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ABSTRACT 

A b r i e f  summary w a s  p resented  of a l l  t h e  Corne l l  work on t h e  primary s t a t e  of 

r a d i a t i o n  damage i n  i o n - i r r a d i a t e d  tungs ten  and platinum. The primary r e sea rch  

t o o l  f o r  a l l  t h i s  r e sea rch  was t h e  f i e l d - i o n  microscope (FIM); t h e  FIM was i d e a l l y  

s u i t e d  f o r  t h i s  r e sea rch  because of i t s  e x c e l l e n t  atomic r e s o l u t i o n  and t h e  a b i l i t y  

t o  examine t h e  i n t e r i o r  of t h e  specimens, a s  a r e s u l t  o f  t h e  f ie ld-evapora t ion  

e f f e c t .  This  paper summarized, i n  o u t l i n e  form, t h e  fo l lowing  i.l;&ns: (1) t h e  

p r i n c i p a l  experimental  q u a n t i t i e s  determined from t h e  ana lyses  performed on a l l  

t h e  i n d i v i d u a l  dep le t ed  zones ( D Z S )  observed; ( 2 )  t h e  main exper imenta l  programs; 

( 3 )  a number of t h e  more important  r e s u l t s  and conclusions concerning t h e  vacancy 

s t r u c t u r e  of DZs; and (4) t h e  three-dimensional  s p a t i a l  d i s t r i b u t i o n  of s e l f -  

i n t e r s t i a l  atoms around D Z s  i n  t ungs t en  which had been i r r a d i a t e d  and e x m i n e d  

i n  s i t u  a t  10  K.  -- 
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The f ie ld- ion  microscope (FIM) with i t s  exce l l en t  atomic reso lu t ion  and -Lhe a b i l i t y  

t o  examine t h e  i n t e r l o r  of speclmel~s--as is. re3ulB of tho'  f ield-e~rapn.ra, tS.nn e f f ec l  

[1 ,2] - - i s  i d e a l l y  s u i t e d  f o r  t h e  study o f  t h e  p roper t i e s  of  po in t  defec ts  [3-51. A s  . 

e a r l y  a s  1971 we ; examined t h e  point-defect  s t r u c t u r e  of two depleted zones (DZS) 

+ 
c r e a t e d  i n  tungsten,  a t  <15K, by 20 keV W ions  and measured, t h e  range o f  25 s e l f -  

i n t e r s t i t i a l  atoms (SIAS) which had been produced a s  a  r e s u l t  of  a  s e r i e s  of  re- 

placement c o l l i s i o n  sequences (RCSS ) [ 6 ] .  This work continued. wi th  the  d e t a i l e d  

observat ion ,  i n  1973,- o f  t h e  vacancy s t r u c t u r e  of  a DZ c rea ted  i n  tungsten a t  473 K by 

+ 
a s i n g l e  20 keV W ion.  More recen t ly  we determined t h e  vacancy s t r u c t u r e  of  a  (220) .  

+ 
p l a t e l e t  which had been c rea ted  .by a s i n g l e  30 keV W ion i n  a platinum-11 at.$ gold 

a l l o y  [ 8 j .  These e a r l y  s t u d i e s  served a s  background experience f o r  our more recent  

and r a t h e r  extens ive  systematic s t u d i e s  o f  t h e  primary s t a t e  of damage o f  idn- i r radia ted  

tungsten  [g-151 and platlnurr~ [15] .  
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,-In general , '  it has been found p o s s i b l e  t o  classif 'y  t h e  vacancy po r t ion  o f  t h e  p r i -  

mary s e a t e  o f  r a d i a t i o n  damage i n t o  t h r e e  morphological s t a t e s :  (1) dep le t ed  zones; 

