtain an approximate count o t  

the  vacancies i n  only two of the DZ ' s .  Both had approximately 160 

v a r a n c i ~ s .  WP WPTP ilnahl P t n  map t h ~  v a r a n r i ~ s  ~ P C R I I S P  -in r ~ r t a i n  reg inns  

encompassing the  DZ t he  f i e l d  evaporation of the  planes containing the 

vacancies became very i r r egu la r  and i t  was d i f f i c u l t  t o  keep t rack of the  

coordinates of t he  remaining atoms. I n  the  other two D Z ' s ,  experimental 

d i f f i c u l t i e s  prevented completion of the  pulse-field evaporation before 

the e n t i r e  DZ had been pulse-field evaporated. The pulse-field evaporation 

sequence of planes within the  DZ a s  w e l l  a s  the  bending of the  atomic rows 



adjoining t h e  DZ appeared t o  i nd i ca t e  a s t r a i n  f i e l d  t h a t  could be ascr ibed 

t o  a p a r t i a l l y  collapsed DZ. 

111.3.2 Dislocat ion loop 

The f i e l d  evaporation sequence f o r  t he  loop is shown i n  f i g .  36a. 

The loop appeared on the  (513) plane and t he  con t r a s t  due t o  t he  loop is 

c l ea r  when comparing i t  with  t he  con t r a s t  on t he  equivalent  plane (513) 

a l s o  shown i n  the  frame. The t r a c e  of the  loop was deduced from the  break 

i n  t h e  rows of atoms i n  frame 28, and is i l l u s t r a t e d  by t he  broken l i n e  

i n  f i g .  36b. The t r a c e  w a s  cons i s ten t  wi th  a hab i t  plane of (111) . This 

plane is t i l t e d  towards the  LHS of t h e  t race .  Since the  sense of t h e  

s p i r a l  is clockwise t h e  planes on t he  LHS have been pushed down r e l a t i v e  

t o  those on t he  RHS of t h e  t race .  This implies t h a t  t h e  loop i s  an i n t r i n -  

s i c  loop. The diameters of t he  loop are w l  = 20 A and w2  = 3.5 A .  

111.4 Summary 

1)  The i r r a d i a t i o n  of platinum by 20 keV ~ r +  ions produces depleted 

zones, voids  and d i s loca t i on  loops. 

2) The s t r u c t u r e  of the  D Z ' s  shows wide va r i a t i ons  but  t h e  average 

proper t i es  a r e  s a t i s f a c r o r i l y  described by t h e  cur ren t  theor ies  nf 

ion-stopping. The damage p r o f i l e  obtained by adding t he  damage of the  

individual  D Z ' s  i s  very c lo se  t o  t h a t  ca lcula ted from these  theor ies .  

3) The average number of vacancies per  DZ (<v>) is approximately 

given by t h e  modified Kinchin-Pease value.  The f l uc tua t i ons  i n  v a r e  

l a rge r  than t ha t  expected from l i n e a r  cascade theory and is  believed t o  

be due t o  t h e  occurence of non-linear cascades. 

4 )  The d i s loca t i on  loops have been analyzed a s  Frank loops. Both 



Fig. 36(a): A pulse field evaporation sequence showing the contrast 
from a dislo.cation loop emerging aa the (513) plane of 
platinum. 



Fig. 36(b): A schematic diagram of atoms near the dislocation loop for 
the sequence shown in fig. 36(a). 



interstitial and vacancy type loops were detected. Evidence was shown to 

indicate that the vacancy type loops were caused by the collapse of DZ's 

having a high vacancy concentration. 
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IV. SELF-ION IRRADIATION - OF TUNGSTEN 

In this chapter we present the results of experiments on radiation 

damage produced in tungsten by tungsten ions whose energy ranged from 

20 keV to 60 keV. These experiments are important for understanding the 

radiation damage created by fast neutrons, where the damage is caused by 

energetic recoil atoms of varying energy. The main aim of the work was to 

determine the change in morphology and point-defect structure of the 

radiation damage as the energy of the i~lcoming ion was increased. The 

FIM is especially sui ted to this purpoco an 4 t  is d t l ~  co detect  both 

uncollapsed clusters of vacancies and dislocation loops whereas the trans- 

mission electron microscope (TEM) technique is capable of seeing only 

dislocation loops and in some cases dense clusters and voids. 

1 + Wei reported the results of 30 keV W irradiations of W and analyzed 

2 four DZ's. Beavan -- et al. mapped out two DZ's in detail for 20 keV W+ 

+ incident ions. We have added some more data t n  the 20 keV W irradiaLluns 

+ as we11 as new information for 45 and 60 keV W irradiations. 

The experimental details were described in Chapt. 11. The method of 

analysis was the same as the one descti.h~d, in Chapti I11 for Bt and has 

been described in great detail for tungsten in ref 1. Hence we will 

presetif the results directly without further elaboration of how the various 

quantities were calculated. 

IV.l Depleted zones 

+ IV.l.l 20 keV'W irradiations --- 
+ We were able to map out two DZ'S for 20 keV W irradiations. The 

positions of the DZ's are shown in fig. 37. Together with the two DZ's 
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(a) Partial 110 stereographic projection showing location of 
depleted zones DWW2a and DWW2b. 

(b) A schematic cross-sectinnal view of the FZM tip specimen 



2 
mapped out by Beavan -- e t  a l .  ; t h i s  g ives  a t o t a l  of four D Z ' s  mapped out 

f o r  20 keV sel f - ion i ' rradiatfons of W. The number of vacancies (v) and 

the  vacancy concentrat ions cv a r e  given i n  t ab l e  4.1, and the  range L, 

maximum and minimum dimensions and average dimensions a r e  given i n  t ab l e  

4.2. 

The average number of vacancies expected f o r  normal ion incidence, 

ca lcula ted from the  TRIM program based on Ed o f . 4 3  eV i s . 1 4 6  2 20. For 

ions incident  a t  60°, the  average number of vacancies decreased t o  121k29, 

Displacement cascades with a s  few a s  30 vacancies were obtained i n  t he  

computer simulation.  The number of vacancies observed i n  the  experimental 

112's were g r ea t e r  than expected but not s i gn i f i c an t l y  g rea te r .  

The range of t he  DZ1s.are  wi thin  the  limits expected from TRIM of 

34.37 + 13.43. From Winterbont s t a b l e Y 5  however, we obta in  L = 21 A. 
- 

The average s i z e  of the  D Z ' s  on t he  ba s i s  of TRIM is  X = 27 + 8 A .  The 

average s i z e  of t he  experimental D Z ' s  appeared t o  be much smaller than 

t h i s ,  though they a r e  wi thin  the  30 l i m i t s .  

The radfal d i s t r i b u t i o n  functions N(i) and R( i ) /Z ( i )  have been 

p lo t ted  i n  f i g s .  38 and 39. The p l o t s  f o r  <N(i)> exh ib i t  a sharp s i ng l e  

peak which indicated a s i n g l e  l a rge  c l u s t e r  of vacancies. I n  f i g s .  40 and 

41 we show the  OR TEP v i sua l i za t i ons  of the  two D Z 1 s ,  which i nd i ca t e  the  

compact na ture  of the  two D Z 1 s ,  

Analysis of the  degree of c lus te r ing  revea l s  t ha t  DWW2a has 30 

monovacancies, t h r ee  divacancies,  th ree  t r ivacancies  and one each of 72 

and 82  vacancies. DWW2b has 25 monovacancies, two d i v a ~ a n c ~ e s ,  two qr.tad- 

ravacancies,  one c l u s t e r  of 20 and one jumbo c l u s t e r  of 133. 

Comparison of the  average ~ ( i ) / Z ( i )  f o r  the  th ree  f u l l y  developed 



TABLE 4.1 

Number of vacancies and vacancy co centration P in DZ's produced by 20 keV W on W 

DEPLETED 
ZONE 
(DZ 

DWW2a 

DWW2b 

* 
DZOa 

DZO~* 

* 
From Beavan et al. 2 -- 

NO. OF 
VACANCIES 

v 

199 

190 

172 

8 5 

VACANCY 
CONCENTRATION 

(cv) at 4 

15.4 

13'. 63 

.14.33 

13.9 
- 



TABLE 4.2 

Range and dimensions of D Z r s  produced 
by 20 keV W+ 0n.W 

2 *From Beavan e t  a l .  -- 

DEI'LETEU 
ZONE 
(DZ 1 

DWW2a 

DWW2b 

* 
DZOa 

I 

RANGE 
Td 

b, 

1 0  i 

30 

40 

DIAMETER 
X 1 
A 

21.4 

16.85 

29.6 

DIAMETER 
2 

i 

15.3 

14.32 

11 - 

tfEAN 
UlAMETER 

< A >  
b, 

17.11 

15.12 

1.5.36 

ELONGA'l'LON 
DIRECTION 

[hkll 

[ l o l l  

[ 1 i 0 ]  

[ l l i ]  
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Fig. 38: 2 e  spectra of < ~ ( i ) > s  f o r  depleted rohes produced by 20 k e ~  
W irradiations of tungsten. 
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Fig.' 39: The normalized radial distribution functions [R( i) /Z( i) ] for 
DZs produced by 20 keV W+ irradiations of tungsten. 

0.4 

0.3 

0.2 

0.1 

- 

DZOA 
20 keV w C o n  W 

AVERAGE FOR 
DWW2a,  DWW2b  
and  DZOA 

0 2 4 6 8 2 4 6 8 
NElGHE3BRlNG S l f  E SEPARATION (A)]  

- 

- S 
O\o 

- \ 
0, 

0-0. 
\ - 

t 1 1 I I 

'. \ 

% '? 

1 1 1 I 



- -. .-- . - - . . - -. . . 

Fig. 40: An OR TEP drawing of depleted zone DWWZa. 
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Fig. 41: An OR TEP drawing of  depleted zone DWW2b. 



+ + 
20 keV W DZ's with that for 30 keV W DZ's showed them to be virtually 

identical. This confirmed the observation made in Ref. 3 that there was 

no pronounced dependence of R(i)/Z(i) on ion energy, only on the mass of 

the mass of the projectile ion. 

+ 
IV.1.2 45 keV W irradiations --- 

Four specimens were irradiated but only in one of them did we obtain 

a DZ which could be mapped out in atomic detail. The position of the DZ 

in the specimen is shown in fig. 42. 

The number of vacancies in this DZ was 298 which was close to the 

expected value of 329 2 20. This DZ had an average vacancy concentration 

of 14.2%. Its L value was 213 A, which is very much larger than the TRIM 

calculated range of 52 k 20. The largest diameter (A1= 24.48 A) was along 
[1I0] and <A> = 18.32 A, which was smaller than <A>TRIM = 38 2 11 i, but 

still within the 30 limits. The radial distribution functions are plotted 

in fig. 43. They indicated that most of the vacancies were in one single 

large cluster. This was confirmed by the analysis of the degree of clus- 

tering. There were 33 monovacancies, two divacancies, two trivacancies, 

one heptavacancy, one octavacancy, one cluster of 21 vacancies and one 

jumbo cluster of 215 vacancies. The ORTEP visualizations clearly showed 

the clustering of vacancies (fig. 44). 

A second DZ was detected in another specimen but could not be mapped 

in atomic detail because portions of it lay on the outer rings of a low 

index plane. A rough esthate of the number of vacancies was 2300, and 

the appearance of the DZ in successive frames of the micrographs indicated 

that the vacancies were practically in one big cluster. Near the center 

of the DZ the contrast was similar to that of a void. A rough estimate 



Fig. 42; (a)  Partial 222 stereographic projection showing location of 
depleked zone UWW9a. 

(b) A schematic cross-sectional view of the FIN tip specimen. 
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Fig. 43: (a) The normalized radial distribution function [R(i)/Z(i)] 
for depleted zone produced by 45 keV W+ irradiation of 
tungsten. 

(b) The s ectra of cN(i)> for depleted zone produced by 45 P keV W irradiation of tungsten. 



Fig. 44: An OR TEP drawing of d e p l e t e d  zone DWW9a. 



of t h e  s i z e  of the  DZ was obtained by counting t h e  number of p lanes  over 

which t h e  major i ty  of vacancies extended--this procedure.gave < A >  equal  

t o  16 A. 
+ 

I V .  1.3 60 keV W i r r a d i a t i o n s  ' --- 
Out of t h r e e  i r r a d i a t e d  samples, only i n  one specimen were w e  a b l e  

t o  f i n d  D Z ' s  t h a t  could be completely analyzed. They were denoted a s  

DWW7a and DWW7d. The D Z 1 s  were detec ted  i n  a specimen wi th  r a d i u s  of 

=500 A,  which had a [ I l l ]  f i b e r  a x i s .  Fig.  45a e x h i b i t s  t h e  111 standard  

s tereographic  p ro jec t ions  which show t h e  top view of each specimen. The 

plane (or planes)  i n  which a DZ was detec ted  is ind ica ted .  Unanalyzed 

D Z ' s  a r e  a l s o  included. The cross-sect ional  s i d e  view of t h e  specimen i s  

shown i n  f i g .  45. The separa t ions  between any two D Z ' s  were ind ica ted  

by t h e  l e t t e r s  a , b , c ,  e t c .  

DWW7a was de tec ted  i n  t h e  (534) plane.  It contained 453 vacancies ,  

which i s  c l o s e  t o  t h e  va lue  of 410 f 63 expected from .the TRIM simulat ion.  

It was found =200 A from t h e  su r face  along t h e  d i r e c t i o n  of the  inc iden t  

ion  beam. This range is  somewhat g r e a t e r  than t h e  TRIM va lue  of 

76 -1 28.4 but  not  s i g n i f i c a n t l y  .d i f fe ren t  t o  a s c r i b e  it' t o  channell ing.  

DWW7a was extremely dense and t h i s  was r e f l e c t e d  i n  t h e  very high c v 

of 25%,  which was comparable wi th  t h e  cv of D Z ' s  produced a t  much lower 

p r o j e c t i l e  energies .  The compactness of t h e  DZ was r e f l e c t e d  i n  i t s  

dimensions. The diameter ( X I )  measured along the  major a x i s  was 17 A and 

t h e  diameter X 2  measured along the  minor a x i s  was 13.32 A .  The major a x i s  

of t h e  e l l i p s o i d  enclosing t h e  DZ was along t h e  [ loo]  d i r e c t i o n .  The 

average diameter < A >  was equal  t o  14.44 A .  This value  was very much 

smaller than t h e  expected mean d.iameter of 52 f 20 A ca lcu la ted  from t h e  



DIRECTION 

Fig. 45 : (a) Partial 222 stetengraphic projection showing locatiori. of 
depleted zones produced by 60 keV W* irradiation of tung- 
sten. 

(b) A schematic cross-sectional view of the FIX tip specimen. 



TRIM program. 

R(i)/Z(i) and <N(i)> are plotted in fig. 46(a) and 47(a) and indicate 

a high degree of clustering. This was confirmed by the distribution of 

cluster sizes which were as follows: 37 monovacancies, one divacancy 

and one jumbo cluster of 414 vacancies. The ORTEP visualization of the 

DZ is shown in fig. 48. 

DWW7d was found in the (i27) plane. It contained 200 vacancies. 

This value was small compared to the number detected in DWW7a and it was 

definitely outside the limits expected from fluctuations around the mean 

value. Moreover, it was well within the sample, at a distance L = 52 A 

from the surface and it was unlikely that the small number was due to loss 

of energetic recoil atoms through the surface or backscattering of the 

incident ion. Close to the DZ, 70 A, was another damaged region on the 

boundary between (013). and (149) . The contrast from this region indicated 

that it was a dislocation loop and when it crossed the (149) plane, vacan- 

cies were seen on successive planes. It was very probable that DWW7d 

was a subcluster of a single DZ with the 'remainder of the vacancies col- 

lapsed into a dislocation loop. The formation of subclusters was expected 

at these energies on the basis of the kinematics of ion-ion collisions 

which predicted that the distance between energetic recoils along the 

path of the incident ion should increase with increasing projectfle energy. 

Thus DWW7d is probably caused by an energetic recoil atom having an energy 

=20-25 keV based on the v of DWW7d. An analysis o f  the various other quan- 

tities for this DZ and. comparison with the 20 keV DZ's was useful in con- 

firming this conclusion. 

The value of c was 11.RX. This was about the same cv as. for 20 keV v 
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Fig. 46: m e  spectra of <N(i)>s for depleted zones produced by 60 keV 
W irradiations of tungsten. 
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47: The norma'lized radial distribution functions [R(i)/Z(i).] for 

DZs produced by 60 keV W+ irradiations of tungsten. 



Fig. 42 :  An OR TEP drawing of d e p l e t e d  zone DWW7a,. 
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i r r a d i a t i o n s .  The diameter X1 measured along t h e  major a x i s  was 17.61 A 

and the  diameter X 2  measured along t h e  minor a x i s  was 14 A. The major 

a x i s  was along [ l i l ]  d i r e c t i o n .  The va lue  of < A >  was 15.09 A ,  which 

i s  s i m i l a r  t o  t h e  20 keV D Z 1 s .  

