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PREFACE 

This two-volume report contains two special contributions. Appended to 
Volume 1 is a critical assessment of the role of charged particle research 
in the Damage Analysis and Fundamental Studies (OAFS) program, prepared by 
several OAFS program participants under the leadership of G. R. Odette. 
Volume 2 contains the proceedings of a workshop on advanced experimental 
techniques for radiation damage analysis arranged under the OAFS program by 
P. Wilkes, F. V. Nolfi and J. A. Spitznagel. The participation of the 
various contributors, most of whom were not working on Office of Fusion 
Energy programs, is gratefully acknowledged. 
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Foreword 

The workshop was intended to assist the fusion materials comnunity in 
assessing the usefulness of a variety of sophisticated techniques currently 
available in analysis of radiation damage microstructures. 
materials program will require careful analysis of large numbers of 
irradiated samples by a relatively small group of qualified scientists and 
engineers. 
14-MeV neutron facility. 
other neutron sources and, in turn, requires a very complete understanding 
o f  the fundamental processes occurring in void swelling, radiation phase 
instability, radiation creep, fatigue, and fracture. Therefore, it is 
necessary to make appropriate use of every technique that can provide useful 
information on relevant microstructural features and, in addition, to 
explore the possibilities of using technically trained people to maximum 
efficiency by means of innovative data collection systems. 

The fusion 

The problem is exacerbated by the absence of any high dose rate, 
This places great demands on predictions from 

The primary purpose of the workshop was, therefore, to acquaint the 
comnunity with current developments in the techniques of radiation damage 
microstructure. A secondary purpose was to begin detailed examination of 
the usefulness of these techniques in discussion sessions. 
success of the workshop is whether future work by the fusion materials 
community will be able to use the techniques described. 

The test for the 

The workshop was made possible through technical contributions by 
leading investigators, most o f  whom are not working directly on Office of 
Fusion Energy programs. This participation is gratefully acknowledged. 

Peter Wilkes 
Frank Nolfi 
John Spitznagel 
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WORKSHOP ON ADVANCED TECHNIQUES FOR 

RADIATION DAMAGE ANALYSIS 

I .  SUMMARY 

The aim of the workshop is to examine a wide range of state-of-the-art, 
solid-state techniques and determine their usefulness in high-temperature 
radiation damage studies. 
lectures on a variety of physical techniques with overviews o f  the current 
understanding of damage microstructures. The second day included a detailed 
examination of the techniques by a selected panel (with some audience 
participation) to determine the particular usefulness of each technique in 
studying high-temperature damage microstructures. 

The first day of the program included invited 
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Friday, March 9 
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CLOSING COMMENTS TC Reuther DOE 

After the conference ends, the afternoon members o f  DOE/OFE 
Materials Branch, the DAFS Task Group, and the panel of 
questioners will meet for about 2 hours to summarize the 
information required for publication of the Workshop 
proceedings and for a report to the DAFS Task Group. 

1:JO to 3:30 pm 
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A SUMMARY OF PROBLEMS ASSOCIATED WITH PRINARY DAMAGE AND 
SECONDARY DEFECT AGGREGATION UNDER CTR 

IRRADIATION CONDITIONS* 

M. R. Haynst 

I. INTRODUCTION 

The cha rac te r i za t i on  o f  the  i r r a d i a t i o n  damage i n  s t e e l s  exposed t o  
neutron i r r a d i a t i o n  i n  the  f i r s t  wa l l  o f  CTRs i s  an inunensely complex and 
daunt ing problem. 

problems associated w i t h  lower energy neutron damage i n  FBRs, no major exper i-  

mental f a c i l i t y  ex i s t s ,  o r  w i l l  e x i s t  i n  the  near term, f o r  the i n v e s t i g a t i o n  
o f  the  e f f e c t s  o f  the  harder neutron spectrum and i t s  associated hel ium 

generat ion. Consequently, an experimental program o f  i r r a d i a t i o n  i n  f i s s i o n  

reac tors  and s imu la t i on  environments (heavy ions o r  7 MeV e lec t rons )  i s  the  

on l y  mans o f  ob ta in ing  p e r t i n e n t  data. Thus, i f  these data are  t o  be a t  

a l l  use fu l ,  we must have a s u f f i c i e n t l y  d e t a i l e d  physical  understanding o f  the 
processes t o  a l l ow  q u a n t i t a t i v e  ex t rapo la t i on  t o  the  CTR environment. It 

i s  t he re fo re  necessary t o  i s o l a t e  those mechanisms which r e q u i r e  a d e t a i l e d  

knowledge o f  ma te r i a l s  parameters and t o  e s t a b l i s h  procedures w i t h  the  
a v a i l a b l e  equipment which can prov ide t h i s  in fo rmat ion .  The purpose o f  t h i s  
workshop i s  t o  discuss the  a v a i l a b l e  experimental techniques and t o  e s t a b l i s h  

t h e i r  usefulness i n  t h i s  area. This b r i e f  review, and the  one f o l l o w i n g  it, 
attempt t o  o u t l i n e  some o f  the  mechanisms which p l a y  an important  r o l e  i n  the 
damage process and hence i s o l a t e  these q u a n t i t i e s  which r e q u i r e  d e t a i l e d  

experimental i nves t i ga t i ons .  Here we are concerned w i t h  t h e  pr imary stages 

o f  the damage process and we cover two areas i n  p a r t i c u l a r .  The f i r s t  i s  the  

nature o f  the  displacement damage under 14 MeV neutrons, compared w i t h  e i t h e r  

f i s s i o n  reac to r  o r  s imu la t i on  cond i t ions .  The second i s  the  broad area o f  the 
nuc lea t ion  and s t a b i l i t y  o f  secondary defects (aggregates o f  p o i n t  de fec ts ) .  

