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SINGLE ATOM SPUTTERING EVENTS: DIRECT OBSERVATION OF NEAR-SWACE 

* 
Michael I. Current, Ching-Yeu Wei and David N. Seidman 

Cornell University, Department of Materials Science and Engineering 
a d  the Materials Science Center, Bard Hall, Ithaca, New York 14853 USA 

ABSTRACT 

The three-dimensional spa t ia l  arrangement of vacancies contained i n  depleted 

zones (DZS ) , of ion-irradiated tungsten specimens, was determined with atomic reso- 

lu t ion  by the field-ion microscope (FIM) technique. These DZs were detected i n  the 

near-surface region of specimens which had. been i r radiated i_q a i t u  a% 1 5  IC w i t h  20 
+ + 

keY w*,.$u keV w*, Xr+, Cu o r  Ar ions. The d u e s  of the ion dose employed were 

s m a l l  (i1013 l&, 4-*); therefore, each DZ analyzed waa the resul t  of the impact 

of a single pro jec t i le  ion. A t  the i r radiat ion temperature ( 1 5  K) both the self-  

i n t e r s t i t i d .  a tom and vacancies were immobile, SQ tha t  the  primary s t a t e  of radiation 

damage was  preserved. The following properties of each DZ were determined: (1) the 

t o t a l  number of vacancies; ( 2 )  the  number of vacancies i n  the near-surface region; 

( 3 )  the spa t i a l  extent--that i s ,  the dimensions required t o  determine a volume; ( 4 )  
the  average vacancy concentration; ( 5 )  the average vacancy concentration associated 

with the near-surface region; (6) the  first-nearest  neighbor cluster  dis t r ibut ion for  

the  vacancies i n  the  near-surface region; (7)  the radial distribution function of all 

the vacancies ; (8) the dis t r ibut ion of va~ancies  as a function of depth normal t o  the  

i r radiated surface; and ( 9  ) the epu%$cring yield. M m t .  of the above proper Lieu of 

the  near-surface DZs had similar values t o  those o f  the DZs detected i n  the bulk of 

the F I M  specimens. The t o t a l  ntnnber of vacancies detected i n  the near-surface region 

was  approximately consistent with theoret ical  estimates of the average sputtering 

yield.  The sputtering yield of individual DZs exhibited significant fluctuations 

from the measured average sputtering yie4d. 

t This research w a s  supported by the U.S. Department of Energy under Contract No. 
Dl?-%02-76~~0315. Additional support was received from the National Science 
Foundation through the use of the technical f a c i l i t i e s  of the Materials Science 
Center a t  Cornell University. 

" Now a t  the General Electric Corporate Research and Development Laboratory, 
Schenectady, New York 12305 USA 



5 1. INTRODUCTION 

The s tudy  o f  sput ter ing-- the e ros ion  of s o l i d  su r f aces  a s  a r e s u l t  o f  ene rge t i c  

p a r t i c l e  bombardment--has produced a voluminous experimental and t h e o r e t i c a l  l i t e r -  

a t u r e  over  t h e  p a s t  decade; f o r  reviews, s e e  Ca r t e r  and Coll igon (1968)~  Sigmund 

(1972) ,  Andersen (1974),  McCracken (1975 ) and Thompson (1978) .  The bulk of t h e  ex- 

per imental  s t u d i e s  can be roughly d iv ided  i n t o  t h e  fol lowing two broad ca t egor i e s :  

(1) t h e  measurement of t h e  amount, energy and d i r e c t i o n  o f  e j e c t i o n  o f  t h e  t a r g e t  

m a t e r i a l  a s  a func t ion  of t h e  mass, energy and d i r e c t i o n  of  impingement of  t h e  i n c i -  

dent ions  o r  atoms (Thompson 1978) ;  and ( 2 )  microscopic observa t ions  of t h e  changes 

i n  t h e  topology o f  t h e  su r f ace  caused by t h e  s p u t t e r i n g  processes  ( f o r  examples, s e e  

Hermanne 1973,. and Whitton e t  .al. 1978).  The t y p i c a l  micrascopic observa t ions  o f  

15 s p u t t e r e d  su r f aces  were f o r  specimens which had been i r r a d i a t e d  t o  high doses (10 - 
0 

10  ions  cma2) and were made with modest s p a t i a l  r e s o l u t i o n  (%lo0 - 10,000 A ) .  

There have a l s o  been s e v e r a l  a t tempts  t o  u t i l i z e  t h e  atomic r e s o l u t i o n  o f  t h e  f i e l d -  

ion  microscope (FIM) t o  s tudy  r a d i a t i o n  damage, produced by low-energy i o n s ,  i n  t h e  

sur faces  o f  tungs ten  specimens ( ~ r e g o v  and Lawson 1972 and Walls e t  a l .  1976) .  

We r e c e n t l y  employed t h e  FIM technique t o  s tudy the  s p u t t e r i n g  of c l ean  tungs ten  

+ 
su r f aces  by 30 keV Cu ions  ( c u r r e n t  and Seidman 1980).  And i n  t h i s  paper  we have 

presented t h e  r e s u l t s  of a sys temat ic  and q u a n t i t a t i v e  FIM.study of t h e  vacancy s t ruc -  

t u r e  of displacement cascades--hereinafter  c a l l e d  deple ted  zones ( D Z s  )--which ,were 

+ + 
produced i n  t he  near-surface region o f  tungsten specimens by 20 keV W , 30 keV W , bf, 

+ + 
Cu o r  A r  ions .  The cha rac t e r  o f  D Z s  i n  t h e  near-surface region--defined p r e c i s e l y  

i n  53--was e s s e n t i a l  t o  understanding s p u t t e r i n g  on an atomic s c a l e .  The temperature 

o f  t he  specimen w a s  maintained a t  515 K throughout t h e  course o f  t h e  i n  s i t u  i r r a d i a t i o n  

and subseqi~ent  examination of  t h e  specimen by pulse  f i e l d  evaporat ion.  For a specimen 

temperature of $5 K ,  i n  t h e  case of  i on - i r r ad i a t ed  tungs ten ,  both vacancies and s e l f -  

i n t e r s t i t i a l  atoms (SIAS)  were found t o  be immobile ( ~ c a n l a n ,  S t y r i s  and Seidman 1971a 

and 1971b and Seidman 1978).  Thus our experimental condi t ions preserved t h e  primary 

s t a t e  of  r a d i a t i o n  damage; t h a t  i s ,  t h e  three-dimensional s p a t i a l  arrangement of  p o i n t  



b 

d e f e c t s ,  a f t e r  a l l  t h e  i n i t i a l  energy o f  t h e  p r o j e c t i l e  i ons  had been d i s s i p a t e d  and ,. 
i n  t h e  complete absence o f  any long range migrat ion of  t h e  po in t  defec ts  produced by 

t h e  i r r a d i a t i o n .  The values of t h e  doses employed f o r  t he  i r r a d i a t i o n s  were s m a l l  

enough s o  t h a t  each DZ de t ec t ed  was a s soc i a t ed  wi th  t h e  impact o f  a s i n g l e  p r o j e c t i l e  

i o n ;  t h e r e f o r e ,  t h e r e  was no overlap o f  t h e  D Z s .  

The D Z s  t h a t  contained a po r t ion  of  t h e i r  volume i n  t h e  near-surface region were 

analyzed completely--with atomic resolution--and t h e i r  p r i n c i p a l  p r o p e r t i e s  were com- 

pared  wi th  those  D Z s  found i n  t h e  bulk o f  the '  FIM specimens ( ~ e i  1978, Wei and Seidman 

1979 and Current ,  Wei and Seidman 1980) .  Their  p r i n c i p a l  p r o p e r t i e s  

were found t o  be very  s i m i l a r  t o  t hese  same p r o p e r t i e s  f o r  t h e  D Z s  found i n  t h e  bulk 

o f  . t he  specimens. Radiat ion damage theory  was w e d  t o  c a l c u l a t e  values o f  t hese  

f e a t u r e s  and, i n  gene ra l ,  reasonable agreement w a s  found between t h e  experimental 

and t h e o r e t i c a l  va lues .  The t o t a l  number of  vacancies de t ec t ed  i n  t h e  near-surface 

reg ion  w a s  found t o  be approximately cons i s t en t  wi th  es t imates  of  t h e  average value 

of  t h e  t h e o r e t i c a l  s p u t t e r i n g  y i e l d .    ow ever, t h e  values of  t h e  s p u t t e r i n g  y i e l d s  

f o r  i n d i v i d u a l  D Z s  were a s  much .as seven times g r e a t e r  than  the  average value o f  t h e  

measured s p u t t e r i n g  f i e l d ;  thus  . 'providing d i r e c t  evidence f o r  t h e  ex i s t ence  o f  f luc tu-  

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

5 2. EXPERIPENTAL DETAILS 

2.1.  Specimen Chemistry and Prepara t ion  

The FIM specimens were prepared from two-pass zone-refined tungs ten  rods ( ~ i l s o n  

and Seidman 1975) which had been grown s o  t h a t  t h e  specimen ax i s  was p a r a l l e l  t o  t h e  

[ill] c r y s t a l  axis. This p a r t i d u l a r  o r i e n t a t i o n  was chosen because it maximized t h e  
:; 

number of  high-kndex planes exposed on t h e  su r f ace  of an F I M  specimen. The zone- 

r e f i n e d  rods were e l ec t ropo l i shed  t o  a diameter of  W.25 mm i n  a 1 N  s o l u t i o n  o f  a 
0 

NaOH a t  a p o t e n t i a l  o f  4 V ( a . c . ) .  Sharply poin ted  ( ~ 1 0 0  A rad ius  t i p )  FIM specimens 

were then  prepared from t h e  0.25 mm diameter -ads employing the  same 1 N  NaOH s o l u t i o n .  
0 

The specimens were then  f i e l d  evaporated t o  a r ad ius  of g r e a t e r  than  250 A.  



2.2 .  The I r r a d i a t i o n  Procedure 

A HiLl-Nelson (1965) sput tered-metal  i on  source provided an ion  beam of t he  var- 

ious p r o j e c t i l e s  used f o r  t he  i r r a d i a t i o n s .  The ion  beam was analyzed magnet ical ly  

and d i r e c t e d  i n t o  an ul t ra-high vacuum FIM which was a t t ached  t o  t h e  Hill-IJelson ion  

source via a three-s tage  d i f f e r e n t i a l l y  pumped f l i g h t  tube  ( ~ c a n l a n ,  S y t r i s  and Seidman 

1971a) .  This arrangement allowed f o r  t h e  i n  s i t u  i r r a d i a t i o n ,  o f  FIM specimens, a t  

( 5 - 1 0 ) x 1 0 - ~ ~  t o r r  wi th  a gas p re s su re  of (2-5)x10-6 t o r r  measured above t h e  d i f f u s i o n  

pump which evacuated t h e  ion  source.  A l l  i r r a d i a t i o n s  were performed i n  s i t u  wi th  t h e  

specimen a t  <15 K ,  i n  t he  absence o f  both t h e  imaging e l e c t r i c  f i e l d  and gas.  The 

maintenance o f  a low background pressure  i n  t he  FIM during an i r r a d i a t i o n  was e s s e n t i a l  

t o  prevent  any poss ib l e  su r f ace  cor ros ion  e f f e c t s  due t o  t h e  adsorpt ion of  gases from 
i 

I -2 -1 t h e  background gases i n  t h e  FIM. For a t y p i c a l  f l u x  o f  2x10~ '  ions  cm sec  , a 

-2 
dose of 5 x 1 0 ~ ~  ions  cm was c o l l e c t e d  i n  %5 minutes.  Doses i n  t h e r a n g e  1012 t o  1 0  1 3  

-2 
ions  cm produced from one t o  f i v e ,  we l l  separa ted  DZs i n  t h e  volume of  t h e  FIM specimens 

examined. For t he  f l u x  and dose values employed t h e  time r equ i r ed  t o  form an adsorbed 

monolayer was always g r e a t e r  than  t h e  i r r a d i a t i o n  period.  Upon t h e  completion of  an 

i r r a d i a t i o n  t h e  vol tage  w a s  r e tu rned  immediately t o  t h e  b e s t  image vol tage  value t o  

prevent  t h e  adsorpt ion of  gases from t h e  background p re s su re .  