The r a d i a l  d i s t r i b u t i o n  func t ions  a r e  p l o t t e d  i n  f i g .  46b and 47b and 

they ind ica ted  a s i n g l e  c l u s t e r  of vacancies.  This was confirmed by 

t h e  d i s t r i b u t i o n  of c l u s t e r  s i z e s .  There were 28 monovacancies, s i x  d i -  

vacancies,  t h r e e  t r i v a c a n c i e s ,  one pentavacancy and one jiimbo c1uetr.r of 

146 vacalicies. Thus the l lZ  i -s  i d ~ n t i a a l  w i t h  the 20 keV D Z ' s  continuing 

t h e  conclusion t h a t  it had been caused by a 20 keV r e c o i l  W atom produced 

by t h e  60 keV i n c i d e n t  ion.  

IV.1.4 Discussion 

IV.1.4a Number - of vacancies 

I n  f i g .  50 w e  p l o t  the  number of vacancies per  DZ a s  a funct ion of 

+ 
t h e  i n i t i a l  energy of t h e  inc iden t  W i n .  We have included the data from 

i l l  and [i] . For t h e  66 keV i r r a d i a t i o n s  we have est imated the n ~ ~ m b P r  of 

vacancies i n  DWW7d as 350, by adding t h e  number of vacancies i n  t h e  

d i s l o c a t i o n  loop c l o s e  t o  t h e  D Z ,  which we est imated t o  be =150. (This 

may be a lower es t imate . )  Shown on t h e  graph a r e  < A >  
TRIM f o r  a s i . n g l ~  E 

d 

va lue  of 43 eV. These va lues  a r e  c l o s e  t o  v 
R-T 

Also shown a r e  vK,p and 

v 
T,.   here i s  enough d a t a  a t  the lower enorgico t o  show that the experi-  

uuntnf  va lue  01 v I s  well est imated by v 
R-T ' whereas the va lues  expected 

from ~ u c a s s o n ' s  model a r e  too low. The v a t  45 keV and 60'keV confirm 

this t rend.  

A s  i n  t h e  case  of P t ,  t h e  s c a t t e r  i n  v was f a r  g r e a t e r  than t h a t  
exp 
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expected from theory f o r  a  s i n g l e  E va lue .  This  impl ies ,  a s  pointed out  
d 

i n  Chap. 111, t h e  p o s s i b i l i t y  of va r ious  o the r  physica l  phenomena t h a t  

have not  been incorporated i n t o  t h e  simple model of r a d i a t i o n  damage, 

such as :  (a)  subthreshold displacements; and (b) t h e  breakdown of t h e  

simple b ina ry-co l l i s ion  approximation i n  dense displacement cascades. 

The FIM r e s u l t s  f o r  W s tand i n  c o n t r a s t  t o  t h e  v determined i n  
exp 

var ious  o t h e r  meta ls  by r e s i s t i v t t y  mencuruncnts4 as w e l l  a s  those  deter -  

8 mincd by TEN. When experimental and t h ~ t : ~ s u ~ I ~ a l  damage ~ a t e s  are cnm- 

pared i t  i s  u s e f u l  t o  in t roduce an e f f i c i e n c y  f a c t o r  t t h ~ t  g k v u ~  fhc 

r a t i o  of t h e  experimental  t o  t h e o r e t i c a l  number of de fec t s :  

v e = S V ~ - ~  (4-1) 

Our FIM r e s u l t s  a s  we-1 a s  previous FIM d a t a  ind ica ted  t h a t  E = 1, with  

.v ca lcu la ted  using t h e  minimum va lue  of E R-T ( E ~ ~ ~ ~ ) .  I n  t h e  case  of 

6 tungaten,  t h i s  i s  43 eV. The r e s i s t i v i t y  expor iw~nto  give 5 2 0.4 f o r  

se l f - ion  i r r a d i a t i o n s  of t h e  f  ce  metals  CU, Ag , A U ~  with  v ca lcula ted  R-T 

with an average threshold  energy, min , t h a t  i s ,  1.4 Ed f o r  f c c  

and 2 . 2  E min 
d f o r  bcc meta ls .  These f a c t o r s  some from Lcrcasson's model. 

Thus, the  r e s i s t i v i t y  measurements g ive  a damage r a t e  t h a t  i s  ~ 1 1 3  t h a t  

of Llie FIM measurements. A s  mentioned i n  Chapt. 111, w e  b e l i e v e  t h a t  t h i s  

discrepancy is due t o  t h e  assumptions underlying the r a l c u l a t i o n  of  allso= 

l u t e  damage r a t e s  from measured r e s i s t i v i t y  changes. 

The i s s u e  of close-pair  recombination of SIA's  wi th  vacancies has 

been raised t o  account f o r  t h e  lower damage r a t e s  obtained by r e s i s t i v i t y  

measurements. However, i n  our experiments c a r r i e d  out  a t  temperatures 

below t h a t  a t  which S I A ' s  migrate,  only a small  f r a c t i o n  of t h e  expected 



S I A 1 s  were detec ted  i n  t h e  i m m e d i a t e v i c i n i t y  of t h e  DZ.  Experiments by 
. , 

7 
W e i  indica ted  t h a t  the  SIA1s were separa ted  from t h e  D Z 1 s  by means of 

Replacement C o l l i s i o n  Sequences (RCS1s). The average d i s t a n c e  was calcu- 

l a t e d  t o  be 160 k 120 i. Thus, t h e  . i s s u e  of recombination of SIA1s and 

vacancies does not  appear t o  a r i s e  a t  a l l .  

The va lue  of v has  been obtained from TEM observat ions  of d e f e c t  
e  

c l u s t e r s ;  employing t h e  geometry and s i z e  of the  observed black spo t s .  
. . . , .  . 

Unfortunately , t h e  geometry and s i ze - .o f  ve ry  small  black-spot d e f e c t  

c l u s t e r s  a r e  not  well-defined. The .measured diameters i s  dependent t o  

some ex ten t  on imaging condi t ions .  I n  Au, Ag and Mo, 9-12 cascade e f f  i- 

c ienc ies  of t h e  order  of 0.5 o r  .more were observed, though--once again-- 

these  e f f i c i e n c i e s  were ca lcu la ted  on t h e  b a s i s  of t h e  average threshold  

energy. A poss ib le  explanation f o r  these  low e f f i c i e n c i e s  i s  t h a t  the  

c l u s t e r s  observed by t h e  TEM technique may not  inc lude a l l  t h e  vacancies 

t h a t  have been produced i n  t h e  displacement cascade. A l a r g e  number of 

vacancies may be p resen t  a s  smal ler  : .c lus ters  o r  s i n g l e  vacancies and 

would not  be v i s i b l e  i n  t h e  TEM. Even f o r  a  s i n g l e  inc iden t  ion  energy, 

t h e r e  can be a l a r g e  v a r i a t i o n  i n  t h e  s p a t i a l  d i s t r i b u t i o n  of vacancies 

from one d i s p l a c e m e ~ ~ l  cascadc t o  the next .  Consequently, the  f r a c t i o n  of 

the  t o t a l  number of vacancies i n  a displacement cascade t h a t  c o l l a p s e  

t o  an observable c l u s t e r  w i l l  a l s o  va ry  from cascade t o  cascade. There- 

f o r e ,  no t  only w i l l  t h e  average v be l e s s  than vR bu t  t h e  observed 
TEM ." - 

v a r i a t i o n  of v w i l l  a l s o  be much .b.rqader than t h e  a c t u a l  v a r i a t i o n .  The 

d i s t r i b u t i o n  of v has  been measured f q r  250 keV se l f - ion  displacement 

cascades a t  52X.13 Some of t h e  cascades were seen t o  con ta in  a s  many o r  
; .. - 

more vacancies than expected from t h e  modified K-P theory.  I n c i d e n t a l l y ,  



while the defect structure of elevated temperature irradiations have a more 

regular appearance compared with room-temperature irradiations, it was 

found that the yield and e-fficiencies stay rather. constant up to the point 

where the cascade clusters begin to dissolve by thermal evaporation of 

vacancies. The activation energy for this process is the self-diffusion 

value. Thus, the distribution of v measured at 523K can be considered 

to be representative of the distribution that would fie observed in the 

TEM at lower temperatures also. At rhe saqe time th i s  fast  ohnw,q that: 

che mechanism for separating vacancies and SIA's also works very effec- 

tively at.. temperatures where,both SIAts.and vacancies were highly mobile. 

IV.1.4b Size and structure -- 

In fig. 51, we have plotted the quantity <A> of the DZ's as a func- 

+ 
tion of E l  and E .  For the case of 45 keV W ions one of the values has 

been estimated and not determined rigorously, as was mentioned before. In 

+ the case of 60 keV W ions, the dimensinns of one of the D2's was deter- 

mined on the basis that it couLains ewo silhclusterc having appruxima~.ely 

eqiial, number of v a i a ~ ~ c l e s ,  separated by a distance of 70 A. Shown on the 

graph are <X>'s expected from TRIM and those expected from analytical 

models. In the case of thc analyLlcaf models, we have shnrm the dimcn- 

sions : 

expected for the cumulative damage distribution as well as the contracted 

dimensions : 

where 6 is a.contraction factor that should take into account the decrease 

in width from going from the cumulative diameter to individual diameter. 



PROJECTILE ENERGY LE, ( k e ~ ) ]  

Fig. 51: Variation of the average dimensions of the depleted zones, 
produced by W+ ions in tungsten, with energy E of projectile 
ions . 1 



The value  of <y2> and <Ax> w e r e  obtained from Winterbon's t a b l e s  while 6 
D D 

was obtained from [14] and is  0.6 f o r  our case.  The t h r e e  curves shown 

f o r  TRIM i n d i c a t e  t h e  mean diameter and one standard dev ia t ion  on e i t h e r  

s i d e  of t h i s  diameter .  The l a r g e  v a r i a t i o n s  i n  < A >  TRIM 
is due t o  t h e  

i r r e g u l a r  shape of t h e D Z 1 s  and t h e  f a c t  t h a t  t h e  d i r e c t i o n s  i n  which the 

dimensions were measured, namely x and y ,  were f ixed whereas t h e  DZ 

i t s e l f  can have almost random o r i e n t a t i o n .  

Both TRIM and a n a l y t i r a l  modaLc prcdic tcd  I - ~ I Y L  che atieragc dimensipus 

should i n c r e a s e  wi th  increas ing p r o j e c t i l e  energy E l .  I n  the range  nf c 

t h a t  we covered, c o l l i s i o n  theory i n d i c a t e  t h a t  t h e  r a d i u s  of t h e  DZ s h a l l  

2 / 3  15  be p ropor t iona l  t o  El . . 

The FIM d a t a  do not  appear t o  be well-described by e i t h e r  the  TRIM 

o r  a n a l y t i c a l  models, a t  t h e  h igher  energies .  I n  f a c t ,  < A >  appears t o  be 

almost constant  a f t e r  30 keV. The l a r g e  < A >  obtained i n  t h e  case  of one 

of t h e  60 keV nZ's w a s  duc to the bleak-up ifito two s e p a r a t e  subcascades, 

each of which has  r e l a t i v e l y  smal l  dimensions. A sudden decrease  i n  t l ~ r  

3 
' d h e n s i o n s  of t h e  DZ with  energy was a l s o  noted f o r  ~ r +  i r r a d i a t i o n s  of W. 

The dimensions of t h e  DZ increased wi th  energy u n t i l  =60 keV but  a t  70 keV 

the DZ was extremely compact. 

TEM d a t a  exists on t h ~  o i e c  of 9eIect c lusee rs  produced by i r r a d i a -  

t i o n .  However, t h e  TEM maaEurcmcnts O L ~  pure merals s u t i e r s  from t h e  d is-  

advantage t h a t  t h e  TEM can d e t e c t  only those c l u s t e r s  t h a t  e x h i b i t  s t r a i n  

f i e l d  c o n t r a s t .  It is  extremely l i k e l y  t h a t  only p a r t  of t h e  DZ may col- 

l a p s e  and hence t h a t  t h e  observed c l u s t e r  w i l l  appear t o  be smal ler  than 

t h e  a c t u a l  DZ.  The ques t ions  of co l l apse ,  t h e  appearance of d s f e c t  

c l u s t e r s  i n  TEM, and' t h e i r  c o r r e l a t i o n  wi th  t h e  a c t u a l  d i s t r i b u t i o n  of 



c l u s t e r s  were discussed i n  more d e t . a i l  i n  t h e  s e c t i o n  on d i s l o c a t i o n  loops. 

C lus te r  s i z e  d i s t r i b u t i o n s  have been s tud ied  i n  Au and Cu by 

Merkle, 16" Thomas -- e t  a1. , l7 Pronko and ~ e r k l e ,  l8 ~ausse rmann ,  l1 and W i l -  

son. I n  Au an inc rease  i n  t h e  mea'n. c l u s t e r  s i z e  wi th  mean cascade 

energy was observed. I n  se l f - ion  i r r a d i a t i o n s  of Au, the  c l u s t e r  s i z e  

increased rap id ly  up t o  =50 keV. Above 50 keV, only a . s l i g h t  inc rease  

i n  mean c l u s t e r  s i z e  wi th  energy occurred. This was due t o  t h e  s p l i t t i n g  

i n t o  subcascades which proceeds r a t h e r  l i n e a r l y  wi th  damage energy. 

Therefore,  t h e  s i z e  of t h e  ind iv idua l  subcascade stayed almost constant  

with inc reas ing  cascade energy. 

19.. 
I n  copper se l f - ion  bombardment. . found no s i g n i f i c a n t  change i n  t h e  

s i z e  d i s t r i b u t i o n  when going from 30 t o  90 keV, which is in.agreement wi th  

+ 
other  observations.  For Au i o n  bombardment of Cu, an inc rease  i n  

c l u s t e r  s i z e  was found i n  t h e  region up t o  70 keV. 11 

The uncer ta in ty  i n  t h e  s i z e s  of t h e  D Z ' s  involved i n  t h e  TEM imag- 

ing of i r r a d i a t e d  pure metals  can be,overcome by t h e  use  of ordered a l l o y s  

a s  t a r g e t s .  Disordered regions  a r e  produced i n s i d e  t h e  cascade volume, 

because of t h e  displacement of atoms from t h e i r  normal l a t t i c e  sites. 
. .  

Jenkins et a l .  -- 20y21 have r e c e n t l y  ib,gerved t h e  regions  of d i so rder  asso- 

c i a t e d  wi th  t h e  displacement cascades i n  Cu3Au; i n  a d d i t i o n ,  they observed 

t h e  cascades by t h e  s tandard  s t r a i n  f i e ld '  image c o n t r a s t  e f f e c t s .  They 

used s u p e r l a t t i c e  r e f l e c t i o n s  t o  image l o c a l  regions  of d i so rder  a ssoc ia ted  
<,s<{.. 

with  D Z ' s .  The s i z e  of these  regions  d i r e c t l y  r e l a t e s  t o  t h e  s i z e  of t h e  

regions  wi th in  a cascade t h a t  conta ins  a s i g n i f i c a n t  change i n  the  long- 

+ 
range order  parameter. The diameters,,@ t h e  cascades produced by Cu ions  

< .  

with  energies  ranging from 5 keV t o  200 keV, were measured and compared 



with  the  t r ansverse  dimensions 2 ( c y 2 > ) l I 2  ca lcu la ted  from t h e  a n a l y t i c a l  

models. The observed s i z e s  agreed w e l l  wi th  theory f o r  low energies  

(140 keV) but  a t ' h i g h e r  energ ies  they were much lower. The value  of < A >  

showed i n d i c a t i o n s  of l e v e l l i n g  off  a t  h igher  energies .  The behavior 

q u a l i t a t i v e l y  resembled what we have observed f o r  W. Deta i led  comparison 

of t h e  work on Cu3Au and our r e s u l t s  is complicated by t h e  following 

reasons:  (a)  t h e  mass of t h e  t a r g e t  and of t h e  p r o j e c t i l e  a r e  d i f f e r e n t  

and as a consequence t h e  deposited energy curves a r e  d i f f e r e n t  f o r  t h e  

Lwu cases; and ( b j  i n  t h e  case  of CuaAu, t h ~  di rn~nsions  s f  t h e  volumc 

over which d i so rder  extends i s  measured, while i n  our case ,  these  a r e  

measured over t h e  volume conta in ing vacancies.  The two volumes w i l l  be 

d i f f e r e n t  i f  t h e  energy necessary t o  cause replacements (d isorder)  i s  very 

d i f f e r e n t  from t h a t  necessary t o  cause displacements (vacancies) .  More- 

over,  i t  i s  un l ike ly  t h a t  t h e  d isordered volume w i l l  change, due t o  resi- 

dual  movement of t h e  l a t t i c e  atoms a f t e r  t h e  cascade has heen produced, 

u n l i k e  t h e  case  of vacancies ,  where rearrangement may occur,  a f t e r  they 

have been c r e a t e d ,  due t o  t h i s  r e s i d u a l  motion. We expect  t h a t  t h e  

volume conta in ing t h e  vacancies be  contained within t h e  volume encompass- 

ing  t h e  d i so rder .  