I n  a d d i t i o n  t o  the known, b u t  n o t  completely solved 

11. PRIf4ARY DAMAGE AND THE IMPORTANCE OF DISPLACEMENT CASCADES 

The problem o f  r e l a t i n g  t h e  l a t t i c e  atom displacements due t o  impingeing 

energet ic  p a r t i c l e s  has plagued the  study o f  i r r a d i a t i o n  damage. Here we 

*Work performed a t  UKAEA Harwell, England 
tNow on assignment a t  Oak Ridge Nat ional  Laboratory, Oak Ridge, Tennessee 37030. 
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concentrate upon those aspects which s p e c i f i c a l l y  r e l a t e  t o  CTR i r r a d i a t i o n  
environments and the  c o r r e l a t i o n  w i t h  lower energy neutrons, heavy ions o r  
e lec t rons.  Two quest ions a re  h igh l igh ted ,  the  r am i f i ca t i ons  o f  the harder 
neutron spectrum and the  pulsed nature  o f  the  i r r a d i a t i o n .  

neutrons w i t h  ~1 MeV energy. C o l l i s i o n s  between these p a r t i c l e s  and l a t t i c e  
atoms d is lodge the  l a t t i c e  atoms w i t h  s u f f i c i e n t  energy t o  d is lodge f u r t h e r  
l a t t i c e  atoms. Th is  process continues u n t i l  t he  displaced atoms do n o t  have 
s u f f i c i e n t  energy t o  d is lodge f u r t h e r  atoms. The area o f  c r y s t a l  undergoing 
such a process i s  termed a displacement cascade. 
and vacancies a re  produced and, w h i l s t  considerable numbers may be ann ih i l a t ed  
by recombination, a vacancy- rich core can remain as t he  i n t e r s t i t i a l s  r a p i d l y  
d i f f u s e  away. The vacancy supersatura t ion i n  the  core i s  such t h a t  vacancy 

loops can form. Thus, the  number o f  ' f r e e '  p o i n t  defects  created by a s i n g l e  
c o l l i s i o n  event depends upon the  energet ics  o f  t he  d isp laced atoms, the  

d i f f u s i v i t y  o f  t he  defects  and t h e  number o f  vacancies trapped temporar i ly  i n  
vacancy loops. 
4-40 MeV n i c k e l  ions)  t he  product ion o f  vacancy loops i s  w e l l  establ ished,' '? 

and some idea o f  t h e i r  s i z e  and shrinkage k i n e t i c s  has been establ ished. 
For e l ec t r on  i r r a d i a t i o n  no displacements occur because t he  energy ava i l ab l e  
i s  on l y  s u f f i c i e n t  f o r  Frenkel p a i r  product ion.  I n  t h i s  case, the  th resho ld  

energy f o r  displacements and the  e f f e c t s  o f  co r re l a ted  recombination are the  
p r i n c i p l e  problems. 
the  displacement events must be understood i n  some d e t a i l .  

neutron i r r a d i a t i o n  the displacement events a re  expected t o  be s i g n i f i c a n t l y  
l a rge r ,  w i t h  the p o s s i b i l i t y  o f  subcascade format ion.  
more than one vacancy loop per  c o l l i s i o n  event; such a s i t u a t i o n  i s  shown i n  
F ig .  1, taken from Ref. (1). The p r i n c i p a l  q u a n t i t i e s  t o  be character ized a re  
the  number o f  defects  su r v i v i ng  the  cascades and the  s ize,  type, and concent ra t ion 
o f  the secondary defects .  A range o f  measuring techniques cou ld  be used; up 
t o  now TEM and e l e c t r i c a l  r e s i s t i v i t y  have dominated but, as d e t a i l e d  i n  a 

recen t  re vie^,^ d i f f u s e  x-ray sca t te r ing ,  mechanical proper ty  changes, super- 

conduc t i v i t y ,  i n t e r n a l  f r i c t i o n ,  and neutron spu t t e r i ng  have a l l  been used t o  

some extent .  Computer s imu la t ion  o f  displacement cascades a l s o  provides a 

I n  the  f i s s i o n  r eac to r  the  p r i n c i p a l  damage component a r i ses  from 

I n  t h i s  reg ion  both i n t e r s t i t i a l s  

For fuss ion  r e a l t e d  cond i t i ons  and f o r  heavy ions ( t y p i c a l l y  

3 

Thus, i n  o rder  t o  c o r r e l a t e  the  th ree  types o f  i r r a d i a t i o n ,  
Under 14 MeV 

This  would l ead  t o  

1 2  



Secondary cmcades 

Figure 1. The production of subcascades in a 14 MeV displacement cascade in 
gold (from Ref. 1). 
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s i g n i f i c a n t  source o f  i n f ~ r m a t i o n . ~  C l e a r l y  such processes are most important  

f o r  p ro jec ted  CTR ma te r ia l s  app l i ca t i ons  and, w i thou t  genera l l y  ava i l ab le  
sources o f  14 MeV neutrons, t h e i r  i n f l uence  can on l y  be understood by ex t rapo la t i ng  
phys ica l  models based upon in fo rma t ion  gleaned from lower energy neutron o r  
heavy i o n  experiments. This  places a great  burden upon both the  bas ic  data 

and the  t h e o r e t i c a l  models f o r  some years t o  come. 
Another poss ib l y  important  d i s t i n c t i o n  between CTR environments and 