The temperature of  t h e  FIM specimen was monitored, dur ing  t h e  course o f  each 

experiment,  wi th  a miniature plat inum r e s i s t a n c e  thermometer mounted near t h e  t a i l  

of t h e  c r y o s t a t .  For f u r t h e r  d e t a i l s  regard ing  t h e  c r y o s t a t ,  temperature measurement, 

t h e  sputtered-metal ion  source and t h e  i r r a d i a t i o n  f a c i l i t y ,  s e e  our  e a r l i e r  publ i-  

ca t ions  ( ~ e i d m a n  e t  a l .  1969, Seidman and Scanlan 1971, Scanlan e t  al. 1971a, Pg t ro f f  

and Seidman 1973 and Wilson and Seidman 1975).  

t Mulson and Miiller (1963) observed, by f i e ld - ion  microscopy, cor ros ion  e f f e c t s  
on tungs ten  su r f aces  i n  p a r t i a l  p ressures  of  N2 and CO. The pressures  of  t he  

6 gases used by Mulson and Miiller were a t  l e a s t  a f a c t o r  o f  l o 4  t o  10 g r e a t e r  
than  t h e  p a r t i a l  p ressure  of t hese  same gases i n  our  FIM. A t  a background 
pressure  o f  6,i~0-10 t o r r  t h e  main r e s i d u a l  gases i n  our  FIM were hydrogen 
and CO.  For t h e  vacuum condit ions we employed t h e r e  were no 
obserGable cor ros ion  e f f e c t s .  



2.3. 'Data record ing  system and t h e  ana lys i s  of  c in6 f i l m  

The helium FIM images were observed wi th  t h e  a i d  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 Gal i leo  76 mm diameter channel e lectron-mult i -  

p l i e r  a r r a y  ( ~ r e n n e r  and McKinney 1970).  The FIM images were recorded on Kodak Plus-X 

35 mm negat ive  f i l m  wi th  t h e  a i d  of an Automax c in6  camera equipped wi th  a 1000 f t .  

f i l m  chamber. 

The examination o f  t h e  bulk  of  an i r r a d i a t e d  specimen was 'accomplished by the  

d i s s e c t i o n  of  each specimen, on an atom-by-atom b a s i s ,  employing t h e  pulse  f i e l d  

evaporat ion technique (Robertson and Seidman 1968, Seidman 1973, 1976 and 1978) .  

An FIM image was recorded ( t y p i c a l l y  a 1 sec  exposure) a f t e r  a f ie ld-evapora t ion  pulse  

had been appl ied  t o  t h e  specimen; t h i s  pu lse  had a width o f  1.5 msec and an amplitude 

of 1.20% o f  t h e  b e s t  image vol tage .  On t h e  average,  each f i e l d  evaporat ion pulse  

removed one t o  . three atoms from a (512)  p lane .  Approximately 1000 f e e t  o f  f i l m  

b 
(%1.6x10 frames) were exposed during t h e  pulse  d i s s e c t i o n  of  a s i n g l e  i r r a d i a t e d  

specimen. The exposed and developed cin6 f i l m  was analyzed with a Vanguard Motion 

Analyser which was equjpped wi th  x-y crosshairs  and a p o s i t i o n  rendailt ( ~ c a . n l a . n  pt. 

a l .  1969) ;  t h e  motion ana lyse r  was i n t e r f a c e d  t o  a Houston Omnigraphic 200 x-y re- - 
co rde r  ( ~ e i  1978).  

The cine' f i l m  was f i r s t  scanned t o  l o c a t e  t h e  genera l  pos i t i ons  of t h e  DZs i n  

t h e  FIM specimen. The DZs  were then  recons t ruc ted  i n  t h r e e  dimensions, by analyzing 

t h e  c in6  f i l m  on a frame-by-frame b a s i s  and l o c a t i n g  t h e  pos i t i ons  o f  all t h e  atoms 

and vacant  l a t t i c e  s i t e s t - -he re ina f t e r  vacancies--in each low index plane where rad i -  

a t i o n  damage was found (Beavan, Scanlan and Seidman 1971, Wilson and Seidman 1973, 

Wei 1978, Wei and Seidman 1979 and Current and Seidman 1980).  The observed r a d i a t i o n  

damage w a s  separa ted  i n t o  t h e  fol lowing two groups: (1) vacancies - they were o f t e n  

found i n  c l o s e l y  a s s o c i a t e d  c l u s t e r s  (i . e . ,  DZS) ; and ( 2 )  SIAs which were gene ra l ly .  

found a t  a d i s t ance  from t h e  D Z s  (Be'avan, Scanlan and Seidman 1971 and Wei and Seidman 

1980) .  I n  t h i s  paper only t h e  r e s u l t s  concerning t h e  vacancy damage were presented .  

t A t  t h e  i r r a d i a t i o n  temperatures (<15 K )  we employed t h e  equi l ibr ium concentrat ion 
o f  thermal ly  generated vacancies was, of course ,  t o t a l l y  i n s i g n i f i c a n t .  



I. 
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- A network of  f i d u c i a l  marks which had been sc ra t ched  i n  t h e  phosphor screen ,  

of  t h e  i n t e r n a l  image- in tens i f ica t ion  system, were used t o  compensate f o r  t h e  s l i g h t  

s h i f t s  i n  t h e  cen te r ing  of t h e  ind iv idua l  frames o f  f i l m  during t h e  scanning pro- 

cedure. On t h e  average, 50 frames of  f i l m  were recorded and analyzed f o r  t h e  pu l se  

d i s s e c t i o n  of each atomic plane.  The complete s e t  o f  l a t t i c e  s i t e  p o s i t i o n s  f o r  a l l  

t he  vacancies ,  i n  t h e  d i f f e r e n t  ( h k l )  p lanes ,  f o r  each DZ were transformed t o  a 

s i n g l e  coordinate  system based on the  [100] ,  [010] and [OOI] u n i t  vec tors  o f  t h e  

body-centered cubic l a t t i c e  ( ~ e i  1978) .  

§ 3. . THE NEAR-SURFACE REGION 

The major i ty  of  t h e  experimental and. t h e 0 r e t i c . d  r e s u l t s  on s p u t t e r i n g  have 

been concerned wi th  t h e  atoms t h a t  were e j e c t e d  from t h e  su r f ace  o f  t h e  t a r g e t ,  

r a t h e r  than t h e  d e t a i l e d  po in t  defec t  na tu re  o f  t h e  r e s u l t i n g  r a d i a t i o n  damage i n  

t h e  su r f ace .  I n  o rde r  t o  compare ou r  r e s u l t s  t o  t h i s  l a r g e  body o f  information we 

made a f i r s t - o r d e r  es t imate  of  t h e  depth,  measured from the  i n i t i a l  su r f ace  o f  t h e  

t a r g e t ,  through which tungsten atoms were most l i k e l y  ab l e  t o  have con t r ibu ted  t o  

t he  e j e c t e d  f l u x  o f  atoms produced by t h e  impact of  a s i n g l e  ion  on t h e  t a r g e t .  

This so-ca l led  source depth has been generally--although not  universal ly--bel ieved 

t o  have a th ickness  o f  t h e  order  o f  a few atomic l a y e r s .  F i r s t ,  we used Sigmund's 

(1969.a and 1969b)  continuum treatment  of s p u t t e r i n g  and obta ined  a f i r s t  o r d e r  e s t i -  
0 

mate of  t h i s  source depth of  %6.5 A f o r  tungs ten .  A . s e r i e s  of  molecular dynamic 

computer s imula t ions  o f  t he  e j e c t i o n  of copper atoms ( ~ a r r i s o n  e t  al. 1978, 

Winograd et a l .  1978 and Garrison e t  al. 1978 and 1979) from a t h i n  c r y s t a l l i t e  

+ 
of copper,  produced by the  impact o f  a 600 eV A r  ion  on low-index p l anes ,  suggested 

Lhat most of t h e  e jeczed  atoms were loca t ed  i n i t i a l l y  w i th in  the"  f i r s t  two atomic 

l a y e r s  ( t h a t  i s ,  a th ickness  of  a few angstroms ) . Alternat ively,  i n  t h e  microscopic 

theory  of  s p u t t e r i n g  developed by Thompson (1978) f o r  c r y s t a l l i n e  mater ials . ,  .an 

important con t r ibu t ion  t o  t h e  s p u t t e r i n g  y i e l d  was ascr ibed  t o  focused c o l l i s i o n  

sequences; t h i s  con t r ibu t ion  was i n  add i t i on  t o  t h e  con t r ibu t ion  from D Z S - - c o l l i s i ~ n  

cascades i n  Thompson's terminology. I n  o t h e r  research. on ion - i r r ad i a t ed  tungsten 
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we have a c t u a l l y  measured t h e  range o f  replacement c o l l i s i o n  sequences ( ~ e a v a n ,  - 
Scanlan and Seidman 1971 and Wei and Seidman 1980) .  Thus, even though the '  source 

0 

depth we def ined  i n  t h i s  paper was l e s s  than 3 A, it was not  ou r  i n t e n t i o n  t o  ex- 

c lude  t h e  poss ib l e  r o l e  played by focused c o l l i s i o n  sequences i n  s p u t t e r i n g .  

Figure 1 e x h i b i t s :  ( a )  an FIM micrograph o f  a  (433) p lane ;  ( b )  a drawing o f  

t h e  p r i m i t i v e  u n i t  c e l l  (OPLBC? o f  t he  (433)  p lane  and the  p ro j ec t ion  o f  t h e  atoms 

t h a t  l ayed  wi th in  OABC; ( c )  a  photograph o f  a  b a l l  model o f  t h e  (433)  p lane .  

Table 1 l i s t s  t h e  coord ina tes  o f  t he  atom pos i t i ons  f o r  t h e  f i r s t  f i v e  l a y e r s  o f  

t h e  (433)  p lane .  l'he atoms which were a c t u a l l y  imaged i n  a  s i n g l e  FIM micrograph 

(fig. l a )  r e s ided  i n  t h e  topmost (zeroth) iayer of' the crystal. The atum 111 the 

zero th  l a y e r  of t h e  b a l l  model of t h e  (433)  plane ( f i g .  l c  ) were i n d i c a t e d  by dark 

b a l l s .  The hard  sphere b a l l  model o f  t h e  (433)  plane ( f i g .  l c )  showed t h a t  t h e  

atoms i n  l a y e r s  0  t o  4 were v i s i b l e  when t h e  (433)  p lane  was viewed along a  d i r e c t i o n  

normal t o  t h i s  p lane .  This c rys t a l log raph ic  information was used t o  def ine  a source 

depth. 

Guided by t h e  r e s u l t s  o f  Harr ison and h i s  co-workers t h e  fol lowing d e f i n i t i o n ,  . . 

of t h e  source depth, was used f o r  t h e  high index planes o f  tungsten examined i n  t h i s  

s t  udy : 

The near-surface l a t t i c e  s i t e s  were those occupied by hard-sphere atoms 

whose geometric cen te r s  were v i s i b l e ,  w i th in  t h e  two dimensional p r imi t ive  

u n i t  c e l l  o f  an ( h k l )  p lane ,  when viewed along a  d i r e c t i o n  normal t o  t h i s  

( h k l )  plane i n  a  hard sphere model; t h a t  i s ,  along t h e  [ hkll  d i r e c t i o n  

f o r  a cubic c r y s t a l .  

The s e t  o f  atoms which occupied the  near-surface l a t t i c e  s i t e s  def ined  t h e  near- 

s u r f a c e  region.  The th ickness  of t h i s  near-surface reg ion ,  a s  measured from t h e  

zero th  l a y e r ,  was taken t o  be  t h e  source depth;  t h a t  i s ,  it was assumed t o  be  t h e  

o r i g i n  of  t h e  s p u t t e r e d  atoms. It i s  emphasized t h a t  t h i s  d e f i n i t i o n  d i d  not  

exclude t h e  poss ib l e  con t r ibu t ion  of  focused c o l l i s i o n  sequences t o  t h e  s p u t t e r i n g  

y i e l d .  The vacancies de t ec t ed  i n  t h i s  near-surface reg ion ,  a f t e r  an i r r a d i a t i o n ,  



: were denoted near-surface vacancies .  

Table 2 p re sen t s  t h e  important parameters used t o  descr ibe  t h e  near-surface 

region f o r  t h e  p r i n c i p a l  ( h k l )  planes used i n  t h i s  s tudy.  It  should be noted t h a t  

t he  th ickness  o f  each near  su r f ace  region l i s t e d  i n  Table 2 was l e s s  than t h e  
0 

l a t t i c e  cons tan t  ( a o )  of tungsten (3.165 A ) .  To examine t h e  atomic d e t a i l s  of t h e  

t h r e e  t o  s i x  planes t h a t  were i n  t h e  near-surface reg ion  r equ i r ed  extremely care- 

f u l  pu lse  d i s s e c t i o n  sequences; t h u s ,  f o r  t hese  p l anes ,  t h e  average number o f  frames 

of  f i l m  recorded and analyzed was 250 t o  300--while f o r  t h e  r e s t  o f  t h e  specimen t h e  

average was 50 frames of f i l m  p e r  p lane .  

