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DIREeT OBSERVATION OF THX PRTMBRY STATE OF D W G E  OF ION-IRRAD 

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

Cornell University, Bard H a l l ,  Department of Materials 
Science and Engineering and the  Materials Science Center, 

Ithaca, New York 14853, U.S.A. 

ABSTRACT 

The resu l t s  of an extensive field-ion microscope ( F I M )  investigation 

of the  primary s t a t e  of damage of ion-irradiated tungsten were presented. 

Two-pass zone-refined s ingle crystals  of tungsten were i rradiated i n  s i t u ,  

a t  115 K ,  with a magnetically analyzed beam of various ions a t  a, backgruuld 

pressure of ( 5 - 1 0 ) ~ 1 0 - ~ ~ t o r r  i n  the  absence of the imaging e l e c t r i c  f ie ld .  
12 -2 

The value of the  standard fluence %as s m a l l  enough ( 5x10 cm ) t o  guarantee 

tha t  each d e ~ l e t e d  zone (DZ) detected was  associated with a s ingle pro- 

j e c t i l e  ion. After an i r radia t ion  each specimen was examined on an atom-by-atom 

basis  employing the  pulse field-evaporation technique. The two main experi- 

mental programs were: (1) the  determination of the effect  uf the mass of the 

pro jec t i le  ion (%) on the  three-dimensional spa t ia l  dis tr ibut ion of vacancies 
+ -t + + 

i n  DZss i n  specimens which had been irrc~ldia;leil with 30 lrcV W , Mo , Kr , Cu , 
+ + 

C r  , or  Ar ions; and (2)  the  characterization of the ef fec t  of the i n i t i a l  

erlergy ur l l~e  projec t i le  ion (E ) on the  vacancy structure of DZs created by 1 
15, 30, 45, 60 or 70 keV K r  ions. 'I'hree-dimensional vioualizations were 

presented of a number of the  D Z s  detected, based on the  use of the  OR TEP 

program. The average number of vacancies (<v>) per DZ was 172 for  El = 30 keV, 

independent of M fo r  the  range of ion masses employed. The value uf the 
1' 

average vacancy concentration per DZ decreased from "16 t o  2 at .% as M~ was 

decreased from 183.85 amu (w) t o  39.948 amu (Ar) for  El = 30 keV. For the 

Kr ion i rradiat ions the value of <V> increased l inear ly  as E was increased 
1 

from 15 t o  70 keV. Many other detai led physical properties of the DXs xcre 

presented i n  the paper. 
t This research was supported by the  U.S. Department of Energy under Contract 

No. ~~-~~02-76EZ03158.  Additional s t~pport  w ~ t s  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 at Cornell University. 
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Schenectady, New York 12301. 
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51. INTRODUCTION 

The experimental study of the primary state of radiation damage represents an 

essential test of the theoretical models and descriptions of this subject that have . 

evolved slowly, but steadily, over the past twenty-six plus years (e.g., see Brinkman 

1954, Gibson -- et al. 1960, Seeger 1958, 1962, Nelson 1968, Thompson 1969, Seidman 1976). 

From the point-of-view of either the experimentalist or theorist one would like to 

know, in detail, the fate of a single energetic projectile ion that has been injected 

into solid. The field-ion microscope (FIM) with its excellent atomic resolution and 

the ability to examine the interior of specimens--as a result of the field-evaporation 

effect (.Miler and Tsong 1969, 1973)--is ideally suited for the study of the three- 

dimensional spatial distributions of point defects, both- vacancies and self-inter- 

stitial atoms (SIAS) , produced by a single projectile iqn (e. g. , see Seidman 1973, 1976, 

1978, Wei and Seidman 1978, 19-79, 1980, Seidman, Current, Pramanik and Wei 1980, 

Pramanik 1980). . The measured three-dimensional spatial distribution of vacancies, 

for a single projectile ion, is a direct reflection of how the initial energy of 

that projectile ion was deposited in a series of elastic collisions. Thus the FIM 

determinations of these spatial distributions represent the most fundamental type of 

experimental fnformation presently available on the primary state of radiation damage. 
t .  

The principle capabilities and advantages of the FIM technique for the study of 

radiation damage are as l'ullows: (I). Thc resolution of individual 'vacancies and self- 

interstitial al;oms; ( 2 )  thc observation and irradiation of specimens at cryogenic 

temperatures.(~lO K) which are below the onset of long-range migration of self- 

interstitial atams; (-3) the in'situ irradiation of FIM specimens under ultra-high 

vacuum conditions with a magnetically analyzed ion beam; and (.4) the controlled dis- 

section of the FIM specimens, on an atom-by-atom basis employing the pulse field- 

evaporation technique. 

t In this paper we present results on th.e spatial distribution of vacancies only. The 
research on the distribution of SIAs. ate-uld DZs ha3 been reported on by Beavan et al. 
(.19712 and Wei and Seidman (..1980). . 



The present  work represen t s  a  major extension ( ~ e i  1978 and Wei and Seidman 1979) 

t 
of our e a r l i e r  r e sea rch  on t h e  vacancy s t r u c t u r e  of depleted zones ( D Z S )  ( ~ e a v a n ,  I 

Scanlan and Seidman 1971, Wilson and Seidman 1973, Wei and Seidman 1978).  I n  t h i s  

paper ( p a r t  I )  we p resen t  t h e  main r e s u l t s  of t h e  following experimental programs: 

( 1 )  The determination of the  e f f e c t  of the  mass of t h e  p r o j e c t i l e  ion  ( M ~ )  

on t h e  three-d.j.mensiona1 s p a t i a l  d i s t r i b u t i o n  of vacancies i n  DZs, i n  

tungsten specimens, which had been ion- i r r ad ia ted  - i n  -Y s i t u  a t  515 K ,  a t  
+ + + 

a constant  i n i t i a l  p r o j e c t i l e  energy ( E , )  -- t h e  p r o j e c t i l e s  W , Mo , K r  , 
+ + + I 

Cu , C r  and A r  were employed f o r  E = 30 keV ( s e e  f i g .  1); and 
1 

( 2 )  The chara.ct.erization of t.he e f f e c t  of E a t  constant  5 ,  on t h e  vacancy 1. ' 
s t r u c t u r e  of D Z s  i.n t.nngst,en -- 15 ,  30, 45 ,  60 or. 70 k e ~  0 i o n s  were 

employed ( s e e  f i g .  1). tt 

A l l  of  t h e  D Z s  analyzed were produced a t  small  values of the  ion  f luence  s o  t h a t  each 

DZ was c rea ted  by a s i n g l e  p ro , j ec t i l e  ion .  A t ,otal  of e igh t  d i f f e r e n t  physica l  pro- 

p e r t i e s  of  each DZ were determined ( s e e  53). The main eniphases of t h i s  paper a r e  on 

t h e  p resen ta t ion  o f  the  d e t a i l e d  experimental r e s u l t s  and a q u a l i t a t i v e  explanatiorl 

of  t h e  observed t rends  f o r  the  two main experimental programs. The more de ta i l ed  

aspee l s  of t h i s  work a r e  presented i n  two subsequent papers ( c u r r e n t ,  Wei and Seidman 

1980 a ,  1980 b ) .  It i s  emphasized t h a t  a l l  of  the  D Z s  presented i n  t h i s  pa.per wodd 

not have been observable by conventional t ransmission e lec t ron  microscope (TEM) 

niques.  The TEM technique depends heavi ly  on t h e  a b i l i t y  of t h e  vacancy-rich core 

of a  DZ t o  co l l apse  i n t o  a dbislsca.t,inn lnnp w i t h  ~ u f f i c i c n t  o t ra in - f i c ld  cul~ll-asl;  t o  

make it "v i s ib le"  i n  an e l e c t r o n  microscope image. t-tt Thus t h e  FIM observstA nns 

complement t h e  TEM s t u d i e s  of  t h e  primary s t a t e  of damage ( e . g . ,  see  Eyre 1973, 

Wilkens 1975, Jenkins 1974, Merkle 1976, Jenkins and Willccns 1976, HuaulL, Bernas 

and Chaumont 1979). 

' A -depleted zone ( D Z )  i s  t h e  end r e s u l t  of a  displacement sp ike  o r  c o l l i s i o n  cascade 
( e . g . ,  see  Nelson 1968, Thompson 1969). That i s ,  it c o n s i s t s  of  t h e  f i n a l  s p a t i a l  
arrangement of t h e  vacancies produced i n  a  disp1,acement sp ike  -- t h a t  was crea ted  
by a s i n g l e  energet ic  p r o j e c t i l e  ion -- a f t e r  a l l  t h e  excess energy deposi ted i n  
t h i s  volume of t h e  c r y s t a l  has been d i s s i p a t e d .  

9t + 
One d a t a  point  was obtained f o r  a  45 keV Xe i r r a d i a t i o n ;  it was included f o r  com- 
p l e t e n e s s .  

'tt I n  t h e  TEN work of Jenkins and Wilkens (1976) , on ion- i r r ad ia ted  Cu3Au, t h e  con t ras t  
e f f e c t s  produced a rose  from "the d i f fe rence  i n  t h e  s t r u c t u r e  factor'between t h e  
d isordered  zone and t h e  ordered, matrix". This TEM technique i s  only appl icable  
t o  order-disorder a l l o y s .  

.. .. - 



52. EXPERIMENTAL DETAILS 

2.1. Techniques and procedures  

The b a s i c  experimental  t echniques  and procedures  were presented  i n  d e t a i l  i n  a 

number of e a r l i e r  pub l i ca t ions  ( f o r  example, Scanlan,  S t y r i s  and Seidman 1971 a ,  

Seidman and Scanlan 1971, Beavan, Scanlan and Seidman 1971, Wilson and Seidman 1975, 

Wei and Seidman 1977, 1978, Wei 1978, Curren t ,  Wei and Seidman 1980 c ) .  Therefore 

i n  t h i s  s e c t i o n  only  t h e  main a s p e c t s  o f  t h e  experimental  approach a r e  d iscussed .  

The FIM specimens were prepared from two-pass zone-refined s i n g l e  c r y s t a l s  o f  

tungs ten  by a s p e c i a l  e l e c t r o p o l i s h i n g  procedure ( ~ i l s o n  and Seidman 1975) .  These 

specimens were then  f i e l d  evaporated t o  a f i n a l  end form wi th  an average i n i t i a l  
0 

r ad ius  of  %250 A.  Next t hey  were i r r a d i a t e d  i n  s i t u ,  i n  t h e  absence of  t h e  e l e c t r i c  

f i e l d ,  wi th  a magnet ica l ly  analyzed beam o f  i ons  a t  a background p re s su re  o f  (5-1O)x 

lo-'' t o r r .  A s tandard  f luence  o f  w a s  c o l l e c t e d  i n  approximately f i v e  

-2 -1 
minutes employing a f l u x  o f  ( 2 - 3 ) ~ 1 0 ~ ~ c m  sec  ; a t  t h i s  va lue  of  t h e  f l u x  t h e  t ime ' 

t o  form an adsorbed monolayer was g r e a t e r  t han  t h e  i r r a d i a t i o n  pe r iod .  A f t e r  an 

i r r a d i a t i o n  t h e  vo l t age  on t h e  specimen was r e t u r n e d  immediately t o  b e s t  image f i e l d  

f o r  helium a s  t h e  imaging gas ( ~ & l e r  and Tsong 1969, Chen and Seidman 1971) i n  o rde r  

t o  prevent  t h e  adsorp t ion  o f  gases ,  from t h e  background vacuum, on t h e  i r r a d i a t e d  

su r f ace .  