those t y p i c a l l y  e x i s t i n g  i n  FSRs and s imu la t i on  experiments i s  t h a t  the l a t t e r  
produce a very uni form damage as a func t i on  o f  t ime (unless s p e c i f i c a l l y  
a l t e r e d )  w h i l s t  a l l  o f  the CTR designs, whether they are  tokamaks o r  l a s e r  
f us ion  devices, operate on pulsed basis .  
a r e  expected t o  occur w i t h  cyc le  times i n  the  reg ion  o f  a few per  second t o  
a few seconds per  pulse. 
cascades, as discussed above, i t  i s  important  t o  understand how c y c l i n g  such 
damage can i n f l uence  the  i r r a d i a t i o n  mic ros t ruc ture .  We are  n o t  aware o f  

any experimental  data, b u t  a t h e o r e t i c a l  study has r e c e n t l y  been reported. 
The s i g n i f i c a n t  new f e a t u r e  s tud ied  i s  t h e  inhomogeneous nature o f  the  damage 

s t r u c t u r e  bo th  s p a t i a l l y  and temporal ly.  
fo l lows.  
and times around it. Large l o c a l  f l u c t u a t i o n s  i n  p o i n t  de fec t  concentrat ions 
occur as the  v i r t u a l l y  instantaneous 'w ind '  o f  i n t e r s t i t i a l s  from new cascades 
cross the  reference p o i n t .  The l o c a l  vacancy concentrat ion var ies  much more 

slowly, r e f l e c t i n g  the  much lower m o b i l i t y  o f  these defects.  
3 are t y p i c a l  o f  the  computed l o c a l  p o i n t  de fec t  concentrat ions a r i s i n g  from 

random cascade product ion  f o r  vacancies and i n t e r s t i t i a l s ,  respec t i ve l y .  
Even though the  l o c a l  de fec t  concentrat ions vary by almost an order  o f  magni- 
tude, comparisons w i t h  the s p a t i a l l y  and temporal ly  averaged r a t e  theory 
continuum model t r a d i t i o n a l l y  used shows t h a t  f o r  most instances of  continuous 
i r r a d i a t i o n  t h e  averaging processes lead t o  an adequate representa t ion  o f  vo id  
growth except a t  e leva ted temperature, and t h i s  i s  i l l u s t r a t e d  i n  Fig. 4 
where the  f r a c t i o n a l  changes i n  vo id  rad ius  w i t h  and w i thou t  s p a t i a l  averaging 
are  shown. However, c y c l i c  operat ion, w i t h  a c y c l e  t ime ; the r e l a x a t i o n  

t ime imp l i ed  by F ig .  2 cou ld  lead t o  an accute s e n s i t i v i t y  t o  t h i s  e f f e c t  
and have a s i g n i f i c a n t ,  though as y e t  undetermined, e f f e c t  on secondary 

de fec t  nucleat ion.  

Plasma burns i n  experimental reac tors  

As the damage w i l l  be imposed as l a r g e  displacement 

6 

The argument can be sumnarized as 
A t  a p a r t i c u l a r  p o i n t  i n  space cascades w i l l  occur a t  random distances 

Figures 2 and 
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Figure 2. 
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Figure 3. Local interstitial concentrations due to pulsed irradiations (Ref. 6) 
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Figure 4. Di f ference i n  vo i d  rad ius  computed w i t h  and w i t hou t  s p a c i a l l y  
inhomogeneous de fec t  f l u x  ( f rom Ref. 6 ) .  
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111. THE NUCLEATION OF SECONDARY DEFECTS 

In order t h a t  i r radia t ion  produced defects should influence the i r radia-  
tion response of material* they must f i r s t  aggregate and  such aggregates 
are ca l led  secondary defects.  Further, the existance of separate secondary 
defects f o r  i n t e r s t i t i a l s  and vacancies i s  necessary and such a separation 
can only occur under steady-state conditions when sinks f o r  b o t h  species 

The i n i t i a l  aggregation i s  therefore a prerequisi te  f o r  i r radia t ion  induced 
deformation and i s  a d i f f i c u l t  area f o r  experimental observation since,  
in general, a l l  of the necessary information concerning the properties of 
small c lus te r s  has t o  be inferred from observations of the macroscopic 
defects a f t e r  some growth has been achieved. 
nucleation of  point defect aggregates, the precipi tat ion of solute and 
impurity atoms will  be treated in the following presentation. We shal l  
t reat  the nucleation of two types of secondary defec ts ,  i n t e r s t i t i a l  d is-  
location loops and cavi t ies .  A great deal of information i s  avai lable on the 
nucleation of i n t e r s t i t i a l  loops under electron i r radia t ion  in  pure metals and 
a l loys .  I n  recent reviews Kiritani and Yoshida cover a wide range of 
observations. Several features of loop nucleation have now been c l a r i f i e d ;  
even f o r  ostensibly 'pure'  metals the nucleation density i s  very sens i t ive  t o  
impurity atom concentrations, with levels  in the ppm range being important; 
the r a t e  control l ing diffusion process depends upon the mobility of vacancies, 
a t  h i g h e r  temperatures t h e  vacancy migration energy controls the r a t e  of 

growth of loops and the local increase in vacancy concentration adjacent t o  
i n t e r s t i t i a l  sinks can lead t o  the formation of vacancy c lus te r s  by thermal 
and/or i r r ad ia t ion  induced diffusion of vacancies. The observed nucleation 
density as a function of inverse temperature f o r  gold and molybdenum a re  shown 
i n  Fig.  5. The separation into four s igni f icant ly  d i f f e ren t  temperature 
regimes i s  more c lear ly  shown in  Fig. 6 where the loop dens i t ies  were calculated.  
The highest temperature regime i s  n o t  seen in Fig. 5 because of the very low 
dens i t ies  and a l so  these calculations did not  include vacancy mobility. 
Region I1 i s  interpreted as nucleation dominated by ( i n t e r s t i t i a l )  impurity 

e x i s t  and in addition tha t  i n t e r s t i t i a l s  have a bias f o r  one sink type. 7 