The s p a c i a l  ex ten t  of t h e  cumulative damage p r o f i l e  w i l l  be determined 

f n  t h e  main by t h e  c o l l i s i o n s  of the p r o j e c t i l e  wi th  t h e  t a r g e t  atoms i n  

t h e  process of slowing down. The l a t t i c e  is  not  very h ighly  d i s t u r h ~ d  

dur ing t h i s  time per iod and t h e  assumptions of l i n e a r  cascade theory a r e  

v a l i d .  I n  t h e  case  of heavy ions  inc iden t  on heavy t a r g e t s ,  where t h e  

c o l l i s i o n  energy is deposited i n  a very small  volume, t h e  subsequent deve- 

lopment of t h e  c o l l i s i o n  cascade w i l l  lead t o  a l a r g e  number of atoms 

being s e t  i n t o  motion i n  a small  volume. The t r a n s p o r t  of energy w i l l  no 



longer be given by t h e  l i n e a r  cascade theory and a s  a r e s u l t  t h e  s p a t i a l  

ex ten t  of t h e  cascade can no longer  be"predicted by these  theor ies .  More- 

over,  i n  such high energy-density cascades, t h e  DZ t h a t  i s  created  during 

t h e  c o l l i s i o n  cascade, t h e  DZ thak .&..created during t h e  c o l l i s i o n  cas- 

cade may co l l apse  t o  a smal ler  volume subsequently. This  impl ies  t h a t  

while t h e  dimensions of t h e  cumula.tive.damage p r o f i l e  may be s a t i s f a c t o r i l y  

predic ted  by l inear-cascade t h e o r i e s ,  i t  i s  no t  p o s s i b l e  t o  i n f e r  t h e  

width of ind iv idua l  D Z 1 s  by a .  simple con t rac t ion  f a c t o r .  Thus, t h e  width 

of t h e  cumulative p r o f i l e  may inc rease  a s  E ~ ' ~  but  t h i s  would no t  be t h e  

case  f o r  t h e  D Z ' s .  This  a spec t  w i l l  obviously have consequences f o r  t h e  

vacancy concentra t ions  i n  the  D Z ' s  t h a t  i s  discussed i n  t h e  fol lowing 

s e c t  ion.  

The s t r u c t u r e  of cascades has been inves t iga ted  by s e v e r a l  authors .  

The s p l i t t i n g  of cascades i n t o  subcascades has  been ex tens ive ly  s tud ied  

i n  Au, by ~ e r k l e "  and Thomas -- e t  a l .  l7 Subcascade formation i s  an uni- 

v e r s a l  f e a t u r e  of e n e r g e t i c  cascades.and comes from t h e  f a c t  t h a t  nuclear  
. .  . 

c o l l i s i o n  cross-sect ions inc rease  wi th  a decrease  i n  energy. The denses t  

cascades a r e  t h e r e f o r e  always produced a t  low energy. Secondary r e c o i l s  

06 keV energies  usua l ly  produce damage regions  t h a t  s t rong ly  over lap  
5 .  . . 

and t h e r e f o r e  do no t  g ive  rise t o  ind iv idua l  subcascades. But a s  t h e  cas- 

cade energy inc reases ,  t h e  mean f r e e  path  between energe t i c  c o l l i s i o n s  

a l s o  inc reases .  This eventual ly  l e a d s  t o  w e l l  separa ted  D Z 1 s .  Since 

subcascade formation is  a consequence of ion-ion c o l l i s i o n  process ,  t h e  

r e s u l t s  on subcascade formation i n  se l f - ion  i r r a d i a t e d  Au can be compared 

d i r e c t l y  wi th  t h a t  of se l f - ion  i r r a d i a t i o n  i n  W ,  a s  t h e  atomic members 

and masses a r e  very  s i m i l a r .  ~ i s t i n c t l ~  separa ted  regions  of t h e  

displacements have been found i n  b inary  c o l l i s i o n  cascade c a l c u l a t i o n s .  
22 



The separation into subcascades is aided by the process of channeling. 

~ e e l e r ~ ~  defines quasi-channeling as channeling over distances <lo00 b .  

In such an event, the PKA or an energetic secondary atoms is scattered 

into a chanel and travels a small distance in the channel. Upon dechan- 

neling, a subcascade is formed. Attempts to correlate the spatial posi- 

tions of subclusters to crystallographic channeling trajectories were 

made in ion-irradiated A U , ~ ~  but have not been conclusive to date. 

Thomas -- ct give 15 teV as the threshold for s ~ l h r a r c a d ~  f~nno,~, 

~ i o n  in seli-ion irradiated Au when irradiating along [OOl]. In contrast 

to this, the self-ion irradiations of Au in a random direction, carried 

out by ~ e r k l e , ~ ~  showed that a finite probability far observation of at 

least two clusters exists above 30 keV and a probability of 0.5 for 

more than one cluster is observed at -100 keV. 

We have not observed any subclusters at either 20, 30 or 45 keV. 

+ 
Our lnsrance o t  subcluster formation was obtained in the c a m  of 60 keV W 

irradiations. These observations were consistent wi.th'the probabilities 

listed by Merkle fnr Au, given the number of observations made in the FIM 

for each of ' these energies. 

'l'he distance between the subclllsllers in the 60 keV cascade was 70 A. 

Two views of the net DZ are shown in figs. 48 and 49. We concluded Lhat 

one of the clusters was due to a self-ion (either an energetic recoil or 

the deflected primary ion) having an energy 640 keV. The average range of 

a 40 keV self-ion in W incident in a random direction is 55 i, and that 

of a 20 keV ion 30 A, so that if the two clusters originated in a collision 

that gave rise to two recoil atoms of 40 and 20 keV respectively then from 

simple kinematics the average distance should be =60 A. This was close 



to the observed separation of 70 A. 

Thomas -- e 1 l7 studied the subclusters formed by 120 keV self -ion 

irradiation of Au. In the two subcluster cascades, the subcluster~ were 

approxiniately of equal size and were caused by ions having an energy 

=46 keV. The average distance between the subclusters was 128 which 

was significantly greater than the expected random collision range of 

46 keV gold ions in amorphous gold. This was taken as evidence of quasi- 

channeling, even though the directions of the lines joining the two clus- 

ters did not show preference. for lying in any particular crystallographic 

plane and in particular in the (111) planes, which would be the most 

effective planes for planar channelling. In the case of the subcluster 

observed in the FIM the line joining the two clusters made an angle of 

-30' to the [010] direction. For our one example the concept of quasi- 

channeling is not required. 

The formation of subcascades'hak been observed in W, using the FIM, 

for lighter incident ions, and it has been shown that these can be 

explained on the basis of the kinematics of ion-ion collisions. 

1V.1.4~ Vacancy concentration 

* 
The estiaated vacancy concentration (c ) for the different energies v 

was calculated from the expression: 

where 00 is the atomic volume for tungsten and the other quantities have 

been defined in the preceding sections. In table 4.3, a comparison is 

* 
made between the average vacancy concentration in a DZ, C<cV>) and c v '  

+ 
for different energies of W . The actual cvls for the different DZ1s are 



Fig. 52: First view of DWW7d showing the position of vacancy cluster 
and dislocation loop. 



Fig.  53: Second view of DWW7d showing the posi t ion of vacancy c lus ter  
and d i s locat ion  loop. 



TABLE 4.3 

Experimental and .estimated vacancy concentrations + 
of DZ's produced by W ions on tungsten 

Energy of 
W+ ion 
in keV (E ) 

20 

30 

4  5 

6 0  

Estimated 
vacancy concentration 

in at % (%*) 

32.4 

2  2  

14.2  

3 . 4 6  

Experimental 
vacancy concentration 

in at % ( c, ) 

1 4 . 3  

20.2 

14.2  

17 



Fig. 54: Variation of vacancy concentration, cv, withenergy El of W+ 
projectile ions incident on tungsten. 



* 
shown i n  f i g .  54, wi th  a  curve showing t h e  v a r i a t i o n  of c  wi th  El. It 

v  * 
i s  c l e a r  t h a t  c  decreases a s  E - l ,  while t h e  <c  > remain almost constant  v  v  

* 
with  energy. The E-l  dependence of cv fol lows from l i n e a r  cascade theory 

which p r e d i c t s  t h a t  D (and hence D ) should inc rease  a s  E 2 I 3 ,  whereas u 
6 

should inc rease  a s  E .  It is  highly  un l ike ly  t h a t  f o r  t h e  case  of W+ on 

tungsten,  t h e  r e s u l t s  of l i n e a r  cascade theory w i l l  hold and hence t h e  

dev ia t ion  of <cv> from the  expected behavior i s  not  s u r p r i s i n g .  

IV.1.4d Clus te r ing  

I u  ~ a L l e  4 .4 ,  w e  have suulularlzgd t11e data un c l u s t e r i n g  of vacancies 

i n t o  n e a r e s t  neighbor c l u s t e r s  of s i z e  n, f o r  t h e  DZts produced by W+ of 

d i f f e r e n t  energy. The quan t i ty  f  = "Nn is t h e  f r a c t i o n  of vacancies i n  - 
v 

c l u s t e r s  of s i z e  n ,  where N is  t h e  number of such c l u s t e r s .  The t a b l e  
n  

r e v e a l s  t h a t  t h e  degree of c l u s t e r i n g  appears t o  be  unchanged w i t h  energy. 

The major i ty  of t h e  vacancies a r e  e i t h e r  i n  t h e  form of monovacancies o r  

i n  c l u s t e r s  conta in ing more than f ive .vacanc ies .  Approximately 80-852 

of t h e  vacancies a r e  i n  c l u s t e r s  of f i v e  o r  g r e a t e r  and 10% a r e  i n  t h e  

form of monovacancies. 

I V .  2 Dis loca t ion  loops .. - 

A s  t h e  energy of t h e  i r r a d i a t i n g  p a r t i c l e  increased the  number of 

d e f e c t s  showing a loop-type c o n t r a s t  increased.  No d i s l o c a t i o n  loops 

were seen i n  20 keV i r r a d i a t i o n s ;  a  s i n g l e  d i s l o c a t i o n  loop was r e p o r t e d .  

f o r  30 keV i r r a d i a t i o n s .  W e  observed two d i s l o c a t i o n  loops i n  t h e  45 keV 

i r r a d i a t e d  samples and four  loops i n  t h e  60 keV i r r a d i a t e d  samples. D i s -  

l oca t ion  loops were f i r s t  repor ted  i n  ion- i r radia ted  tungsten by Buswell 
25 

using the  TEM technique i n  conjunction wi th  FIM bu t  a  sys temat ic  study 

+ 
of t h e  h a b i t  p lanes  and Burgers vec to r  (b) was c a r r i e d  out  by Hausser- 



TABLE 4.4 

Fraction of vacancies in first-nearest neighbor clusters 
of size n for W+ ions on tungsten 



mann 26-28 and .Jaeger -- e t  a ~ . ~ '  f o r  tungsten i r r a d i a t e d  wi th  60 keV AU+ ions .  

They found t h a t  t h e  major i ty  (=99%) of the  loops were p e r f e c t  loops wi th  

+ 
b = 3lll> which l a y  o n  {110} planes .  I n  a few cases  pure edge 1oop.s of 

+ a t h e  type b = - <110> and A = - 2 <110> where ii i s  t h e  u n i t  normal t o  t h e  
2 

p lane ,  were found. 

~ a u s s e m a n n ~ ~  and .Jaeger2' i n t e r p r e t e d  t h e i r  r e s u l t s  a s  fol lows:  

(i) Dis loca t ion  loops of vacancy type are n~lr . le ; l ted in fhe coltr. nf 

the DZ as p ~ ~ r e .  d g *  loops o n  (1101 planes  wi th  ge 1 = p 1 0 > ;  

( i i )  I f  a loop reaches ,  during i t s  growth, a c r i t i c a l  r ad ius  p 
c' 

est imated t o  be i n  t h e  range 9 A 5 p .< 20 A t h e  st.a.cking f a u l t  i n  a rea  
C 

of t h e  loop i s  el iminated by a shear  over ' the  a r e a  of the  loop. The shear 

+ 1 
i s  described by a shear  Burgers vec to r  bs = T o o l > .  This ge is co"erted 

+ 
back i n t o  a p e r f e c t  Burgers vec to r  b . Assuming, a s  a p a r t i c u l a r  case  

P 
1 + 1 + 1 -  

A = -[110], be = ?[110], and bs = -$111] respec t ive ly  we have: 
2 

+ 1 1 
= -[111] o r  T [ l l I ]  r e s p e c t i v e l y -  2 

Thus, f o r  a particular ( l l n )  p lane  there cull cxPst rwa p u s s l b l r  Burgers 

v e c t o r s  corresponding t o  t h e  two shear  d i r e c t i o n s .  I f  t h e  vacancies 

can nuc lea te  on the six p n s s i b l a  ( U O )  planes w i t h  equal  prwbabil i ty  the re  

a r e  a l t o g e t h e r  12 d i f f e r e n t  poss ib le  p e r f e c t  loop types: 

( i i i )  Not a l l  t h e  1 2  types  appeared wi th  equal  p r o b a b i l i t y  i n  t h e  

TEM otudy and t h i s  was -plained by t h e  f a c t  t h a t  t h e  two shear  d i r e c t i o n s  

may lead t o  d i f f e r e n t  t o t a l  energies  of t h e  r e s u l t a n t  sheared loops because 

of d i f f e r e n c e s  i n  t h e  i n t e r a c t i o n  energies  wi th  t h e  su r faces .  The c r i . t i ca1  

loop s i z e  a t  which shear  t akes  p lace ,  was assumed t o  be f i r s t  reached 

f o r  t h a t  shear  d i r e c t i o n  which r e s u l t e d  a f t e r  the  shear--in t h e  lower 

t o t a l  energy. Af te r  t h e  shear ,  t h e  Burgers vector  of t h e  loop i s  pe r fec t .  



Then the loop may s l i p  out of the  f o i l  i f  t he  image force by which the  loop 

is a t t r ac t ed  t o  t he  surface exceeds a c r i t i c a l  value. 

W e  have attempted t o  analyze the  d i s loca t ion  loops i n  a low index pole 

should convert the  concentric r i ngs  i n t o  a sp i r a l .  The possible  Burgers 

vector (or vectors)  of t he  d i s loca t ion  can be determined from the  multi- 

+ + + 
p l i c i t y  p of the  s p i r a l  defined by p = b.g where g i s  the  rec iproca l  hk l  hk l  

l a t t i c e  vector  t o  the  plane (hkl) on which the  d i s loca t ion  loop appears. 

The ends of a loop a t  t he  surface can be determined from the  points  a t  

which the s p i r a l  s t a r t s  and f in i shes  and the  habi t  plane from the t r a c e  

on the FIM. 

Because of t he  mult iple  combinations of possible  5 and fi possible ,  

i n  many cases t he  observed cont ras t  pa t te rn  seen i n  the  FIM may be s a t i s -  

f i ed  by a number of combinations. W e  w i l l  therefore  r e s t r i c t  ourselves 

t o  the  p o s s i b i l i t i e s  determined from the  TEM da ta  and use a combination 

of arguments t o  determine the  exact plane and Burgers vector.  

N.2 .1  45 keV i r r ad i a t ions  -- 
The f i r s t  d i s loca t ion  loop w a s  detected on the (101) plane. The 

pulse field-evaporation sequence is shown i n  f i g .  55. The region of in te r -  

est has been boxed i n  t he  f i gu re  and the  frame numbers a r e  shown i n  t he  

upper r i g h t  hand corners. I n  frame 1554 there  is nor more any indicat ion 

of t he  loop and comparison of t h i s  frame with t he  preceding ones c l e a r l y  

shows the s p i r a l  nature  -of the  r i ng  pat tern.  The ends of t he  s p i r a l  have 

been marked by vees. 

We had f o r  t h i s  case p = 1. The possible  Burgers vectors  which can 

give t h i s  a r c  g = $[111] and ;[11i]. The possible  habir  planes f o r  a 

+ a b = $1111 a r e  (110), (101), (011) and f o r  % = ;[lli] they are (101), ( ~ I o ) ,  
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Fig. %(a): Pulse-field evaporation sequence showing the contrast due 
to a dislocation loop emer.ging on a (101) plane. 



Fig. 55(b): A schematic diagram of atoms near the dislocation loop for 
the sequence shown in fig. 55(a). 
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F i g .  56: A three- dimensional isometric drawing ohowing the effect of 
a dislocation loop emerging on a low index plane and the cor- 
responding contrast expected in the FIM micrograph. 



( o i l ) .  The t r a c e  of t h e  loop ind ica ted  t h a t  t h e  p lane  was e i t h e r  (011) o r  

(1i0) . It is d i f f i c u l t  t o  d i s t i n g u i s h  between these  two p o s s i b i l i t i e s .  

Measurement of t h e  diameter of t h e  loop g ives  w l  = 30 A; we = 40 A. 

It is c l e a r  t h a t  t h e  diameter of t h e  loop inc reases  a s  t h e  pu l se  f i e l d  

evaporat ion continues.  I n  frame 1 it extends over only two (101) ledge 

widths; i n  frame 1010 it extends over th ree .  Eventually i t  decreases 

(though no t  shown i n  t h e  evaporat ion sequence). 

A second smal l  d i s l o c a t i o n  loop was detec ted  on t h e  ou te r  r i n g s  of 

a (211) plane.  The f i e l d  evaporat ion sequence is shown i n  f i g .  57(a) .  

The region of t h e  r i n g s  i n  which t h e  c o n t r a s t  e f f e c t  appears is boxed 

and i n  frame 1 is pointed ou t  wi th  vees.  The c o n t r a s t  due t o  t h e  loop 

no longer e x i s t s  i n  frame 2149 and t h e  r i n g s  i n  t h e  region are unbroken 

o r  d i s t o r t e d .  The arrangements of t h e  atoms i n  t h e  boxes are shown i n  

~ l g .  57(b),  and t h e  do t t ed  l i n e s  have been drawn t o  he lp  t o  see t h e  con- 

trast. An i somet r i c  drawing of t h e  pole ,  wi th  t h e  displacements produced 

by t h e  loop would be  ve ry  similar t o  f i g .  56. 