( 2 )  compound vacancy c l u s t e r s  o r  vo ids ;  and ( 3 )  d i s l o c a t i o n  loops .  The SIAs were 

observed wi th in  and around i s o l a t e d  D Z s  [ 6 ,13 ] ,  t h a t  had been produced i n  t ungs t en  

specimens maintained a t  < I 5  K. The va lues  of t h e  ion  f luences  employed were sma l l  

enough such t h a t  each DZ w a s  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 on .  I n  t h e  case  o f  

tungs ten ,  t h e  temperature ,o f  each specimen both  dur ing  and a f t e r  an i r r a d i a t i o n  was 

w e l l  below t h e  onse t  o f  t h e  long-range migrat ion o f  SIAs [16] .  Whereas, f o r  plat inum 

t h e  temperature o f  i r r a d i a t i o n  was above t h e  SIA long-range migra t ion  s t a g e ,  t h a t  i s ,  

Stage I .  A l l  specimens were i r r a d i a t e d  i n  s i t u  under u l t r a -h igh  vacuum cond i t i ons ,  t o  

- 2 
a dose of  l e s s  than  1013 ions  cm , and then  examined -- i n  s i t u  employing t h e  pu l se  

f i e l d  evaporat ion technique ['3-51. 

The p r i n c i p a l  experimental  q u a n t i t i e s  determined from t h e  ana lyses  performed on 

all t h e  i n d i v i d u a l  D Z s  observed were as fo l lows:  

(1) The d i r e c t  determinat ion of t h e  abso lu t e  number o f  vacancies  c0ntaine.d 

wi th in  each DZ ( v )  t h a t  w a s  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 on  of  mass (Y) 
and i n i t i a l  energy ( E ~ )  ; 

( 2 )  Visual  r e p r e s e n t a t i o n s  o f  t h e  p o s i t i o n s  o f  t h e  vacancies  inc luded  w i t h i n  

every DZ--these were made employing t h e  OR TEP program [171; 

(3) The measurement o f  t h e  average diameter  o f  an i n d i v i d u a l  DZ ( < A > )  and t h e  

o r i e n t a t i o n  [ h k ~ ]  o f  t h e  DZ wi th  r e s p e c t  t o  t h e  ion  beam and t h e  c r y s t a l  

l a t t i c e ;  

( 4 )  A c a l c u l a t i o n  o f  t h e  average vacancy concent ra t ion  w i t h i n  each DZ (<cv>)  

based on v and t h e  a c t u a l  volume f i l l e d  by t h e  vacancies ;  

( 5 )  A c a l c u l a t i o n  of two d i f f e r e n t  types  o f  r a d i a l  d i s t r i b u t i o n  func t ions  

[9,1.0,1..2,14,.15] f o r  t h e  vacancies  comprising each DZ; 

( 6  ) .The de termina t ion  of' t h e  f r a c t i o n  o f  f i r s t - n e a r e s t  neighbor vacancies-- 

w i th in  each DZ--in c l u s t e r s  of s i z e  n ,  where n  ranged from one t o  f i v e  

t o  approximately f o u r  hundred; 



( 7 )  The depth (L) from. the  i r ra .d ia ted  surface--measured along a d i r e c t i &  

p a r a l l e l  t o  t h e  i n c i d e n t  ion  beam--at which t h e  DZ was detec ted  a i d  bhe 

d i r e c t i o n  of  e longat ion  ([hkR]) of  t h e  DZ; and 

( 8 )  The measurement o f  the  number ( V  ) and concentrat ion ( < c  > ) of  vacancies 
ns v ns 

0 

which were c rea ted  i n  the  near-surface region ( (5  A t h i c k )  of  ion- i r r ad ia ted  

tungsten specimens [11,12 1. 

For each experimental program l i s t e d  below the  physica l  q u a n t i t i e s  o u t l i r ~ e d  i n  the  

preceeding paragraph were determined. The main experimental programs were a s  fol lows:  

(1) 'Yhe determination of  t h e  e f f e c t  of  M1 on tile point-def'ect s t r u c t u r c  o f  

+ + + + t 
DZs , j.n l ; . i i n g s t . ~ n ,  a.t, constant E --the r?~.g. iect i les  W , Mo , K r  , Cu , L'r 

1 
+ 

and A r  were employed f o r  E = 30 keV; 
1 

( 2 )  The determination o f  the  e f f e c t  o f  5 ,  a t  cons tant  b$, on the  point-defect 

s t r u c t u r e  o,f D Z s  i n  tungsten--15, 30, 45,  60 and 'TO, keV KT ions were used 

a s  well  a s  20, 30, 45 ,  and 60 keV W i o n s ;  