Here we concentrate upon the 

8 9 

8 

8 

*With the exception of i r radia t ion  enhanced diffusion which does not 
introduce new mechanisms of deformation. 
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Figure 5. I n t e r s t i t i a l  loop  density i n  e- i r rad ia ted  s i l v e r  and gold (from 
Ref. 8) .  
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t rapping;  the  apparent a c t i v a t i o n  energies are  0.19 eV f o r  Au and 0.18 eV 
f o r  Mo, a c t i v a t i o n  energies f o r  o the r  metals a re  i n  reference (8). These 
q u a n t i t i e s  a r e  a combination o f  t h e  f r e e  i n t e r s t i t i a l  m o b i l i t y  and the  

f r e e  i n t e r s t i t i a l - i m p u r i t y  b ind ing  energy. 
geneous nuc lea t i on  on impur i t y  atoms (here assumed t o  be present a t  ~ 1 0  ppm), 
w h i l s t  reg ion  I V  i s  either nuc lea t ion  under f r e e  i n t e r s t i t i a l  d i f f u s i o n  o r  
i n  con junc t ion  w i t h  an i m p u r i t y  o f  lower b ind ing  energy than t h a t  associated 
w i t h  reg ion  11. 
compl ica t ion  found f o r  simple e lec t ron  i r r a d i a t i o n  under ‘ i d e a l  ’ cond i t ions  
f o r  very pure mater ia ls .  
ma te r i a l s  under heavy i o n  o r  neutron i r r a d i a t i o n  and several new fea tures  have 
t o  be considered. 

s i t e s  has been es tab l ished f o r  pure metals, i n  technological  a l l o y s  i t  can 
be expected t o  be dominant. Consequently ca re fu l  measurements are requ i red  
t o  separate s e l f - d i f f u s i o n  processes and p o i n t  de fec t  t rapp ing  i n  i n t e r p r e-  

t i n g  the  loop nuc lea t ion  dens i ty .  
ga t i on  o f  i m p u r i t i e s  t o  the  nuc lea t i ng  c l u s t e r s  i s  t rea ted  i n  the nex t  pre- 
~ e n t a t i o n . ~  Another f ea tu re  which i s  espec ia l l y  p e r t i n e n t  under CTR condi- 
t i o n s  i s  the  i n f l uence  of hel ium gas on the nuc lea t ion  process. We s h a l l  

discuss t h i s  f u r t h e r  below w i t h  reference t o  c a v i t y  nucleat ion,  bu t  there 

i s  c l e a r  evidence t h a t  the  presence o f  hel ium g r e a t l y  in f luences the  observed 
loop number When the  damage i s  caused by 14 MeV neutrons, w i t h  

the  consequent copious hel ium generat ion the  loop nuc lea t ion  i s  l i k e l y  t o  
be in f luenced t o  an ex ten t  which a t  present  i s  n o t  we l l  understood. 

quest ions r e l a t i n g  t o  t h e  damage-rate dependence,’* the presence o f  f r e e  
surfaces ( i n  e l e c t r o n  and heavy i o n  s imu la t i on   experiment^),'^ and the  presence 
o f  l a r g e  d i f f u s i o n  gradients f o r  defects ( i n  heavy i o n  experiments)14 must 
a l s o  be considered. 

i s  completed very e a r l y  i n  an i r r a d i a t i o n ,  the  f i n a l  nuc lea t ion  dens i t y  
and hence t h e  d i s l o c a t i o n  dens i ty  i s  s e n s i t i v e  t o  many in f luences which are 
n o t  w e l l  character ized, p a r t i c u l a r l y  f o r  technological  s tee l s  and CTR i r r a d i a t i o n  

cond i t ions .  

The p la teau reg ion  i s  hetero-  

These r e s u l t s  a re  inc luded t o  demonstrate t h e  l e v e l  o f  

Our concern i s  f o r  t echno log i ca l l y  important  

The important  r o l e  o f  i m p u r i t i e s  as heterogeneous nuc lea t ion  

The very important  p a r t  played by the segre- 

Fur ther  

Even though there  i s  general agreement t h a t  i n t e r s t i t i a l  loop nuc lea t ion  
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IV. THE NUCLEATION AND STABILITY OF CAVITIES* 