We had f o r  t h i s  case  p = 1. The p o s s i b l e  Burgers vec to r s  which 

can g ive  t h i s  va lue  a r e  = i [ l l i ]  and i [ l i l ]  . The p o s s i b l e  p lanes  f o r  

;11li] a r e  (110) , ( l o i ) ,  (011) and f o r  i [ l I l ]  they are (101) , (110) (011) . 
The t r a c e  of t h e  loop is d i f f i c u l t  t o  determine because i t  extended over 

only a s m a l l  d i s t ance ;  approximately t h r e e  t o  four  r i n g s  of t h e  (211) 

plane; f o r  some frames (1-860) t h e  t r a c e  extends wer t h e  (723) p lane ,  

t h a t  a d j o i n s  (211), and t h e  atomic r e s o l u t i o n  on t h i s  p lane  i s  s u f f i c i e n t  

t o  i n d i c a t e  t h e  t r a c e  a s  a row of vacancies  t h a t  was approximately i n  t h e  

[I211 d i r e c t i o n .  This was c o n s i s t e n t  wi th  a h a b i t  p lane  of (101). Af te r  

t h e  h a b i t  p lane  was determined i t  was c l e a r  t h a t  t h e  only p o s s i b l e  Burgers 



Fig. 57(a): Pulse-field evaporation sequence showing contrast due to 

a dislocation loop emerging on (211) plane. 
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Fig. 57(b): A schematic diagram of atom near the, dislocation loop 
for the sequence shown in fig. 57(a). 



1 
vector  was ;[11i]. Thus f o r  t h i s  loop 2 = i [ l l i ]  and A = -[ lol l .  

2 

The diameters measured f o r  t h i s  loop a r e  ul = 20 i; 0 2  = 35 i. It 

is possible  t o  see the  diameter of the  t r ace  increase and then decrease as 

the  pulse f i e l d  evaporation continues. I n  f a c t  near t he  end of t he  loop 

(frame 1648) the  t r a c e  does no t  extend beyond a s ing le  ledge width of 

the  (211) plane and is v i s i b l e  only a s  a gap (pointed out with a vee i n  

frame (1648)) i n  one r ing.  

+ 
For 60 lceV Au bmbnrdmont of tungoton Jaagar monaursd an averape 

diameter of 55 A. I f  it is assumed t h a t  the  number of vacancies is pro- 

por t iona l  t o  the  area of the  loop and t o  the  energy El then the diameter 

d of the  loops should be proportional t o  K .  For 45 keV ions we  expect . 
an average diameter, based on Jaegers r e s u l t s  of 48 A. Thus, t he  diameters 

we measured was smaller than expected. 

+ 
IV.2.2 --- 60 keV W i r r ad i a t ions  

Four d i s loca t ion  loops were detected a s t e r  the  60 keV i r r ad i a t ions .  

The f i r s t  d i s loca t ion  loop was detected on the  outer  r ings  of the  013 

plane. A s  mentioned earlier the  d i s loca t ion  loop was  pa r t  of a s ing le  

cascade consis t ing of a s ing le  l a rge  c lu s t e r  t h a t  appeared on the  (127) 

plane and t h i s  loop. 

The f i e l d  evaporation sequence is shown i n  f i g .  58a. The region 

around the (013) plane where t he  loop cont ras t  appears is put i n  a box 

and the  atam pos i t ions  i n  t h i s  box are shown i n  f i g .  53(a). Frame 1 shows 

the  appearance of the  plane before the  loop cont ras t  appears. I n  frame 

104, the  f i r s t  cont ras t  e f f e c t s  appear and the  region is indicated with 

a vee. I n  l a t e r  frames the cont ras t  is very evident. An isometric 

drawing would be very s imi la r  t o  f i g .  56. 



Fig. 58(a) : Pulse-field evaporation sequence showing contrast due to 

a dislocation loop emerging on a (013) plane. 



- . 

Fig. 58(b): A schematic diagram of atoms near the dislocation loop tor 

the sequence shown in f i g  . 58(a) . 
- .-- - -- .. 



We had f o r  t h i s  loop p = 1. The poss ib le  Burgers vec tors  a r e  

+ a a -- 
b = l [ l i l ]  and T [ l l l ] .  For % = 9[111] t he  poss ible  hab i t  planes a r e  (101), 

a -- ( ~ T O ) ,  ( o i l ) ,  and f o r  = 1[111] they a r e  (10I) ,  (110), (011). For p a r t  

of t he  pulse  f i e l d  evaporation sequence t he  t r a c e  of t h e  loop is  v i s i b l e  

on t h e  (149) plane which is adjacent  t o  the  (013) plane ( e  .g . , frames 1164 

and 1505) and vacancies were v i s i b l e  on t he  plane confirming t h e  loop is  

of vacancy type. The t r a c e  of t h e  d i s l oca t i on  loop is along t h e  d i r ec t i on  

[33i]  which makes t he  hab i t  plane (110) . Thus the  only poss ib le  Burgers 

-+ a vec tor  cons i s ten t  with t h i s  was b = $ l i l ] .  The diameters of the  loop 

a r e  ol = 30 A and m2 = 3 1  i. 
The second loop was detected on t h e  (211) plane. The con t r a s t  w a s  a 

double s p i r a l  a s  seen i n  t h e  f i e l d  evaporation sequence i n  f i g .  59(a). 

-+ 
Thus w e  had p = 2. The only poss ib le  Burgers vector  i s  b = $ [ l l i ] .  The 

poss ible  hab i t  planes a r e  (101) , (1i0) and ( 0 l i )  . The t r a c e  was d i f f i c u l t  

' t o  determine because t h e  loop appears t o  s t a y  wi thin  t he  211 pole  so  t ha t  

only one end of t he  s p i r a l  can be  determined with precis ion.  However, 

the  d i r e c t i o n  of movement of t h e  point  a t  which t h e  double s p i r a l  began, 

indicated t h e  t r a c e  t o  be t h a t  of a (011) plane. Hence t h e  loop has a 

Burgers vec tor  $[111] and i t  l a y  on t he  (011) plane. The diameter w=45 i. 
w2 could not  be  determined as t h e  f i e l d  evaporation process w a s  stopped 

and t h e  specimen i r r a d i a t e d  again before  t he  con t ras t  e f f e c t s  had disap- 

peared f u l l y .  Approximately 11 (211) planes were evaporated f o r  t h e  

period when con t ras t  e f f e c t s  appeared; t h i s  gave a diameter of 17 A u n t i l  

the  point  a t  which pulse  f i e l d  evaporation w a s  ceased. After  t he  i r rad ia -  

t i o n  t he  double s p i r a l  con t r a s t  e f f e c t  no longer ex i s ted ,  ind ica t ing  t h a t  

t he  disturbance created by an inc iden t  ion c lo se  t o  t he  d i s l oca t i on  caused 



Fig. 59 (a) : Pulse-f ie ld evaporation sequence showing contrast due to 
a dislocation loop emerging on (211) plane. 



Fig.  59(b) : A schematic diagram of  atoms near the d i s l o c a t i o n  loop f o r  
the  sequence shown in f i g ,  5 9 ( a ) .  



Fig. 60(a) : Pulse-field evaporation sequence showing contrast due tp 

a dislocation loop emerging on (2111 plane.  



Fig. 60(b): A schematic diagram of atoms near the dislocation loop for 
the sequence shown in fig. 60(s). 



a rearrangement of the  atoms. I f  we  assume tha t  the  d i s loca t ion  loop con- 

tained the  f u l l  complement of vacancies expected from a 60 keV ion,  i . e . ,  

-400, t h e n b e f o r e  the second i r r ad i a t ion  there  should have been about 

one-half the  vacancies remaining i n  the  portion of the  d i s loca t ion  loop 

tha t  remained j u s t  below the  surface.  The above r e s u l t  indicated t h a t  

the  loop was removed by the second i r r ad i a t ion .  

The t h i r d  d i s loca t ion  loop was found again on the (211) plane, and 

the f i e l d  evaporation sequence is shown i n  f i g .  60(a). The cont ras t  is  a 

s ing le  s p i r a l  showing tha t  p = 1. The possible  Burgers vectors  t h a t  can 

+ a 
give r i s e  t o  such a cont ras t  a r e  b = T [ l l l ]  o r  i [ l i i ] .  For % = q [ l l l ]  

rhe possible  planes a r e  (110), (101) and (011). For % = r [ l i i ] ,  they a r e  

( 0 ,  ( 0 ,  ( 1 0 ) .  The t r a c e  of the  plane appeared t o  be consis tent  

with a (110) plane. This would make the  only possible  Burgers vector t o  

+ a 
be b = T [ l l l l .  The diameters of the  loop a r e  = 30 i and w2 = 26 6.  

The four th  loop appeared on the plane (101). The f i e l d  evaporation 

sequence is shown i n  f i g .  61(a). The region of i n t e r e s t  is  within the 

boxes. I n  f i g .  61(b) we show the posi t ions  of the  atoms and the s p i r a l  

contras t  seen. The l a s t  frame shows the same region i n  the absence of 

any loop cont ras t .  

W e  had f o r  t h i s  case p = 1. The possible  Burgers vectors  a r e  

+ 
b = :[111] and :1111]. The possible  planes fo r  = ;[ lI l]  a r e  (101), ( o i l ) ,  

( I ~ o )  and f o r  % = $[111] a r e  (1011, (110) and (011). The t race  of the  loop 

would be consis tent  with  the  plane ( lo r )  which would make % = f [ l i l ]  a s  

. 
the  only possible  Burgers vector .  The diameters f o r  the  loop were w l  - 31 A 

and w 2  - 28 A. The diameter of the  loop can be seen t o  decrease with the 
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Fig. l a :  Pulse-field evaporation sequence showing contrast due to 
a dislocation loop emerging on the (101) plane. 

- -  -- -- 



~ i g .  61(b): A schematic diagram of atom near the  dislocation loop for  
the sequence shown in fig . 61(a). 



f i e l d  evapora t ion .  I n  frame 2062 i f  appears  only  a s  a  b reak  i n  one r i n g .  

( I n d i c a t e d  w i t h  a n  arrow.) 

IV.3 Discuss ion  - on d i s l o c a t i o n  loops  

The FIM r e s u l t s  show t h a t  t h e  f r a c t i o n  of d e f e c t s ,  caused by a  s i n g l e  

i o n ,  t h a t  a r e  d i s l o c a t i o n  loops ,  i nc reased  w i t h  i n c r e a s i n g  ion  energy.  Th i s  

agreed w i t h  TEM o b s e r v a t i o n s  on s e l f - i o n  i r r a d i a t e d  go ld ,  s i l v e r  and cop- 

p e r ,  where t h e  y i e l d  inc reased  w i t h ' i n c r e a s i n g  energy of t h e  s e l f  i ons .  
3  0  

I n  t a b l e  4.4,  w e  show t h e  f r a c t i o n  of observed d e f e c t s  i n  t h e  FIN specimen 

t h a t  were d i s l o c a t i o n  loops ,  f o r  each of t h e  d i f f e r e n t  e n e r g i e s .  It i s  

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

is expected t h a t  t h e r e  should  b e  some p r o p o r t i o n a l i t y  between t h e  two. 

It is  g e n e r a l l y  assumed t h a t  t h e  d i s l o c a t i o n  loops  a r e  formed by t h e  

c o l l a p s e  of vacancy-r ich c e n t e r  of a  DZ.  The f a c t  t h a t  i n  ou r  FIM spec i -  

mens b o t h  d i s l o c a t i o n  loops  and D Z ' s  were observed c e r t a i n l y  i n d i c a t e s  

t h a t  t h i s  i s  t h e  most ly l i k e l y  t h e  c a s e  b u t  t h e  e x a c t  mechanism of c o l l a p s e  

and t h e  f a c t o r s  r e s p o n s i b l e  f o r  i t  have no t  been i n v e s t i g a t e d .  

TEM s t u d i e s  of m e t a l s  i r r a d i a t e d  w i t h  i o n s  of t h e  same energy b u t  

d i f f e r e n t  mass, showed t h a t  t h e  y i e l d  inc reased  w i t h  i n c r e a s i n g  p r o j e c t i l e  

mass. 31y32 The main d i f f e r e n c e  between t h e  cascades  produced by i o n s  of 

d i f f e r e n t  mass is t h e  ave rage  s i z e  of t h e  cascade  and hence c  Heavier  v  ' 

i ons  produce on t h e  average;  D Z ' s  w i t h  h ighe r  < c  > t han  l i g h t e r  i o n s .  I f  
. . v  

c i s  t h e  c r u c i a l  f a c t o r  t hen  t h e  a b a h ' m e n t i o n e d  r e s u l t s  can b e  expla ined .  v  

It h a s  been suggested t h a t  t h e  q u a n t i t y  € l o ,  t h e  average  energy depos i t ed  

pe r  u n i t  volume a t  t h e  c e n t e r  of t h e  cascade  i s  a  u s e f u l  parameter  f o r  

de te rmining  whether c o l l a p s e  w i l l  occur  o r  n o t .  The q u a n t i t y  0 0  w a s  calcu-  

3 4  
l a t e d  from anal~ticnl.theories'based~~on l l n e a r  cascade  theory.. However, 

. .  . 
. . 



TABLE 4.5 

FIM loop f r a c t i o n  a n d  nhsesvecl TEM yield 
f o r  va r ious  ene rg ies  

* 
No d a t a .  

' ~ e f .  26. 

Observed 
TEM y i e l d  

* 
* 
* 

LLYC~Y i n  
keV and 

spec ies  of 
p r o j e c t i l e  

20(Ag + W) 

30(W + Mo) 

45 (W) 

No. of 
loops 

0 

1 

3 

T o t a l  no; 
. 0f ' :de fec t s  

8 

10 

6 

9 60 (W) 

FIM loop 
f ra ' c t ion  

' (£1 

0 

0.1 

0.3 

4 



i f  O 0  was t h e  governing parameter ,  t hen  t h e  y i e l d  should drop  o f f  w i t h  

i n c r e a s i n g  El, a s  O 0  dec reases  a s  E~'~, which i s  c o n t r a r y  t o  exper imenta l  

obse rva t ions .  The d i f f i c u l t y  i n  u s ing  O 0  i s  due t o  t h e  r ea sons  s t a t e d  

b e f o r e ,  namely t h a t  l i n e a r  cascade  theo ry  cannot  p r e d i c t  t h e  s i z e  of t h e  

D Z ' s  f o r  t h e  c a s e  when non- l inear  e f f e c t s  a r e  predominant.  

The FIM r e s u l t s  on D Z ' s  i n  W i n d i c a t e  t h a t  cv, a l o n e  cannot  be  t h e  

parameter  de te rmining  c o l l a p s e ,  s i n c e  a t  low e n e r g i e s  (s30 keV) D Z ' s  w i t h  

h igh  cv a r e  produced, and y e t  a  n e g l i g i b l e  number of d i s l o c a t i o n  loops  a r e  

observed. The number of vacanc ie s  i n  t h e  D Z ,  v  is  a l s o  c r u c i a l .  From a 

knowledge of t h e  se l f - ene rgy  of d i s ' l oca t ion  loops  and vo ids  i t  can be  

concluded t h a t  f o r  a  s u f f i c i e n t l y  l a r g e  v ,  t h e  d i s l o c a t i o n  loop  should 

be t h e  lowest-energy c o n f i g u r a t i o n  f o r  t h e  s e t  of v vacanc ie s .  Hence, 

i t  i s  expected t h e  l a r g e r  t h e  v ,  t h e  g r e a t e r  w i l l  b e  t h e  p r o b a b i l i t y  of 

c o l l a p s e  of a DZ i n t o  a  loop .  The c r i t i c a l  number of vacanc ie s ,  vm f o r  

which t h e  d i s l o c a t i o n  loop  w i l l  b e  t h e  lowes t  energy c o n f i g u r a t i o n  i s  
. . 

obvious ly  v e r y  much dependent on t h e  se l f -energy  of a  loop and a  vo id .  The 

s e l f - e n e r g i e s , a r e  n o t  a t  a l l  known p rec i se ly - - ca l cu la t ions  by d i f f e r e n t  

a u t h o r s  g i v e  v a l u e s  t h a t  d i f f e r  by. .o , rders  of magnitude. 
: e . .  