The temperature of t h e  specimen w a s  maintained a t  115 K du r ing  and a f t e r  t h e  

i r r a d i a t i o n  per iod .  A t  a temperature of  115 K we have shown ' t h a t  . t h e  SIAs i n  t ungs t en  

were completely immobile; t h a t  i s ,  t h e r e  were no long-range migrat ion e f f e c t s  ( ~ c a n l a n ,  

S t y r i s  and Seidman 1971 a and 1971 b ,  Seidman, Wilson and Nielsen 1975 a and 1975 b ,  

Wei and Seidman 1979, Wilson, Baskes and Seidman 1980) .  Thus t h e  observed s t a t e  o f  

r a d i a t i o n  damage w a s  c h a r a c t e r i s t i c  of  t h e  d e f e c t s  produced dur ing  t h e  slowing down 

of t h e  ene rge t i c  p r o j e c t i l e  ions  and w a s  no t  a l t e r e d  by any thermal ly  a c t i v a t e d  

long-range migra t ion  o r  recombination processes .  I n  view o f  t h e s e  experimental 

condi t ions  we be l i eve  t h a t  our  observa t ions  were c h a r a c t e r i s t i c  o f  t h e  primary s t a t e  
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of r a d i a t i o n  damage ( ~ e i d m a n  1976). 
i 

After  an i r r a d i a t i o n  each specimen was d issected ,  a t  t h e  i r r a d i a t i o n  temperature, 

on an atom-by-atom basis--employing ca re fu l  pulse f i e l d  evaporation experiments. 

Typical ly t e n  t o  50 voltage pulses were employed t o  d i s sec t  an important {hkl)  plane 

--for example, t h e  (111) planes--and t h e  pulse f ield-evaporat ion sequences were re-  

corded on 35 cm c i n i  f i lm;  a t o t a l  of 6,400 t o  19,000 frames of .film were recorded 

per  i r r a d i a t e d  specimen. Each f ield-evaporat ion pulse was 5 msec wide and t h e  height  

of  t h e  pulse was ~ 2 0 %  of t h e  bes t  image f i e l d  f o r  h e l i i ~ i  ga.s a,% a specimen temperature 

o r  515 K   hen and Seidman 1971). 

The f i l m  was analyzed with t h e  a i d  of a Vanguard motion analyzer equipped with 

x-y cross-hai rs  which were in te r faced  t o  a Houston Omnigraphic 200 x-y point  p l o t t e r  

( ~ c a n l a n  e t  a l . ,  1969, Wei 1978).  Some of t h e  procedures used t o  determ5.n~ t h e  

atomic coordinates of t h e  individual  vacancies contained within D Z s  have been reported 

elsewhere ( ~ e i  and Seidman 1978, Wei 1978). I n  t h e  Appendix t h e  procedure u ~ e d  t o  

analyze a D Z ,  t h a t  extended over severa l  {hkl) planes,  was presented.  The pos i t ion  

of t h e  vacancies contained wi th in  each DZ were displayed employing t h e  OR TEP program 

( ~ o h n s o n  1965, 1970);  f o r  p r i o r  appl ica t ions  of t h i s  program see Wei and Seidman 

(1978 and 1979) ,  Current and Seidman (1980), and Current,  Wei and Seidman (1980 c )  . 
2.2. The mass and energy of t h e  p r o j e c t i l e  ions 

The ve.lues of 9 and E were chosen i n  a, systematic fashion so  t h a t  t h e  r e s u l t s  1 

could be compared t o  t h e  ava i l ab le  models of t h e  primary s t a t e  of  r ad ia t ion  damage. 

Figure 1 exhib i t s  t h e  values of  E (.in k e ~ )  a s  a function of t h e  Linhard, Scharff 
1. 

and Sch id t t  (.i963) reduced energy parameter ( E ) ;  E proved i t s e l f  t o  be a convenient 

s c a l i n g  parameter f o r  analyzing our data .  The parameter E i s  given by 

This paper contains a complete bibliography of  a l l  t h e  FIM research on t h e  primary 
s t a t e  of  damage through 1976. 



where M1, Z1, M and Z are the masses and atomic numbers fur the projectile and 2 2 

target atoms, respectively, e is the charge on an electron and a is the Thomas- 
TF 

Fermi screening length. The expression used for a was 
TF 

0 

where a is the Bohr radius (0.529 A). Equation (1) represents, physically, the H 

ratio of the initial kinetic energy in the center-of-mass frame of reference to 

the Coulomb repulsion energy evaluated at aTF. Note that the experiments spanned 

almost one order-of-magnitude in the range of initial values of & employed 

(%I. 9x10-~ to 1.2~10-~) . 

53. RESULTS 

3.1. Principal quantities determined L .. 

The principal experimental quantities determined from the analyses performed 

on all the individual DZs observed were as follows: 
t 

(1) The direct determination of the absolute number of vacancies ( v )  con- 

tained within each DZ that was created by a single projectile ion; 

( 2 )  Visual representations -- with the aid of the OR TEP program -- of the 

positions of the vacancies included within every DZ; 

(3) The measurement of the average diameter ( < A > )  of an individual DZ and the 

orientation of the DZ with respect'to the ion beam and the crystal 

lattice ; 

( 4 )  A calculation of the average vacancy concentration (<cv>) within each 

DZ based on v and the actual.volume ( ~ e i  1978) filled by the vacancies; 

C5) A calculation of two different types of radial distribution functions 

(.~ei 1978 iind Wei and Seidman 1979) for the vacancies comprising each DZ; 

(.GI. The determination of the fraction of first-nearest-neighbor vacancies 

-- within each DZ -- in clusters of size n, where n ranged from one to 

several hundred; 

See Current, Wei and Seidman (1980 a) for details concerning the definitions 
of these quantities. 



(7) The average depth (L) from the, irradiated surface, measured along a 

direction parallel to the incident ion beam, at which each DZ was 

detected and the direction of elongation ([hkl]) of each DZ; and 

(8) The measurement of the number (vns) 'and concentration (<c > ) of v ns 
0 

vacancies which were found in the 'near-surface region (<5 A thick) 

of ion-irradiated tungsten specimens (Current and Seidman 1980, Current, 

Wei, and Seidman 1980 c). 

In this paper we have presented a number of examples of the OR TEP visuali- 

zation of DZs. A qualitative discussion of the major properties of the DZs, that, 

were gleaned from these visualizations, was also given. Detailed analyses and 

discussions of the principal results -- numbers (1) to (7) above -- are presented 

in the' following two papers (current, Wei and Seidman 1980 a and 1980 b). A 

comparison of the properties of DZs which contained vacancies in the near-surface 

region with those DZs which were found in the bulk of FIM specimens was given 

earlier by Current and Seidman (1980) and Current, Wei and Seidman (1980 c). 

53.2. Examples of depleted zones in tungsten 

Results for a tots1 of 33 DZs Trerc rcportcd on in this series of pape1.s 

(.see Tables 1 and 3). Since it was found impossible to present all of the micro- 

graphs for all of the DZs we have only exhibited selected FIM micrographs for the 

pulse dissection of two DZs; for other micrographs .see Wei (1978). 

h'igure 2 exhibits schematically the results for three different 30 keV w"" 

ion irradiations of tungsten specimens which had a [211] orientation; the ion 
- 

beam was initially parallel to the =[8 11 51 direction. The cross-sectional side 

views of the specimen are shown in figs. 2(b), 2(d) and 2(f); the position of 

each DZ was projected into the plane of this figure. The distances between .. 
pairs of DZs are indicated by the letters a,b,c, etcetera; they ranged from 



0 

50 t o  140 A.  F igures  2 ( a ) ,  2 ( c )  and 2 ( e )  e x h i b i t  t h e  p a r t i a l  211 s tandard  

s te reographic  p r o j e c t i o n s  f o r  t h e  specimens shown i n  t h e  bottom h a l f  of  t h i s  f i g u r e .  

The p lane  ( o r  p l anes )  i n  which a DZ w a s  de t ec t ed  i s  i n d i c a t e d  i n  t h e  s t e r eograph ic  

p r o j e c t i o n ;  f o r  example, DZ3a was found i n  t h e  (772)  and (8i3)  p lanes  of t h e  t h i r d  

specimen -- s e e . f i g s .  2 ( e )  and 2 ( f ) .  

An i l l u s t r a t i v e  example o f  t h e  c o n t r a s t  e f f e c t s  a s s o c i a t e d  wi th  a  DZ t h a t  

+ 
was produced by a  s i n g l e  30 keV W ion  i s  exh ib i t ed  i n  f i g .  3. This  f i g u r e  shows 

a  s e r i e s  o f  FIM micrographs of  t e n  succes s ive  p l anes ;  t hey  were chosen from a  t o t a l  

3 of  1 . 4 ~ 1 0  frames of  35 mrn c ing  f i l m  which were recorded and analyzed i n  t h e  recon- 

s t r u c t i o n  o f  DZ3a. The (823) p lane  and t h e  neighboring p lanes  a r e  indexed i n  

frame 1; t h e  frame number o f  t h e  tin; f i l m  i s  shown i n  t h e  lower r ight-hand corner  

below each micrograph; and t h e  l a y e r  number i s  given i n  t h e  upper le f t -hand  5: 

corner  above each micrograph -- f o r  example, frame number 47 i s  t h e  n  = 2 l a x e r .  
t 

The p o s i t i o n  of  each atom i n  t h e  (873) p lane  i s  i n d i c a t e d  schemat ica l ly  below each 

micrograph by a s o l i d  b lack  c i r c l e  and a vacancy i s  i n d i c a t e d  by an open c i r c l e .  