The nucleation of  voids is a more complicated process than tha t  f o r  
i n t e r s t i t i a l  loops discussed above because i t  a r i s e s  from the mutual aggregation 
of more than one diffusing species. In the simplest case one must account 
fo r  the f lux of two species,  i n t e r s t i t i a l s ,  and  vacancies, whilst  in general 
the simultaneous a r r iva l  of helium or i n t r i n s i c  gases i s  a l so  necessary for  
the creation of s tab le  embryo's. Cavities a re  special in tha t  a three dimensional 
col lect ion o f  vacancies i s  not a s tab le  uni t .  Hence the appearance of two 
dimensional vacancy loops from cascades and from quenching (a1 t h o u g h  i n  pure 
metals vacancy type stacking f a u l t  tetrahedra a re  observed).' The net  
vacancy f lux t o  an embryo must be large enough to  overcome the thermodynamic 
driving force fo r  shrinkage by vacancy thermal emission f o r  s tab le  growth.  
This is  simply conceptualized as a c r i t i c a l  s i z e  o r  void nucleation ba r r i e r ,  
below which a cavity i s  unstable and will shrink, and i s  strongly dependent 
upon damage r a t e ,  local microstructure a n d  temperature. A t  elevated tempera- 
tures th i s  s i z e  can be s ign i f ican t ,  Fig. 7 gives an  example of the computed 
c r i t i c a l  s i z e  fo r  316 s ta in less  s tee l  as a function o f  temperature fo r  
d i f f e r en t  dose rates.15 There are  three ways in  which a cavity can appear in 
the system with su f f i c i en t  s i ze  t o  grow as a void. 
f luctuat ions,  t h a t  i s  the  o u t  of equilibrium appearance of c lu s t e r s  of vacancies 
by thermodynamic accretion,  secondly from h i g h  vacancy supersaturations in 
damage cascades. and th i rd ly ,  by the growth of gas bubbles u p  t o  the  required 
s i ze .  A t  higher temperatures ( the  peak swelling temperature and above) i t  i s  

c l ea r  t h a t  the l a t t e r  i s  the only viable process. 
separate void nucleation in  two stages.  
of gas atoms t o  form small gas  bubbles, the void embryos, the second the 
growth/or simple existance of bubbles u p  t o  the c r i t i c a l  s i ze .  The f i r s t  
stage has been t reated using c lass ica l  thermodynamical arguments16 and  by 
sophisticated numerical treatments which involve a l l  three diffusing species.  
A simpler approach in  which only the motion of the helium was taken into 
account has a l so  been given. 15'18 All of these methods a re  complicated and 

" T h e c a v i t y  i s  used t o  cover both gas bubbles and voids; only when i t  i s  
c l ea r  which type i s  dominant will the terms 'gas bubble' or 'void'  be used. 

F i r s t  by s t a t i s t i c a l  

We therefore prefere t o  
The f i r s t  concerns the aggregation 

1 7  
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Figure 7. Critical cavity size as a function of temperature and dose rate 
(from Ref. 15). 
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depend upon poo r l y  known q u a n t i t i e s .  For example, even t h e  s imp les t  p i c t u r e  

o f  gas bubble nuc lea t ion  requ i res  a knowledge o f  an equat ion o f  s t a t e  f o r  
s t a t i s t i c a l l y  smal l  ensembles o f  gas atoms and vacancies. Fur ther ,  the  r o l e  
o f  i m p u r i t y  t rapping,  lead ing  t o  heterogeneous nuc lea t i on  i s  thought t o  be 

j u s t  as impor tan t  as discussed p rev ious l y  f o r  i n t e r s t i t i a l  loops.18 Typical  
ca l cu la ted  bubble dens i t i es  as a f u n c t i o n  o f  inverse  temperature f o r  d i f f e r e n t  
assumed gas atom t r a p  energies a r e  shown i n  Fig.  8.18 The h igh  apparent 
Arrhenius energy can be expla ined ( f o r  i n t e r s t i t i a l  hel ium motion) by means 
o f  a thermal ly  a c t i v a t e d  non-saturable heterogeneous t r a p  f o r  gas atoms. 
I n  t h e  c a l c u l a t i o n s  lead ing  t o  Fig. 8 no assumptions were made as t o  t h e  
na ture  o f  t h e  t r a p  s i t e  o the r  than the  b ind ing  energy. 
cou ld  be an i n t e r s t i t i a l  loop, perhaps l ead ing  t o  t h e  commonly observed 
fea tu re  o f  loops and voids apparent ly  produced together,  s i n g l e  s o l u t e  atoms, 
p rec ip i t a tes ,  d i s l o c a t i o n  nodes and o the r  l a t t i c e  defects.  

c i e n t  evidence t o  c l e a r l y  de f i ne  the  na ture  o f  the t rapp ing  s i t e  and a l l  o f  
t h e  above p o s s i b i l i t i e s  have been observed. The d i r e c t  observat ion o f  vo id  
embryos i s  n o t  poss ib le  and the re fo re  techniques o the r  than TEM need t o  be 

brought t o  bear. 
The second p a r t  o f  the  vo id  nuc lea t ion  process, t h e  c r i t i c a l  s ize, 

i s  r a t h e r  more amenable t o  experimental conf i rmat ion  since, f rom Fig. 7, 
we see t h a t  f o r  an appropr ia te  choice o f  damage r a t e  and temperature t h e  

c r i t i c a l  s i z e  p red i c ted  t h e o r e t i c a l l y  i s  w e l l  w i t h i n  observat ional  range 
i n  the TEM. and indeed a considerable body o f  evidence now e x i s t s  which 
y i e l d s  t o  t h i s  i n t e r p r e t a t i o n .  

v i n c i n g  evidence from heavy i o n  i r r a d i a t i n s .  b u t  here we u t i l i z e  a spectacular  
example from t h e  work o f  Packan and F a r r e l l .  
a ‘pure ’  316 type a u s t e n i t i c  s tee l  (17% N i ,  16.7% C r ,  2.5% Mo), i r r a d i a t e d  
under 4 MeV N i  ions a f t e r  being p re in jec ted  w i t h  1400 ppm helium. 
j e c t i o n  has l ong  been used t o  s imulate the  hel ium product ion du r ing  neutron 
i r r a d i a t i o n ,  and t o  g ive  cons is tan t  values o f  t h e  vo id  densi ty .  
t h a t  t h i s  i s  s i g n i f i c a n t l y  d i f f e r e n t  from the  continuous product ion o f  gas 
under neutrons. The consequences have been discussed i n  some d e t a i l  

recent ly .  15s21 
number of s m a l l  bubbles, the f o l l o w i n g  i o n  i r r a d i a t i o n  w i l l  a l l ow  on ly  those 