5 4. FXSULTS 

I n  t h i s  s ec t ion  d e t a i l e d  r e s u l t s  were presented  on all t h e  DZs t h a t  had 

a po r t ion  of t h e i r  vacancy s t r u c t u r e  contained wi th in  t h e  near-surface region.  A 

t o t a l  of t e n  D Z s  were de t ec t ed  t h a t  s a t i s f i e d  t h i s  condi t ion .  These D Z s  were pro- 

+ 
duced a s  t h e  r e s u l t  o f  i n  s i t u  i r r a d i a t i o n s ,  a t  <15 K,.&ith 20 o r  30 keV w+, K r  , 

+ + 
C.u o r  Ar i ons .  A t  a temperature o f  < l 5  K we have demonstrated t h a t  t h e  SIA i n  

tungs ten  w a s  completely immobile. ( ~ c a n l a n ,  S t y r i s  and Seidman 1971a and 1971b, 

Beavan, Scanlan and.Seidman 1971, Seidman 1973, Seidman, Wilson and Nielsen 1975a 

and 1975'0, Wei and Seidman 1979) . Thus t h e  p re sen t  experiments examined t h e  primary 

s t a t e  of r a d i a t i o n  damage i n  t h e  complete absence o f  any pos t - i r r ad i a t ion  poin t -defec t  

long-range migrat ion e f f e c t s  . 
Figure 2 e x h i b i t s  f i e ld - ion  micrographs of  t h e  (222)  plane and v i c i n a l  planes 

both before  i r r a d i a t i o n  ( f i g .  2a)  and a f t e r  f i e l d  evaporat ion o f  two planes fol lowing 

+ -2 
t h e  i r r a d i a t i o n  with 30 keV K r  ions' t o  a dose of  6 x 1 0 ~ ~  ions  cm at  10 K ( f i g .  2 b ) .  ' 

A l l  t h e  r a d i a t i o n  damage produced i n  the (332) ,  (343)  and (543)  planes was t h e  r e s u l t  

o f  t h e  impact o f  a s i n g l e  30 keV fi+ i on .  Four near-surface vacancies ( o u t  o f  a 

t o t a l  o f  51 f o r  t h i s  D Z )  were de t ec t ed  i n  t h e  t h i r d  atomic l a y e r  of  t h e  (332)  p lane  

imaged. The r a d i a t i o n  damage exh ib i t ed  i n  f i g .  2b was t y p i c a l  o f  what we observed 

I n  t h e  su r f ace  o f  t h e  specimen immediately a f t e r  an i r r a d i a t i o n .  Figure 2c i s  a 

schematic diagram o f  t h e  FIM micrograph shown i n  f i g .  2b. 



Figure 3 i s  a  c ros s - sec t iona l  view o f  t h e  o v e r a l l  primary s t a t e  o f  r a d i a t i o n  9' 

+ 
damage i n  a tungsten specimen which had been i r r a d i a t e d  wi th  30 keV 63Cu ions  t o  

12 -2 0 

a dose of k 7 . 5 ~ 1 0  ions cm a t  L 1 1  K .  The f i r s t  %50 A o f  t h i s  specimen was ex- 

3 amined employing 3 x 1 0  f ie ld-evaporat ion pulses  and the  remainder o f  t h e  specimen 

3 w a s  examined using an a d d i t i o n a l  9 . 5 ~ 1 0  f ie ld-evaporat ion pu l se s .  This f i g u r e ,  

i n  conjunct ion wi th  f i g .  2 , i l l u s t r a t e s t h e  genera l  ideas  behind t h e  pulse  d i s s e c t i o n  

experiments.  

4 . 1 .  The s p a t i a l  arrangement of t h e  vacancies w i th in  t h e  deple ted  zones. t 

E r s t  we p re sen t  p i c t o r i a l  r ep re sen ta t ions  o f  t h e  three-dimensional s p a t i a l  

arrangement of  t h e  vacancies contained wi th in  a l l  t h e  near-surface region DZs. . The 

OR TEP graphics  computer program developed by Johnson (1965, 1970) was used t o  gener- 

a t e  t hese  p i c t o r i a l  r ep re sen ta t ions .  The coordinates  o f  t h e  vacancies were used as  

t h e  input  d a t a  f o r  t h e  OR TEP program; t h e  d i r e c t i o n  along which t h e  DZ was viewed 

w a s  a quaritity t h a t  could be v a r i e d  i n  t h i s  computer program. I n  a l l  t h e  f i g u r e s  of  
h 

t h e  D Z s  p resented  ( f i g s .  4-10) t h e  open and s o l i d  c i r c l e s  represented  t h e  vacancies ,  

and t h e  l eng th  of each connect ing bond ( i . e . ,  t h e  rod)  shown was equal  t o  t h e  f i r s t  
0 

nearest-neighbor'  d i s t ance  ( 2.74 A )  i n  t he  tungsten l a t t i c e .  - The s o l i d  c i r c l e s  repre-  

s en ted  those  vacancies i n  each DZ t h a t  were i n  t h e  near-surface reg ion;  they were 

t h e  near-surface vacancies .  The tungsten atoms i n  t h e  p e r f e c t  l a t t i c e  surrounding 

t h e  D Z s  were omi t ted  f o r  c l a r i t y .  The p i c t o r i a l  r ep re sen ta t ions  of  t h e  DZs  were 
. . .. - - . -- - 

e x h i b i t e d  i n  o rde r  of  decreas ing  mass of  t h e  p r o j e c t i l e  i on  (Y).: 
+ .  

Figure 4 shows a DZ which w a s  c r e a t e d  by t h e  impact o f  a s i n g l e  20 keV W 1on. 

This DZ, denoted DZab, was Yirst r epor t ed  or1 by Beavan, Scanlan and 3e iWa  (1371).  

It conta ined  a  t o t a l  of 81 vacancies o f  which 23 were w i t h i n  t h e  f i r s t  t h r e e  ( 1 4 1 )  

p lanes  t h a t  comprised t h e  near-surface region.  

- ~ 

-f For t h e  20 and 30 keV ion  i r r a d i a t i o n s  we found a t o t a l  o f  32 DZs. Ten o f  t hese  
DZs had a  po r t ion  o'f t h e i r  volume contained i n  t he  near-surface region and t h e  
remaining 22 D Z s  were i n  t h e  bulk of t h e  FIM specimens. Seven o f  t h e  t e n  D Z s  
which had a  po r t ion  o f  t h e i r  volume i n  t he  near-surface region were analyzed i n  
complete atomic d e t a i l .  The p rope r t i e s  o f  t hese  seven DZs  c o n s t i t u t e d  t h e  p r i n c i p a l  
r e s u l t s  d i scussed  i n  t h i s  paper.  S ix teen  o f  t h e  22 D Z s  found i n  t he  bulk of  t he  
specimens were a l s o  analyzed completely and t h e i r  p rope r t i e s  provided a re ference  
group f o r  comparison wi th  t h e  p r o p e r t i e s  o f  t h e  seven near-surface D Z s .  



4. -9- . 
. Figures  5  and 6 e x h i b i t  two d i f f e r e n t  examples o f  D Z s  c r ea t ed  by t h e  impact 

+ 
of  s i n g l e  30 keV W i ons .  DZ2c ( f i g .  5 )  contained a  t o t a l  o f  123 vacancies ,  of 

which 45 were i n  t h e  near-surface reg ion .  I n  t h e  case  of  DZ2c,the i n c i d e n t  ion  beam 

was p a r a l l e l  t o  t h e  [ 8  11. 51 d i r e c t i o n ;  t h e  ion  beam was a t  an angle of 80' with 

r e spec t  t o  t he  normal t o  t h e  ( 4 1 1 )  p lane .  Whereas f o r  DZ3b,the i n c i d e n t  i o n  beam 

d i r e c t i o n  ( [ g  11 51) w a s  a t  an angle o f  85' wi th  r e spec t  t o  t h e  [411] d i r e c t i o n ;  

s e e  f i g s .  5  and 6 .  It contained a t o t a l  o f  127 vacancies ,  o f  which 47 were i n  t h e  

near-surface region.  

+ 
Figure 7  e x h i b i t s  ~ ~ l h a ;  it w a s  c r ea t ed  by a  s i n g l e  30 keV Kr ion  and contained 

+ 
103 vacancies and 36 near-surface vacancies .  The 30 keV Kr i on  beam was p a r a l l e l  

t o  t he  [613] d i r e c t i o n ,  which made an angle  of  75O wi th  r e spec t  t o  t h e  [543] d i r e c t i o n .  

The view of  D Z 1 4 a  shown i n  f i g .  7% was obta ined  by a 40' clockwise r o t a t i o n  about 

t h e  [ o ~ o ]  d i r e c t i o n .  Note t h e  o r i e n t a t i o n  o f  t h e  r e f e rence  vec to r s  [100] ,  [010] and 

[001] i n  t h e  lower l e f t  hand corners  o f  : f igs .  7a and 7b. 

Figure 8 shows t h r e e  d i f f e r e n t  views of  D Z D ;  i t  was c rea t ed  a s  a  r e s u l t  o f  t h e  

+ 
impact o f  a  s i n g l e  30 keV Cu ion .  The inc iden t  i o n  beam was p a r a l l e l  t o  t h e  [F311 

d i r e c t i o n ,  which made an angle of 60° wi th  r e spec t  t o  t h e  normal t o  t h e  (512)  p lane .  

Figure 4a i s  a  view of  t he  DZ a long t h e  [11?] d i r e c t i o n s ;  t h i s  d i r e c t i o n  i s  almost 

tangent  t o  t h e  (512)  plane.  The view i n  f i g .  8b w a s  ob ta ined  by a  25O clockwise ro- 

t a t i o n  about t h e  [ o ~ o ]  d i r e c t i o n ;  f i g .  8c was obta ined  by an a d d i t i o n a l  15O clockwise 

r o t a t i o n  about t h i s  same d i r e c t i o n .  Figures  8a and 8b i l l u s t r a t e  t h e  f a c t  t h a t  f o r  

30 keV ion  damage i n  tungs ten ,  where 5 was s i g n i f i c a n t l y  l e s s  than the  mass of  t h e  

t a r g e t  atom ( M ~ ) ,  t h e r e  was a genera l  tendency toward t h e  formation o f  l a r g e  sub- 

c l u s t e r s  ( o r  subcascades) w i th in  t h e  DZs ( s e e  f i g s .  8a  and 8 b ) .  The DZ7b contained 
0 

150 vacancies w i th in  t h e  f i r s t  'L25 A from t h e  same su r f ace .  Fif'ty-one of  t h e  t o t a l  

o f  t h e  200 vacancies were loca t ed  i n  t h e  near-surface region.  

Figure 9  e x h i b i t s  DZ7c which w a s  a l s o  c rea t ed  a s  a  r e s u l t  o f  t h e  impact of a  

+ + - 
s i n g l e  30 keV Cu ion .  The inc iden t  Cu ion  beam was . p a r a l l e l  t o  t h e  [431] d i r e c t i o n  

and it made an angle of 80' wi th  r e s p e c t  t o  t he  normal . t o  t h e  (433)  plane.  This DZ 

contained a  t o t a l  of 1 4 4  vacancies of which 54 were i n  t h e  near-surface reg ion .  



F i n a l l y ,  f i g .  1 0  e x h i b i t s  DZlOa which w a s  c r ea t ed  a s  a  r e s u l t  o f  t he  impact o f  

+ + - - 
a s i n g l e  30 keV A r  i on . '  The inc iden t  A r  i on  beam w a s  p a r a l l e l  t o  t h e  [143] d i r e c t i o n  

and made an angle of 70° wi th  r e spec t  t o  t h e  normal o f  t h e  ( 4 1 1 )  plane.  This DZ con- 

t a i n e d  a t o t a l  of 192 vacancies ,  o f  which 70 were i n  t he  near-surface region.  

4.2. The number of  vacancies  and t h e  dimensions 'of t h e  deple ted  zones 

The t o t a l  number o f  vacancies ( v )  and t h e  number o f  vacancies wi th in  the  near- 

su r f ace  region ( v n s ) ,  f o r  each DZ,  were l i s t e d  i n  Table 3. Also l i s t e d  i n  t h i s  t a b l e  

were t h e  average t o t a l  vacancy concent ra t ion  ( < c  > )  and t h e  dimensions o f  each DZ v  

( A l ,  h2 and 4,). 

The volume used t o  c a l c u l a t e  <c > was an i r r e g u l a r l y  shaped one. It was c a l -  
V 

c u l a t e d  employing a s e r i e s  of  r ec t angu la r ly  shaped s l a b s  t h a t  were normal t o  t he  

[ lo01  di 'rection--the th ickness  o f  each s l a b  corresponded t o  four  (100)  i n t e r p l a n a r  

spacings--and t h e  four  p e r i p h e r a l  su r f aces  o f  each s l a b  were cons t ruc ted  t o  inc lude  

all t h e  vacancies contained wi th in  t h i s  volume of  t h e  c r y s t a l .  The quan t i t y  <cv> 

was def ined  as  t h e  t o t a l  number of  vacancies d iv ided  by t h e  t o t a l  number o f  l a t t i c e  

s i t e s  contained i n  t h e  volume, o f  t h e  DZ,  a s  def ined  above. I n  an e f f o r t  t o  t ake  

i n t o  account t h e  i r r e g u l a r  shape of each DZ,  t h e  above procedure was repea ted  f o r  

t h e  r ec t angu la r ly  shaped s l a b s  t h a t  were normal t o  t he  [010] and [001] d i r e c t i o n s ,  

r e s p e c t i v e l y .  'lbus t h e  <cv>s l i s t e d  i n  Table 'i! were t h e  average values of  t hese  

t h r e e  d i f f e r e n t  determinat ions.  