The t e n  p lanes  exh ib i t ed  i n  f i g .  3  conta ined  50 vacancies  ou t  o f  t h e  t o t a l  o f  242 
0 

vacancies  de t ec t ed  i n  t h i s  DZ.  DZ3a w a s  found a t  L-45 A and it w a s  e longated a long  
0 

t h e  [Tol l  d i r e c t i o n ;  t h e  va lues  o f  < A >  and <c > f o r  t h i s  DZ were 13 A and 1 7  a t . % ,  
v  

r e s p e c t i v e l y  ( s e e  Table 1). The vacancies  contained wi th in  DZ3a were i n  a h igh ly  

c l u s t e r e d  s t a t e .  For f i r s t -nea re s t -ne ighbor  vacancies  t h e  d i s t r i b u t i o n  o f  c l u s t e r  

s i z e s  was a s  fo l lows:  (1) 28 monovacancies; ( 2 )  two d ivacancies ;  ( 3 )  one quadri-  :: : 

vacancy; and ( 4 )  one .jumbo c l u s t e r  con ta in ing  206 vacancies .  

+ 
Figure 4 d i sp l ays  p i c t o r i a l l y  t h e  r e s u l t s  o f  a  30 keV Mo ion  i r r a d i a t i o n  

- 
p a r a l l e l  t o  t h e  "r8 5  111 d i r e c t i o n  of a  tungs ten  specimen wi th  a [211]. o r i e n t a t i o n .  

Four D Z s  ( ~ ~ 4 a  t o  ~ ~ 4 d )  p lus  one d i s l o c a t i o n  loop  were d e t e c t e d  i n  t h i s  specimen. 

A p a r t i a l  211 s te reographic  p r o j e c t i o n ,  which shows t h e  t o p  view of t h e  specimen, 

Note t h a t  n  i s  used i n  a  s p e c i a l  sense  i n  f i g s .  3 and 5 which i s  d i f f e r e n t  from 
t h e  n  used t o  denote t h e  s i z e  o f  a  vacancy c l u s t e r .  



i s  shown i n  f ig . .  )+(a) ;  t h e  corresponding cross-sec t ional  s i d e  view i s  shown i n  

0 

f i g .  4 ( b ) .  The separa t ion  between any p a i r  of D Z s  ranges from 90 t o  160 A. 

An i l l u s t r a t i v e  example of t h e  c o n t r a s t  e f f e c t s  produced by a DZ crea ted  

+ 
by a s i n g l e  30 keV Mo ion i s  shown i n  f i g .  5 ;  t hese  micrographs a r e  f o r  D ~ 4 b .  

Figure 5 e x h i b i t s  a  s e r i e s  of  t e n  FIM micrographs f o r  t e n  successive (622) planes,  

n = 1 t o  10 ;  they were chosen from alilorlg 1 . 0 ~ 1 0 '  frames of  35 mm cin6 f i l m  

recorded and analyzed i n  t h e  reconst ruct ion  of ~ ~ 4 b .  Frame number one shows an 

a tomical ly  p e r f e c t  (622) plane i n  t h e  n = 1 l a y e r ;  t h e  o ther  nine frames d i sp lay  

(622) planes conZalning vacancies. Note t h a t  a  void-l ike c l u s t e r  appeared i n  t he  

n = 6 t o  n = 10 l a y e r s  o f  t h e  (622) plane and 20 vacancies were detec ted  among 

60 l a t t i c e  s i t e s  -- t h i s  corresponds t o  a  l o c a l  vacancy concentrat ion of  Q33 a t . % .  t 

Note, however, t h a t  t h e  value of <c > was 10  a t . %  f'or a l l  t h e  vacancies t h a t  were 
v 

c o n t a i n e d ' i n  Dzbb, which extended over both t h e  ( 4 1 1 )  and (622) planes.  The arrows 

i n  frames 76 and 131 pinpoint  another void- l ike  c l u s t e r  observed i n  t h e  ( 4 1 1 )  plane.  
0 

D ~ 4 b  was loca ted  a t  L = 40 A and it was elongated along t h e  [ i l l ]  d i r e c t i o n ;  t h e  
0 

value of < A >  was 15 A. For f i r s t - n e a r e s t  neighbor vacancies 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  was a s  fol lows:  (1) 37 monovacancies; ( 2 )  four divacancies; ( 3 )  one 

quadrivacancy; ( .4)  one octavacancy; and ( 5 )  two jumbo c l u s t e r s  containing 27 and 

76 vacancies.  A comparison of  t h e  OR TEP v i s u a l i z a t i o n s  ( s e e  53.3)  f o r  DZ3a and 

~ ~ 4 b  c l e a r l y  showed t h a t  t h e  l a t t e r  cons is ted  of  two major subcascades. 

3.3. OR TEP v i s u a l i z a t i o n s  of  deple ted  zones crea ted  by 30 keV i o n s  

I n  t h i s  sec t ion  we present  examples of OR TEP v i s u a l i z a t i o n s  of  t h e  atomic 

p o s i t i o n s  of  vacancies contained wi th in  ind iv idua l  DZs which had been crea ted  by 

The (622) plane exhibi ted  an a r t i f a c t  vacancy concentrat ion of 0.8 a t . %  (Wei 
and Seidman 1980). However, t h e  observation of  t h i s  high l o c a l  concentrat ion 
assoc ia ted  with t h e  vacancies de tec ted  i n  t h e  (622) plane could not  have been 
due t o  a r t i f a c t  vacancies. 



single 30 keV ions .' The projectile ions employedtt for the irradiations were 

~(183.85 amu) , ~o(95.94 amu) , ~~(63.546 mu), Cr( 51.996 amu) and Ar( 39.948 amu) ; 

this corresponded to a factor of 4.60 in the range of 5 and almost one order of 
magnitude in the value of E (see fig. 1). Figure 6 illustrates the general effects 

observed as 5 was decreased; this figure contains three different DZs  la, 
+ + + 

~ ~ 4 b  and ~ ~ 5 a )  which were produced by 30 keV W , Mo , or Cr ions, respectively. 

Each open circle represents one vacancy, and the rod connecting two vacancies has 
0 

a length equal to the first-nearest neighbor distance (22.74 A); the perfect lat- 

tice was omitted for the sake%of clarity. This figure shows immediately that as 

9 was decreased the following occurred: (1) the spatial extent of the DZ in- 
creased; (2) the vacancy concentration decreased;. (3) the number of isolated 

monovacancies increased and therefore the number of large first-nearest-neighbar 

vacancy clusters decreased; and (4) there was a tendency to form subcascades .. 

within the DZ -- this was particularly apparent in the case of ~ ~ 4 b  which was found 

to consist of two distinct subcascades. 

Six OR TEP visualizations are now presented in order of decreasing 5 at 
constant El. Details regarding the other 23 DZs are presented in Table 1, which 

represents a summary of the major effects of 9 on the vacancy structure of DZs. 
+ 

DZ2b (.fig. 7): This DZ was created by a W ion and was detected in the 

( 6 % )  and (723) planes -- see figs. 2(c) and 2(d). The incident ion beam was 
- 

parallel to the [8 11 51 direction and the DZ was elongated along the [001] direc- 
0 

tion. DZ2b was detected at L " 35 A and it contained 133 vacancies; the values 
0 

of < A >  and <cV> were 9 A and 26 at.%, respectively (see Table 1). The distribution 

"r 
Employing the same geometric argument as the one used previously (~eavan et al. 

. 1971, Wilson and Seidman 1973, Wei and Seidman 1978) it was estimated that the 
maximum number of ion hits on the cross-sectional area of each DZ was always less 
than one. This value was an upper bound because it neglected the straggling in 
the range of the projectile ion. 

t t + We also performed 3U keV Kr irradiations; however, they were intended mainly 
for the E dependence experiments described in 93.4. 1 



of f i r s t - n e a r e s t  neighbor vacancy c l u s t e r s  was a s  follows : (1) eleven mono- 

vacancies;  ( 2 )  one divacancy; and ( 3 )  one huge c l u s t e r  containing 120 vacancies. 

Even a t  a l o c a l  value of <c > approaching 30 a t . %  t h e  remaining tungsten atoms 
v 

s t i l l  formed a recognizable,  although somewhat deformed bcc l a t t i c e .  

DZ3a ( f i g .  8 ) :  This DZ was detec ted  i n  t h e  (7x2) and ( 8 i 3 )  planes -- 

see  f i g s .  2 ( e )  and 2 ( f ) .  A p a r t i a l  pulse f ield-evaporat ion sequence through DZ3a 

i s  exhibi ted  i n  f i g .  3 and we presented ea lues  f o r  i t s  p r i n c i p a l  experimental 

parameters i n  53.2. Note t h a t  both t h i s  DZ and DZ2b ,  which were crea ted  by 30 

+ 
keV W ions ,  were extremely compact and contained very few i s o l a t e d  monovacancies. 

+ 
~ ~ h d  ( f i g .  9 ) :  This DZ was crea ted  by a Mo ion and it was detec ted  i n  t h e  

( k l i ) ,  (715) and (512) planes ( s e e  f i g .  4 ) .  The incident  ion beam was p a r a l l e l  
- 

t o  t h e  [ 8  5 1 1 1  d i r e c t i o n  and t h e  DZ was elongated along t h e  [ill] d i r e c t i o n .  ~ ~ 4 d  
0 

was detec ted  a t  L = 35 A and it contained 169 vacancies; t h e  values of <h> and <cv> 
0 

were 15 A and 9 a t . % ,  respec t ive ly .  The d i s t r i b u 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  was a s  fol lows:  (,l) 29 monovacancies; ( 2 )  s i x  divacancies;  ( 3 )  

one t r ivacancy;  and ( 4 )  t h r e e  l a r g e  c l u s t e r s  containing 24, 28 and 72 vacancies. 

The breakup of t h i s  DZ i n t o  two l a r g e  subcascades, each of which contained approx- 

imately t h e  same number of vacancies,  i s  c l e a r  from f i g .  9. 

+ 
~ ~ 6 a  ( .f ig.  1 0 ) :  This D Z  was crea ted  by a Cu ion.  The incident  ion beam 

was p a r a l l e l  t o  t h e  [ i 5 6 ]  d i r e c t i o n  and t h e  d i r e c t i o n  of elongation was [110]. ~ ~ 6 a  

0 

was detec ted  a t  L " 220 A and it contained 130 vacancies; t h e  values of' < A >  and <cv> 
0 

were 3U A and 3.4 a t . % ,  respec t ive ly .  The dfs t r ibut ior i  of flrsL-nearesL rieighbor 

c l u s t e r s  was a s  follows: (1) 57 monovacancies; ( 2 )  four divacancies;  ( 3 )  one 

t r ivacancy;  ( 4 )  two quadrivacancies; ( 5 )  one hexavacancy; ( 6 )  two octavacancies; 

and (.7) one l a r g e  c l u s t e r  of 32 vacancies. 