Thus, the  t r a p  

We have i n s u f f i -  

Mazey and Nelson” have presented most con- 

The ma te r ia l  i nves t i ga ted  was 

Prein- 

Not ice  

Upon p r e i n j e c t i o n  we v i s u a l i z e  t h e  gas nuc lea t i ng  a l a r g e  
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bubbles w i t h  a rad ius  i n  excess o f  t he  c r i t i c a l  s i z e  t o  grow. Thus, w i t h  

t he  l a r g e  amounts o f  i n j e c t e d  gas i n  these experiments we would p r e d i c t  
a bimodal c a v i t y  popu la t ion cons i s t i ng  o f  growing voids and a s tab le  back- 
ground popula t ion o f  gas bubbles. Figure 9 shows t h i s  very c l e a r l y  f o r  
two d i f f e r e n t  experimental cond i t ions,  case (d) was f o r  p r e i n j e c t i o n  a t  
room temperature, and case (c )  a t  the  temperature o f  the  i r r a d i a t i o n  (625OC). 
The f i r s t  case i s  c l e a r l y  bimodal w i t h  a l a r g e  (dominant) popu la t ion o f  
small  cav i t i e s ,  the  second case has a background popula t ion o f  less  numbers, 
b u t  l a r g e r  s ize.  The histograms f o r  these two cases are  shown i n  Fig. 10 
and c l e a r l y  h i g h l i g h t  t h i s  e f f e c t .  The d i f fe rences  between these two exper i-  

ments are  e a s i l y  reconc i led  i n  the temperature a t  which t he  gas bubbles 
nucleated, t he  h igh  temperature r e s u l t i n g  i n  a smal ler  number o f  l a r g e r  
bubbles - hence i n  t u r n  lead ing  t o  a more evenly d i s t r i b u t e d  bimodal popula- 

t i on .  
evo lu t i on  o f  a bimodal popu la t ion and the  r e s u l t s  are summarized i n  Fig. 11, 
e s s e n t i a l l y  v a l i d a t i n g  t he  phys ica l  model. This phys ica l  process has proved 

t o  be r a t h e r  use fu l  i n  a much wider area. 

introduced15 as a c l e a r  concept t o  exp la in  t he  observed sudden drop i n  ' v o i d '  
numbers a t  h i gh  temperature, which seems t o  be an unusual f ea tu re  o f  a l l  
i r r a d i a t i o n  condi t ions.  For p re i n j ec ted  mate r ia l  t h i s  i s  expla ined i n  terms 

o f  the  exponential  r i s e  i n  c r i t i c a l  s i z e  w i t h  temperature (see Fig. 7) 
r a p i d l y  exhausting the  c a v i t i e s  l a r g e  enough t o  grow which resu l t ed  from 
the  p re i n j ec t i on .  
l a t i o n s  i n  316 s tee l  under n i c k e l  i o n  i r r a d i a t i ~ n . ' ~  The e f f e c t  i s  a l so  

use fu l  i n  i n t e r p r e t i n g  the  appearance of an incubat ion dose and second 
swe l l i ng  peak i n  neutron i r r a d i a t e d  316 s tee l2 *  and i n  i n t e r p r e t i n g  t he  poss ib le  
effects of +mm-.srs+iira rhalmac nn w n i A  cwallinn 23 llcd111 though these simple 
arguments 1 mndent e f f ec t s ,  

above l 9 S 2 O  t o  f u l l  

a l l ow  i t s  ex t rapo l  

Ca lcu la t ions us ing a d i s t r i b u t i o n  o f  c a v i t y  s izes shows the  expected 

For example, i t  was f i r s t  

F igure  12 demonstrates the  r e s u l t s  f o r  p a r t i c u l a r  calcu-  

3w i t s  

I n  Figs. 10 ana I I we incroaucea rne vuia b i z e  aibwiuubiur i  as an observ- 

y u t i l i z e  the  phys ica l  model and the re fo re  a l l 1  
a t i o n  t o  CTR cond i t ions.  . .. . . ~  A . . L . . - >  J X L -  __-I> - 2 - -  A2-*-2L..&:-.. 

able  fea tu re  of i r r a d i a t i o n  damage. 

are  a source of more d e t a i l e d  informat ion.  

The examples c i t e d  show t h a t  such measurements 
I n  f ac t ,  a great  deal more informa- 
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Figure 9. E lec t ron  micrograph o f  bimodel vo i d  populat ioi i :  i n  'pure '  316 
s ta i n l ess  s tee l  a t  70 dpa. 
case (d)  f o r  c o l d  i n j e c t e d  helium, both t o  1400 ppm (f rom Ref. 

Case (c )  i s  f o r  h o t  i n j e c t e d  heliiirn, 

20). *. 
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Comparison of Calculated and Observed Void Number 
Densities in S.T. 316 Steel as a Function of Temperature 

Figure 12. Calculated observable void concentrat ions for VEC condi t ions 
shown, w i t h  the  observed void d e n s i t i e s  (from Ref. 15). 
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t ion can be derived i f  such s i z e  d i s t r ibu t ions  can be 
However these pr incipal ly  concern questions o f  growth 
outside the range of the present discussion. 
l i t e r a t u r e .  