To determine the  dimensions ( A ,  A 2  and o f  a DZ,  t h e  t h i r t e e n  < loo>,  <110> 

and < I l l > - t n e  d i r e c t i o n s  were employed. For each s p e c i f i c  [ h k l ]  d i r e c t i o n ,  t h e  

three-dimensional d i s t r i b u t i o n  w a s  p ro j ec t ed  i n t o  a  plane t o  produce a  two-dimensional 

d i s t r i b u t i o n ;  t h a t  i s ,  t he  number of  vacancies a s  a  func t ion  of  d i s t ance ,  i n  a n g ~ t r o m s ,  

f o r  t h a t  [ h k l ]  d i r e c t i o n .  The s tandard  devia t ions  were ca l cu la t ed  f o r  each o f  these  

1 3  d i f f e r e n t  d i s t r i b u t i o n s  and t h e  l a r g e s t  one was denoted Q1. The quan t i t y  A1 was 

def ined  t o  be equal  t o  2Q1. The dimension h2 was t h e  average value o f  twice t h e  

s t a n d ' s d  devia t ions  f o r  t he  d i s t r i b u t i o n s  which were perpendicular  t o  t h e  d i r e c t i o n  



. as soc ia t ed  wi th  Al.  'R;e average diameter ( < A > )  o f  a DZ w a s  then  def ined  as  
t 

and t h e  volume a s soc i a t ed  wi th  < A >  was denoteci.by V and i t  i:,as given by iiz 

This volume was approximately 805 g r e a t e r  than  t h e  one we used t o  c a l c u l a t e  <cv>. 

The r e s u l t s  pr-?:ented i n  Table 3 demcnat.rated t h a t  a t  cons tan t  v a l l ~ e s  o f  i on  energy 

( E ~ )  and M t h e  value o f  <cV> decreased as Y w a s  decreased,  and concomitantly t h e  2 

values o f  A1, X and < A >  increased .  
2 

4.3. F i r s t -nea re s t  neighbor vacancy c l u s t e r  d i s t r i b u t i o n s  

The presence of  a l a r g e  number o f  f i r s t - n e a r e s t  neighbor bonds, i n  f i g s .  4 t o  

1 0 ,  c l e a r l y  demonstrated t h a t  t h e  vacancies were a s soc i a t ed  i n  t he  form o f  c l u s t e r s  

wi th in  the  DZs. I n  t h i s  s e c t i o n  we considered t h e  f i r s t - n e a r e s t  neighbor d i s t r i b u t i o n  

of vacancies i n  t h e  near-surface region.  To q u a n t i w  t h e  vacancy c l u s t e r  problem 

we in t roduced  a q u a n t i t y  denoted the  f r a c t i o n  of  c l u s t e r s  o f  s i z e  n ( f n  ) , which w a s  

given by 

where N was t h e  number o f  f i r s t - n e a r e s t  neighbor vacancy c l u s t e r s  o f  s i z e  n and 
n 

n was t h e  s i z e  o f  t h e  l a r g e s t  vacancy c l u s t e r .  The quan t i t y  m a x  

was equal  t o  t h e  t o t a l  number o f  f i r s t - n e a r e s t  neighbor vacancy c l u s t e r s .  I n  f i g .  l l a  

we p l o t t e d  f n  versus n f o r t h e  near-surface vacancies  which were contained i n  & t h e  

t The average r ad ius  (<X>/2) ,  a s  def ined  by eqn. ( l) ,  was d i f f e r e n t  from t h e  r ad ius  
o f  gyra t ion  employed by Sigmund, Scheid ler  and Roth (1968);  i n  gene ra l ,  we found 
t h a t  <A>/2 was approximately equal  t o  one-half o f  t h e  r ad ius  o f  gy ra t ion .  



D Z s .  The b e s t  f i t  l i n e  t o  the  da ta  i n  f i g .  l l a  was given by: 

t h i s  equation was v a l i d  between n  equal t o  one t o  approximately f i v e .  For values 

of  1155 t h e r e  were a  few l a r g e  c l u s t e r s  which produced l a rge  f luc tuat ions  i n  the  

behavior o f  f . 
n 

However, it was found poss ib le  t o  represent  all the  vacancy c l u s t e r  da ta  by one 

equation i f  t h e  quant i ty  f  was divided by An, where An was a  number which repre- n  

sented  an i n t e r v a l  i n  c l u s t e r  s i z e .  The r e s u l t i n g  equation was 

where physica l ly  5 represented the  f r ac t ion  o f  vacancy c l u s t e r s  of  s i z e  n  i n  the  

i n t e r v a l  An. In  f i g .  l l b  we p l o t t e d  5 versus n. The values of  An were se lec ted  as 

follows; f o r  1< n (5 ,  An=l; f o r  6 < n < 10,  An=5; and f o r  n>10, An=lO. The b e s t  - - - - 
f i t  l i n e  t o  the  da ta  i n  ' f ig .  11 was given by 

5 = ( fn /An)  : ( 0 . 7 ~ l 0 . 0 7 ) n  -(2,5'0.5). , ( 7 )  

t h e  slope of  t h i s  l i n e  (-2.5) was found t o  be insens i t ive  t o  the  choice .of  An. P4ore 

genera l ly ,  we discovered t h a t  eqn. ( 7 )  described the  quant i ty  fn/An f o r  all the va- 

cancies i n  a l l  D Z s  analyzed; f o r  these  DZs  the  value of  E ranged from 1 5  t o  70 keV 
1 

and 15 was varied between t h e  mass o f  A r  (39.95 m u )  and W (183.85 m u ) .  

In  addi t ion  t o  the  q u a n t i t i e s  f n  and 6 ,  we a l so  employed the  quant i ty  F which 
n  ' 

was given by the  expression 

F = N,/v; 
11 

physica l ly  t h i s  quant i ty  represented the  f r ac t ion  of  monovacancies ( F  1, divacancies 
1 

( F ~ ) ,  e t c . ,  i n  each DZ.  In  f i g .  12 we p l o t t e d  F1 versus ( ~ $ 5 ) .  The value of  F 
1 

increased as  M1 was decreased, f o r  = t h e  vacancies contained within the  DZs detected 

t h a t  had a  port ion of t h e i r  vacancy population i n  the  near-surface region. The range 

o f  values found f o r  t h e  bulk D Z s  a l s o  exhibi ted  the  same behavior ( ~ e i  1978, Current, 

Wei and Seidman 1980 ) . Correspondingly, F1 decreased as M1 was increased;  



. t h a t  i s ,  a l a r g e r  f r a c t i o n  of  t he  vacancies were d e t e c t e d i n  very l a r g e  f i r s t - n e a r e s t  

neighbor c l u s t e r s  f o r  l a r g e  5 ( s e e  f i g .  l l a ) .  

4 . 4 .  R a d i a l  d i s t r i b u t i o n  firnction 

The degree of  c l u s t e r i n g  o f  t h e  vacancies ,  on t h e  s c a l e  of  t h e  o rde r  o f  t h e  

dimensions o f  each D Z ,  was determined by measuring a  s p e c i a l l y  def ined  r a d i a l  distri- 

but ion func t ion  ( < N ( i )  >)  . The quan t i t y  < N ( i  ) >  w a s  def ined  a s  t h e  average number o f  

vacancies i n  t he  ith s p h e r i c a l  s h e l l  around a vacancy ( ~ e i  1978) ;  t h i s  ith s p h e r i c a l  

s h e l l  was enclosed between t h e  spheres  o f  r a d i i  r and r The th ickness  of  each i-1 i ' 

s h e l l  was s e t  equal  t o  a. and t h e  number o f  vacancies i n  t h e  ith s h e l l  w a s  denoted 

by B( i , j ) . The q u a n t i t y  <N( i ) >, was then  given by 

where t h e  sum on j extended over  a l l  t h e  v vacancies contained i n  each DZ. 

The quan t i t y  < N ( i ) >  w a s  p l o t t e d  a s  a  func t ion  o f  r ( f i g .  1 3 )  f o r  t h e  seven 
i 

near-surface DZs  d i sp layed  i n  f i g s .  4-10. These r a d i a l  d i s t r i b u t i o n  func t ions  ex- 

h i b i t e d  t h e  same t r ends  t h a t  t h e  OR TEP p i c t o r i a l  r ep re sen ta t ions  ind ica t ed  ( f i g s .  

4-10) but  i n  a  more q u a n t i t a t i v e  fash ion .  For example ,' t h e  dramatic breakup of  D Z D  

i n t o  two l a r g e  subc lus t e r s  ( f i g .  8)  was p a r t i c u l a r l y  ev ident  i n  i t s  radial distri- 

bu t ion  func t ion  ( f i g .  1 3 e ) .  Also t h e  inc rease  i n  t he ' ave rage  diameter of  a  DZ with 

decreasing M1, a t  cons tan t  E was ev ident  from a comparison o f  f i g .  13b wi th  1 3 ~ .  
1 ' 

4 .5 .  Radiat ion damage p r o f i l e s  

The temperature a t  which each specimen was maintained was below t h e  o n s e t  of 

long-range migrat ion o f  e i t h e r  t h e  S I A  o r  t h e  vacancy. Thuk the '  p o s i t i o n  o f  each 

vacancy was a  d i r e c t  r e f l e c t i o n  of  t h e  depos i ted  d-ge enqrgy, f o r  t r a n s f e r r e d  

energ ies  grestek' than t h e  minimum th re sho ld  energy of  43 eV' (Maury e t "a1 .  19'18). 

Figure 1 4  exhibi ts t - - in  histogram form--the f r a c t i o n  o f  vacancies p e r  4 .5  

i n t e r v a l ; a s  a  func t ion  of  depth along t h e  normal d i r e c t i o n  t o  t h e  i r r a d i a t e d  sur- 

face  f o r  s i x  d i f f e r e n t  DZs; t he se  c o n s t i t u t e  r a d i a t l u n  damage p r o f i l e s .  Also shown 

t The method of  comparing t h e  experimental da t a  wi th  the  TRIM c a l c u l a t i o n s ,  shown 
i n  t h i s  f i g u r e ,  was suggested by M r .  D .  Pramanik. 



f o r  comparison a r e  t h e  c a l c u l a t e d  damage prof i les - - the  smooth s o l i d  line--measured 

i n  terms of t h e  f r a c t i o n  o f  t h e  t o t a l  depos i ted  damage energy ( s e e  5 5 .2 )  a s  a  

func t ion  o f  depth. These p r o f i l e s  were ca l cu la t ed  imploying t h e  Monte Carlo simu- 

l a t i o n  program, TRIM, developed by Haggmark and Biersack (1978) ; t h i s  program employed 

an amorhpous t a r g e t  and assumed branching b inary  c o l l i s i o n s .  I n  t h i s  f i g u r e  we a l s o  

ind ica t ed :  (1) t h e  mean value o f  t h e  experimental damage p r o f i l e  by,  f o r  example, 

+ 
<x> ( D Z ~ C :  W i o n ) ;  and ( 2 )  t h e  mean value of  t h e  ca l cu la t ed  damage p r o f i l e  by, f o r  

D 
3 + example, < x > ~  (TRIM: 10 W i o n s ,  80' i nc idence ) .  The damage p r o f i l e s  were ca l cu la t ed  

a s  a f'unction of  depth along t h e  normal t o  t h e  p a r t i c u l a r  ( h k l )  p lane  of  i n t e r e s t ,  

wi th  t h e  i o n  beam p a r a l l e l  t o  t h e  experimental ly  determined i r r a d i a t i o n  d i r e c t i o n .  