+ 
DZ7a ( f i g .  1 1 ) :  This  DZ was c r e a t e d  by a Cu ion .  The i n c i d e n t  i on  beam 

was p a r a l l e l  t o  t h e  [q31] d i r e c t i o n  and t h e  DZ was elongated a long  t h e  [001] 
0 

d i r e c t i o n .  DZ7a was de t ec t ed  a t  L 230 A and it contained 243 vacancies ;  t h e  
0 

values  of  < A >  and <c > were 27 A and 3.7 a t .%,  r e s p e c t i v e l y .  The d i s t r i b u t i o n  of v 

f i r s t - n e a r e s t  neighbor vacancy - c l u s t e r s  was a s  fo l lows:  (1) 70 monovacancies; 

( 2 )  1 5  d ivacancies ;  ( 3 )  fou r  t r i v a c a n c i e s ;  ( 4 )  two hexavacancies;  and ( 5 )  t h r e e  

l a r g e  c l u s t e r s  o f  1 5 ,  22 and 66 vacancies .  The breakup of  t h i s  DZ i n t o  t h r e e  

d i s t i n c t  subcascades i s  very  ev ident  from an examination of  f i g .  11. 

+ 
DZ5a ( f i g .  1 2 ) :  This DZ was c r e a t e d  by a C r  i on  and w a s  d e t e c t e d  i n  f i v e  

c r y s t a l l o g r a p h i c  p lanes  -- t h e  ( 512) , (723)  , (824)  , ( 411) and (11 3 4 )  p l anes .  
- - 

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  [741] d i r e c t i o n  and it w a s  e longated a long  

t h e  [ l i ~ ]  d i r e c t i o n .  DZ5a was de t ec t ed  a t  L = 40 and it conta ined  245 vacancies ;  
-C 

0 
t h e  va lues  of < A >  and <c > were 31 A and 3.6 a t .%,  r e s p e c t i v e l y .  The d i s t r i b u t i o n  v 

of f i rs t -neai-est-neighbor vacancy c l u s t e r s  was a s  fo l lows:  (1) 69 monovacancies; 

(.2) seven d ivacancies ;  ( 3 )  s i x  t r i v a c a n c i e s ;  ( 4 )  one quadrivacancy; ( 5 )  t h r e e  

pentavacanci e s  ; ( 6 )  one hexavacancy ; ( 7 )  one heptavacancy ; (8  ) one octavacancy ; 

and . ( . 9 )  f o u r  l a r g e  c l u s t e r s  con ta in ing  9 ,  15 ,  30 and 50 vacancies .  Note t h a t  al- 
.5 _ 

though <c > was 3.7 a t .%,  t h a t  t h e r e  a r e  s e v e r a l  r e g i o n s . w i t h i n  t h i s  DZ where t h e  v 

3-ocal vacancy concent ra t ion  was t h r e e  t o  f i v e  t imes g r e a t e r  t han  t h i s  average va lue .  

Local inhomogeneities i n  t h e  vacancy concen t r a t ion  was a gene ra l  f e a t u r e  of  t h e  D Z s  

c r e a t e d  by l i g h t e r  p r o j e c t i l e s  ( a l s o  s e e  DZ7a i n  f i g .  11). 

The degree of c l u s t e r i n g  wi th in  t h e  DZs c r e a t e d  b y ' d i f f e r e n t  30 keV ions  

was f u r t h e r  q u a n t i f i e d  by c a l c u l a t i n g  t h e  f r a c t i o n  of  vacancies  i n  f i r s t - n e a r e s t -  

neighbor c l u s t e r s  of' s i z e  n (F,). The express ion  f o r  F employed was n 

where n was t h e  s i z e  of  ,the c l u s t e r  and N t h e  n i~mber  of c l u s t e r s  of  s i z e  n.  The 
n 

va lue  of t h e  sum i n  t h e  denominator of  eqn. (3 )  i s  equal  t o  t h e  measured va lue  o f  



v. Table 2 l i s t s  t h e  average values of F f o r  t h e  D Z s  c rea ted  by t h e  various 30 keV 
n 

+ 
i o n s ,  inc luding the  30 keV K r  ions.  The general  t rend was t h a t  a s  5 decreased. 

t h e  f r a c t i o n  of monovacancies ( F  ) increased and concomitantly t h e  f r a c t i o n  of 
1 

c l u s t e r s  with n15 (FnZ5) decreased. 

3.4. OR TEP v i s u a l i z a t i o n s  of depleted zones crea.tcd by krypton ions with 

energies  between 15 t o  70 keV 

A s e r i e s  of i r r a d i a t i o n s  were performed with Kr ions (83.80 amu) t o  examine 

t h e  s p a t i a l  d i s t r i b u t i o n  of  vacancies a t  constant  5 and varying E t h e  vulue of 1 ; 
E was va r i ed  between 1 5  and 70 BcV (occ  f i g .  1). The principal experimental quan- 
1 

t i t i e s  determined f o r  t h e  D Z s  obtained a s  a  r e s u l t  of these  i r r a d i a t i o n s  a r e  l i s t e d  

i n  Table 3. The OR TEP vis1.1alization of f i v e  of these  D Z s  a r e  presented i n  t h i s  

s e c t i o n  t o  i l l u s t r a t e  t h e  changes t h a t  occurred i n  t h e  p roper t i e s  of  t h e  DZs a s  

E was increased.  The q u a l i t a t i v e  t r ends  t h a t  emerged a s  El was increased a t  1 

constant  P$ were a s  fol lows:  ( 1 )  t h e  value of <V> increased;  and ( 2 )  t h e  value 

+ 
of <cv> decreased and then increased -- see  t h e  res1il.t.s f o r  t h e  70 keV I* DZ. 

The desc r ip t ions  of t h e  OR TEP v i s u a l i z a t i o n s  ( f i g s .  13-16) a r e  a s  fol lows:  

+ 
DZl5b ( f i g .  13): This DZ was c rea ted  by a 15 keV K r  ion .  The inc ident  ion 

beam was p a r a l l e l  t o  t h e  [3?4] d i r e c t i o n  and t h e  DZ was elongated along t h e  [ l l i ]  
0 

d i r e c t i o n .  DZl5b was detec ted  a t  L " 60 A and i.t contained 103 vacancies; . L l ~ t !  
0 

values of < A >  and <c,,> were ~4 A and 5.7 a t . % ,  r e spec t ive ly .  'Jhe d i s t r i b u t i o n  of 

f i r s t - n e a r e s l  ~ ie ighbor  vacancy c l u s t e r s  was a s  fol lows:  (1.) 43 monovacancies; 

(.2) t h r e e  t r i v a c a n c i c s ;  and (3)  .two l a r g e  c l u s t e r s  of 1 5  and 42 vacancies. 

+ 
~ ~ 1 4 b  ( f i g .  1 4 ) :  This DZ was c rea ted  by a 30 keV Kr ion .  The inc iden t  

- 
i on  beam was p a r a l l e l  t o  t h e  14131 di . rect ion and t h e  DZ was elongated along t h e  

0 

[110] d i r e c t i o n .  ~ ~ l b b  was detec ted  a t  L = 60 A and it contained 238 vacancies;  
0 

t h e  values of  < A >  and <cv> were 23 A and 5.9 a t . % ,  r e spec t ive ly .  The d i s t r i b u t i o n  



of first-nearest neighbor vacancy clusters was as follows: (1). 54 monovacancies; 

(2) 11 divacancies; (3) six trivacancies; (4) two quadrivacancies; (5) two penta- 

vacancies; (6) one hexavacancy; and (7). three large clusters of 23, 47 and 50 

vacancies. Note the similarity of this DZ to ~ ~ 4 d  (fig. 9) -- which was 
+ 

created by a 30 keV Mo ion (95.94 amu) -- and DZ7a (fig. 11) which was created by 
+ 

a 30 keV Cu ion (63 amu). 

+ .  
DZ8a (fip. 15): This DZ was created by a 45 keV Kr ion. The incident ion 

beam was parallel to the [i01] direction and the DZ was elongated along the [011] 
0 

direction. DZ8a was detected at L " 240 A and it contained 298 vacancies; the 
0 

values of <A> and <cv> were 32 A and 4.3 at.%, respectively. The distribution of 

first-nearest neighbor vacancy clusters was as follows: (1) 47 monovacancies; 

(2) seven divacancies; (3) one trivacancy; (4) one quadrivacancy; and (5) sev$ 

Y large clusters of 10, 14, 19, 33, 45, 46 and 63 vacancies. 

+2 
DZ9a (fig. 16): This DZ was created by a 60 keV Kr ion. The incident 

- 
ion beam was parallel to the [532] direction and the DZ was elongated along the 

0 

[ill] direction. DZ9a was detected at L = 100 A and it contained 378 vacancies; 
0 

the values of < A >  and <cv> were 31 A and 2.7 at.%, respectively. The distribution 

of first-nearest neighbor vacancy clusters was as follows: (1) 151 monovacancies 

(2) 29 divacancies; (3) four trivacancies; (4) two quadrivacancies; (5) one penta- 

vacancy; (6) one heptavacancy; (''0 one cluster of' nine vacancies; and (8) a jumbo 

cluster of 128 vacancies. 

+2 DZ13a (fig. 17): This DZ was created by a 70 keV K r  ion. The incident 

ion beam was parallel to the [i2i] direction and the DZ was elongated along the 
0 

[lo11 direction. DZ13a was detected at L " 170 A and it contained 378 vacancies; 
0 

the values of <A> and <cv> were 16 A and 12.3 at.%, respectively. The distribution 

of first-nearest neighbor vacancy clusters was as follows: (1) 62 monovacancies; 

(2') 14 divacancies; (3) four trivacancies; ('4) two quadrivacancies;' (5) one hepta- 

vacancy; (6) one octavacancy; and (-7) a jumbo cluster of 253 vacancies. The 



highly  compact na tu re  o f  t h i s  DZ was cons i s t en t  with observations o f  D Z s  c rea ted  

+ 
by 60 keV W ions  i n  tungsten ( ~ r a m a n i k  1980).  This very concentrated vacancy dis -  

t r i b u t i o n  i s  re levan t  t o  t h e  problem of the  mechanism of col lapse  of  a DZ i n t o  a 

d i s l o c a t i o n  loop.  

5 4. DISCUSSION 

The r e s u l t s  presented i n  53 c o n s t i t u t e  t h e  experimental analog o f  ind iv idua l  

displacement cascades which have been simulated employing e i t h e r  t h e  Monte Carlo 

( e . g . ,  Beeler  1966 and Robinson and Torrens 1974) o r  molecular dynamics (Gibson 

e t  a l .  1360) computer tcchniques.  The reason f o r  t h i s  i s  t h a t  each DZ was -- 

c rea ted  by a s i n g l e  p r o j e c t i l e  ion.  Hence, t h e  d i s t r i b u t i o n  of vacancies within 

each DZ r ep resen t s  a d i r e c t  r e f l e c t i o n  of 'how t h e  energy of  a s i n g l e  p r o j e c t i l e  ion  

was deposi ted i n  a s e r i e s  of  e l a s t i c  c o l l i s i o n s .  This d i r e c t  measurement o f  v, 

f o r  each DZ,constituted as c l o s e  a s  anyone has come t o  achieving a simple Frenkelo- 

meter t h a t  determines an absolute  value of  v. 