Details 
24,25 

accurately measured. 
kinetics and a re  
are  avai lable  in the 

We have emphasized the ro le  of helium in the nucleation kinetics of 
voids and shown how physical models based upon i t  can give a very success- 
ful in te rpre ta t ion  of the avai lable  experimental resu l t s .  In par t icu la r  we 
would reemphasize the vi t a l  d i s t inc t ion  between preinjected (or i n t r i n s i c )  
gas in simulation experiments and the continuous gas production under neutron 
i r rad ia t ion  conditions. Experimental observations under dual ion-gas in- 
ject ion i r rad ia t ion  conditions a r e  v i t a l  t o  simulate CTR, and even FBR,  
environments and there i s  already a significant-body o f  evidence which 
emphasizes this.*l  s26 We therefore highlight the whole area of i n e r t  gases 
i n  metals as a crucial  one f o r  understanding the response of materials t o  CTR 
i r rad ia t ion  environments. 

V .  SUMMARY 

I n  t h i s  very br ief  note we have t r i e d  t o  highlight some of the important 
new quant i t i es  which need experimental ver i f ica t ion  and characterization of 
fur ther  our understanding of the i r rad ia t ion  damage processes in materials 
i n  CTR environments. We have par t icu la r ly  emphasized the need to  thoroughly 
understand the avai lable  simulation experiment conditions so t h a t  a proper 
correla t ion w i t h  the ,  as ye t  unobtainable, CTR conditions can be made. We 

have only focused upon the primary stages of the damage process and the 
nucleation o f  secondary defects.  
t h a t  our  understanding o f  the more basic quant i t i es ,  such a s  diffusion in 
complex al loys,  surface energies,  stacking fault-energies,  dislocation bias 
values, t rap  nature and binding energies,  and phase s t a b i l i t y  ( n o t  segregation) 
i s  anywhere near adequate and fur ther  work i s  needed here as well as in the 
ra ther  more exot ic  f i e l d s  discussed in the body of the paper. 

This should in no way be taken as implying 
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A SUMMARY OF THE CURRENT UNDERSTANDING 
OF THE SECONDARY DAMAGE MICROSTRUCTURE 

H .  Wiedersich 
Materi a1 s Science Division 
Argonne National Laboratory 

Argonne, I l l i n o i s  60439 

I. INTRODUCTION 

During elevated temperature i r rad ia t ions  w i t h  energetic neutrons, 
ions o r  e lectrons,  the microstructure of a l loys undergoes s ign i f ican t  changes 
accompanied by corresponding changes i n  physical properties.  Detailed 
information on various aspects of  radiation-induced microstructural e f f ec t s  
and property changes can be found i n  several recent proceedings. [1-3] 
The preceeding paper by M. R. Haynes sumnarizes the defect  production 
and the nucleation o f  small defect  aggregates du r ing  i r rad ia t ion .  Here, 
we will discuss the development of the  microstructure on a somewhat 
grosser scale .  

After a shor t  characterization of the dynamic s t a t e  of a c rys t a l l i ne  
material du r ing  i r rad ia t ion  we will address (a )  the void swelling phenomenon; 
(b) radiation-enhanced, diffusion-induced processes such as radiation-induced 
coarsening; and (c)  radiation-induced processes such a s  radiation-induced 
second phases and the spat ia l  redis t r ibut ion of phases in  multiphase 
a1 loys. 

11. THE DYNAMIC STATE DURING IRRADIATION 

For a conceptual understanding o f  the  microstructural developments 
d u r i n g  i r rad ia t ion  a treatment by chemical rate theory i s  most useful. 
[4-61 T h i s  theory assumes t h a t  defects a r e  produced randomly through- 
out  the  material .  Defects a re  c l a s s i f i ed  a s  "imnobile", e.g., collapsed 
vacancy loops o r  void embryos i n  the core of displacement cascades, and 
"mobile", e.g., i n t e r s t i t i a l s ,  vacancies, small c lus te rs  of these point 
defects ,  point defect- solute complexes, he1 ium and other transmutation 

products. The i n t e r s t i t i a l -  and vacancy-type mobile defects d i f fuse ,  
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except a t  low temperatures, and cease t o  e x i s t  by mutual recombination 
throughout the material o r  by annihi la t ion a t  s ta t ionary sinks such a s  
dis locat ions,  voids, surfaces and grain boundaries. Defect annihi la t ion 
a t  sinks induces defect  fluxes from the in t e r io r s  of grains to  the spa t i a l l y  
d i scre te  sinks. 
development during i r rad ia t ion .  
losses by fluxes to  descrete sinks a re  taken in to  account by loss r a t e  
constants called "sink annihi la t ion probabi l i t ies"  141 o r  " s i n k  strength" 
[5,6] and average defect  concentrations a re  calculated.  

tha t  can be expected in d i f f e r en t  temperature regimes, i t  i s  useful t o  
consider the quasi-steady-state, average concentrations o f  mobile defects 
t ha t  are  achieved during i r rad ia t ion  a t  const-ant displacement r a t e  a f t e r  
an i n i t i a l  t rans ien t .  A t  h i g h  temperatures, a l l  point defects d i f fuse  
f a s t  and, hence, t h e i r  concentration does not r i s e  s ign i f ican t ly  above 
the thermal equilibrium value; the r i s e  is therefore insuf f ic ien t  for nuclea- 
t ion of i n t e r s t i t i a l  loops or voids; moreover, thermal annealing eliminates 
incipient  microstructural changes. 

in metals usually the vacancy type, i s  essen t ia l ly  imnobile. 
t ra t ion  builds t o  a level limited by d i f fus ive  or  spontaneous recombination, 
thereby eliminating any s ign i f ican t  long range diffusion processes. 
microstructural changes in t h i s  temperature range a re  t h u s  limited t o  a 
high density of point defects and small defect c lus te rs ,  up t o  s i ze s  on 
the order of those produced d i r ec t ly  by cascades. 