55. DISCUSSION 

35.1. The s p a t i a l  arrangement o f  t h e  vacancies wi th in  t h e  deple ted  zones 

Figures  4-10 e x h i b i t e d  atomic r e s o l u t i o n  iruages o f  t h e  s p a t i a l  d i s t r i b u t i o n  of  

vacancies contained wi th in  D Z s ,  which were c r e a t e d  a s  t h e  r e s u l t  o f  t h e  impact of a  

s i n g l e  e n e r g e t i c  ion t  wi th  a  tungsten specimen. These D Z s  had not  co l lapsed  i n t o  

a  lower energy configuration--for example, a  d i s l o c a t i o n  loop--despite t h e i r  high 

l o c a l  vacancy concent ra t ion  (%2 t o  15  a t . % ) .  Thus t h e  tungsten atoms which remained 

i n s i d e  each UZ formed an unambiguous, although somewhat UsLurLed ,  b .c . c .  c l y s t a l  

s t r u c t u r e .  This high s t a b i l i t y  o f  t h e  DZs t o  co l l apse  allowed t h e  f u l l  u t i l i z a t i o n  

o f  t h e  atomic r e s o l u t i o n  o f  t h e  FIM technique.  I n  t h e  case of  i on - i r r ad i a t ed  tungsten 

t h e  so-ca l led  y i e l d  f a c t o r   determined by transmission e l e c t r o n  microscopy (number 

of  v i s i b l e  defec t  c l u s t e r s  c r ea t ed  pe r  i n c i d e n t  ion) ,  w a s  always s i g n i f i c a n t l y  l e s s  

than  u n i t y  Yor E equal  t o  30 keV (Seidman 1376 ) ; t h e  value ui' Y fur t 'ugsten has 
1 

been determined t o  be  l e s s  than 0 . 1   u us well 1970 and ~ausse.-iulan 1972).  Therefore,  

t h e s e  s tud ie s .  complemented t h e  t ransmission e l e c t r o n  microscope s t u d i e s  o f  ion  damagein 

meta ls  ( e . g . ,  see  Eyre 1973, Wilkens 1975, Merkle 1976, Jenkins and. Wilkens 1976, Ruaul t ,  

Sernas and Chaumont 1979) a s  we observed t h a t  po r t ion  o f  t h e  r a d i a t i o n  damage which 

i. Employing the  same geometric argument a s  t h e ' o n e  used previously ( ~ e a v a n  e t  al. 
1971, Wilson and Seidman 1973, Wei and Seidman 1978) it was es t imated  t h a t  t h e  
maximum number o f  ion  h i t s  on t h e  c ross -sec t iona l  a r e a  of  each DZ was always l e s s  
than  one. This value was an upper bound because it neglec ted  t h e  s t r a g g l i n g  i n  
t h e  range of t h e  inc iden t  i o n s .  



. was not  v i s i b l e  by means of  t h e  t ransmission e l ec t ron  microscope technique.  

A v i s u a l  examination of  f i g s .  4-10 showed t h a t  t h e  DZs  had t h e  fol lowing important 

phys ica l  p rope r t i e s :  ( 1 )  as  % decreased,  a t  cons tan t  E t h e  average diameter and 
1 ' 

+ 
t h e r e f o r e  t h e  volume of  t h e  DZ increased--compare f i g .  5 (30 keV W i o n )  wi th  f i g .  10  

+ 
(30 keV A r  i o n ) ;  ( 2 )  t h e  vacancy concent ra t ion  wi th in  t h e  volume of  t h e  DZ was h igh ly  

+ 
non-uniform--e.g., s e e  f i g .  8 ( 3 0  keV Cu i o n ) ;  ( 3 )  t h e  value o f  <cv> decreased a s  

% decreased; ( 4 )  t h e  tendency toward s u b c l u s t e r  formation increased  as % decreased;  

( 4 )  t h e  f r a c t i o n  o f  vacancies i n  t h e  near-surface region o f  each DZ w a s  approximately 

cons tan t ;  and ( 5 )  t h e  f r a c t i o n  o f  vacancies t h a t  e x i s t e d  as monovacancies increased  

as % decreased. The analyses  we performed were l a r g e l y  aimed a t  t h e  q u a n t i f i c a t i o n  

o f  t he  q u a l i t a t i v e  observat ions.  

5 .2.  The number o f  vacancies and t h e  dimensions. o f  t h e  deple ted  zones 

I n  t h i s  s e c t i o n  we compared t h e  measured q u a n t i t i e s  v and < A >  ( s e e  54.2) 

wi th :  (1) experimental values of  t hese  q u a n t i t i e s  f o r  a l a r g e r  s e t  o f  DZs (16)  

which were c rea t ed  i n  t h e  bulk  o f  t h e  specimens and analyzed by t h e  same techniques;  

and ( 2 )  values o f  t h e  v and < A >  which were ca l cu la t ed  employing t h e  assumptions o f  

l i n e a r  cascade theory  and an amorphous s o l i d  model ( e . g . ,  s ee  Sigmund 1977).  

Figure 15  e x h i b i t s  t h e  quan t i t y  V a s  func t ion  o f  5 f o r  t h e  d a t a  l i s t e d  i n  

Table 2. The dashed l ines-- labeled " ~ a n g e  o f  values f o r  bu lk  DZsl'--indicated t h e  

f u l l  range o f  t h e  measured values of  v f o r  all DZs  c r e a t e d  i n  t h e  bulk  o f  t h e  speci-  

mens by 30 keV p Y Q J e ~ t l l e  i6ns .  The val.ues of V f o r  t h e  U Z s  de t ec t ed  i n  the  near- 

su r f ace  region were genera l ly  w i t h i n . t h e  range of V values measuredfor D Z s e e G d  

i n  t h e  kL& c.s" ttie spercimens. i 

Since each DZ was c r e a t e d  by one i n c i d e n t  i on ,  we obta ined  an experimental 

value f o r  t h e  number of  Frenkel p a i r s  c r ea t ed  by a p r o j e c t i l e  i o n ;  i n  ou r  case  t h i s  

number w a s  simply +-the number of  vacancies contained i n  each DZ.  We based our  

ana lys i s  on a modified form o f  t h e  c l a s s i c a l  Kinchin-Pease equat ion (1955) which has 

been d iscussed  ex tens ive ly  by Robinson and Torrens (1974) .  The average number o f  

s t a b l e  Frenkel p a i r s  ( < v > ~  given by t h e  Robinson-Torrens model i s :  - 

<'>R-T = I C ~ I ~ E ~ .  (10 )  



A 

where K was the  displacement e f f i c i ency ,  E t h e  average damage energy and Ed a 

sharp  displacement th resho ld  energy. The o r i g i n a l  Kinchin-Pease equation i s  

<v>K-p = E1/2Ed (11) 
Y 

where E was t h e  average energy of  t h e  inc ident  p r o j e c t i l e s .  The quant i ty  E was 
1 

n 

1 

r e l a t e d  t o  E through t h e  expression:  

h 

where Q was t h e  t o t a l  energy l o s t  from a displacement cascade through a l l  i n e l a s t i c  

processes;  i n  the  case of  metals  the  i n e l a s t i c  energy t r a n s f e r s  d i d  not produce 

displacements.  I n  the  o r i g i n a l  Kinchin-Pease model, t h e  atoms were considered t o  

be  hard  spheres and f o r  t h i s  case K was equal t o  one. The use of  more r e a l i s t i c  

atomic p o t e n t i a l s  y i e lded  values of K l e s s  than one. For the  displacement cascades 

we s tud ied ,  low-energy r e c o i l  atoms dominated and it was shown both a n a l y t i c a l l y  

( ~ i g m u n d  1969 c ) and from computer s imulat ions ( ~ o b i n s o n  and Torrens 1974, Norgett ,  

Robinson and Torrens 1975) t h a t  a value of  0.8 f o r  K was appropriate f o r  the  

present  experimental s . i tua t ion .  For E we employed the  minimum measured value of  d 

43:.eV (!.laury -- e t  al. 1978). The values of 4 were ca lcu la t ed  employing t h e  t abu la t ions  

of  Winterbon (1975 ) . 
The Kinchin-Pease equation predic ted  a constant  value of 349 vacancies; t h i s  

value was c l e a r l y  too  high ( s e e  f i g .  1 5 ) .  Equation (10) predic ted  a value of  218 

+ + 
and 187 vacancies f o r  30 keV W and Ar , r e spec t ive ly ;  t h e  s m a l l  bu t  s teady decrease 

A 

i n  v with decreasing y, was caused s o l e l y  by t h e  va r i a t ion  i n  Q .  The ca lcu la t ed  

value of <V> can be taken t o  be Q200, f o r  E = 30 keV, over t h i s  range of . R-T 1 
.I 

?L 

The .:: value of <v> f o r  the  DZs, in the  near-surface region was 148. And t h e  value of 

t h i s  quan t i ty  fo r  t h e  s e t  of  15  DZs found i n  t h e  bulk c rea ted  by 30 keV ions was 

1 8 3 4 7 .  The observed spread i n  v, a t  each value of  Y, was mainly the  r e s u l t  of the  

energy s t r agg l ing  o f  ions along t h e i r  t r a j e c t o r i e s  i n  the  FIM specimens. It was 

concluded t h a t :  (1) the  D Z s  observed i n  the  near-surface region had approximately 

t' 
This number was f o r  t h e  s i x  D Z s  which were completely analyzed f o r  E = 30 keV. 

1 



.. t h e  same <v> a s  t h e  D Z s  de t ec t ed  a t  g r e a t e r  depths; ( 2 )  and t h e  measured values 

o f  <v> were descr ibed  reasonably w e l l  by t h e  Robinson-Torrens vers ion  [eqn. (10)  1 

of t he  Kinchin-Pease equat ion;  and ( 3 )  t h e  good agreement between ou r  <v> and 

<WReT implied t h a t  t he  SIAs and t h e  vacancies i n  t h e  DZs were we l l  s epa ra t ed  from 
I 

one another  during t h e  primary displacement e v e n t s . '  Experimental r e s u l t s  sub- 

s t a n t i a t i n g  po in t  ( 3 )  have been r e c e n t l y  obta ined  ( ~ e i  and Seidman 1980) .  

Figure 16a  i s  a p l o t  o f  t he  quan t i t y  < A >  (54 .2)  versus t h e  Linhard, Scharff 

a n d ~ c h i d t t  (1963) reduced energy parameter ( E ) ;  t h e  experimental d a t a  a r e  l i s t e d  

i n  Table 2. The values o f  E were ca l cu la t ed  from t h e  expression 

. where Z and Z were t h e  atomic numbers o f  t he  p r o j e c t i l e  and t a r g e t  atoms, re-  
1 2 

spec t ive ly ,  e w a s  t h e  charge on an e l e c t r o n  and a was t h e  screening  l e n g t h  f o r  a 
T-F 

Thomas-Fermi p o t e n t i a l  ( ~ i n t e r b o n  1975).  The p r i n c i p a l  u t i l i t y  of  E was t h a t ,  f o r  

moderately heavy p r o j e c t i l e  ions i n  heavy t a r g e t s ,  t h e  <A>s and--to a reasonable 

approximation--the <cv>s o f  t h e  DZs s c a l e d  f o r  a l l  combinations o f  M1 and El. We 

used t h e  16 DZs c r e a t e d  by 20 o r  30 keV ions  and found i n  t h e  bulk f o r  comparison 

wi th  t h e ' s e v e n  DZs found i n  t h e  near-surface reg ion .  The range o f  < A >  values measured 

f o r  t h e  DZs which were found i n  the  bulk of  t h e  specimens w a s  i nd ica t ed  by t h e  dashed 

l i u e s  labbeled range of  values f o r  bulk D Z s .  The values o f  < A >  f o r  t h e  DZs, de t ec t ed  

i n  the  near-surface region,  were found t o  l i e  w i th in  t h i s  range.  One t h e o r e t i c a l  
4- 

f measure o f  t h e  "expected" diameter ( < D ~ > )  o f  a DZ w a s  given a s  

f The experimental d a t a  on tungsten d i d  no t  support Lucasson's (1975) suggest ion 
t h a t  an average th re sho ld  energy o f  110 eV should be used f o r  E and t h a t  a 
m u l t i p l i c a t i v e  f a c t o r  n f  0 .23 should be s u b s t i t u t e d  f o r  r / 2 .  d ~ h e  l i n e  i n  f i g .  
1 5  denoted <WL represents  Lucasson's expression;  it  was c l e a r  t h a t  <V>L d id  not  
r ep re sen t  our da ta .  

L 

f Note t h i s  d e f i n i t i o n  was cons i s t en t  wi th  t h e  d e f i n i t i o n  o f  < A >  i n  eqn. (1 1. 



2 4 2 Jl 
where (<Ax > D )  and (<y  >D)  . were the  second moments of  t h e  average e l a s t i c a l l y -  

deposited-energy d i s t r i b u t i o n  measured p a r a l l e l  and perpendicular ,  respect ive ly ,  t o  

the  d i r e c t i o n  of t h e  inc ident  ion-beam; 6 was a cont rac t ion  f a c t o r  t o  take account 

o f  t h e  smal ler  volume occupied by the  elast ic-energy d i s t r i b u t i o n  p r o d u e d  by a 

s i n g l e  ion  (~igmund,  Scheid ler  and Roth 1968, Westmoreland and Sigmund 1970). Figure 

16a  demonstrated t h a t  t h e  measured values o f  < A > ,  i n  t h i s  E range, were cons i s t en t ly  

smal ler  than the  <D6> values.  Since t h e  FIM determinations represented a f a i r l y  

d i r e c t  measure of the  elast ical ly-deposi ted-energy d i s t r i b u t i o n ,  f o r  t r a n s f e r r e d  

energies  g r e a t e r  than E f i g .  16a ind ica ted  t h a t  the  quan t i ty  <D > was an upper 
d ' 6 

bound t o  the  average < A >  o f  a DZ c rea ted  by a s i n g l e  ion.  