( 3 )  The e f f e c t  o f  monomer versus dimer i r r a d i a t i o n s  on t h e  point-defect  

+ 
s t r u c t u r e  o f  D Z s  i n  tungsten--the p r o j e c t i l e s  employed were 20 keV Ag 

+ + 
and w.", and 40 keV Ag2 and W ions ;  and 

2 

( 4  ) I n  t h c  case o f  t u n g ~ t e n  ,the three-dimcnsi~na.:l. Wp.rRtl.a.1. Aist,ributiunu of' 

SIAs around D Z s  was determined; 

( 5 )  The point-defect  s t r u c t u r e  of  D Z s  i n  platinum which had been i r r a d i a t e d  

( 6 )  The s ign  (vacancy o r  SIA) and h a b i t  plane of  t h e  &islucaLiu~l  loops 

de tec ted  In both the lun-irradial;ed platinum and tungotcn cpecimens. 

Within t h e  context  o f  t h i s  p r e c i s  of our work it i s  impossible t o  give a l l  the  

resul tas  and conclusions reached. Ins tead  we have simply l i s t e d  a num'ber o f  t h e  more 

important ones; t h e  reader  i s  r e f e r r e d  t o  the  r e fe rnces  f o r  f u r t h e r  d e t a i l s .  For 

t h e  tungsten specimenst t h e  following was observed and concluded: 

( 1 )  To f i r s t  o rde r  t h e  value o f  v was independent o f  b$ and equal t o  approximately 

172 vacancies pe r  DZ f o r  El .= 30 keV; 

t The r e s u l t s  t h a t  were c h a r a c t e r i s t i c  of platinum a re  l i s t e d  under numbers (11) and 
. (12) .  
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- (2)  This va lue  of v w a s  i n  good agreement w i th  t h e  Kinchin-Pease [181 

express ion  a s  modified by Robinson and Torrens [ l g ] ;  

( 3 )  The va lue  of  < A >  i nc reased  a s  M was decreased 
1 

a t  cons tan t  E  (30 k e ~ )  ; 1 

( 4 )  The va lue  of <c  > decreased from ~ 1 6  t o  2 a t . %  a s  Y was decreased from v  

183.85 amu ( w )  t o  39.948 amu ( ~ r )  a t  an  El o f  30 keV; 

( 5 )  For bo th  K r  and W t h e  va lue  o f  v i nc reased  l i n e a r l y  a s  El was inc reased  

from 1 5  t o  70 keV; 

( 6 )  For both K r  and W i o n s ,  w i th  ene rg i e s  between 1 5  and 70 keV, t h e  va lues  

o f  < A >  d i d  n o t  fol low t h e  t r e n d  o f  i n c r e a s i n g  < A >  p r e d i c t e d  by t h e  l i n e a r -  

cascade model; 

( 7 )  The s p a t i a l  arrangement o f  t h e  vacancies  w i t h i n  t h e  DZs was a  s t r o n g  

func t ion  of  % a t  cons tan t  E  (30 kev)--in gene ra l ,  t h e  number b f  subcascadel" 
' 

1 

wi th in  each DZ i nc reased  a s  M,- was decreased;  , , 

, -w -/), 
(8 )  The f r a c t i o n  o f  monovacancies conta ined  wi th in  each DZ i n c r e a s d  a s  % >... 

' & -2. 

was decreased a t  cons t an t  E  (30 k e ~ ) ;  
. r ; ,  . . 