The c o l l a p s e  p roces s  is  g e n e r a l l y  c a l l e d  "athermal" because d i s l o c a -  

t i o n  loops  a r e  d e t e c t e d  even a t  v e r y  low tempera tures  of i r r a d i a t i o n s ,  

where vacanc ie s  a r e  n o t  mobile .  The term "athermal" i s  i n  ou r  op in ion  

a  misnomer a s  i t  i m p l i e s  t h a t  t h e r e .  e x i s t s  no energy b a r r i e r  f o r  t h e  co l -  

l a p s e  p roces s ,  which is  n o t  t h e  casg.. I n  o r d e r  f o r  a  DZ t o  change i ts  

c o n f i g u r a t i o n ,  t h e r e  h a s  t o  b e  movement of t h e  vacanc ie s .  Any movement 

of vacanc ie s  occu r s  a f t e r  t h e  DZ ha,&'been . . dur ing  t h e  s h o r t  
, . . f .  

t ime t h a t  i t  t a k e s  f o r  t h e  energy r e s i d i n g  i n  t h e  c o l l i s i o n  cascade  ( t h a t  

encompasses t h e  DZ) t o  b e  d i s s i p a t e d  t o  t h e  sur rounding  l a t t i c e .  The 



number of jumps (n) t h a t  atoms can make during t h i s  t i m e  can be ca lcu la ted  

following the  procedure f i r s t  ou t l ined  by S e i t z  and ~ o e h l e r ~ '  t o  expla in  

t h e  phys ica l  processes  i n  an "energy spike,"  a  microscopic region with a  

h igh energy d e n s i t y ,  such a s  t h a t  produced i n  a  cascade generated i n  

heavy ion  i r r a d i a t i o n s  of heavy t a r g e t s .  Subsequent papers 36y37 have 

added va r ious  modif iccltions to '  t h e  b a s i c  s t e p s  of S e i t z ' s  method. F i r s t ,  

a  temperature T is  assigned t o  a  region on t h e  b a s i s  of t h e  mean energy 

per atom. Next, t h e  d i s s i p a t i o n  of energy is  ca lcu la ted  from t h e  bulk 

hea t  conduction equations.  An a n a l y t i c a l  expression f o r  the t~rnp~r~t1.n-e 

+ 
a t  a  p a r t i c u l a r  po in t  a t  a  time t ,  T ( r , t )  i s  obtained.  F i n a l l y ,  n is 

ca lcu la ted  from t h e  expression:  

where the  i n t e g r a t i o n  i s  c a r r i e d  out  over t h e  e n t i r e  volume and time; w 

i s  t h e  at tempt frequency which is  approximately t h e  Debye frequency and 

of the order of 1013 and A is  the  acLivation energy f a r  migrat ion.  

For inc iden t  energies  i n  t h e  range of 10 keV and f o r  A = 1.5 PV the  number 

of jumps t u r n s  ou t  t o  be of t h e  order  of u n i t y ,  ind ica t ing  a  small  l ike -  

l ihood of rearrangement. However, t h e r e  a r e  s e v e r a l  d i f f i c u l t i e s  i n  these  

arguments. The most obvious one is  t h e  assumption tha t  the dissipatinn 

of energy can be described by t h e  hea t  conduction equations using t h e  bulk  

thermal conduct iv i ty .  The smal l  volume of t h e  cascade encompasses so  

few atoms t h a t  t h e  use of bulk  p r o p e r t i e s  become meaizinpless. Also, the 

ca lcu la ted  temperature g rad ien t s  a r e  so  enormous t h a t  l i n e a r  response 

theory ( inherent  i n  t h e  assumption of thermal conduct iv i ty)  would break 

down. Secondly, t h e  assumption of t h e  bulk a c t i v a t i o n  energy A would not  

be v a l i d  i n  a  region conta in ing a  h igh c  . I n  a l l  l ike l ihood ,  A would 
v  



be  depressed  t o , v e r y  low value 's  and . ..  t h i s  would d r a s t i c a l l y  change n s i n c e  

A appea r s  i n  t h e  exponen t i a l  i n  eqn; (4-5). 

The assumption of a k i n e t i c  p roces s  i n  t h e  c o l l a p s e  of D Z ' s  would 

e x p l a i n  why D Z ' s ,  v o i d s  and loops  .,&e observed s imul taneous ly .  Owing 

t o  s t a t i s t i c a l  f l u c t u a t i o n s ,  some cascades  w i l l  have a h ighe r  energy den- 

s i t y  and hence h ighe r  vacancy c o n c e n t r a t i o n  than  o t h e r s .  I n  t h e  denser  

cascades ,  t h e  vacanc ie s  w i l l  be  c l o s e r  t o g e t h e r ,  and t h e  n e t  k i n e t i c  
. . 

energy w i l l  a l s o  be concen t r a t ed  i n  a - s m a l l e r  volume. The D Z ' s  a r i s i n g  

from t h e s e  cascades  would have a h i g h  p r o b a b i l i t y  of c o l l a p s i n g  i n  t h e  

t ime t h a t  i t  t a k e s  f o r  t h e  energy t o  b e  d i s s i p a t e d  t o  t h e  l a t t i c e .  I t  
. . 

i s  a l s o  l i k e l y  t h a t  i n  t h i s  t ime s c a l e ,  on ly  p a r t i a l  c o l l a p s e  may occur  

o r  vacanc ie s  agg rega te  i n t o  vo ids .  I n  more d i f f u s e  cascades ,  t h e  r e a r -  

rangement of vacanc ie s  would b e  v e r y  s m a l l ,  and t h e  D Z ' s  would remain 

d i f f u s e .  

The movement of vacanc ie s  w i t h i n  t h e  DZ volume would b e  governed by 

an a c t i v a t i o n  energy t h a t  would b e  dependent on t h e  m a t e r i a l .  Hence, t h e  

degree  of c o l l a p s e  of D Z ' s  w i l l  b e  determined by t h e  t a r g e t  m a t e r i a l .  An 

i l l u s t r a t i o n  of t h i s  p o i n t  is provided by comparing t h e  r a d i a t i o n  damage 

i n  t ungs t en ,  gold and p la t inum which have atomic numbers c l o s e  t o  each 

o t h e r .  The cascades  produced i n s i d e  t h e s e  m a t e r i a l s  by i o n s  of t h e  same 

MI, El should be  s i m i l a r .  The morphology of damage is  however q u i t e  d i f -  

f e r e n t .  Gold has  t h e  h i g h e s t  y i e l d ,  plat inum t h e  nex t  and tungs t en  has  
, 

t h e  1owes.t y i e l d .  T h i s  Cndica tes  c l e a r l y  t h a t  t h e  c o l l a p s e  i s  k i n e t i c a l l y  

l i m i t e d .  Gold had t h e  lowes t  b u l k  vacancy m i g r a t i o n  energy and tungs t en  

t h e  h i g h e s t  and t h e  c a s e  of  c o l l a p s e , i s  probably l i n k e d  w i t h  t h i s .  The 

lower b u l k  vacancy mig ra t ion  energy,  t h e  more l i k e l y  is  a DZ t o  c o l l a p s e  

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



I V .  5 Summary 

1. The number of vacancies per  DZ (v)  increase,^ l i n e a r l y  with energy 

of t h e  inc iden t  p r o j e c t i l e ( E 1 )  and can be predic ted  by the  modified Kinchin- 

Pease formula. 

2 .  The s i z e  of t h e  D Z 1 s  d id  not  inc rease  wi th  E l ,  a s  expected from 

l i n e a r  cascade theory.  This was a t t r i b u t e d  t o  t h e  production of nonlinear 

cascades i n  tungsten by t h e  tungsten ions .  

3 .  Thc vacancy ceneentra t iou i l i  t he  BZ's remained almost constant  

with inereasii~g El, i l l s ~ e a d  of decreasfng a s  E ~ - ~  a s  predic ted  by l inear  

cascade theory. 

4. The f r a c t i o n  of d e f e c t s  t h a t  were d i s l o c a t i o n  loops,  increased 

with inc reas ing  E;. The c o n t r a s t  from these  loops was cons i s t en t  wi th  a 

o urger's vec to r  of a <Ill> and a h a b i t  plane' (110). The d i s l o c a t i o n  3 

loops i n  tungsten were produced by t h e  co l l apse  of dense D Z 1 s ,  a s  i n  

o the r  mate r i a l s .  The ease  of co l l apse  i s  dependent on t h e  na tu re  of t h e  

m a t e r i a l  of t h e  t a r g e t  and may be l inked wi th  t h e  bulk vacancy migra t ion 

elleggy. 
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V. NONLINEAR EFFECTS - I N  IRRADIATED TUNGSTEN 

I n  t h i s  chap te r  w e  cons ider  e f f e c t s  of bombardment on tungs ten  by 

e n e r g e t i c  dimers which cons i s t ed  of two heavy atoms, w i t h  a  t o t a l  energy 

of E l .  On impact wi th  t h e  t a r g e t ' s  s u r f a c e  t h e  dimer breaks  up i n t o  two 

s i n g l e  p r o j e c t i l e  atoms of equal  energy E1/2, which then  proceed t o  make 

independent c o l l i s i o n s  w i t h  t h e  t a r g e t  atoms. For a  l a r g e  f r a c t i o n  of 

t h e i r  t o t a l  pa th  t h e  p r o j e c t i l e  atoms w i l l  be ve ry  c l o s e  t o  each o t h e r  s o  

t h a t  t h e  c o l l i s i o n  cascades generated by them w i l l  t o  some e x t e n t  over lap  

during t h e  time per iod  of formation of t h e  cascades.  The s i g n i f i c a n c e  of 

heavy i o n  dimer i r r a d i a t i o n s  become c l e a r  when we look a t  t h e  way i n  which 

t h e  energy may be  d i s s i p a t e d  by an  e n e r g e t i c  p a r t i c l e  i n  a  s o l i d  v i a  

e l a s t i c  c o l l i s i o n s .  F igure  62 shows two d i f f e r e n t  views, based on Sigmund's 

* 
model.' F igure  62(a) shows a c o l l i s i o n  cascade and f i g .  62(b) a  sp ike .  

I n  both  cases  energy is  u l t i m a t e l y  shared by a g r e a t  number of atoms. The 

d i f f e r e n c e  between t h e  two s i t u a t i o n s  l i e s  i n  t h e  f a c t  t h a t  whi le  only a  

small  f r a c t i o n  of a l l  atoms w i t h i n a  c e r t a i n  cascade volume a r e  i n  motion 
. . 

i n  f i g .  62(a) ,  e s s e n t i a l l y  a l l  t h e  atoms w i t h i n  a  s p i k e  volume move i n  

f i g .  62(b). T h e . p i c t u r e  of a  cascade a p p l i e s  when t h e r e  i s  a long mean 

free p a t h  between s i g n i f i c a n t  c o l l i s i o n  events--as i n  t h e  case  of l i g h t  

ion-bombardment--such - t h a t  t h e  energy is spread o u t  over a  l a r g e  volume. 

Conversely, i n  a  sp ike ,  energy i s  d i s s i p a t e d  a t  a  h igh  r a t e ,  w i t h i n  a 

smal l  volume. The d i f f e r e n c e  between t h e  two s i t u a t i o n s  is  cha rac te r i zed  

most i l l u s t r a t i v e l y  when two cascades' ;(?r sp ikes )  a r e  generated a t  t h e  

same time on top  of each o t h e r ,  a s  i n  t h e  c a s e  of bombardment w i t h  a  dimer. 

When two genuine cascades a r e  s u p e r i m ~ 6 s e d ,  t h e  s t a t i s t i c a l  n a t u r e  of t h e  

* 
The term "spike" has  a  long h i s t o r y ,  and i t  has  been involved i n  many 
d i f f e r e n t  concepts  over t h e  yea r s .  I n  t h i s  chap te r ,  t h e  term w i l l  be  
used only t o  c h a r a c t e r i z e  t h e  s i t u a t i o n  sketched i n  f i g .  62(b) .  

. '  
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c o l l i s i o n  events  w i l l  prevent  a  s t r i c t  over lap  i n  t h e  two cascades. Because 

of t h e  small  f r a c t i o n  of atoms moving i n  e i t h e r  case ,  t h e  two cascades 

superimpose so  t h a t  t h e  t o t a l  number of moving atoms is  twice a s  l a r g e  a s  

i n  e i t h e r  cascade and t h e  energy d i s t r i b u t i o n  is  e s s e n t i a l l y  unchanged. 

This is  t o  say t h a t  i n  each energy i n t e r v a l  t h e r e  w i l l  be twice a s  many 

atoms a s  t h e r e  was i n  t h e  case  of monomer i r r a d i a t i o n .  The system i s  

l i n e a r .  When two sp ikes  a r e  superimposed on t h e  o the r  hand energy w i l l  be 

d i s s ipa ted  e s s e n t i a l l y  wi th in  a  si'ngle sp ike  volume, t h a t  i s  t h e  t o t a l  

number of atoms i n  motion w i l l  i nc rease  only i n s i g n i f i c a n t l y  compared t o  

t h e  case of monomer i r r a d i a t i o n .  Consequently, t h e  a v a i l a b l e  energy per  

atom must approximately double. ' The energy d i s t r i b u t i o n  w i l l  be  d i f f e r e n t  

from t h a t  f o r  monomer i r r a d i a t i o n .  The system i s  nonl inear .  Since t h e  

number of vacancies produced <v> depends s i g n i f i c a n t l y  on t h e  energy d i s -  

t r i b u t i o n  of the  atoms, t h e  non- l inear i ty  should r e f l e c t  i t s e l f  i n  <v>,  

t h a t  is, t h e  <v> f o r  a  heavy ion dimer i s  ...expe c ted  t o  d i f f e r  from t h e  sum 
-. . . 

of t h e  <v> ' s  of t h e  c o n s t i t u e n t s  of t h e  dimers. Moreover, a s  w e  have 

pointed out  i n  previous chap te r s ,  t h e  co l l apse  of D Z ' s  t o  loops i s  depen- 

dent  on t h e  deposited energy dens i ty  and hence the  y i e l d  may be s i g n i f i -  
. . 

can t ly  enhanced. The s p u t t e r i n g  y i e l d ,  a l s o  is  very c l o s e l y  t i e d  t o  t h e  

energy d i s t r i b u t i o n  of atoms and t h e  d i f f e r e n c e  between l i n e a r  and non- 

l i n e a r  systems should r e f l e c t  i t s e l f  i n  t h e  s p u t t e r i n g  y i e l d s .  I n  a  l i n -  

e a r  system, one expects  t h e  s p u t t e r i n g  y i e l d  t o  be  propor t ional  t o  t h e  

nlrmber of impinging p a r t i c l e s  r egard less  - .  of t h e i r  c o r r e l a t i o n  i n  space 

and time. I n  a  nonl inear  system such a  simple r e l a t i o n s h i p  is  not  expected. 

The s p u t t e r i n g  y i e l d  of a  dimer is.,'exp.ected t o  d i f f e r  from the  sum of the  
. . .  

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



these features was observed by Anderson and ~ a ~ * ; .  they compared the spyt- 

tering yields due to molecular ion bombardment with those for atomic ions 

at the same velocity. Approximate linearity was observed for light-ion 

bombardment while a drastic .enhancement was observed for heavy-ion bom- 

bardment. 

We have attempted to- detect the effects of nonlinearity on the nature 

of the damage produced in tungsten by comparing the damage produced by 

heavy-ion dimers with that produced by atomic ions having the same velo- 

+ 
city. PIM spccineus ver e bombarded with 4U keV Ag2 and w2+ dimers and 

+ 
the results compared with those from the bombardment with 20 keV Ag and 

+ W ions. The nature of the DZVs produced by 20 keV A~+,w+ ions were not 

very different and we therefore consider the results for Ag and W together. 

V.l Depleted zones 

V.l.l 20 keV ion irradiations --- 
+ The details of the 20 keV W ion irradiations have been given in 

+ 
Chap. IV. Three tungsten specimens were irradi.ated with 2Q keV Ag ions 

and three DZ1s were analyzed in detail. A vacancy count was done for 

another DZ which was not completely analyzed. Figure 58 exhibits the 

standard stereographic prnjecticrns that   how the top view of eacl~ uphichien. 

The plane (or planes) in which a DZ was detected is indicated. The cross- 

sectional side vicwo of the specinells art! also shown. 'I'iie vacancy count 

and vacancy concentrations for the DZ1s are given in Table 5.1 and the 

range, maximum and minimum dimensions and average dimensions in Table 5.2.. 

We obtained <wTRIM = 143 + 12. The number of vacancies observed in 

the experimental DZ1s was much greater than this and in the case of DWA5a 

it was significantly larger. The discrepancy is commented on later in.the 
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F i g .  63:  ( a ) ,  ( c )  and ( e )  are p a r t i a l  110 stereographic pro jec t ions  showing l o c a t i o n  o f  depleted zones 
produced by 20 keV Ag i rrad ia t ion  o f  tungsten.  
( b ) ,  (d)  and (£1 show schematic cros s - sec t tona l  views o f  the FIM t i p  specimens. 



SABLE 5.1 

Number of vacancies and vacancy concentrat,ion 
of DZ ' s produced by 20 . keV ~ g +  on W 

DEPLETED 
ZONE 

NO. OF~VACAITCIES 
V 

VACANCY 
CONCE~ITRA'TION 

* 
only vacancy count ava i lab le .  



TABLE 5.2 

+ Range and dimensions of DZ's produced by 20 keV Ag on W 

DEPLETED 
ZONE 
(DZ) 

DWA3a 

DWA4a 

DWA5a 

'x1,x2 are defined in the text. 

. , 

RANGE 

(b )  
A 

5 0 

60 

47 

ELONGATION 
DIRECTION 

[ hkl 1 

[lo11 

[lli] 

[ill] 

DIAMETER 

? 2+ 
(A) 

16.03 

21.8 

13.02 

DIAMETER 
x l i  
(A) 
26.38 

32.45 

16.54 

MEAN DIAMETER 
<&> 
(A) 

18.9 

24.9 

14.1 



chapter . 
The range of the cascades were within the limits expected from the 

TRIM program L = (35.3 2 14.84 A) . From Winterbon's tables L = 43 A. The 

average size of the vacancy clusters on the basis of the TRIM program was 

< A >  = 31 A. The average size of the DZfs was smaller than this value. 

The radial distribution functions are plotted in fig. 64 and 65. 