Before d i scuss ing  t h e  r e s u l t s  we review b r i e f l y  some elementary t h e o r e t i c a l  

concepts t h a t  a r e  r e l evan t  t o  t h i s  work. Figure 18 i s  a, pJ.ot of t h e  reduced 

stopping power [ s ( E ) ]  a s  a funct ion  of  E .  The t o t a l  s topping power of  t h e  t a r g e t  

fo r  a p r o j e c t i l e  ion i s  genera l ly  taken t o  be t h e  sum of t h e  e l a s t i c  ( o r  nuclear)  

s topping power (S  ) p lus  t h e  i n e l a s t i c  ( o r  e l e c t r o n i c )  s topping power (se) 
I1 

[Linhard, Scharff  and Sch id t t  (LSS) 19631. When E i s  expressed i n  terms o f  E 
1 

t h e  p l o t  of s,(E) a s  a funct ion  of E i s  a un ive r sa l  curve f o r  a l l  combinations of 

p r o j e c t i l e s  and t a r g e t s  ( Z  l~ 5 ;  z2, M p ) and a given in tera tomic  p o t e n t i a l .  The 

quan t i ty  S ( E )  i s  given by t h e  expression 
n 

where p i s  t h e  dimensionless d i s t ance  



Nd i s  t h e  number d e n s i t y  o f  atoms i n  t h e  t a r g e t  and R i s  t h e  t o t a l  p a t h  l eng th  

of  t h e  p r o j e c t i l e  i n  t h e  t a r g e t .  The curves l a b e l e d  S ( E )  a r e  f o r  a Thomas-Fermi 
n 

in te ra tomic  p o t e n t i a l   inha hard, Schar f f  and S c h i d t t  1963) and a ~ o l i g r e - l i k e  po- 

t e n t i a l  [ ~ i l s o n ,  Haggmark and Biersack (WKB) 19771, r e s p e c t i v e l y .  The Linhard- 

Schar f f  (1961) express ion  f o r  Se i s  given by 

where 

+ + 
was used t o  c a l c u l a t e  S f o r  t h e  ca ses  of  W and C r  i ons  on tungs t en ;  no te  t h a t  

e  +. 

t h e . v a l u e  o f  Se, a t  a  given E ,  depends on t h e  p a r t i c u l a r  combination o f  p r o j e c t i l e  

arld t a r g e t  atoms and,  t h e r e f o r e ,  t h e r e  i . s  not  a u n i v e r s a l  curve f o r  S ( E )  . For e  

t h e  va lues  o f  El ( o r  E )  employed i n  our experiments t h e  va lue  of S w a s  always 
n 

g r e a t e r  than  t h e  va lue  of S f o r  bo th  t h e  LSS and WHB in t e ra tomic  p o t e n t i a l s  e  

( s e e  f i g .  18 ) .  Thus approximately 75%, on t h e  average,  of  each p r o j e c t i l e ' s  .. . . 

energy went i n t o  e l a s t i c  c o l l i s i o n s ;  it w a s  t h i s  e l a s t i c a l l y  t r a n s f e r r e d  energy 

t h a t  produced po in t  d e f e c t s .  

Winterbon, Sigmund and Sanders (1970) suggested f o r  t h e  case  o f  

E 5 0.2 t h a t  sn(LSS) can be approximatedt by 

These expresai:ons were c a l c u l a t e d  f o r  a s topping  c ros s - sec t ion  t h a t  has  an . 

i n t e r a tomic  p o t e n t i a l  o f  t h e  form ~ ( r ) a r - l j ,  where r i s  t h e  i n t e r n u c l e a r  
s epa ra t ion .  For va lues  b f  E < t h e s e  express ions  a r e  not expected t o  be 
valid ( ~ i n h a . r d  e t  a l ,  1963 and Wilson -- e t  a l .  1977) .  However, we have presented  
them because they  r ep resen t  simple f i r s t - o r d e r  express ions  f o r  very  Imporlar~l; 
q u a n t i t i e s .  



t o  an accuracy of ' ~ 2 0 % .  These authors a l s o  suggested t h a t  ' t h e  corresponding 

approximate expression f o r  p ( € )  i n  t h i s  rggime i s  

213 P ( E )  = 1.53E . 

For t h e  range of M and E involved i n  t h e  present  experiments t h e  values of R 
1 

and t h e  projec ted  range a r e  approximately t h e  same  inha hard, Scharff and Sch id t t  

1963) ; the re fo re ,  we can t ake  the  volume of t h e  displacement cascade [ u ( E )  1 t o  be 

given by Sigmund (l974, 1975, 1980) 

where P ( E )  i s  assumed t o  be t h e  projec ted  range of t h e  p r o j e c t i l e  ion .  Physical ly 

eqn. (10)  s t a t e s  t h a t  w ( € )  i s  propor t ional  t o  t h e  t h i r d  power of p ( € ) .  It i s  not 

obvious t h a t  t h e  rad ius  of a s i n g l e  displacement cascade should always be pro- 

p o r t i o n a l  t o  p ( € ) ,  thus t h e  dependence predic ted  by eqn. (10)may not be genera l ly  

c o r r e c t  (~i~;r l lul l i l  1980). 

4 . 1 .  Depleted zones crea ted  by 30 keV ions 

The experimental v a r i a t i o n  of v with M was not  very s t rong ( s e e  Table 1). 
1 

The reason f o r  t h i s  important r e s u l t  r e s t s  with t h e  fa.ct. t h a t  S var ied  weakly e 

with M ( s e e  f i g .  18)  f o r  t h e  rnngc of va,lucs of M employed. Thus, t o  f i r s t  
1 1 

order ,  V was independent of M and <V> was equal t o  172 vacancies. This value 
1 

was i n  good agreement with t h e  well-known Kinchin-Pease (1955) exprcnoion AS 

modified by Robinson and Torrens (1974). The quant i ty  <V> i s  considered i n  more 

d e t a i l  i n  P a r t s  I1 and IIT. Hovever, we emphasize very strongly .I;haCl; &he spatial  

i l i s t r i b u t i o n  of' vacancies within a given DZ was a very s t rong funct ion of M a s  
1 ' 

pointed out  i n  53.3 ( s e e  f i g s .  6-12 and Table 1). 



The reasons  f o r  t h e  l a t t e r  observa t ion  can be understood from t h e  fol lowing 

q u a l i t a t i v e  d i s c u s s i o n ,  which i s  bascd on an  e l a s t i c  hard sphere model. F i r s t ,  

t h e  maximum energy which can be t r a n s f e r r e d  t o  a l a t t i c e  atom i n  an e l a s t i c  b ina ry  

c o l l i s i o n  ( T  ) i s  given by 
max 

-2 T = ~ M M ( M  + M 2 )  El=YE1; ( 1 1 )  
max 1 2  1 

t h u s ,  T  decreased a s  M was decreased.  Also,  t h e  mean f r e e  p a t h  between c o l l i -  
max 1 

s i o n s  t h a t  involved t h e  t r a n s f e r  of l a r g e  ene rg i e s  ( A * )  i nc reased  a s  M w a s  de- 
1 

creased .  This  conclusion w a s  based on t h e  f a c t  t h a t  A* i s  i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  t o t a l  e l a s t i c  c ros s - sec t ion  ( U  ) f o r  an  energy t r a n s f e r  w i t h  a  given 
t o t a l  

impact parameter  and U t o t a l  
decreases  as M i s  decreased a t  a c o n s t a n t  E  ( ~ i n t e r b o n ,  

1 1 

Sigmund and Sanders 1970) . S i m i l a r l y ,  t h e  q u a n t i t i e s  involv ing  l e n g t h  increksed  . . 

a s  M w a s  decreased;  t h a t  i s ,  R ( E ~ )  and p ( ~ )  ( s e e  Winterbon e t  a l .  1970) .  ~ e n c e ,  
1 

an approximately cons t an t  num'ber o f  vacancies  w a s  produced i n  a volume t h a t  grew as 

M was decreased -- s e e  eqn. ( 1 0 ) .  This  implied t h a t  <cv> must decrease  a s  M was 
1 1 

decreased.  And, ' indeed,  t h i s  w a s  t h e  s i t u a t i o n  observed. 

The change i n  t h e  degree of  c l u s t e r i n g  w i t h i n  t h e  D Z s  c r e a t e d  by t h e : ,  

d i f f e r e n t  30 keV p r o j e c t i l e s  can a l s o  be understood q u a l i t a t i v e l y  on t h e  b a s i s  

o f  t h e  v a r i a t i o n  of ;\* wi th  M. For a s e l f - i o n  i r r a d i a t i o n  ( M  = M 2 )  t h e  va lues  
1 ' 1 

of  A* were s o  smal l  t h a t  t h e  d i f f e r e n t  r e c o i l  branches of  each displacement  cas- 

cade were h igh ly  l o c a l i z e d  i n  space ,  t hus  t h e r e  w a s  a very  h igh  p r o b a b i l i t y  t h a t  

many of  t h e  branches overlapped one ano the r .  A s  M w a s  decreased A* increased  1 

and t h e  p r o b a b i l i t y  of over lap  decreased.  The above q u a l i t a t i v e  p h y s i c a l  dea- 

+ I + 
c r i p t i o n  i s  i l l u s t r a t e d  i n  f i g .  19  f o r  W , Mo and C r  p r o j e c t i l e s  i i~lpinging on 

a  tungsten t a r g e t .  The angle  between t h e  d e f l e c t e d  p r o j e c t i l e  atom and r e c o i l i n g  

t a r g e t  atom (e l  + e 2 )  was c a l c u l a t e d  uiider t h e  assumption t h a t  t h e  t r a n s f e r r e d  

energy ( E  ) was given by 
2  ' 



E2 = 0.5T = 0.5yE1 . 
max (12)  

Thus t he  r e c o i l  angle i n  t h e  center-of-mass frame of reference ($ )  was go0,  

independent of the  value of M The angle through which t he  p r o j e c t i l e  atom 
1 ' 

was def lec ted i n  the  laboratory  frame-of-r.eference (e l )  i s  given by 

t he r e fo r e ,  RI i s  equal  t o  45O, G2.44O and '74.21' f o r  W ,  Mo and C r  on tungsten,  

respect,;ively. The r c c o i l  of ene t a r g e t  %Lorn i n  t h e  laboratory rl-al~e-oi- 

reference (€I2)  i s  given by 

Equation ( 1 4 )  p r ed i c t s  t h a t  €I2 i s  equal t o  45O independent of t he  mass r a t i o  

M ~ / M ~ .  Thus the  angle ( e l  + €I2) i s  equal t o  90°, 1 0 7 . 4 4 ~  and 119.21° f o r  W ,  Mo 

and C r  impinging on tungsten,  respect ively .  The increas ing value of ( 0  + Rg)  P 

implied t h a t  the  t a r g e t  and p r o j e c t i l e  atoms were more e f f ec t i ve ly  separated from 

one another a s  M was decreased. I n  add i t ion ,  t ,he value of T corlcornitantly 
1 111ax 

decreased s o  t h a t  t h e  number of vacancies PI-oduced per major reco i l ' b ranch  a l so  

decreased. This implied t h a t  a l a rge r  number of e l a s t i c  co l l i s i ons  was r e q i ~ i r ~ d  

fo r  t he  p r o j e c t i l e  t o  give up a l l  i t s  i n i t i a l  enerw; .  thc:refui.e, t hc  t o t a l  filunher 

of major r e c o i l  branches increased as M was decreased a t  constant  E Figure 19 
1 1 ' 

exhib i t s  schematically a l l  of the  physiaa.1 fcatureo discussed above. 