Figure 16b i s  a graph of the  quant i ty  <cv> versus E.  The values of  <cv> f o r  t h e  

seven D Z s  de tec ted  i n  t h e  near-surface region and analyzed i n  complete d e t a i l  ( s e e  

Table 3 )  a r e  p l o t t e d  on t h i s  graph. 'The e r r o r b a r s  fo r  these  values o f  <cv> r e f l e c t e d  

t h e  v a r i a t i o n  i n  t h e  measurement o f  the  volume of  a DZ and hence the  absolute 

t vacancy concentrat ion.  The dashed l i n e s  indica ted  the  range o f  measured <cv>s f o r  

t h e  s e t  of D Z s  found i n  t h e  bulk of the  specimens. This graph demonstrated t h a t  all 

t h e  D Z s  de tec ted  i n  the  near-surface region had values of  <cv> which were s i m i l a r  t o  

t h e  values measured f o r  t h e  DZs  detected i n  t h e  bulk of  t h e  specimens. We defined 

# 
t h e  t h e o r e t i c a l  average vacancy concentrat ion ( c v . )  i n  a DZ t o  be given by 

where f10 was the  atomic volume and the  f a c t o r  0.30 accounted f o r  t h e  presence of va- 

cancies ou t s ide  t h e  e l l i p s o i d  of  average radius  <Dgi/2. ~ i g u r e  16b demonstrated 

t h a t  t h e  values o f  c* .  were wi th in  the  range o f  values measured f o r  t h e  bulk D Z s .  v 

5.3.  Concentration of near-surface vacancies 

The concentrat ion of  near-surface vacancies ( < c  > ) contained i n  D Z s  was taken v ns 

t o  be  t h e  r a t i o  o f  v ( s e e  Table 3 )  t o  the  t o t a l  number of  atomic s i t e s  contained n s 

t The quan t i ty  <cv> was ca lcu la t ed  from the volume which was described i n  d e t a i l  
i n  94.2 and not t h e  volume based on eqn. ( 2  1. 



'. i n  t h e  ( h k l )  planes used i n  the  ana lys i s  of t h e  near-surface por t ion  of the  D Z s ;  

+ 
' the number o f  these  s i t e s  var ied  between = 150 f o r  DZOb (20 keV W ) and "650 f o r  

DZlOa (30 keV k+) .  The va r i a t ion  of  <c > with E i s  shown i n  f i g .  17;  the  dashed 
v ns 

curves i n  t h i s  f igu re  ind ica ted  the  f u l l  range of  the  measured average values of  

<cv> fo r  all t h e  D Z s  c r ea ted  i n  the  bulk of  the  specimens. The values o f  <c > v ns 

were genera l ly  within the  range o f  values of  <cv> f o r  t h e  bulk D Z s .  

The smaller  values of the  coordinat ion numbers f o r  t h e  atoms i n  the  near-surface 

region could have l e d  t o  a  higher  value of  compared t o  <c v >--if t h e  minimum Ed 

f o r  t h i s  region was s i g n i f i c a n t l y  l e s s  than t h e  Ed f o r  t h e  bulk. Fox example, a  

reduction of  Ed from 43 eV t o  the  sublimation energy (8 .7  ev )  would have produced a 

near ly  f ive-fold increase  i n  the  value of < c ~ > ~ ~ .  Such a l a r g e  inf luence  o f  the  

coordinat ion numbers on the  production of  poin t  defec ts  i n  t h e  near-surface region 

was not  observed i n  our  s tud ies .  

5 .4 .  F i rs t -neares t  neighbor vacancy c l u s t e r  d i s t r i b u t i o n s  
t 

Figure 11 demonstrated t h a t  i t  .was poss ib le  t o  describe t h e  d i s t r i b u t i o n  of  

the  f i r s t -nea res t  neighbor vacancy c l u s t e r s  by a s i n g l e  equation. I n  add i t ion ,  

t h e  same funct ional  dependence [eqn. ( 7 ) ]  was found t o  hold f o r :  (1) t h e  near-surface 

vacancies i n  a  s i n g l e  DZ ( cu r ren t  and Seidman 1980);  (2.) all the  vacancies contained 

with a  s i n g l e  DZ ( cu r ren t  and Seidman 1980);  and ( 3 )  a l l  t h e  vacancies contained with- 

i n  DZs which had been c rea ted  by t h e  impact o f  s ing le  ions with M1 ranging from 39.95 

(Ar) t o  183.85 ( w )  amu and E ranging from 1 5  t o  70 keV (Current ,  Wei and Seidman 
1 

1980 ) . The f a c t  t h a t  t h e  c l u s t e r  d i s t r i b u t i o n  funct ions f o r  t h e  vacancies 

contained within t h e  near-surface region and the  bulk of t h e  specimens were e s s e n t i a l l y  

the  same ind ica ted  t h a t  the  process of  vacancy formation was not s i g n i f i c a n t l y  a l t e r e d  

f o r  the  near-surface vacancies by t h e  presence of  t h e  surfas2.e. This was i n  agreement 

with the  discussion presented i n  95.3. 

The general  t r end  t h a t  F1 increased  a s  M2/Y increased--that i s ,  with decreasing 

5 --for a l l  the  vacancies contained wi th in  the  DZs--was a  phys ica l ly  reasonable re-  

+ A poss ib le  r e l a t ionsh ip  between t h e  f i r s t - n e a r e s t  neighbor vacancy c l u s t e r  d i s t r i -  
but ions and t h e  spu t t e r ing  o f  mul t ia t ion  c l u s t e r s  (multimers ) was discussed i n  t h e  
Appendix. 



sult; s i n c e  it was expected t h a t  t h e  va lue  of < A >  would inc rease  a s  % was decreased . 
and t h e  value o f  v would remain approximately constant--at a c o n s t k t  E o f  30 keV-- 1 

f o r  t h e  range o f  5 stud ied .  These two r e s u l t s  implied t h a t  t h e  mean spacing between 

any two displacement even t s ,  which l e d  t o  permanent vacancies ,  increased  a s  9 was 

decreased;  ' t hus ,  it w a s  a n t i c i p a t e d  t h a t  t h e  va lue  o f  Fl would inc rease  wi th  decreas- 

i n g  5. It i s  expected t h a t  wi th  a f 'urther decrease i n  5--at  cons tan t  damage energy 

6  the value o f  F w-ould cont inue t o  i nc rease .  
1 

5.5.  Radial d i s t r i b u t i o n  f'unction [ < N ( i ) > ]  

The grs tph~ of  < N ( i ) >  versus r shown i n  f ig .  13 , exh ib i t ed  t w o  m ~ j o r  t . rends as 
i ' 

5 w a s  decreased from 183.85 (w) t o  39.95 (k) mu. These t r ends  were: (1) t h e  

s p a t i a l  ex t en t  of t h e  DZs  increased;  and ( 2 )  t h e r e  w a s  a tendency f o r  t h e  DZs  t o  

break  up i n t o  sub-clusters-- this  e f f e c t  was c l e a r l y  seen i n  f i g .  1 3 ( e )  ( a l s o  s e e  

f i g .  8 ) .  Sigmund, Sche id l e r  and Roth (1968) p red ic t ed  t h a t  f o r  % << Y t h e r e  should 

be  s u b c l u s t e r  formation--subcascades i n  t h e i r  vernacular .  The tendency t o  form l a r g e  

s u b c l u s t e r s ,  f o r  5 << M2, was a l s o  observed f o r  t h e  DZs de t ec t ed  i n  t h e  bulk  o f  t h e  

tungs ten  FIM specimens; f o r  example, s ee  f i g .  1' i n  t h e  paper by ~ e i  and Seidman 

(1979). The two major t r ends  observed were a r e s u l t  o f :  (1) an inc rease  i n  t h e  

t o t a l  pa th  l eng th  and p r o j e c t e d  range of  t h e  p r o j e c t i l e  ion  wi th  decreasing M,; and 

( 2 )  an inc rease  i n  t h e  mean f r e e  path of  t h e  p r o j e c t i l e  ion--with decreasing -- 
M1 

between c o l l i s i o n s  t h a t  involved l a r g e  energy t r a n s f e r s .  

5.6. Radiat ion damage p r o f i l e s  

Each experimental r a d i a t i o n  damage p r o f i l e  exh ib i t ed  i n  f i g .  14 represented  t h e  

d i s t r i b u t i o n  o f  vacancies  contained wi th in  a s i n g l e  DZ. Even f o r  t h i s  l i m i t e d  number 

o f  vacancies  it w a s  c l e a r  t h a t  t h e  experimental values o f  <x> were reasonably c lose  D 

t o  < x > ~  (TRIM). The procedure o f  p l o t t i n g  t h e  f r a c t i o n  o f  vacancies p e r  s p e c i f i e d  

depth i n t e r v a l  versus depth f o r  a l l  t h e  vacancies i n  a s i n g l e  DZ c o n s t i t u t e d  t h e  

f i r s t  s t e p  i n  t he  cons t ruc t ion  o f  a r a d i a t i o n  damage p r o f i l e  wi th  atomic r e so lu t ion .  

This procedure app l i ed  t o  a l a r g e r  number o f  DZs y i e lded  b e a u t i f u l  r a d i a t i o n  damage 

p r o f i l e s  ( c u r r e n t ,  Wei and Seidman 1980) i n  agreement wi th  t h e  ca l cu la t ion  o f  damage 

d i s t r i b u t i o n s .  
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It has r ecen t ly  been r e a l i z e d  t h a t  the  depth r e so lu t ion  of  a n a l y t i c a l  techniques 

t h a t  involved s p u t t e r  depth-profi l ing of  a l l o y s  was l i m i t e d  by t h e  e f f e c t s  of  t h e  

d isorder  and enhanced d i f fus ion  crea ted  by the  impact of  t h e  ion  beam on t h e  sample 

  ebb, Car ter  and Coll ins 1978, Liau, Tsaur and Mayer 1979 and Rhen, Danyluck 

and-Wiedersich. 1979.). . The; r e s u l t s  presented i n  f i g .  1 4  demonstrated t h a t  

the  r ad ia t ion  damage produced by a  s ing le  ion  extended, from t h e  su r face ,  t o  a  depth 

comparable t o  < x > ~  (TRIM).  I n  the  rigime o f  high po in t  defec t  concentrat ion it i s  

expected--at e levated  temperatures--that the  d i f fus ion  r a t e  o f  t h e  atoms c o n s t i t u t i n g  

an a l l o y  w i l l  be enhanced. Thus each DZ--produced by a  s i n g l e  ion i n  t h e  s p u t t e r i n g  

process--can r e s u l t  i n  so-calxed atomic mixing due t o  displacement events and the  

t r anspor t  of matter  due t o  enhanced d i f fus ion  e f f e c t s .  

5.7. Sput ter ing  

It was pointed out  i n  53 t h a t  it is  genera l ly ,  although not  un ive r sa l ly ,  be l ieved 

t h a t  the  source depth--for t h e  majori ty of spu t t e red  atoms--has a  thickness of the  

o rde r  of a  few atomic l a y e r s .  This r e s u l t  was obtained from seve ra l  d i f f e r e n t  models 

of the  spu t t e r ing  process: t h a t  i s ;  (1) an a n a l y t i c a l  model of  t h e  e l a s t i c a l l y  de- 

pos i ted  energy d i s t r i b u t i o n  (Sigmund 1969. a  and 1969 b ;  ( 2 )  Monte Carlo ca lcu la t ions  

of  the  t r a j e c t o r i e s  of  r e c o i l  atoms (Shimuzu 1977 and Haggmark and Wilson 1978) ;  and 

( 3 )  computer-based molecular dynamic models ( ~ a r r i s o n  e t  al. 1978, .Winograd e t  a l .  

1978 and Garrison -- e t  al. 1978).  We defined a  source depth cons i s t en t  with the  above . 
r e s u l t ,  which allowed us t o  determine values of vns, f o r  each DZ t h a t  had a  por t ion  

of  i t s  vacancy population i n  the  near-surface region;  see 53 and Table 1. I n  the  

present  sec t ion  we discussed the  r e l a t i o n s h i p  of Vns t o  values of' t he  t h e o r e t i c a l  

spu t t e r ing  y i e l d  [Sth(0) ] and demonstrated t h a t  our observat ions provided d i r e c t  

evidence f o r  t h e  exis tence  of f luc tua t ions  i n  the  measured spu t t e r ing  y i e l d .  

We defined a  y i e l d  of vacancies found i n  the  near-surface region a s ,  

- - t o t a l  number of  observed near-surface vacancies 
'v t o t a l  number of DZs de tec ted  i n  the  FIM specimens 

L 'ns - - 
t o t a l  number of  ion h i t s .  