They show a sharp single peak indicating a single cluster. Though the 

~(i)/~(i) for the individual cascades fluctuated, t h e  curve representing 

the qverage of the three'cases is almost identical to the average for 

+ 
30 keV Mo on W. The atoms Ag and Mo have almost the same atomic number 

and the similarity is theref ore not surprising. . As mentioned before, 

and in [3], the average. R(i)/Z(i) curves depend on MI but do not appear 

to .be particularly sensitive to E l .  In fig. 66-68, we show the ORTEP 

visualizations of the 3 DZ1s.which indicate the compact nature of the DZfs. 

An analysis of tho degree of clustering revealed c11aL DWA3a conrained 

48 monovacancies, 11 divacancies, four trivacancies, one pentavacancy, 

one hexavacancy, and one jumbo cluster of 176 vacancies.. DWA4a had 56 

monovacancies, 13 divacancies, two trivacancies, one quadravacancy, one 

pentavacancy, one heptavacancy, one octavacancy, one cluster o f  19 and one 

of 24 vacancies. D W A ~ ~  has 34 monovacancies, 5 divacancies, two trivacan- 

cies, one quadravacancy, one hexavacancy and one jumbo cluster of 141 

vacancies, 

V.1.2 Results'for 40 keV dimers --- 
Four sets of irradiations with dimers were carried out, two each for 

and w2+. In all four DZ ' s were analyzed, two for and two for 

+ 
W2 . One of the DZ1s for w2+ was a surface cascade and contained only a 
small number of vacancies relative to the other three. - Figures 69 and 70 



Fig. 64: The normalized radial distribution functions [~(i) /Z( i) ] for 
depleted zones produced by 20 keV A ~ '  irradiation of tungsten. 
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ri (UNITS OF a,) 

Fig. 65: The spectra of <~(i)>s for depleted zones produced by 20 keV 
A ~ +  irradiations of tungsten. 



Fig. 66: An OR TEP \ t  drawing of  DWA3a. 



--. -- 

F i g .  6 7 :  An OR TEP drawing of DWA4a. 



FIG.  68: An OR TEP drawing of DWASa. 



F i g .  69:  (a), ( b )  P a r t i a l  222 stereographic project ions  showing loca t ion  of depleted zones produced by 
40 keV i rrad ia t ion  of tungsten. 

( c ) ,  ( d l  Schematic cross-seet ior-a1 views o f  the FIM t i p  specimen. 
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F ig .  70: (a ) ,  ( b )  Part ia l  110 stereographic projections showing location of depleted zones produced by 
40 keV w2' irradiations of tungsten. 

( c ) ,  (d)  Schematic cross-sectional views of the FIM t i p  specimens. 



show the standard stereographic projections that show the top view of 

each specimen. The plane (or planes) in which a DZ was detected is indi- 

cated. We have also shown in the fig. 69 and 70 the positions of DZ's 

that were detected but not analyzed. The cross-sectional side views of 

the specimens are also shown. 

The vacancy count.and vacancy concentration for the DZ1s are given in 

Table 5.3 and the range, maximum and minimum dimensions,and average dimen- 

sions are given in Table 5.4. 

The radial di~fribution funetiuns c N ( i )  > a d  ~ ( f )  1'2 (I) are plotted 

in figs. 71 and 72. The <N(i)> for DWW3a and DWW4a indicate a single clus- 

ter for these DZ'S while that for DWAla indicates the presence of two 

clusters, and that for DIJA2a indicates that the DZ is somewhat diffuse. 

These features are also reflected in the R(i) /Z(i) graphs. The w2+ DZ's 

formed far tighter clusters than the DZ1s. The ORTEP visualization 

of the DZ's shown,in figs. 73 to 76 confirm the above conclusions. 

An analysis of the degree of clustering revealed the following; 

UWAla has 155 monovacancies, 12 divacancies, four trivacanciee, three 

quadravacancies, three pentavacancies, two clusters of 9, one cluster of 

11.0 and one slu~ter of 323. DIJA2a has 111 ~uunuvacancies, 23 divacancies, 

four erivacancies, four quadravacancies, one pentavacancy, two hexavacancy, 

two heptavacancies, one octavacancy, one cluster of 15, one cluster of 19, 

one cluster of 43, one cluster of 6 4 ,  one cluster of 80. 

DWA4a has 54 monovacancies, 17 divacancies, one trivacancy, two 

quadravacancies, three pentavacancies, one hexavacancy, one cluster of nine, 

one cluster of 36 and one jumbo cluster of 428. 

DWA3a has.19 monovacancies, one trivacancy, one pentavacancy, and one 



TABLE 5.3 

Number of vacancies and vacancy concentrat ion 
i n  DZ's produced i n  dimer i r r a d i a t i o n s  of W 

* 
Vacancy count on1y'~available.  

& . > .  

t Surface cascade. 



TABLE 5.4 

Range and dimensions of D Z ' s  produced by dimer i r r a d i a t i o n s  of W 

PlEAIl DIAMETER 

ihj 

32.4 

26.4 

18.48 

26.76 

DIAMETER 

(5 
27.7 

a 24.28 

15.8 

24.06 

DEPLETED 
ZONES 
(nz 1 

DWAla 

DWA2a 

DWW3a 

DWW4a 
J 

ELONGATION 
DIRECTION 

[ hlcl I 

[ lil] 

[ 1001 

[ i o i ]  

(1101 

RANCF. 

(I,) 
A 

3 0 

3 6 

5 

25 

DIAMETER 
11 

(8) 

44.52 

31.3 

25.3 

33.08 



ri ( IN  UNITS O F  a,) 

Fig. 71: The spectra of tN(i)>s for depleted zones produced by 40 keV + 
Ag2 and w2+ irradiations of tungsten. 

. . 



Fig. 72: The normalized radial distribution functions ~ ( i ) / Z ( i )  for 
depleted zones produced by 40 keV Ay + and W ' irradiations 
of tungsten. 2 2 



F i g .  73 :  An OR TEP drawing of d e p l e t e d  zone DWAla. 



. . 

Fig. 74: An OR TEP drawing of d e p l e t e d  zone: CWb2a. 



. .  . .  . .  . . 

F i g .  7 5 :  An OR TEP drawing of d e p l e t e d  zone DWA4a. 



[O oil] 

[ T I  31 
1 

. . 

F i g .  76: An OR TEP drawing of d e p l e t e d  zone DWW3a. 



jumbo c l u s t e r  of 163. It is  c l e a r  t h a t  i n  t h e  W2 i r r a d i a t i o n s  t h e  major i ty  

of the  vacancies were formed i n  a s i n g l e  b ig  c l u s t e r .  

V.1.3 Comparison of monomer and 'dimer i r r a d i a t i o n s .  - -- 
Spike e f f e c t s  should be pronounced f o r  heavy ions  on heavy t a r g e t s  

a t  not  too high ion  energies .  One c r i t e r i o n  of whether an ion w i l l  pro- 

duce a sp ike  o r  not  i s  given by t h e  q u a n t i t y  80, t h e  e f f e c t i v e  maximum 

+ 
energy densi ty .4  For 20 keV Ag+ on W ,  80 = 7.5 e V / a t w  and f o r  20 keV W , 

80 - 15 e ~ / a t o m .  The sublimation energy of W i s  8.7 eV so  t h a t  w e  can 

+. expect t h e  sp ike  e f f e c t  from Ag+ and W t o  be q u i t e  pronounced. 

+ + I n  t h e  case  of 20 keV heavy ions  (Ag and W ) i r r a d i a t i o n  of W ,  . . 

+ <v> = 190 f o r  seven DZ ' s ( four  Ag+ and t h r e e  W ) . This i s  somewhat 

greater  than t h e  expected value  of <v> = I 4 5  obtained from TRIM program o r  ' .  

from the  modified Kinchin-Pease theory using a s i n g l e  threshold  va lue  of 

43 e V .  The f l u c t u a t i o n s  were a l s o  very l a r g e  wi th  a count of 269 vacan- 

c i e s  being made f o r  one of t h e  DZ1s--this va lue  is  even g r e a t e r  than t h e  

unmodified Kinchin-Pease es t imate . ' ,  I f  t h i s  DZ is  l e f t  ou t  then <v> f a l l s  

t o  177 f o r  t h e  six remaining D Z 1 s .  

The p o s s i b i l i t y  of very l a r g e  number of vacancies is  due t o  t h e  spike- 

l i k e  na tu re  of t h e  cascade. A s  a c&equence of t h i s ,  s t a t i s t i c a l  f luc -  

tua t ions  may lead t o  much higher  energy d e n s i t i e s  i n  some ind iv idua l  cas- 

cades than i n  o the rs .  The high energy dens i ty  would lead t o  an energy d i s -  

t r i b u t i o n  t h a t  is d i f f e r e n t  from t h a t  ca lcu la ted  assuming simple b inary  
. . . ..'. . 

c o l l i s i o n s ,  o r  t o  va r ious  physica l '  p,kocesses, such a s  t h e  lowering of t h e  

threshold energies  wi th in  t h e  volume of t h e  cascade. Both of these  would 

lead t o  an  enhancement of po in t  d e f e c t  production. A point  t o  no te  is  
. . .. . . r  i 

t h a t  the  spike- l ike  na tu re  may apprkati'only i n  very  few ind iv idua l  cascades 



and an average over a  l a r g e  number of cascades may no t  necessa r i ly  e x h i b i t  

t h i s  behavior.  

Excluding DWW3a, which was a  su r face  cascade--and t h e r e f o r e  not  f u l l y  

developed--the average number of vacancies f o r  t h e  D Z ' s  de tec ted  i n  t h e  

dimer i r r a d i a t i o n s  were <v> = 590. This is  f a r  g r e a t e r  than twice t h e  <v>. 

f o r  t h e  monomers and c l e a r l y  i n d i c a t e s  n o n l i n e a r i t i e s  i n  t h e  de fec t  pro- 

duct ion r a t e .  If '"dirner i s  t h e  number of d e f e c t s  produced per incoming 

i n n  f o r  t h e  d h e r  then 

It is i n s t r u c t i v e  t o  compare these  r e s u l t s  wi th  t h e  r a t i o  of spu t t e r -  

ing  y i e l d s  of monomers t o  dimers. The s p u t t e r i n g  y i e l d  6 and t h e  damage 

l e v e l  <v> a r e  connected t o  t h e  same physica l  process,namely t h e  d iss ipa-  

t i o n  of energy of an inc iden t  p r o j e c t i l e  ion i n  a  cascade. The spu t t e red  

atoms come from cascades c l o s e  t o  the . su r face .  As t h e  p r o p e r t i e s  of 

t h e  cascades a r e  independent of the  depth a t  which they a r e  produced, 

va r ious  p r o p e r t i e s  of t h e  spu t t e red  atoms should r e f l e c t  what i s  occurring 

i n s i d e  t h e  cascade. Since only t h n s e  atoms that  posses^ energy g r e a t e r  

than the  sublimation energy V (wi th in  a  d i s t a n c e  6 - <5 A - from t h e  sur-  

face) are f i n a l l y  s p u t t c r c d ,  i t  is  c l e a r  thac the energy d i s c r l b u t i o n  

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

same i s  t r u e  f o r  t h e  damage l e v e l  according t o  the  simple threshold 

model, where a l l  t h e  atoms having energy greater than the threshold energy 

Ed a r e  d isplaced.  Thus sp ike  e f f e c t s  t h a t  a r e  observable a s  n o n l i n e a r i t i e s  

i n  S should a l s o  be observable a s  n o n l i n e a r i t i e s  i n  t h e  damage l e v e l .  



Andersen and ~a~~ measured the  dimer t o  monomer y i e l d  r a t i o s  f o r  Se and Te 
, . .  

i r r a d i a t i o n s ,  where t h e  atomic . and~molecu la r  , ions  had the  same v e l o c i t y  f o r  

each spec ies .  The c o l l i s i o n  cascades produced by Te on Au should be very  

s i m i l a r  t o  t h a t  of Ag on W. ~ n d e r ~ d i  and Bay measured a dimer t o  monomer 

y i e l d  r a t i o  of ~ 2 . 2 ,  showing very s t rong  non l inea r i ty .  Our damage l e v e l s  

f o r  Ag and W monomer and dimer i r r a d i a t i o n s  a l s o  show s t rong non-lineari- 

t i e s .  

The ex ten t  t o  which t h e  cascades .caused by t h e  ind iv idua l  atoms of 
. . .  . . 

the  dimer superimpose should be given by a comparison of t h e  average dimen- 

s ions  of t h e  20 keV monomers and ' that  of t h e  dimers. The va lue  of <A> f o r  

t h e  six f u l l y  developed cascades due t p  20 keV monomers (Ag and W) i s  

17.5 A. That f o r  t h r e e  f u l l y  developed cascades due t o  t h e  40 keV 

dimers is  28.5 A. The cascades due t o  t h e  dimers a r e  much l a r g e r  than 

t h a t  due t o  t h e  s i n g l e  atoms, bu t  no t  twice a s  l a r g e ,  i n d i c a t i n g  t h a t  t h e  

cascades overlap t o  some ex ten t .  However, t h e  degree of overlap is most 

l i k e l y  t o  be a very  s t rong ly  f l u c t u a t i n g  quan t i ty .  

The average concentra t ion of vacancies c i s  much less f o r  t h e  dimer v 

D Z ' S  than i t  i s  f o r  t h e  monomer D Z ' S .  However, t h e  c v l s  t h a t  a r e  ca lcu la ted  

a r e  not  r e p r e s e n t a t i v e  of t h e  l o c a l  concentra t ions  i n  d i f f e r e n t  regions  of 

the  cascades,  which can f l u c t u a t e  considerably.  This i s  c l e a r  from an 

examination of t h e  ORTEP v i s u a l i z a t i o n s .  The formation of l a r g e  c l u s t e r s  

i n  DWAla and DWW4a i n d i c a t e s  very  high vacancy concentra t ions  i n  c e r t a i n  

regions  of t h e  D Z 1 s  and these  may . b e ' , t h e  . .  . regions  i n  which t h e  cascades 
. I .  

due to the ind iv idua l  atoms of the  dimers overlapped. 

I n  f i g .  77, w e  have p l o t t e d  < ~ ( i ) / ~ ( i ) >  f o r  t h e  dimers and monomers, 

+ 
separa te ly  f o r  t h e  case  of Ag and W. The curve f o r  20 keV Ag on W. Now 



Fig. 77: A comparison of the normalized radial distribution functions 
[ R ( i ) / Z ( i ) ]  for depleted zones produced by dimer and monomer 
irradiations of tungsten. 
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< ~ ( i ) / ~ ( i ) >  measures the  average l o c a l  environment around t h e  vacancies 
. ' . . 

i n  a DZ. When an average i s  taken over s e v e r a l  DZ 's ,  t h e  averages should 

represen t  t h e  l o c a l  environment around vacancies f o r  t h e  cumulative damage 

d i s t r i b u t i o n ,  t h a t  is ,  i t  should g ive  an idea  of t h e  na tu re  of t h e  vacancy 

d i s t r i b u t i o n  when a beam of ions  is  impinging on the  t a r g e t .  It was 

pointed out  e a r l i e r  t h a t ,  al though t h e  deposited energy should be t h e  

same f o r  dimers and two monomers t h e  damage l e v e l  should be higher i n  t h e  

f i r s t  case  due t o  nonlinear e f f e c t s ,  A s  a consequence, we would expect 

t h a t  R(i)  /Z( i )  should be higher i n  t h e  case  of dimers. The f a c t  t h a t  

t h i s  was not  t h e  case  f o r  our A ~ +  r e s u l t s  appeared t o  be  t h e  r e s u l t  of 

the  small  number of D Z ' s  examined which may not  have been enough t o  pre- 

d i c t  t h e  genera l  t r end .  The degree t o  which t h e  cascades due t o  t h e  

atoms of t h e  dimers may overlap i s  a l s o  sub jec t  t o  s t a t i s t i c a l  f luc tua-  

t i o n s  and t h i s  would a f f e c t  t h e  degree of non- l inear i ty .  For example, i n  

the  two experimental D Z ' s  t h e  d i f f e r e n c e  i n  v is  very  l a r g e .  It was 

c l e a r  t h a t  i n  one of t h e  D Z ' s  w i th  t h e  l a r g e  v t h e r e  were very  l a r g e  

c l u s t e r s  i n d i c a t i n g  a high degree of overlap whi le  i n  t h e  o the r  f o r  which 

v was not  s o  l a r g e ,  t h e  DZ was d i f f u s e  i n d i c a t i n g  poss ib ly  t h a t  t h e r e  was 

l i t t l e  over lap  of t h e  ind iv idua l  cascades. 

I n  t h e  case  of t h e  w2+ i r r a d i a t i o n s  t h e  average R( i ) /Z( i )  was much 

g r e a t e r  than t h e  W+ i r r a d i a t i o n s  bu t  i n  l i g h t  of t h e  above comments no 

d e f i n i t e  conclusions could be reached. 