+ 
4.2. L)eple,ted zones created by 1 5  t o  70 keV K r  ions 

+ 
The main experimental r e s u l t s  f o r  t he  1 5  t o  70 keV K r  i r r ad i a t i ons  a r e  

summarized i n .  53.2 and Table 3 and they can be underctood qua l i t a t i ve ly  on the  

b a s i s  of t he  ideas presented e a r l i e r  i n  t h i s  sect ion.  However, the re  a r e  problems 



i n  understanding a l l  o f , t h e  d e t a i l s  o f  t h e s e  observa t ions  based s o l e l y  on t h e  

p h y s i c a 1 . p i c t u - e  o u t l i n e d  i n  t h e  p r e f a c e  t o  34 .  

F i r s t ,  t h e  va lue  of  <V> w a s  l i n e a r l y  p r o p o r t i o n a l  t o  El ( o r  E )  ; t h i s  was 

expected on t h e  b a s i s  of  e i t h e r  a Kinchin-Pease model (1955) o r  a Robinson-Torrens 

(1974) t ype  model. Second, t h e  average va lue  of L i nc reased  a s  E ( o r  E )  was 
1 

inc reased  -- s e e  Table 3. Equation ( 9 )  p r e d i c t e d  t h a t  t h e  p r o j e c t e d  range [ P ( E )  1 

i s  p ropor t iona l  t o  E ~ / ~  f o r  t h e  p r e s e n t  E regime; t h u s ,  t h e  observed inc rease  i n  

L w i th  i n c r e a s i n g  E ( o r  E )  was a l s o  expected.  Thi rd ,  t h e  va lues  of < A >  a l s o  
1 

increased  wi th  inc reas ing  E ( o r  E ) ,  -- with  t h e  except ion  of  t h e  DZ c r e a t e d  by 
1 

+ 
t h e  70 keV K r  i on .  T h i s . r e s u l t  i s  c o n s i s t e n t  w i th  t h e  i d e a  t h a t  < A >  i s  p r o p o r t i o n a l  

t o  P (  E )  and t h e r e f o r e '  < A >  i s  p r o p o r t i o n a l  t o  E .  Four th ,  t h e  va lue  o f  <c; decreased 

+ 
with  i n c r e a s i n g  E ( o r  E )  -- wi th  t h e  except ion  of t h e  DZ c r e a t e d  by t h e  70 keV Kr 

1 

ion .  This  l as t  r e s u l t  i s  i n  agreement w i t h  t h e  concept t h a t  <cv> i s  p r o p o r t i o n a l  t o  . 

11 
<v>/w(E) and hence t o  E. . 

The major incons is tency  observed,  t h a t  went a g a i n s t  t h e  p r e d i c t e d  t r e n d s ,  

+ 
was f o r  t h e  one DZ produced by a 70 keV Kr i on .  For t h i s  case  <A> w a s  sma l l e r  

than  t h e  va lues  of  < A >  observed a t  a l l  t h e  lower ene rg i e s .  I n  o t h e r  work, i n  our  

l a b o r a t o r y ,  Pramanik (1980) found t h a t  f o r  s e l f - i o n  i r r a d i a t i o n  o f  t ungs t en  t h e  

t 
f r a c t i o n  of  aggrega te  d e f e c t s  t h a t  were d i s l o c a t i o n  loops  inc reased  w i t h  inc reas -  

i n g  E . Thus, DZ13a may have been frozen-in i n  a s t a t e  t h a t  w a s  on t h e  verge o f  
I. 

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

P a r t  111 ( c u r r e n t ,  Wei and Seidman 1980 b ) .  

This term inc ludes :  (1) compact vacancy c l u s t e r s  o r  vo ids ;  (2)  dep le t ed  zones 
and ( 3 )  p l a t e l e t s  o r  d i s l o c a t i o n  loops ;  s e e  Seidman (1976) f o r  a d i scuss ion  o f  
t h i s  c l a s s i f i c a t i o n .  



55. SUMMARY 

The most important  r e s u l t s  and conclusions a r e  as fo l lows :  

(1) To f i r s t  o rder  t h e  va lue  of t h e  number of  vacancies  ( v )  contained 

wi th in  each D Z ,  c r e a t e d  by a s i n g l e  p r o j e c t i l e  i o n ,  w a s  independent of  t h e  mass 

+ + + + + + 
of t h e  p r o j e c t i l e  i on  ( M ~ )  f o r  t h e  case  o f  30 keV W , Mo , K r  . Cu . C r  o r  A r  

i ons  on tungs ten ;  

( 2 )  The va lue  o f  <v> w a s  172 f o r  an i n i t i a l  p r o j e c t i l e  energy ( E ~ )  of 

30 keV and t h e  ions  l i s t e d  above i n  (1) ; 

( 3 )  The va lue  of  <V> of  172 w a s  i n  good agreement w i th  t h e  Kinchin-Pease 

(1955) express ion  a s  modified by Robinson and Torrens (1974) -- see  53.1 i n  P a r t  11; 

( 4 )  The average diameter ( < A > )  o f  t h e  D Z s  increased  as M w a s  decreased a t  
1 

a cons t an t  E of  30 keV; 
1 

( 5 )  The va lue  of t h e  average vacancy concen t r a t ion  <c > o f  a DZ decreased I 
v 

from z16 t o  2 a t .% a s  M1 was decreased from 183.85 amu (w) t o  39.948 m u  (Ar) a t  a 

cons t an t  El of  30 keV; 

( 6 )  The s p a t i a l  arrangement o f  vacancies  w i t h i n  t h e  D Z s  w a s  a s t r o n g  

func t ion  of  M a t  a cons t an t  E o f  30 keV -- i n  g e n e r a l ,  t h e  number o f  subcascades 
1 1 

w i t h i n  each DZ increased  as M w a s  decreased;  
1 

(.7) The f r a c t i o n  of  monovacancies contained w i t h i n  each DZ i nc reased  a s  M 
1 

was decrcased -- at a curlstant E o f  3O keV -- and concomitant ly t h e  f r a c t i o n  o f  
1 

vacancies  conta incd  wi th in  l a r g e  c l u s t e r s  decreased ( s e e  Table 2 )  ; 

( 8 )  For t h e  K r  i on  i r r a d i a t i o n s  t h e  va lue  of <v> i nc reased  l i n e a r l y  a s  E 
1 

was increased  from 1 5  t o  70 keV; 

(.9) The value o f  < A >  increased  a s  E w a s  i nc reased  from 1 5  t~ 60 keV fnr  1 

t h e  K r  ion  i r r a d i a t i o n s ;  

( . lo)  The value of  <c > decreased as E w a s  i nc reased  from 15  t o  60 keV f o r  
v 1 

t h e  Kr i o n  i r r a d i a t i o n s ;  



. (11) For t h e  c a s e  of t h e  70 keV K r  i o n  i r r a d i a t i o n  t h e  va lue  of < A >  was 

sma l l e r  and t h e r e f o r e  t h e  va lue  o f  <c > was g r e a t e r  than  t h e  va lues  observed a t  v  

a l l  t h e  lower e n e r g i e s ;  and 

( 1 2 )  It was suggested t h a t  t h e  DZ observed i n  t h e  case  of  t h e  70 keV i o n  

i r r a d i a t i o n  may have been frozen-in i n  a  s t a t e  t h a t  w a s  on t h e  verge of c o l l a p s i n g  

i n t o  a p l a t e l e t  o r  d i s l o c a t i o n  loop.  
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APPENDIX 

PROCEDURE FOR THE CONSTRUCTION OF ADEPLETED ZONE WHICH EXTENDED OVER MORE THAN 

ONE {hkl )  PLANE. 

I n  t h i s  appendix t h e  procedure employed t o  c o n s t r u c t  a DZ i n  t h r e e  dimen- 

s i o n s  from t h e  FIM micrographs i s  descr ibed  i n  d e t a i l .  The p o s i t i o n s  of t h e  va- 

canc ies  found w i t h i n  t h e  specimens were determined employing a Vanguard motion 

ana lyzer  equipped wi th  x-y c r o s s h a i r s  and i n t e r f a c e d  t o  a Houston Omnigraphic 200 

x-y r eco rde r  ( ~ c a n l a n  -- e t  a l .  1969, Wei 1978) .  The r e l a t i v e  coo rd ina t e s  o f  t h e  

vacancies  were f i r s t  recorded i n  terms of a l o c a l  coo rd ina t e  system determined 

by t h e  u n i t  c e l l  vec to r s  w i th in  a given'  {hkl )  p l ane  i n  which t h e  d e f e c t s  were 

found ( ~ e i  and Seidman 1978) .  A s  many of t h e  D Z s  extended over more than  one 

{hkl )  p l ane ,  a procedure was developed t o  mesh t h e  r e s u l t s  from neighboring {hkl) 

p lanes  i n t o  a common cubic coord ina te  system based on t h e  p r i n c i p a l  d i rec t ion ' s  of  t h e ,  

tungs ten  l a t t i c e .  The procedure i s  desc r ibed  below, i n  step-by-step form f o r ' a  

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

(1) The FIM micr,ograph w a s  f i r s t  indexed f o r  t hose  {hkl)  p l anes  i n  which 

a DZ was found. The Mi l l e r  i n d i c e s  o f  t h e  v e c t o r s  whic'h l a i d  a long  t h e  i n t e r s e c t i o n  

o f  any two neighboring '{hkl) p lanes  were a l s o  c a l c u l a t e d .  The M i l l e r  i n d i c e s  of  

t h e  p lanes  and t h e  vec to r s  determined on t h e  micrograph were then  compared wi th  

t h e  schematic diagrams o f  t h e s e  p l anes .  