1 

( 9 )  The va lue  o f  <v> p e r  p r o j e c t i l e  ion  f o r  DZs produced by dimers w a s  'U .5  ,, , , 

.;;;. ;:.,~L.; 

t imes g r e a t e r  than  t h e  va lue  o f  <v> f o r  t h e  D Z s  c r e a t e d  by monomers--at a : b . s . 2  ',' 

cons tan t  energy p e r  p r o j e c t i l e  ion ;  

(10 )  Statement  ( 9 )  i n d i c a t e d  t h e  ex i s t ence  o f  s t r o n g  non l inea r  e f f e c t s  i n  t h e  

product ion o f  dense c o l l i s i o n  cascades ; 

(11) I n  t h e  case  o f  plat inum, f o r  E  = 20 keV, examples of  a l l  t h e  t h r e e  morpho- 
1 

l o g i c a l  s t a t e s  were found--this was not t h e  ca se  f o r  tungs ten  i r r a d i a t e d  

wi th  20 and 30 keV i o n s ;  

(12 )  For El = 20 keV K r t  i o n s ,  i n  t h e  c a s e  of  plat inum, t h e  D Z s  co l l apsed  more e a s i l y  

t o  d i s l o c a t i o n  loops  than  i n  t h e  case  o f  tungsten--even though t h e  average s i z e  

and poin t -defec t  s t r u c t u r e  o f  t h e  DZs i n  t h e  two meta ls  were s i m i l a r ;  and 

(13 )  The f r a c t i o n  o f  DZc t h a t  col lapocd i n t o  d i s l o c a t i o n  loops  i n  tungotcn,  

i r r a d i a t e d  wi th  W i o n s ,  i nc reased  a s  E  w a s  i nc reased  from 20 t o  60 keV. 
1 



Fina l ly ,  the  three-dimensional s p a t i a l  d i s t r i b u t i o n  of SIAs around D Z s ,  i.il ion-' 

i r r a d i a t e d  tungsten,  was determined [13].  Tungsten FIM specimens were i r r a e i a t e d  

+ + 
i n  s i t u  with 30 keV C r  o r  1 8  keV Au ions  along the  [?hi ]  d i r e c t i o n ,  a t  10 K ,  and -- 

examined a t  t h i s  temperature by the  pulse f i e l d  evaporation technique. A t  1 0  K the  

SIAs, i n  tungsten,  were completely immobile. The distances were measured, along 

the  close-packed c rys ta l lograph ic  direct ions--that  i s ,  t h e  < l o o > ,  <110> and <111>- 

type  direction--between each SIA and t h e  D Z s .  Distance measurements were a l s o  made 

between each SIA and t h e  i r r a d i a t e d  surface  of  t h e  specimen. The s e t  of  d is tances  

employed f o r  ana lys i s  corresponded t o  the  minimum measured dis tances ;  t h u s ,  t h e  h i s to -  

grams of  t h e  d is tances  presented represented a lower bound (denoted by R ) t o  t h e  min 
+ 

a c t u a l  propagation dis tances .  For t h e  30 keV C r  i on- i r rad ia ted  specimen a t o t a l  of 
0 

97 SIAs were detec ted  and <Rmin' was 175 ? 110 A; the  t. values f o r  <Rmin> represent  

+ 
one s tandard  deviat ion.  In  the  case u f  the  i 8  keV Au i r r a d i a t e d  specimen t h e  quant i ty  

0 

<Rmin 
> was 175 2 130 A; 33 SIAs were detected.  A composite d i s t r i b u t i o n  of Rmin values 

was obtained by combining our  e a r l i e r  measur.ernen.l;s [6]  with the  present  r e s u l t s  t o  
0 

obta in  <Rmin> Q - 160 5 120 A. We suggested t h a t  t h i s  value may have represented - 
an overest imate of the  mean range of replacement c o l l i s i o n  sequences (RCSS)  i n  tungsten. 

Nevertheless, the  r e s u l t s  cons t i tu ted  very d i r e c t  evidence f o r  t h e  existence of XCSs 

i n  tungsten. These r e s u l t s  are  cons i s t en t  with our observation t h a t  t h e  values of  

<V> were i n  agreement with t h e  modified Kinchin-Pease expression [18,19 1. That i s ,  

the  HCSs provided an efficient mechanism S 6 r  ttie separa t ion u l  SIAs I r u m  Lht !  DZs.  

A l l  o f  t h e  experimental r e s u l t s  given above f o r  D Z s  have been compared, i n  d e t a i l ,  

with both the  a n a l y t i c a l  and Monte Carlo computer simulation models of deposited 

energy; the  reader i s  r e f e r r e d ,  once again, t o  t h e  publfcatfons f o r  d e t a i l s .  
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