I n  t a b l e  5.5, we have summarized t h e  d a t a  on c l u s t e r i n g  of vacancies 

i n t o  nea res t  neighbor c lus te r s  of s i z e  n ,  f o r  t h e  D Z ' s  t h a t  a r e  produced 

by both Ag and W monomers, and by Ag- and W dimers. The f r a c t i o n  of vacan- 
b 

i 1  

c i e s  i n  t h e  form of monovacancies, f o r  t h e  case  of Ag is  0.22 and t h e  



Fraction of vacancies in first-nearest neighbor 
clusters of size n for monomer and dimer 

irradiations af tungs tea 



fract ion i n  the form of c lus ters  having f i v e  or greater number of vacan- 

c i es  is 0.63. The corresponding fract ions fo r  Ag2 are  0.24 and 0.65, 

which is v i r tua l ly  ident ica l  t o  tha t  f o r  Ag. Comparison of the data fo r  

W and W2 i n  table  5.5 reveals thar: the degree of clustering was again 

identical ,  fo r  W and W2. The r e s u l t s  indicated tha t  the degree of clus- 

ter ing of the vacancies was  unchanged by i r radia t ing  with dimers instead 

of monomers, though i t  was sens i t ive  t o  the Mp. The fract ion of vacancies 

in the form of large c lus ters  (25) facreased with M2, while the fracrion 

of monovacancies correspondingly decreased. The dependence of the degree 

of clustering on M2 was further  emphasized on comparison of data f o r  Ag 
i 

and KO i r radia t ions  of tungsten. The:"degrere . . of clustering was almost 

ident ical ,  which was t o  be expected since M is almost equal f o r  the two 

elements. 

V. 2 Dislocation loops 

No dislocation loops were detected i n  the case of 20 keV Ag or  W 

i r radia t ion  of tungsten. ~evera l '&las  of dislocation loop contrast 

were obtained i n  the case of dimer i rradiat ions.  The analysis of a few 

of them is given belaw. 
,-'^<' . ," 

V.2.1 Results - 
The 3 examples given below are from 40 keV Ag2 i r radia t ion  of tung- 

sten. 

The f i r s t  example is of a disZoaqtion loop appearing on a (141) plane. 
. 7 t  !i :r : 

The pulse-f i e ld  evapmation sequentzs, % shown i n  f i g  . 7 8a. Frame 1 shows 

the contrast when the ef fec t  of the loop is not yet very evident. The 

break i n  the second r ing indicated-1- a vee indicates tha t  the loop is  
,?> q *L<.  '. 
i- \- 

about t o  appear. The subsequent frames clearly show a s ingle sp i ra l .  The 
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a--, ,..A b :  ..y!f> ,, * --  . ., , +, 8 -3. - + ., - 
Fig. 7 8 ( a ) :  pulse-field evaporation sequence showing contrast due to 

dislocation loop emerging on the (141) plane. 



Fig. 78(b): 

- 

--- - 
C 

- 
L . , 

y: ":: 
A schematic diagram of atgas near the dislocation  loo^ for 
the sequence shown in f i g  . 78(a). 



s p i r a l  has been outlined in  f ig .  78b. The t race  of the  loop is indicated 

i n  228 and was taken t o  extend from where the s p i r a l  begins and where it 

ends. 

+ a - -  
The only possible Burger's vector tha t  can give p = 1 is b = T [ l l l ] .  

For t h i s  %, the possible habi t  planes a r e  (lie), ( o i l ) ,  and (101). 

From the d i rec t ion  of the t r ace  which is  along [113] the  habi t  plane was 

determined to  be (110). The diameters of the  loop were Q = 20 11 and 

The second example is af a dislocarlon laap appearing an a (141) 

plane. The pulse f i e l d  evaporation sequence is shown i n  f i g .  79a. Frame 

1 shows the  contrast  is the  absence of any e f fec t  of the dis locat ion loop. 

The subsequent frames c lear ly  show a s ingle  s p i r a l ,  which is outlined i n  

f ig .  79b. During p a r t  of the  sequence the  loop in t e r sec t s  the  (172) plane 
Y 

and t h i s  is evident as a row of vacancies cut t ing across the plane a s  

w e l l  a s  i n  the bending of the  row of atoms (Frame 1023 onwards). The 

t r ace  of the  loop can then be determined very eas i ly  and is drawn i n  1203. 

Since the contrast  due t o  the loop i s  a s ingle  spiro ,  p = 1 , .  r)ap 

only possible Burger's vector is d = f [ l l l ]  . For t h i s  d, the  possible 

habit planes are (1Q1), (110), (011). The t race  l i e s  i n  the  d i rec t ion  

[511] on the  (172) plane which required tha t  the habi t  plane be (011). 

The diameter w l  = 50 A; the value of wg could not be determined as the 

f i e l d  evaporation w a s  stopped before the contrast  due to  the loop disap- 

peared . , 8 r d ~ ,  i -2rn :c .-. I .... , -;,s2.m7*, ;,T. .r7 J8r ,<- Lar;; " " l  - 8 G I ! ' , ~ * * , , ; : L - ~ ; ~ { ~ ; ~ ~  .: 
,- r., 1 : !A:- .. ::: , A  . , . . = _ . k - ? i  . . In-',--. - 

4. r!. - .>'< "!Y  the thi rd  example is of a dis locat ion loop on (141) plane. The 
8 1 1  ?.g:.. q 1 . 3  

,-., 8 8 :>.& - 8 :  2. : ! ' -  
pulse f i e l d  evaporation sequence is shown i n  f i g .  80(a). Frame 1327 shows 

the contrast  when the  loop has been evaporated through and the e f f e c t  of 

the loop no longer ex is t s .  The loop i n i t i a l l y  in t e r sec t s  the (141) 



Fig. 79(a): Pulse-field evaporatian'saquence s w i n g  contrast due to 
dislocation loop emerging on the (141) plane. 



Fig. 79(b): A schematic diagram of atoms near the dislocation loop for 
the sequence shown in fig. 79(a). 



Fig. 80(a): Pulse-field evaporation sequence shoying contrast due to 
dislocation loop emerging on the (141) plane. 



Fig. 80(b): A schematic diagram of atoms near the dislocation loop for 
the sequence shown in fig. 80(a). 

- .  



plane a s  shown i n  frames 1 t o  427 giving rise t o  a double s p i r a l ,  which 

is  shown more c l e a r l y  i n  f i g .  80(b). A s  t h e  f ie ld-evaporat ion continues 

the  loop moves towards t h e  (130) plane causing a d i s t o r t i o n  of t h e  r i n g s  

a s  is  evident  i n  frames 427 t o  1066. The loop c u t s  ac ross  t h e  (271) plane 

a s  a r e s u l t  of t h e  atoms on t h e  p lane  do not  appear i n  regu la r  rows a s  

long a s  t h e  e f f e c t  of t h e  loop p e r s i s t s .  This is c l e a r  i n  frames 1 t o  

1065. I n  1327, t h e  p lane  appears very r e g u l a r  again.  The p o s i t i o n  of the  

t r a c e  i s  shown i n  frames 41 and 1065. 

Since t h e  c o n t r a s t  due t o  t h e  loop is  a double s p i r a l  p = 2. The 

+ a + a - -  
poss ib le  Burger's v e c t o r s  a r e  b = T [ l l l ]  and b = ?[111]. The e f f e c t  of 

the  loop on t h e  r i n g s  of (130) i s  a l s o  t o  c r e a t e  a double s p i r a l .  Only 

one end of t h e  s p i r a l  can be seen, where one end of t h e  loop i n t e r s e c t s  

t h e  (130) plane.  The o the r  end of t h e  s p i r a l  is  not  v i s i b l e  a s  i t  l i e s  

on a d i f f e r e n t  plane. Thus w e  have p = 2 f o r  t h e  e f f e c t  of t h e  loop on 

+ a 
the  (130) p lane  which means t h a t  only b = 1[111] can be  t h e  Burger 's  

vec to r .  The poss ib le  h a b i t  p lanes  corresponding t o  t h i s  Burger 's  v e c t o r  

a r e  ( l l O ) ,  ( 1 0 1  , ( 0 1 1 )  The t r a c e  of t h e  loop on t h e  (141) p lane  l ies  

along the  (511) d i r e c t i o n  which r e s t r i c t s  t h e  h a b i t  plane t o  (011). The 

diameters of t h e  loop were w l  = 53 and w2 = 22 A. 

V.2.2 Discussion 

The d i f f e r e n c e  i n  morphology of t h e  damage between t h e  monomer and 

dimer i r r a d i a t i o n s  is  q u i t e  s t r i k i n g .  While no d i s l o c a t i o n  loops w e r e  

de tec ted  i n  t h e  case  of 20 keV Ag and W i r r i d a t i o n s ,  almost h a l f  t h e  

d e f e c t s  i n  t h e  case  of 40 keV Ag2 and W2 i r r a d i a t i o n s  were d i s l o c a t i o n  

loops. The c l o s e  s p a t i a l  - and temporal c o r r e l a t i o n s  between t h e  cascades 

generated by t h e  components of t h e  dimer was believed t o  be respons ib le  



f o r  t h e  g r e a t e r  degree of co l l apse .  A s  pointed out  e a r l i e r ,  t h e  average 

r e c o i l  energy of an  atom i n  t h e  c o l l i s i o n  cascade generated by a heavy 

dimer w i l l  be  almost twice t h a t  of an atom i n  the  cascade generated by a 

monomer. A s  a consequence w e  would expect t h a t  t h e  time taken f o r  t h e  

energy of t h e  cascade t o  be d i s s i p a t e d  t o  t h e  surrounding l a t t i c e  t o  be 

l a r g e r  f o r  t h e  case  of dimers than f o r  monomers. Assuming t h a t  t h e  col-  

l a p s e  of t h e  DZ t o  a loop involves t h e  motion of vacancies,  t h i s  g r e a t e r  

time will i n c r e a s e  t h e  l ike l ihood  of col lapse .  

'rhe nonllneai e f f e c t s  i n  t h e  DZ's avd the c o l l a p s e  of D z ' s  t o  Poops 

f o r  dimer i r r a d i a t i o n s  c l e a r l y  p o i n t s  ou t  t h e  importance of considering 

t h e  development of t h e  cascade produced by t h e  ind iv idua l  p r o j e c t i l e s .  

Note t h a t  t h e  shape of t h e  damage p r o f i l e  is  expected t o  be  t h e  same f o r  

a beam of 20  keV Ag ions  and a beam of 40 keV Ag2 ions ,  s i n c e  t h e  l a t t e r  

breaks  up i n t o  a beam of 20 keV ions  i n s i d e  t h e  targe ' t .  But t h e  l e v e l  

of d u a g e  and t h c  morphology of damage will be d i f f e r e n t  i n  t h e  two cases.  

v. 7 S u a ~ 2  

1. The number of vacancies produced per  component l u u  of a heuvy 

dimer p r o j e c t i l e  is 1.55 times t h a t  produced by a p r o j e c t i l e  having t h e  

same energy and momentum a s  each o t  t h e  compune11L ions, ind ica t ing  t h e  

nonl inear  e f f e c r  i n  cascades having a high enmgy density. 

2 .  The f r a c t i o n  of d e f e c t s  t h a t  a r e  d i s l o c a t i o n  loops inc rease  

dramat ica l ly  on bombarding wi th  dimers ins tead  of moriomers. 
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APPENDIX - A: FIM CONTRAST DUE TO DISLOCATION LOOPS 

A . l  P e r f e c t  loops 

The d i s l o c a t i o n  1oops.were i d e n t i f i e d  by t h e  c o n t r a s t  p a t t e r n  observed 

i n  t h e  FIM micrographs. The c o n t r a s t  expected from a d i s l o c a t i o n  loop 

can be understood on simple geometric grounds using t h e  f a c t  t h a t  t h e  FIM 

image can be  simulated wi th  remarkable success.  on pure ly  geometric grounds. 

This  was f i r s t  demonstrated by ~ o o r e '  i n  a computer s imula t ion of images 

of a p e r f e c t  c r y s t a l  based on Lwo simple i d e n s ,  The first one is t h a t  t h e  

s u r f a c e  of a f i e ld - ion  microscope specimen can be a tomical ly  smooth and 

approximately s p h e r i c a l ,  and t h e  second one fol lowing an observation by 

~ i i l l e r , ~  t h a t  t h e  imaged atoms a r e  fhose t h a t  prot rude most from t h e  sur-  

f a c e .  The image of t h e  region surrounding a pole  of a f i e ld - ion  specimen 

can be understood i f  t h e  region is  thought t o  conform t o  a smoothly curved 

s u r f a c e  a s  i l l u s t r a t e d  i n  Fig. A-l(a).  The diameter of t h e  consecutive 

c r y s t a l  p lanes  b u i 1 d i n g . u ~  t h i s  region is i i m i t e d  by t h e  su r face .  If 

only t h e  atoms at  t h e  p lane  edges a r e  considered t o  prot rude enough t o  

image, t h e  p ro jec ted  image of t h i s  regiun is c l e a r l y  a scricc of c o n ~ e n t r ~ c  

r i n g s ,  a s  shown i n  Fig. A-l(b). Images of f a u l t e d  c r y s t a l s  a r e  analyzed 

by f i r s t  considering rhe poss ib le  su r face  displacements caused by t h e  

f a u l t  and t h e r e a f t e r  imposing a smooth envelope on t h e  f a u l t e d  su r face  a s  

above. Dis loca t ion  c o n t r a s t  is  derived from t h e  f a c t ,  f i r s t  pointed ou t  

by ~ o t t r e l l , ~  t h a t  a p e r f e c t  d i s l o c a t i o n  line i n t e r s e c t i n g  a s t a c k  of 

l a t t i c e  p lanes  w i l l  convert  t h i s  s t a c k  i n t o  a h e l i c a l  ramp.. This i s  t r u e  

both  f o r  screw d i s l o c a t i o n s  and f o r  any d i s l o c a t i o n  a s  long a s  t h e  Burgers 

-t 
vec to r  Cb) of t h e  d i s l o c a t i o n  has  a component along t h e  normal t o  t h e  

planes.  The p i t c h  of t h e  h e l i c a l  ramp is,  by t h e  d e f i n i t i o n  of a p e r f e c t  



d i s l o c a t i o n ,  an i n t e g r a l  number of spacings.  I f  t h i s  i n t e g e r  i s  g r e a t e r  

than one, t h e  s t a c k  of p lanes  is  a c t u a l l y  converted i n t o  s e v e r a l  i n t e r -  

leaved ramps, each of t h e  same p i t c h .  The e f f e c t  of a  d i s l o c a t i o n  l i n e  

emerging from a  p lane  of a  FIM specimen is  i l l u s t r a t e d  i n  f i g s .  A-l(c),  

(d ) ,  and ( e ) .  I n  f i g s .  A-l(c) ,  a  d i s l o c a t i o n  l i n e  has  converted t h e  

s t a c k  of planes i n t o  a  h e l i c a l  ramp and i n  f i g .  A-l(d), t h e  e f f e c t  of 

f i e l d  evaporat ion is  ind ica ted .  The l a t t e r  is r e a l i z e d  by imposing a 

smooth su r face  upon t h e  ramp. The projec ted  image of t h i s  conf igura t ion 

is  a  contilluous s p i r a l  is  shown i n  f i g .  A-l(e).  

The p i t c h  of t h e  h e l i c a l  ramp can be determined a n a l y t i c a l l y  a s  

fol lows;  t h e  p i t c h  is t h e  magnitude of t h e  p r o j e c t i o n  of l o c a t i o n  onto the  

-b 
plane normal. I f  t h e  u n i t  normal of t h e  p lane  is  n ,  t h e  p i t c h  (p) i s  

given by : 

-+ -+ 
p  = b - n  (A-1) 

i- 
The r e c i p r o c a l  l a t t i c e  v e c t o r  

%kl  
of a  p lane  (hkl)  is  i n  t h e  d i rec -  

t i o n  of t h e  normal t o  t h e  p lane  so ,  

and theref  o r e  

-b + 
P = (ghklqb)dhkl (A-3) 

+ 
For a p e r f e c t  d i s l o c a t i o n  b must be a  l a t - t i c e  v e c t o r  and hence, 

+ 
ghkl 0% = i n t e g e r  ( A - 4 )  

It is convenient , t o  omit d and Lo w r i t e  h k l  

.). -& 

P = ghklob (A-5) 

The va lue  of p,  i .e . ,  an i n t e g r a l  number, i n d i c a t e s  t h e  p u l t i p l i c i t y  of 

the  image s p i r a l  caused by t h e  d i s l o c a t i o n .  A case  where p  = 2 is  



Fig. A-1: Geometrical Image formation of - 
(a) - (b) perfect tip 
(c) - (f) tip containing the dislocation 



schematically il1ustrated.h fig. A-2. It would correspond to, e.g., 

+ g =-[113 1 and 6 =I[Iolj 
a 

Perfect dislocation loops and dipole pairs ate treated simply by 

combining the effects of single dislocations.   he two dislocations in 

a dipole pair have.equa1 but opposite Burgers vectors. Hence they will 

cause spirals of opposite sense when emerging in the same pole, and the 

spiral started at one will end at the other. Plane rings enclosing 

both dislocations will be unbroken since the net $ is zero. Figure 

A-3 illustrates two. cases with lpl = 1. In fig. A-3(a), the two dislo- 

cations emerge on the same plane and in fig. A-3(b) on different plane 

ledges. Dislocation loops obviously behave to first order, in the 

same manner. If p > 1, a similar system of multiple spirals is ex- 

pected. 

A.2 Faulted loops 

A planar fault in a crystal is characterized by a displacement 

vector 3 ,  which is defined as the displacement of one side of the crys- 

tal relative to the other. Where the fault plane cuts the surface of 
C 

the crystal a step will result. The height of the step normal to the 

surface plane, is the projection of 2 on the plane normal. A parameter 

q analogous to p of (A-1) can be defined for the fault. 