(2 )  The p o s i t i o n s  of  a l l  t h e  atoms and vacancies  i n  each l a y e r  of  each { h k l )  

p lane  were t r a n s f e r r e d  t o  a s h e e t  of  graph paper wi th  t h e  a i d  of  t h e  x-y c ros s -ha i r s  

on t h e  motion ana lyzer  i n  conjunct ion  wi th  t h e  x-y r eco rde r .  The p o s i t i o n s  of  

atoms and vacancies  were p l o t t e d  wi th  r e s p e c t  t o  one of t,he common f i d u c i a l  marks 

which had been engraved i n  t h e  phosphor screen  p o r t i o n  of  t h e  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 ( ~ e i  1978).  The choice of a common reference  point  t 

el iminated  a l l  e r r o r s  i n  t h e  pos i t ions  of atoms caused by t h e  s l ippage  of f i l m  

i n  e i t h e r  the  c in6  camera o r  the  motion analyzer .  

( 3 )  Mow consider  t h e  upper por t ion  of t h e  diagram i n  f i g .  20 which shows 

t h e  p o s i t i o n s  of  t h e  atoms i n  two successive l a y e r s  of t h e  (222) p lane .  The atomic 

s i t e s  i n  t h e  zeroth and t h e  f i r s t  l aye r s  a r e  represented by s o l i d  black c i r c l e s  

a r~d  open c i r c l e s ,  r e spec t ive ly .  The atomic s i t e  0 was chosen a r b i t r a r i l y  a s  the  

o r i g i n  f o r  the  zeroth l a y e r .  The vector  a [ h 0 1  ( a  i s  t h e  l a t t i c e  p~.ra.m~t.Pr nf 
U 0 

t ungs ten)  which l i e s  along t h e  i n t e r s e c t i o n  of t h e  (222) and (332) pl-anes and 

t h e  vector  a [ o i l ]  which l i e s  along t h e  i n t e r s e c t i o n  of t h e  (222) and (233) p lanes ,  
0 

a s  determined i n  s t e p  ( l ) ,  were taken a s  t h e  u- and v- axes ,  r e spec t ive ly .  The 

vec to r  (ao/6)  (1111 which i s  normal t o  t h e  (222) plane was taken a s  t h e  Z-axis. 

This l o c a l  coordinate system cons i s t ing  of the  u-, v- and Z-axes and point  0 a s  

t h e  o r i g i n  was then used t o  speci fy  t h e  p o s i t i o n s  of any atomic s i t e  i n  t h e  zeroth 

l a y e r  of  the  (222) plane i n  terms of i n t e g e r s ;  f o r  example, t h e  s i t e s  0 ,  A and B 

have coordinates ( 0 , 0 , 0 ) ,  ( 1 , 0 , 0 )  and (0,1,0), respect , ively.  

The atomic s i t e  i n  t h e  fj.rst Layer which prujec.ted wi th in  t h e  p r imi t ive  

u n i t  c e l l  of the  zeroth l a y e r  was denoted by 0 ' .  The point  0' denotes t h e  projec-  
P 

t i o n  of 0' onto t h e  zeroth l a y e r .  The coo.rdina.t.es nf any at.omic site i n  t h e  f i r c t  

l a y e r  was determined by using t h e  l o c a l  coordinate system which c o n s i s t s  of t h e  

t I n  genera l  two reference  po in t s  a r e  requi red  t o  c o r r e c t  e r r o r s  i n  t h e  pos i t ions  
of  t h e  atoms caused by t h e  two-dimensional s l ippage  of f i lm.  I n  p r a c t i c e ,  it 
was found t h a t  only one reference  point  was requi red  i n  order  t o  c o r r e c t  the  
e r r o r s  i n  the  p o s i t i o n s  of t h e  atoms; t h i s  implied t h a t  t h e  s l ippage  of the  f i lm 
was e s s e n t i a l l y  one dimensional. 



t u-, v-, Z-axes and p o i n t  0' as t h e  o r i g i n  . For example, t h e  s i t e  C has  t h e  coor- 
P .  

-4 

d i n a t e s  of 2  -1, -1) by no t ing  t h a t  07 = 016' + O'C = [ o o ~ ]  + [?TO] = [ I i i ] .  
P  P  

The coord ina tes  o f  any atomic s i t e  i n  any l a y e r  of  o the r  (hk l )  p lanes  were 

determined i n  a  s i m i l a r  manner. I n  t h e  lower h a l f  of f i g .  20, f o r  example, t h e  

s i t e s  D and E i n  t h e  ze ro th  l a y e r  o f  t h e  (332)  p lane  have t h e  coo rd ina t e s  ( 0 , 1 , 0 )  

and ( 1 , 0 , 0 )  r e s p e c t i v e l y ;  they  were descr ibed  i n  t h e  l o c a l  coord ina te  system con- 

s i s t i n g  of t h e  vec to r  a o [ i l O ]  a s  t h e  u'-axis,  t h e  vec to r  a  [Ti31 a s  t h e  v'-axis, 
0 

(a0/22)  [ 3321 a s  t h e  z'-axis and t h e  atomic s i t e  0'' as t h e  o r i g i n .  S i m i l a r l y ,  

t h e  s i t e  F  i n  t h e  f i r s t  l a y e r  of  t h e  (332)  plane' has  t h e  coo rd ina t e s  o f  (1 ,0 , -1)  

which were descr ibed  i n  t h e  same l o c a l  coord ina te  system as s i t e s  D and E b u t  

wi th  0''' as i t 3  o r i g i n .  The p o i n t  0"' i s  t h e  p r o j e c t i o n  o f  t h e  atomic s i t e  0"' 
P  P .  

onto t h e  zero th  l a y e r .  The s i t e  0"' i n  t h e  f i r s t  l a y e r  of  t h e  (332)  p lane  pro- 

j e c t e d  wi th in  t h e  p r i m i t i v e  u n i t  c e l l  o f  t h e  zero th  l a y e r .  The use o f  t h e  l o c a l  

coord ina te  system f o r  each l a y e r  of  each ( h k l )  p lane  had t h e  advantage t h a t  t h e  

coord ina tes  of  a l l  atomic s i t e s  were given by t h e  i n t e g e r s .  

( 4 )  Now we cons ider  t h e  problem of  t h e  t r ans fo rma t ion  from t h e  l o c a l  

coord ina te  systems t o  a common cubic  coord ina te  system..  The coord ina tes  of t h e  

atomic s i t e  C r e l a t i v e  t o  t h e  o r i g i n  0  were obta ined  by adding t h e  s h i f t  

+ - 
vector  z' 5 ;  = [ t  t o ]  t o  o'c. That i s ,  3 =%' + 0 C = [ t  t 01 + [?Ti ]  = 

P u  v  P  P  P  U v 
-t 4 . 0  

[ t i -?  tv-1 71. Tl~r s h l f t  vec to r  t i s  t h e  p r o j e c t i o n  of  00 onto  t h e  (222)  p lane  

and i s  given by [O. 333333.0.666667 01 ( s e e  Table 4 ) .  Hence, t h e  s i t e  C has  t h e  

coord ina tes  of  (-1.66667, -0.333333, -1) r e l a t i v e  t o  t h e  o r i g i n  0.  I n  a  sirn5lar 

manner t h e  s i t e  F  has t h e  coord ina tes  of  (1 .5 ,  0.727272, -1) r e l a t i v e  to the  
-,L __I. >- ---3 

o r i g i n  0'' by no t ing  t h a t  OO'F = 0"0°' + 0°F = [0 .5  0i727272 01 + = 
- ".-. F..P 

t The choice of  t h e  po in t  0' i n s t e a d  of any atomic s i t e ,  such a s  Q ,  a s  t h e  o r i g i n  
P  

f o r  t h e  f i r s t  l a y e r  of t h e  (222)  p lane  e l imina ted  t h e  accu ra t e  measurement of  
-P 

OQ a s  r equ i r ed  i n  t h e  approach used by Chen and B a l l u f f i  (1975 a ,  1975 b )  . The 
-, 

b e n e f i t  o f  t h i s  choice i s  c l e a r  i f  one no te s  t h a t  100 I i s  equa l  t o  t h e  mag- 
P  

n i tude  of  t h e  s h i f t  vec to r  a s  def ined  i n  s t e p  ( 4 ) .  



I.. 

[1 .5  0.727272 TI. The vec to r  0"0" given by [0 .5  0.727272 01 ( s e e  Table 4 )  i s  
P 

t h e  s h i f t  vec tor  f o r  t h e  (332)  p lane .  The coord ina t e s  o f  any o the r  atomic s i t e  

i n  o t h e r  l a y e r s  o f  t h e  p l anes  were determined i n  t h e  manner descr ibed  above. 

( 5 )  The coord ina t e s  o f  t h e  atomic s i t e s  observed i n  t h e  (222)  p l ane  were 

t h e n  t ransformed t o  a l o c a l  cubic  coo rd ina t e  system wi th  0 a s  i t s  o r i g i n  while  

t h o s e  o'bserved i n  t h e  (332)  p l ane  were t ransformed t o  another  l o c a l  cubic  coordin- 

a t e  system wi th  0" as i t s  o r i g i n .  It i s  noted t h a t  t h e  two l o c a l  cubic  coordin- 

a t e  systems a r e  r e l a t e d  only  by a s1111ple 'Lrans la t ion  v e c t o r .  

( 6 )  F i n a l l y ,  we have t o  mesh t h e  Lwo l o c a l  cubic  coord ina te  s y s t . ~ m s .  I n  

o r d e r  t o  t r ans fo rm t h e  coord ina t e s  o f  an atomic s i t e  i n  t h e  l o c a l  cubic  coord ina te  

system of t h e  (332)  p l ane  t o  t h e  l o c a l  cubic  coord ina te  system o f  t h e  (222)  p lane  

. t i  t h e  coo rd ina t e s  of Et atomic s i t e R  , which l i e s  a t  t h e  i n t e r ~ e c t i o n  of t h e  (222)  

and (332)  p l a n e s ,  were determined according t o  s t e p s  ( 3 )  t o  ( 5 ) .  The coord ina tes  o f  

t h e  atomic s i t e  R i n  t h e  l o c a l  cubic  coordinaLe system o f  t h e  (222)  p lane  was cJenot,ed 

by (5', 5', 0 ' )  and i n  t h e  (332)  p lane  by (5 ,5 , r t ) .  The coord ina tes  ( x Y y  , z )  of  an 

atomic s i t e  i n  t h e  l o c a l  coord ina te  system o f  t h e  (332)  p lane  were f i n a . l l y  t r a n s -  

# > 
formed t.o t o h e  coo rd ina t e s  ( x  , y , z') i n  t h e  i o c a l  c1.1:bic coord ina te  systelu- bf 

y' = y - 5 + r'; 
and o' = z - q + q'. 