It was assumed t h a t  t h e  t o t a l  number of  DZs detected i n  t h e  specimens was equal t o  ; 

t h e  t o t a l  number o f  ion h i t s .  The t o t a l  number o f  D Z s  included those D Z s  which were 

found i n  poorly resolved planes and were not analyzed i n  atomic d e t a i l .  The measured 

values of  Zvns, t h e  t o t a l  number of D Z s  and Sv a re  l i s t e d  i n  Table 4 f o r  t h e  20 and 

+ + + 
30 keV W and, 30 keV K r  and Cu ion i r r a d i a t i o n s .  The r e s u l t s  f o r  t h e  30 keV Ar+ 

i r r a d i a t i o n s  were not  included s ince  only a  l i m i t e d  volume o f  t h e  FIM specimen was 

examined and S could not  be  determined t o  t h e  same degree o f  accuracy a s  i n  the  v 

o t h e r  cases.  The values o f  Sv f o r  t h e  30 keV i r r a d i a t i o n s  were all ' ~ 1 8  near-surface 

vacancies pe r  ion. 

The ca lcu la t ed  values o f  S ( 8 )  a re  a l s o  l i s t e d  i n  t a b l e  4 .  ?'he calcula t ions  t h 

were based on t h e  amorphous t a r g e t  model of  Sigmund (1969a atld 19698) for t h e  case 

o f  angle o f  incidence,  8 = 60°, so t h a t  

and a sur face  binding energy equal t o  the  sublimation energy f o r  tungsten (8.7 e ~ ) .  i- 

The values o f  S (60')--for the  30 keV ions--varied from 1 4  t o  19 atoms per  ion.  
t h  

The approximate agreement between these  values and the  .measured S values 
Y 

was taken a s  evidence t h a t ,  indeed, the  majori ty o f  the  spu t t e red  atoms produced by 

t h e  impact o f  a  s i n g l e  ion  came from atomic s i t e s  i n  t h e  near-surface region. These 

r e s u l t s  d i d &  exclude t h e  p o s s i b i l i t y  of a  cont r ibut ion  t o  t h e  spu t t e r ing  y i e l d  

from focussed c o l l i s i o n  sequences. 

The observat ion of spu t t e r ing  e f f e c t s  on an atomic scale--as i s  poss ib le  with 

t h e  FIM technique--yielded information about s t a t i s t i c a l  f luc tua t ions  between indi-  

v idua l  s p u t t e r i n g  events a s  we l l  a s  average e f f e c t s .  It was suggested some time ago 

t h a t  t h e  t h e o r e t i c a l  s p u t t e r i n g  y i e l d  f o r  a  s i n g l e  ion can d i f f e r  su 'bs tant ia l ly  from 

t h e  average value of the  t h e o r e t i c a l  spu t t e r ing  y i e l d  (~ igmund  1969 a and 1969 b )  . 
Westmoreland and Sigmund (1970) est imated t h a t  the  number of  spu t t e red  atoms produced 

t The quan t i ty  s th (8 )  was evaluated f o r  0=60° t o  approximately take  i n t o  account t h e  
l a r g e  angles of incidence of  t h e  ion beam ( see  94.1).  The quest ion of  the  proper 
value of the  sur face  binding energy t o  use i n  the  ca lcu la t ion  of  the  t h e o r e t i c a l  
s p u t t e r i n g  y i e l d  can r e s u l t  i n  a  50% uncer ta in ty  i n  t h e  predic ted  value of t h i s  
quan t i ty  (~aggmark and Wilson 1978).  I n  view of  t h i s  problem we have simply 
employed the  sublimation energy. 



. by a s i n g l e  ion  can vary by a t  l e a s t  a f a c t o r  of  t e n  from one ion t o  t h e  next;  they  

a l so  showed t h a t  t h e  e j e c t i o n  of twice t h e  average number of spu t t e red  atoms pe r  ion  

was not  uncommon. The molecular dynamic ca lcu la t ions  of  Harrison e t  al. (1978) f o r  -- 
+ 

t he  impact of  600 eV A r  ions on t h e  (111) plane of copper a l s o  exhib i ted  l a r g e  

+ 
f luc tua t ions  i n  the  s p u t t e r i n g  y i e l d .  For example, t h e  impact o f  some .Ar ions 

produced no e j e c t e d  atoms while o the r s  produced as  many a s  1 3  copper atoms; the  

average ca lcu la t ed  spu t t e r ing  y i e l d  was s i x  atoms per  ion f o r  t h e  (111) plane.  

The f r a c t i o n  o f  D Z s  which contained v near-surface vacancies i s  shown i n  f i g .  ns 

18  as  a funct ion of  vns. Note t h a t  over 60% of t h e  D Z s  de tec ted  i n  t h e  FIM speci- 

mens contained no near-surface vacancies and--by implication--produced no spu t t e red  

atoms. However, those D Z s  which d id  contain near-surface vacancies contained a 

t y p i c a l  value of  45 near-surface vacancies p e r  ion;  t h i s  value was iL2.5 times g r e a t e r  
+ 

than t h e  average value of S of 17.7. . For DZlOa ( 30 keV A r  ) t h e  value of  Sv was seven 
v 

times g r e a t e r  than t h i s  average value. These f luc tua t ions  i n  t h e  observed value of  Sv 

represent  t h e  f i r s t  d i r e c t  measurements which implied f luc tua t ions  i n  t h e  spu t t e r ing  y i e l d  

per  i o r t h a t  ranged from zero t o  approximately t h r e e  times t h e  average s p u t t e r i n g  y i e l d .  

1. The three-dimensional s p a t i a l  arrangement of vacancies contained i n  depleted 

zones (DZS ) i n  tungsten was . determined. by t h e  f ie ld- ion  microscope ( FIM) 

technique. The D Z s  were detected i n  the  near-surface region of  specimens which 

+ 9 + 
ha9 been i r r a d i a t e d  i n  s i t u  a t  1 5  K with 20 keV W , 30 keV w+, xF, Cu o r  Ar -- 
ions .  Each analyzed DZ had been produced by a s i n g l e  p r o j e c t i l e  ion.  

2. The values of  p roper t i e s  of  the  D Z s  found i n  t h e  near-surface region were s i m i l a r  

t o  t h e  values of  these  same proper t ies  f o r  D Z s  which were de tec ted  i n  t h e  bulk 

of t h e  FIM specimens. I n  addi t ion ,  the  value of  these  p roper t i e s  were i n , r e a s o n -  

ab le  agreement with es t imates  based on rad ia t ion  damage theory. 

3. The t o t a l  number of  vacancies de tec ted  i n  t h e  near-surface region was i n  approxi- 

mate agreement with t h e o r e t i c a l  es t imates  based on Sigmund's continuum model o f  

t h e  average spu t t e r ing  y i e l d .  The number of  vacancies i n  t h e  near-surface region 



of  individual  DZs ranged from three to.  seven times t h e  value of the  measured 

average spu t t e r ing  y ie ld .  
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APPENDIX 

SPUTTEmD I O N  MULTIMERS AND THE NEAR-SURFACE FIRST-NEAREST NEIGHBOR VACANCY 
CLUSTER DISTRIBUTIONS 

Charged multimers (multi-atom c l u s t e r s )  have been de t ec t ed  during t h e  

s p u t t e r i n g  of  bo th  p o l y c r y s t a l l i n e  and s i n g l e  c r y s t a l  tungs ten  su r f aces ,  by 

Staudenmaier (1972 and 1973) ;  t h e  specimens were bombarded, a t  250°C, wi th  

+ + + + + 
150 keV He , Ne , A r  , Cu , ~ r + ,  o r  Xe p r o j e c t i l e  ions. Staudenmaier made 

t h e  fol lowing observa t ions :  (1) t h e  average energy of a  multimer decreased 

as t h e  s i z e  o f  t h e  multimer i-ncreased; ( 2 )  multimers conta in ing  a s  many a s  

+ 
1 2  tungsten atoms were de t ec t ed  f o r  an 150 keV X e  bombardment; and ( 3 )  both  

t h e  y i e l d s  and t h e  m a x i m  multimer s i z e  increased  as was increased  a t  5 
cons tan t  E On t h e  b a s i s  o f  h i s  observat ions Staudenmaier suggested t h a t  

1 ' 

t h e  multimers were genera ted  by " c o l l i s i o n  cascades--DZs i n  ou r  nomenclature-- 

which happened t o  pene t r a t e  through t h e  su r f ace  o f  t h e  t a r g e t . "  This problem 

has been s tud ied  t h e o r e t i c a l l y  by Winograd e t  al. 1978 who employed a  computer 

s imula t ion  approach, t o  observe t h e  dynamics o f  multimer formation f o r  a s o l i d  

+ 
copper t a r g e t  bombarded by 600 eV A r  ions .  They de t ec t ed  t h e  formation o f  

0 

dimers and t r imer s  w i th in  l e s s  than  4 A ( t h e  i n t e r a c t i o n  range)  o f  t h e  bombarded 

su r f ace ;  however, t h e  multimers d id  not  i'orh by a d i r e c t  e j e c t i o n  prucess .  They. 

a l s o  found t h a t  a l l  t h e  multimers de t ec t ed  o r i g i n a t e d  from a roughly c i r c u l a r  

region--on t h e  surface-- wi th in  an a r e a  o f  S70 and t h a t  most o f  t h e  t r imer s  

contained a t  f e a s t  one p a i r  of' atoms t h a t  were o r i g i n a l l y  flrs l;-~lettr.es.t neighbors 

i n  t h e  bombarded su r f ace .  

The impl ica t ions  and r e l a t i o n s h i p  o f  our  work t o  t h e  above experiments 

and c a l c u l a t i o n s w e r e a s  fol lows:  ( 1 )  t h e  inc rease  we observed i n  t h e  s i z e  

of  t h e  l a r g e s t  nearest-neighbor vacancy c l u s t e r  wi th  inc reas ing  5 a t  cons tan t  

El, was cons i s t en t  with Staudenmaierls ubse l -va l io~i  t h a t  both t h e  y i e l d  and 

maximum multimer s i z e  increased  wi th  t h e  value o f  5;  and ( 2 )  our  observat ion 

of a  s i g n i f i c a n t  f r a c t i o n  of f i r s t - n e a r e s t  neighbor vacancy c l u s t e r s  i n  t h e  

near-surface region wasre levant  t o  Winograd'et  a l . ' s  r e s u l t  concerning t r imer s .  



Thus, it w a s  our  opinion t h a t  t h e  d i s t r i b u t i o n  o f  f i r s t - n e a r e s t  neighbor 

vacancy c l u s t e r s  i n  t h e  near-surface reg ion  must be r e l a t e d  t o  t h e  d i s t r i -  

bu t ion  of multimers observed i n  t h e  type o f  experiments and c a l c u l a t i o n s  per- 

formed by Staudenmaier and Winograd e t  a l . ,  r e spec t ive ly .  

To s u b s t a n t i a t e  t h e  above conjec ture  we used Staudenmaier 's  (1972) 

da t a  ( s ee  f i g s .  2 ,  3  and 4 o f  h i s  paper )  and p l o t t e d  it i n  a form t h a t  was 

s i m i l i a r  t o  t h e  one we used i n  f i g .  11 ( b ) .  That i s ,  we p l o t t e d  t h e  f r a c t i o n  

of  c l u s t e r s  of  s i z e  n  pe r  i n t e r v a l  AII, [ I ~ / ( & L I ~ )  I ,  versus c l u s t e r  s i z e  ( n ) .  
j 

The quan t i t y  I represented  t h e  measured i n t e n s i t y  o f  c l u s t e r s  o f  s i z e  n  
n  

( i n  a r b i t a r y  uni ts)--obtained from Staudenmaier 's  energy spectra--for  d i f -  

f e r e n t  energ ies  o f  t h e  s p u t t e r e d  c l u s t e r s  ( E ~ ~ ~ ~ ) .  This d a t a  i s  p l o t t e d  i n  

Fig. 19  f o r  d i f f e r e n t  values of E  (15 ,  30 and 1 5  t o  1250 e ~ ) ;  a l s o  inc i -  
spec 

ca t ed  on t h i s  f i g u r e  a r e  t h e  t h r e e  l i n e s  0 .75n-~ ,  0.7511 -2 '5  and 0 . 7 5 n - ~ .  

The most s t r i k i n g  common fea tu re s  o f  t he  r e s u l t s  shown i n  f i g s .  11 ( b )  and 1 9  

were: (1) t h e  f r a c t i o n  of  c l u s t e r s  o f  s i z e  n  per  i n t e r v a l  An versus n  was 

independent o f  y; and ( 2 )  t h e  f r a c t i o n s  o f  s p u t t e r e d  multimers and near-surface 

vacancies showed a  s i m i l a r  dependence on c l u s t e r  s i z e  ('%I - (2 .5 f1) ) .  I n  add i t i on  

t h e  inc rease  i n  t h e  s i z e  of t h e  l a r g e s t  multimer observed by Staudenmaier, 

wi th  i nc reas ing  y, can be compared wi th  o u r  observation--for t h e  l a r g e r  s e t  

o f  d a t a  which included a l l  t h e  D Z s  found i n  t h e  bulk o f  t h e  specimens--that t h e  

s i z e  o f  "the largest f i r s t - n e a r e s t  neighbor vacancy c l u s t e r  s i z e  increased  wi th  

inc reas ing  I . These comparisons suggested t h a t  t h e  formation of  s t a b l e  multimers Y 
w a s  c l o s e l y  t i e d  t o  t h e  e j e c t i o n  o f  atoms from a  small  region o f  t h e  surface-- 

s p e c i f i c a l l y ,  from a  network o f  f i r s t - n e a r e s t  neighbor atomic s i t e s .  