, where%the unit of q is again the lattice spacing d hk.1 ' 
Since 3 des- 

cribes a fault it must not be a lattice vector of the primitive lattice 



and q  may not  nece s sa r i l y  be an i n t ege r ,  though it  can a l s o  be. For 

s tacking f a u l t s  on (111) i n  f c c  c r y s t a l s  the  value of q i s  always of 

the  form n /3 ,  where n  i s  an in teger  ( including zero) .  

The image con t r a s t  expected when a  s tacking f a u l t  i n t e r s e c t s  a  

pole i n  a  f i e ld - ion  t i p  i s  a  s e r i e s  of broken plane r ings  a s  i l l u s t r a t e d  

i n  f i g s .  (A-4). Figure A-4(a) and (b) i l l u s t r a t e s  the  pa t t e rn  obtained 

fo r  the case  of an i n t r i n s i c .  an;l e x t r i n s i c  s tacking f a u l t ,  r e spec t ive ly .  

An i n t r i n s i c  s tacking f a u l t  In t c c  corresponds co the rttulujal of fine 

(111) plane,  the  e x t r i n s i c  t o  the i n se r t i on  of one ex t r a  (111) plane. 

This w i l l  introduce one f a u l t  i n  the  regu la r  stacking sequence (ABCA), 

i n  the  i n t r i n s i c  case ,  and two consecutive f a u l t s  i n  the  e x t r i n s i c  

case.  The broken r i ng  con t r a s t  r e s u l t s  because the  surface  of the 

sheared s t a ck  of planes must conform t o  an approximately hemispherical 

shape. The case i l l u s t r a t e d  i i~  f i g .  A-4 correspondc t o  the  case f o r  

which Iq l  = 4 / 3 .  The shaded region represen t s  the  por t ion of the  

~ s l a s ~ t  t h a t  io rcrnovod by f i e l d  evapornt inn i n  order f o  obta in  a  hemi- 

spher ica l  su r face .  Thereaf ter  a s  the f i e l d  evaporation continues,  

the  smal les t  r i n g  w i l l  a l t e r n a t e l y  appear on e i ~ l ~ e ~  s ide  of thc  

f a u l t .  

P a r t i a l  d i s loca t ions  bound s tacking f a u l t s .  The Burgers c i r c u i t  

used t o  def ine  6ho B u ~ g e r s  vPct.or nf a partial  dis loca t ion  m i l s t  s t a r t  

and end on the  associa ted s tacking f a u l t .  Hence, the  Burgers veccor 

of a  p a r t i a l  d i s l oca t i on  w i l l  be the  same a s  the  displacement vector  

of the s tacking f a u l t ,  o r  d i f f e r  from it by a  l a t t i c e  vector .  Equa- 

t i o n  (A-6) i s  va l i d  f o r  p a r t i a l  d i s loca t ions  with replaced by % . 
P 



F i g .  A-2: FLY image f o r  a d i s l o c a t i o n  loop  f o r  which p = 3 .  



Fig. A-3: Effect of perfect dislocation loop on stack of planes (after 
Ref. 6). 
(a )  both dislocations emerging on same ledge 
(b) dislocations emerging on different ledges. 



F i g .  A-4:  Image formation of pole cu t  by s tacking f a u l t .  ( a f t e r  Ref. 7) 
( a )  i n t r i n s i c  f a u l t  
(b) e x t r i n s i c  f a u l t .  



W e  w i l l  be i n t e r e s t e d  p r imar i ly  i n  Frank p a r t i c l e s  which occur only i n  

loops s i n c e  these  a r e  t h e  p a r t i a l s  expected from ion i r r a d i a t i o n s  of P t .  

The loops a r e  formed by t h e  c o l l e c t i o n  of point  d e f e c t s  i n t o  d i s k s  on t h e  

(111) planes.  A d i s c  of vacancies ,  and t h e  co l l apse  of p lanes  above and 

below t h e  p lane  of t h e  d i s c  c r e a t e s  an i n t r i n s i c  loop. A d i s k  of i n t e r -  

s t i t i a l ~  between two' (111) p lanes  c o n s t i t u t e s  an e x t r i n s i c  loop. The 

d i s l o c a t i o n  bounding t h e  Frank loop is  of pure edge charac te r ,  and i ts  

Burgers v e c t o r  is  uf t h e  form 3 / 3  <11.1>. 

The image c o n t r a s t  from p a r t i a l  d i s l o c a t i o n s  is a combination of 

d i s l o c a t i o n s  and s t ack ing  f a u l t  c o n t r a s t .  The s p i r a l  c o n t r a s t  of a  d i s -  

l o c a t i o n  w i l l  be stepped i f  q is  non-integral .  If q i s  i n t e g r a l  a  kink 

w i l l  develop a t  the f a u l ~ ,  because the r Q w  of a t ~ m s  on t h e  p lane  w i l l  be 

-b 
displaced by t h e  p r o j e c t i o n  of R onto t h e  p lane  and w i l l  not  be contin-  

uous ac ross  t h e  f a u l t .  

When both  p a r t i a l s  of a dislocation  loo^ Pmerge in  t h e  s a m e  pole ,  

rings enelosing none o r  both of t h e  p a r t i a l s  wi .11  be ulllroken. Rings 

enclosing one p a r t i a l  w i l l  be stepped.  This case  is i l l u s t r a t e d  i n  

fig: A-5. 

i t  is poss ib le  t o  distingr.lish between irierinsic aiid e x t r i n c i c  fa i11. t~  

i n  c e r t a i n  cases ,  provided that the habit plane  of the loop i s  known. The 

c l e a r e s t  case  is of a ~ r a h k  loop wi th  partia1.s emerging on t h e  same pole.  

The image i n  t h i s  case  c o n s i s t s  of two s e t s  of ha l f - r ings  divided By a 

f a u l t .  A r i n g  enclosing t h e  loop w i l l  be unbroken, and it i s  poss ib le  

using t h e  p lane  corresponding t o  t h e  r i n g  t o  determine which s i d e  of t h e  

t i p  r e l a t i v e  t o  t h e  f a u l t  has been pushed up. The s i d e  wi th  t h e  smaller  

r i n g s  w i l l  be t h e  s i d e  t h a t  has  been pushed up. For example, i n  Fig.  A-6 



~ i ~ .  A-5 : Geometrical Image formation o f  faulted dislocation loop 
emerging in one pole 
(a) stack of planes intersected by one loop 
(b) resulting image. 



Fig .  A-6: ( a )  Image of a pole i n t e r s e c t e d  by a  Frank d i s l o c a t i o n  loop. 
(b) Geometry of the s i t u a t i o n  i n  ( a ) .  



s i d e  1 of t h e  t i p  has  been pushed up. I f  t h e  loop i s  on t h e  (11i)  p lane  

i t  must be an i n t e r s t i t i a l  loop because t h e  s t r a i n  f i e l d  due t o  t h e  e x t r a  

d i s c  of atoms w i l l  push s i d e  1 up. I f  t h e  loop is  on (111) i t  i s  a vacancy 

loop a s  t h i s  w i l l  cause s i d e  2 t o  move downwards compared t o  s i d e  1. A 

s i m i l a r  s o r t  of argument can be used t o  determine t h e  na tu re  of a loop 

showing a s p i r a l  contrast--from t h e  sense  i n  which t h e  s p i r a l  unwinds-- 

i f  t h e  h a b i t  plane is  known. 

So f a r  w e  have considered t h e  case  of d i s l o c a t i o n s  emerging on low 

index planes.  I n  higher index planes  t h e  same type of s p i r a l  s t r u c t u r e s  

a r e  expected bu t  t h e  s p i r a l  w i l l  s tand out  l e s s  prominently because of t h e  

small  number of r i n g s  encompassing t h e  plane. However, t h e  s t r a i n  f i e l d  

of t h e  d i s l o c a t i o n  loop w i l l  cause t h e  atoms t o  be d isplaced from t h e i r  

normal l a t t i c e  pos i t ions .  A s  a l l  t h e  atoms a r e  v i s i b l e  i n  high index 

planes ,  a f a c t  t h a t  was u t i l i z e d  LO map out  t h e  vacancies t h e  d isplace-  

ment of t h e  atoms w i l l  r e f l e c t  i t s e l f  i n  a f i e l d  evaporat ion sequence t h a t  

w i l l  be d i f f e r e n t  from t h a t  observed from a p e r f e c t  c r y s t a l .  Figure A-7 

shows a s e c t i o n  of t h e  c r y s t a l  conta in ing a vacancy loop. The loop l i e s  

i n  t h e  (111) plane. W e  s h a l l  consider t h e  evaporat ion sequence of suc- 

cess ive  (110) planes.  Though (110) i s  a low Index plane ,  t h e  arguments 

presented subsequently a r e  equal ly  v a l i d  f o r  a h igh index plane,  and w e  

have chosen t h i s  p lane  merely f o r  convenience. Since a h igh index plane  

normally covers only a small  por t ion  of t h e  specimen's su r face ,  we can 

approximate t h e  s p h e r i c a l  envelope by a p lane  su r face  i n  t h e  immediate 

v i c i n i t y  of t h e  plane. Successive p o s i t i o n s  of t h e  t i p  su r face  a r e  indi -  

ca ted  by dot ted  l i n e s  and a s  t h e  f ie ld-evaporat ion proceed, the  su r face  

moves from r i g h t  t o  l e f t .  I n  p o s i t i o n  1, t h e  atoms on t h e  plane are 



IMAGE O F  PLANE 
\ 

PROJECTIO'N 
SCREEN 

Fig .  A-7: V i e w  of a p l ~ n e  c u t t i n g  through a vacancy loop oar ( 1 1 1 ) .  



hardly  a f f e c t e d  by t h e  s t r a i n  f i e l d  of t h e  loop,  and a l l  t h e  atoms on t h e  

plane w i l l  be imaged. I n  p o s i t i o n  3 ,  t h e  atoms c l o s e  t o  t h e  loop are 

al ready being s u f f i c i e n t l y  d isplaced and t h e  atoms i n  t h e  middle may not  

be imaged simultaneously a s  those  a t  t h e  o u t e r  edges. I n  p o s i t i o n  7 ,  t h e  

plane i n t e r s e c t s  t h e  loop. The lower p a r t  of t h e  p1ane :wi l l  be imaged 

f i r s t  and then t h e  upper h a l f .  It i s  c l e a r  t h a t  a t  t h i s  s t a g e  t h e  f i e l d  

evaporat ion sequence w i l l  show an unwinding s p i r a l  r a t h e r  than a s e r i e s  

of p a r a l l e l  planes.  I f  t r a c k  is  kept  of t h e  atoms i n  a p lane  i t  is pos- 

s i b l e  t o  d e t e c t  t h e  vacancies t h a t  c o n s t i t u t e  .the loop. A s  t h e  s u r f a c e  

approaches t h e  plane,  t h e  p o s i t i o n s  of t h e  atoms w i l l  i n  a l l  l ike l ihood  be 

changed from t h e i r  o r i g i n a l  p o s i t i o n ,  i . e .  when t h e  loop was i n s i d e  t h e  

c r y s t a l .  A s  t h e  f i e l d  evaporat ion proceeds .through t o  11, t h e  FIM micro- 

graph should s t a y  very  much . t h e  s&. Once t h e  su r face  has  passed through 

t h e  loop,  . the  f i e l d  evaporat ion sequence should once more i n d i c a t e  a 

s e r i e s  of - p a r a l l e l  planes.  .Thus, a  c h a n g e i n  t h e  f i e l d  evaporat ion 

sequence of h igh index planes  caused by t h e  s t r a i n  f i e l d  of loops ,  can be 

used t o  d e t e c t  t h e  presence of loops.  Uncollapsed c l u s t e r s  of vacancies  

do not  have a long-range s t r a i n  f i e l d ,  and hence do not  g r e a t l y  a f f e c t  t h e  

f i e l d  evaporat ion sequence, a  face t h a t  al lows Lhe mapping of vacancies 

i n  the D Z ' s  by t h e  method ou t l ined  previously .  

The simple geometric model is  u s e f u l  i n  expla in ing t h e  c o n t r a s t  

expected from d i s l o c a t i o n s  but  r e s t r i c t s  t h e  conf igura t ion t o  simple 

types .and t h e  p o s i t i o n s  of t h e  loops t o  low index poles .  It gives  t h e  

gross  f e a t u r e s  of t h e  c o n t r a s t  and al lows i n  many cases  t h e  determination 

of some of the  parameters of t h e  loop bu t  it  is not  capable of deal ing 

with t h e  f i n e r  f e a t u r e s  of the  c o n t r a s t .  Computer s imula t ion should be 



more use fu l .  I n  t h i s  method a three-dimensional p o i n t - l a t t i c e  is defined 

wi th  respec t  t o  some coordinate  system. This l a t t i c e  is  i n t e r e s t e d  by 

two concentr ic  hemispherical  su r faces  so  t h a t  a  t h i n  hemispherical  s h e l l  

is enclosed. The computer i s  i n s t r u c t e d  t o  f ind  those  l a t t i c e  p o i n t s  

which l i e  wi th in  t h e  s h e l l ,  and t o  p l o t  t h e i r  coordinates  i n  orthographic 

p ro jec t ion .  The r e s u l t i n g  p a t t e r n s  bear a  s t r i k i n g  resemblance t o  FIM 

images, Defects  such a s  d i s l o c a t i o n s  can be incorporated i n t o  t h e  l a t t i c e ;  

t h e  d i s p l a c m e n c s  of l a t t i c e  arnms caused by Lhem cull La enmputerf and the 

s h e l l  model app l i ed  t o  t h e  s t r a i n e d  c r y s t a l .  Severa l  r e s u l t s  of computer 

s imula t ions  of d i s l o c a t i o n s  i n  FIM t i p s  have been repor ted ,  which confirm 

t h e  simple geometric p i c t u r e  ou t l ined  before.  A more thorough inves t iga-  

t i o n  of t h e  c o n t r a s t  expected from small  d is lacaLloas  i n  f . c , r .  metals-- 

such a s  we would expect t o  observe i n  ion  i r r a d i a t e d  platinum--has been 

repor ted  by S t o l t  and Washburn. I n  p r i n c i p l e  i t  should be poss ib le  t o  

o b t a i n  more information on t h e  na tu re  of t h e  loops observed i n  FIM by 

comparing t h e  experimental f i e l d  evapora,tion sequence wi th  comptlter S ~ I U -  

l a t i o n s  f o r  d i f f e r e n t  conf igura t ions  f o  t h e  d i s l o c a t i o n  loop. 
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APPENDIX B: DERIVATION OF RANGE OF I O N  I N  FIM SPECIMEN - 

Assume t h a t  t h e  t i p  i s  represented by a hemisphere of r ad ius  R. The 

x , y , z  axes a r e  chosen a s  shown. The equation of t h e  hemisphere is:  

x2 + y2 + z2 = R2 (B-1) 

We choose t h e  po la r  angles  0 and 4 a s  shown. Then: 

x = R s in4  s ine  

y = R s i n @  cose 03-21 

z = R COSQ 

I f  t h e  D Z ' s  due t o  t h e  incoming beam a r e  c rea ted  a t  a d i s t a n c e  L ,  along 

the  beam d i r e c t i o n ,  measured from t h e  su r face ,  then t h e  ions  w i l l  be on 

the  su r face  of a hemisphere given by: 

(y + L ) ~  + x2 + z2 = R' (B-3) 

We s h a l l  assume t h a t  t h e  process  of f i e l d  evaporat ion causes t h e  hemi- 

s p h e r i c a l  s u r f a c e  of the ti .p t o  move down a d i s t a n c e  A ,  without a change 

i n  t h e  r a d i u s  R. We a r e  i n t e r e s t e d  i n  t h e  d i s t a n c e  A a t  whlcll thc opeci- 

men sur face  w i l l  i n t e r s e c t  t h e  c e n t e r  u f  t h e  D Z .  

We w i l l  have f o r  t h e  new sur face :  

( z  - A ) ~  + y2 + x2 = R2 

and then from (B-3) and (B-4) : 

0 = [ ( R ~  -(x2 +-y2) ]1 /?  - [ (R2- -x2)  - ( y + ~ ) ~ ]  

- R COS@ - [ R ~  cos2@ - 2yL - ,2]1/2 

. . . . . . expanding . . . . .  , 

w e  ge t :  
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Fig .  B-1: Schematic diagram showing q u a n t i t i e s  used t o  c a l c u l a t e  range 
o f  i o n  i n  FIM specimen. 



L t a n @  cose + L~ 
A = R cos@[ - d2 4y2 

R cosQ R2 cos2@ 8~~ cos4@ 

L tan@ cose + 

= R cos@[ 
~2 - L~ s in2@ cos2e I + .  . . 

R cos@ 2R2 cos2@ 2R2 cos4@ 

L3- = L tan@ cos0 + .(1 - tan2@ cos28) + . '. . (B-6) . 
2R cos@ 

The second term can be neglected compared t o  the  f i r s t  i f ,  

d << 2R s i n@ cose (R-7) 

Usually i n  the  FIM, t he  micrograph only covers 

d << 2R cose (B-8) 

I f  (B-8) is s a t i s f i e d  then, 

I f  n ,  [hki]  planes havc been evaporated then from the  diagram i n  t he  

i n s e t  w e  have 

A = n d  /cos@ 
h k l  

and s u b s t i t ~ r i n ~  i n  (E-9), wc get 

dhkl 
--= L s in@ cose 

L. = dhkl 
Sin@ cose 

I f  condit ion (B-8) is  not  s a t i s f i e d ,  the  exact  expression derived from 

(B-3) and (B-4) by e l iminat ing z is: 