Eincc t h e  t w o  lopal r i ~ h i c  coord ina te  systems a r e  r e l a t e d  only by a t r a n s l a t i o n  
v e c t o r ,  only one atomic s i t e  i s  needed i n  de te rmining  t h e  t ransformat ion  equa- 
t i o n s  o f  t h e  two coord ina t e  systems. I n  p r a c t i c e ,  two atomic s i t e s  were used; 
t h e  f i rs t  atomic s i t e  w a s  used t o  so lve  t h e  eqns. ( ~ 1 )  t o  ( ~ 3 )  and t h e  second 
atomic s i t e  w a s  used t o  check t h e  s o l u t i o n s .  

t t ~ h e  l e t t e r  R i s  used i n  a s p e c i a l  sense i n  t h i s  Appendix and should not  be - 
confused wi th  t h e  R de f ined  by eqn. ( 5 ) .  



By extending t h i s  procedure a l l  atomic s i t e s  observed i n  a l l  { h k l j  p lanes  

can be transformed t o  a common cubic coord ina te  system. I n  p r a c t i c e ,  t h e  compu- 

t a t i o n s  i n  s t e p s  ( 4 )  t o  ( 6 )  were programmed i n  t h e  language c a l l e d  BASIC and 

executed with t h e  a i d  of  a Data General Nova 1220 minicomputer i n  conjunct ion 

wi th  a Tet ronix  4010 graphic d i s p l a y  t e r m i n a l  ( s e e  Wei 1978 f o r  d e t a i l s ) .  



%b:e 1: The e f f e c t  of t h e  mass o f  t h e  p r o j e c t i l e  i on  ( M ~ )  on t h e  p r i n c i p a l  experimental  q u a n t i t i e s  determined. 

. . .. 

P r o j e c t i l e  i on  I n i t i a l  i on  Name of Nllmber of  3epth  of  TZ from Average diameter (<.i>) Direc t ion  of  Average vacancy 
( M ~ )  znergy (El) d e p l e t e t  vacancies  i r r s d i a t e a  su r face  of  a DZ i n  x e longa t ion  concen t ra t ion  

i n  keV zone (DL) per  DZ (L) i n  1 [ h k l l  <c > i n  a t . %  
( v )  v 

4a 
-4 b 
?r c 
2 d 

l s o p  

3, 
6b . 
'ia 
n 
Cc 
' d 

' DZOa anf D20b uer.e f j - s t  r epdr t ed  on by Beavan & &.; t hey  were reanalyzed i n  ;he p resen t  work and r epor t ed  
on f o r  romyleteness.  



Table 2: Fraction of vacancies in first-nearest neighbor clusters of size n 

for El = 30 keV . 





Table 4: Table of parameters pertinent to the local coordinate system and trans- 

lation vectors for a number of planes in the bcc lattice 

;+ ;t zi- tt Plane 
t t 

tU tv 

[ 111 I 

[ 664 I 

[ 866 I 

[4421 

[lo 8 61 

[16 14 lo] 

[14 12 101 

[ 822 I 
[lo 4 21 

[ 311 I 

[14 6 41 

[14 4 21 

112 6: 21 

[8241 

[16 6 21 

122 8 61 

. . 

1- -f -f -+ 
The Miller indices for the u-, v- and Z-axes are given such that the magnitudes 

-f -f -+ 
of the vectors u , v  and Z are in units of a 12, where a. is the lattice parameter 

0 

of the standard non-primitive unit cell. 

ttThe values of the quantities t and t are given in fractions of the magnitudes 
-f -+ U v 

of the vectors u and v, respectively. 



FIGURE CAPTIONS 

Figure  1: The i n i t i a l  energy of  t h e  p r o j e c t i l e  i o n  ( E  ) as a  func t ion  of t h e -  
1 

Linhard-Scharff-Schidtt  reduced energy parameter ( E )  ; s e e  5 2.2 f o r  

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

cond i t i ons  employed ( s e e  5 5 1  and 2 .2  ) . 
Figure  2: (a), ( c )  and ( e )  The p a r t i a l  211 s t e r eograph ic  p r o j e c t i o n s  showing 

t h e  l o c a t i o n s  of  t h e  deple ted  zones d e t e c t e d  f o r  t h r e e  d i f f e r e n t  

+ - 
30 keV W Ion  I r r a d i a t i o n s  p a r a l l e l  t o  t h e  g [ 8  11 53 d i r e c t i o n .  ( b ) ,  

(11) arid ( f  ) 'l'he corresponding cross-aectiona.1 tri PWS nf t h e  FIM t i p c .  

F igure  3: A s e r i e s  of t e n  micrographs out  of  713 recorded dur ing  t h e  atom-by- 

atom d i s s e c t i o n  of  a p o r t i o n  of  DZ3a; t h i s  DZ w a s  c r e a t e d  by a s i n g l e  

+ 
30 keV W p r o J e c t i l e  i o n .  The s o l i d  b lack  d o t s  i n d i c a t e  normal la.ti;ice 

s i t e s  and t h e  open c i r c l e s  i n d i c a t e  vacancies  i n  t h e  (8F3) p lane .  

F igure  4:  ( a )  The p a r t i a l  211 s t e r eograph ic  p r o j e c t i o n  showing t h e  l o c a t i o n  of 

t h e  dep le t ed  zones and d i s l o c a t i o n  loop  d e t e c t e d  i n  a specimen which 

+ - 
had been i r r a d i a t e d  wi th  30 keV Mo ion  p a r a l l e l  t o  t h e  2 [ 8  5  1 1 1  

d i r e c t i o n .  (.b) The correspouding c r n s s - s e c t i o n a l  view of  the  FIM t i p .  

F igure  5  : A s e r i e s  of t h e  micrographs out  of 145 recorded dur ing  t h e  atom-by-a'tom 

d i s s e c t i o n  of  a p o r t i o n  of  ~ ~ b b ;  t h i s  DZ was c r e a t e d  by a s i n g l e  30 keV 

+ 
Mo p r o j e c t i l e  i o n .  The s o l i d  black d o t s  i n d i c a t c  normal l a t h i c e  sites 

and t h e  open c i r c l e s  i n d i c a t e  vacancies  i n  t h e  (622)  p l ane .  

+ + + 
Figure  6 :  OR TEP v i s u a l i z a t . i ~ n s  of t h r e e  d i f f c r c n t  in 30 keV W , ~o 01. Cr. 

i o n - i r r a d i a t e d  tungs t en  specimens. The rod  connect ing any two vacancies ,  

i n  t h e  OR TEP v i s u a l i z a t i o n s ,  i s  equa l  t o  t h e  f i r s t  nearest-neighbor 
0 

d i s t a n c e  ( ~ 2 . 7 4  A )  i n t.i.mgsten ; t h e  ~ u r r o u n d i n g  tungs ten  atuos wt!mme 

omi t ted  f o r  t h e  sake of c l a r i t y .  Each of  t h e  D Z s  i s  a t  approximately 
0 

t h e  same magni f ica t ion  -- no te  t h e  25 A marker. 



Figure 7 :  

Figure 8 :  

Figure 9 :  

Figure 10: 

Figure 11 :  

Figure 12:  

F igure  13:  

Figure 14:  

F igure  15:  

Figure 16  : 

Figure 17:  

An OR TEP v i s u a l i z a t i o n  of DZ2b which was c r e a t e d  by a  s i n g l e  30 keV 

+ 
W p r o j e c t i l e  i on .  This  f i g u r e  was ,cons t ruc ted  from experimental  d a t a  

wi th  t h e  a i d  o f  t h e  OR TEP program. This program w a s  a l s o  used t o  

cons t ruc t  t h e  D Z s  shown i n  f i g .  6 and f i g s .  8-17. 

An OR TEP v i s u a l i z a t i o n  of D Z 3 a  which was c r e a t e d  by a  s i n g l e  30 keV 

+ 
W p r o j e c t i l e  i on .  

An OR TEP v i s u a l i z a t i o n  of ~ ~ 4 d  which was c r e a t e d  by a  s i n g l e  30 keV 

+ 
Mo p r o j e c t i l e  ion .  

An OR TEP v i s u a l i z a t i o n  of ~ ~ 6 a  which w a s  c r e a t e d  by a s i n g l e  30 keV 

+ 
Cu p r o j e c t i l e  ion .  

An OR TEP v i s u a l i z a t i o n  of  DZ7a which was c r e a t e d  by a s i n g l e  30 keV 

+ 
Cu p r o j e c t i l e  ion .  . , 

An OR TEP v i s u a l i z a t i o n  of DZ5a which was c r e a t e d  by a  s ing leh  30 keV 

+ 
C r  p r o j e c t i l e  i on .  

An OR TEP v i s u a l i z a t i o n  of  DZ15b which was c r e a t e d  by a s i n g l e  15  keV 

+ 
K r  p r o j e c t i l e  ion .  

An OR TEP v i s u a l i z a t i o n  of  ~ Z l h b  which was c r e a t e d  by a  s i n g l e  30 keV 

+ 
K r  p r o j e c t i l e  ion .  

An OR TEP v i s u a l i z a t i o n  of  DZ8a  which w a s  c r e a t e d  by a s i n g l e  45 keV 

+ 
K r  p r o j e c t i l e  ion .  

An OR TEP v i s u a l i z a t i o n  of DZ9a which w a s  c r e a t e d  by a  s i n g l e  60 keV 

+2 
K r  p r o j e c t i l e  ion. 

An OR TEP v i s u a l l z a t i v i l  of DZ13a which was crea.ted by a s i n g l e  70 keV 

i<r+? proJec Lil,r ion .  



Figure  18 :  A p l o t  o f  t h e  reduced s topping  power [ s ( & ) ]  a s  a  func t ion  of t h e  

reduced energy ( E ) .  The curves l a b e l l e d  Sn (LSS) and Sn(wI i~ )  a r e  

t h e  nuc lear  ( e l a s t i c )  s topping  power func t ions  according t o  Linhard, 

Schar f f  and S c h i d t t  (1963) and Wilson, Haggmark and Bismarck (1977) ,  

+ + 
r e s p e c t i v e l y .  The curves l abe l ed  se(cr on W )  and S,(W on W f  a r e  

t h e  e l e c t r o n i c  ( i ~ ~ e l a s t i c )  s topping  power curves accord ing  t o  Linhard 's  

and S c h a r f f ' s  (1961) equat ion  -- s e e  eqns. ( 6 )  and ( 7 ) .  

Figure  13; A se11cirlaLic diagram t o  i l l u s t r a t e  t h e  q u a l i t a t i v e  d i f f e r e n c e s  i n  t h e  

vacarlcy s t r u c t u r e  o f  D Z s  sr.ea.t,ecl hy i i i f  f e r o n t  p re j  ei Li le  luns  ; see 

5 4 . 1  f o r  d e t a i l s .  

F igure  20: A schematic diagram showing t h e  ze ro th  ( s o l i d  c i r c l e s )  and t h e  f i r s t  

(open c i r c l e s )  l a y e r s  of t h e  (222)  and ( 3 3 2 )  pl.anes. This  figure i s  

used t o  exp la in  how a dep le t ed  zone w a s  r econs t ruc t ed  from t h e  FIM 

images; s e e  Appendix f o r  d e t a i l s .  
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