Table 1: Table o f  atomic pos i t i ons  f o r  t h e  (433) p lane  of  t h e  bcc l a t t i c e  

Co-ordinates o f  Pos i t ion*  

Atom Rela t ive  t o  

Cubic Axes 

-- - 

Rela t ive  t o  0 X Y Z 

* The axes OX and OY a r e  i nd ica t ed  i n  f i g .  1 and OZ i s  t h e  u n i t  vec tor  

normal t o  t h e  (433)  p lane .  The coordinates  were given i n  terms o f  t he  

l e n g t h  ao/2, where a w a s  t h e  l a t t i c e  parameter o r  t h e  s tandard  non- , 

0 

pr imi t ive  u n i t  c e l l .  The coordinates  r e l a t i v e  t o  0 X Y Z were given 

bo th  ia exac t  form and a l s o  numerically t.o fn i~r  s i g n i f i c a n t  f igures.  



Table 2: Important parameters used t o  describe the  near-surface region 

Plane In te rp lana r  Number of  l a y e r s  which Thickness of  near- 
were v i s i b l e  i n  a b a l l  sur face  region 

( hkl ) model cons t ruc t ion  o f  
the  ( h k l )  plane.  (i) 



TABLE 3: Measured -ralues of  t h e  parameters used t o  cha rac t e r i ze  each depleted zone. 

Energy of  D e p l e ~ e d  Tota l  number Nunber of  Average Largest Diameter perpendicular  Average 
projec- Ion zone of  vacancies vazancies t o t a l  Diameter t o  t h e  d i r e c t i o n  o f  Diameter of  
t i l e  ion  (DZ)  ( v )  wi th in  th?  vacancy of  t h e o m  A1-- A2 i n  1 DZ b < A > )  (5) i n  near-surface concentra- A1 i n  A i n  A 

keV region i vns) t i o n  <Cy> 
i n  a t o m c  X 



TABLE 4 :  Parameters re levant  t o  t h e  spu t t e r ing  behavior of  tungsten sur faces  by 20 o r  30 keV metal ions  . '  

Energy o f  . Total  number Total  number Measured s p u t t e r i n g  Theore t ica l  s p u t t e r i n g  
p r o j e c t i l e  of  near-surface o f  D Z s  i n  t he  y i e l d  (vacancies  per  f o r  an inc iden t  angle  
ion  ( E ~ )  vacancies specimen ion  ) S 

o f  0 = 60" (atoms p e r  i o n )  
i n  keV Ion (Cv ) ( i o n  h i t s )  v  n  s 

s ( 0  = 60") 
t h  

These nimbers a r e  t h e  sum of  t h e  near-surface vacancies f o r  t h r e e  D Z s ;  s ee  Table 3 f o r  t h e  

t h e  ind iv idua l  values f o r  each DZ. 



Figure Captions 

Figure 1: ( a )  An FIM image of t h e  v i c i n a l  region around t h e  (222) plane 

o f  tungsten;  note t h e  t e n  atoms i n  t h e  outermost ( z e r o t h )  

l a y e r  o f  t h e  (433) p lane .  

( b )  The p r imi t ive  mesh (OACB) of the  (433) plane and t h e  

pro jec t ion  onto t h a t  plane of  the  atoms which l a y  i n  t h e  

f i r s t  four  planes underneath t h e  zeroth l aye r .  

( c )  A b a l l  model of a (h33) pl.ane, b u i l t  on a (200) plane,  showing 

the  f i v e  Layers of  a.t.oms which were v i s i b l e  i n  t h i s  construct;lon. 

The atoms i n  the  p r imi t ive  mesh and the  s e t  o f  atoms i n  the  four 

underlying planes a r e  l abe led  as  i n  ( b ) .  The atoms which were 

v i s i b l e  i n ' a n  FIM image a r e  ind ica ted  by the  dark b a l l s .  

Figure 2: ( a )  An FIM imageof a tungs ten  specimen p r i o r  t o  an i r r a d i a t i o n .  

(b) An FIM image of  t h e  s u e  specimen a f t e r  an i n  s i t u  i r r a d i a t f o n  

+ 
with  30 keV K r  ions and the  pulse f i e l d  evaporation o f  two 

(332) l a y e r s .  The vacancies v i s i b l e  i n  t h e  (332) plane were 
0 

1.34 A below t h e  i r r a d i a t e d  sur face .  

( c )  A schematic of t h e  FIM image shown i n  ( b )  ind ica t ing  the  

v i s i b l e  atoms ( s o l i d  black c i r c l e s )  i n  the  (332) as  

well a s  t h e  four vacant s i t e s  ( smal l  open c i r c l e s )  which were 

loca ted  during I;& Pul l ,  pulse f i c l d  evaporation of this 

(332 ) planc.  These vacant s i t a s  were among t h e  near-surface 

vacancies i n  ~ ~ 1 4 a  ( f i g .  7 1 .  

Figure 3: A cross-sec t ional  view of an FIM specimen which had been i r r a d i a t e d  

+ 
with 30 keV Cu ions.  Two uf the f i v e  DZs dc tcc ted  i n  t h i s  spacjmen 

had a por t ion  of  t h e i r  volume i n  t h e  near-surface region;  they a r e  

displayed i n  f i g s .  8 and 9.  



Figure 4:  An OR TEF' i somet r ic  view of  ,a DZ c r ea t ed  by a s i n g l e  20 keV W+ 

ion.  DZOb contained 81 vacancies o f  which 23  were i n  t h e  near- 

su r f ace  region ( f i l l e d  c i r c l e s  ) . 

Figure 5: An OR TEF i sometr ic  view o f  DZ2c which was c r e a t e d  by a s i n g l e  

+ 
30 keV W i on .  DZ2c contained 123  vacancies o f  which 45 were i n  

t h e  near-surface region ( f i l l e d  c i r c l e s  ) . 

Figure 6: An OR. TEP i somet r ic  view of  DZ3b which was c r e a t e d  by a  s ingle '  

+ 
30 keV W i on .  DZ3b contained 127 vacancies of  which 47 were i n  

t h e  near-surface region ( f i l l e d  c i r c l e s ) .  

Figure 7: ( a )  An OR TEP i somet r ic  view o f  ~ Z l b a  which was c , rea ted  by a 

+ 
s i n g l e  30 keV K r  ion .  ~ ~ 1 4 a  contained 103 vacancies o f  

which 36 were i n  t h e  near-surface reg ion  ( f i l l e d  c i r c l e s ) .  

( b )  An OR TEP i somet r ic  view o f  ~ ~ l k a  which was obta ined  by a  

40' clockwise r o t a t i o n  about t h e  [ O ~ O I  d i r e c t i o n  o f  t h e  

view i n  ( a ) .  Note t h e  r e l a t i v e  o r i e n t a t i o n s  o f  t h e  [ l o o ] ,  [010] 

and [001] d i r ec t ions .  

Figure 8: ( a )  An OR TEF i sometr ic  view o f  DZ7b which w a s  c r e a t e d  by a  s i n g l e  

+ 
30 keV Cu ion .  DZ7b contained 200 vacancies o f  which 51  

were i n  t h e  near-surface reg ion  ( f i l l e d  c i r c l e s ) .  

( b )  An OR TEP i sometr ic  view of  D Z n  which w a s  ob ta ined  by a 25' 

clockwise r o t a t i o n  about t h e  [ O ~ O  ] d i r e c t i o n .  

( c  ) An OR TEP i some t r i c  view o f  D Z D  obta ined  by an a d d i t i o n a l  

15" r o t a t i o n  about t h e  [010] d i r e c t i o n  o f  the  view i n  ( b ) .  

Figure 9 :  An OR TEP i somet r ic  view of  DZ7c which was c r e a t e d  by a s i n g l e  30 

+ 
keV Cu ion .  DZ7c contained 144 vacancies  o f  which 54 were 3.n 

t h e  near-surface region ( f i l l e d  c i r c l e s ) .  



Figure 10: An OR TEP i some t r i c  view o f  DZlOa.which was c r e a t e d  by a s i n g l e  

+ 
30 keV A r  ion .  D Z l O a  contained 192 vacancies o f  which 70 were 

i n  t h e  near-surface reg ion  ( f i l l e d  c i r c l e s  ) . 

Figure 11:. ( a )  A p l o t  of  t h e  f r a c t i o n  o f  first nearest-neighbor c l u s t e r s  

o f  s i z e  n  ( f  ) among t h e  near-surface vacancies a s  a  func t ion  
n  

of  c l u s t e r  s i z e  ( n )  f o r  a l l  t h e  DZs de t ec t ed  which had a  

po r t ion  o f  t h e i r  volume i n  t h e  near-surface region.  

(b) The c l u s t e r  s i z e  da t a  shown i n  ( a )  d isp layed  a s  a  continuous 

spectrum (f /An) wi th  i n t e r v a l  s i z e s ,  An 1 f o r  n< 5 ;  An=5 f o r  n .  

65 n 5 10 ;  and An = 10  f o r  n j  10 .  

Figure 12:  The average value of  t h e  f r a c t i o n  o f  monovacancies f o r  vacancies 

i n  the near-surface D Z s  a s  a func t ion  o f  t h e  t a rge t - to -p ro j ec t i l e  

mass r a t i o .  The range o f  values of  t h e  f r a c t i o n  o f  monovacancies 

f o r  t h e  DZs  found i n  t h e  bulk  o f  t h e  specimens i s  ind ica t ed  by 

t h e  do t t ed  l i n e s .  

Figure 13:  The r a d i a l  d i s t r i b u t i o n  f'unction (<N(:)>) as a  func t ion  o f  t h e  

s h e l l  r ad ius  ri f o r  t h e  seven near-surface D Z s .  

Figure 1 4 :  ( a )  t o  ( f ) ,  The measured f r a c t i o n  o f  t h e  t o t a l  number of  vacancies 
0 

p e r  4.5 A i n t e r v a l  f o r  s i x  near-surface DZs  c r e a t e d  by 30 keV 

ions (histogrs.m.) and t h e  ca l cu la t ed  f r a c t i o n  o f  e l a s t i c a l l y  de- 

posited energy (smooth curve)  a s  a  func t ion  o f  depth normal t o  
0 

t h c  i r r a d i a t e d  surface. [x( A.) 1 . 

Figure 1 5 :  The number of  vacancies pe r  DZ ( v )  f o r  s i x  near-surface DZs which 

were c r e a t e d  by 30 .keV ions  a s  a  func t ion  o f  t h e  p r o j e c t i l e  mass 

(5 ) .  The range ul' values f o r  v  f o r  t h c  DZE found i n  the  h i l l *  o f  

t h e  specimens i s  i nd ica t ed  by t h e  do t t ed  l i n e s .  Also ind ica t ed  a r e  

t h e  t h e o r e t i c a l  es t imates  f o r  t h e  average value of  V according t o  

t h e  Kinchin-Pease ( < v > ~  p ) ,  Robinson-Torrens ( < v > ~ - ~ )  and Lucasson - 
(<v> ) models. 

L 
-. - .- 



Figure 16: ( a )  The average DZ diameter ( < A > )  as a Function of the Linhard- 

Scharff-Schidtt energy ( E ) parameter for seven near-surface 

DZs. Also indicated are the range of values for  <A> for  the 

, DZs found i n  the bulk and an estimate of the diameter of a 

DZ according to  the model of Sigmund e t  al. { < D ~ > ) .  

(b)  The average vacancy concentration (<cv>) fo r  seven near- 

surface DZs as a function of E. Also indicated are the 

range of values of <cv> f o r  the D Z s  found i n  the bulk of 

the specimens and an estimate of the vacancy concentration 

based on <WR - and <D6>. 

Figure 17: Concentration of vacancies i n  the near-surface region (<cv>ns) 

for  ten near-surface DZs as a function of E. Also i n d i c a t e d i s  

the range of values for  <cv> fo r  the DZs  found i n  the bulk of 

the specimens. 

Figme 18: The t'raction of D Z s  with vnS near-surface vacancies as a function 

+ + + 
of Vns fo r  all of the DZs created by 30 keV W , K r  o r  Cu ions. 

Figure 19: The fraction of s table  charged multimers, ejected from tungsten 

during bombardment by 150 keV ions, as a Function of miltimer s ize  

n; from the data of Staudenmaier (1972). Shown are the charged 

a t i m e r  fractions for  sputtered cluster  energies of (1) 15eV, 

for  all ions (a); ( 2 )  30eV, for  ~ e +  ions (0); and (3) the average 

for all energies between 15 t o  1250 eV and a l l  ion masses (0). 
Compare th i s  figure with f ig .  113. 
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