annih i la te ,  a t  l e a s t  i n  par t ,  a t  pre-existing or  radiation-induced sinks, 
because even the slower defect  dif fuses  f a s t  enough t o  l imi t  recombination 
as a defect  loss  mechanism. In this intermediate temperature regime, 
typical ly  0.3 t o  0.6 of the absolute melting temperature, major changes 
of the microstructure on a scale  above the resolution l imi t  of conventional 
transmission electron microscopy (TEM) a re  induced o r  accelerated by 
i r rad ia t ion .  
lower end of t h i s  temperature regime causes profuse nucleation of i n t e r s t i t i a l  
loops and vacancy aggregates a n d ,  hence, leads to  a h i g h  density of micro- 
st ructural  features .  With increasing temperature, defect  supersaturations 

These fluxes a re  the predominant cause o f  microstructural 
In the r a t e  theory description,  the defect  

For an appreciation of the types and sca le  of microstructural changes 

A t  low temperatures, a t  l e a s t  one of the two principal types of defects ,  
I t s  concen- 

The 

Between these two temperature regimes both vacancies and i n t e r s t i t i a l s  

Generally, the high supersaturation of p o i n t  defects a t  the 
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decrease. Consequently, fewer defect aggregates nuc leate  and coarser 
micros t ruc tures  r e s u l t .  I n  the  f o l l ow ing  sect ions we w i l l  touch on 

several d i s t i n c t  types o f  m i c ros t ruc tu ra l  changes t h a t  occur du r ing  

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

111. V O I D  SWELLING 

I n  con t ras t  t o  o the r  m i c ros t ruc tu ra l  changes dur ing  i r r a d i a t i o n ,  t o  
be discussed l a t e r ,  vo id  swe l l i ng  can occur on ly  when a p a r t i a l  separat ion 
o f  i n t e r s t i t i a l  - and vacancy-type defects i s  produced by p r e f e r e n t i a l  

a n n i h i l a t i o n  o f  i n t e r s t i t i a l s  and/or vacancies a t  s p e c i f i c  types o f  s inks.  
The s t ronger  e l a s t i c  i n t e r a c t i o n  o f  i n t e r s t i t i a l s  w i t h  d i s l oca t i ons  than 
t h a t  o f  vacancies w i t h  d i s l oca t i ons  i s  recognized as the  major cause o f  
t h i s  bias. The development o f  the  d i s l o c a t i o n  s t r u c t u r e  i n  an annealed 
mate r ia l  usua l l y  s t a r t s  w i t h  f a u l t e d  loops. These loops grow, un fau l t ,  
and even tua l l y  i n t e r a c t  w i t h  o the r  loops and e x i s t i n g  d i s l oca t i ons  t o  
form d i s l o c a t i o n  networks as i l l u s t r a t e d  i n  Fig. 1. [7] The development 
of the  major m ic ros t ruc tu ra l  features i n  an annealed a u s t e n i t i c  s tee l  du r ing  
e l ec t r on  i r r a d i a t i o n  is shown i n  a q u a n t i t a t i v e  fashion i n  Fig. 2. [E] 
The number dens i t y  o f  loops decreases as they i n t e r a c t  and form d i s l o c a t i o n  
networks, which i n  t u r n  leads t o  an increase i n  the  t o t a l  d i s l o c a t i o n  

dens i t y  pd. Sa tu ra t ion  o f  pd i s  approached w i t h  inc reas ing  dose. Generally, 

nuc lea t ion  o f  loops as w e l l  as o f  voids ceases a f t e r  low doses as can be 
deduced from peaks i,n the  number densi t  
i n  vo id  number dens i t i es  w i t h  dose are 

t o  Ostwald r i p e n i n g  or, sometimes, by \ 

s u r v i v i n g  voids more than compensates 1 
as evidenced by a monotomic increase of 

es, see Fig. 2. Observed decreases 
i k e l y  caused by a process s i m i l a r  

i d  coalescence. The growth o f  
r the  decrease i n  number dens i t y  
the  f r a c t i o n a l  vo id  volume, AYlY,. 

" 
Typical  vo id  micros t ruc tures  a t  a f i x e d  dose are  i l l u s t r a t e d  as a 

f unc t i on  o f  i r r a d i a t i o n  temperature i n  Fig. 3. [9] Consistent  w i t h  the  

expectat ions o u t l i n e d  i n  t he  previous sect ion,  the  vo id  number dens i t y  
decreases w i t h  increas ing temperature and the  volume a t t a i n s  a maximum a t  

in termedia te  temperatures where few defects  are  l o s t  by recombination and 
thermal anneal ing i s  s u f f i c i e n t l y  s low t o  pe rmi t  the  nuc lea t ion  of de fec t  
c l u s t e r s  a t  moderate number dens i t ies .  
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Fig. 2. Void and interstitial loop number densities, swelling AV/V 
and network dislocation density as function of dose for solution 
annealed type 31,6 stainless steel, irradiated with 1.0 MeV 
electrons at 500 C. [81 
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Usual ly ,  voids and d i s l o c a t i o n  loops a re  d i s t r i b u t e d  f a i r l y  randomly 

I n  a number o f  cases, many throughout t he  ma te r i a l  w i t h  some exceptions. 

o f  the  i n i t i a l  voids are  observed i n  c lose p rox im i t y  t o  e x i s t i n g  d i s-  
loca t ions .  Void and loop  denuded zones occur near sur face and g r a i n  
boundary sinks. 
o r  r a f t s .  The most s t r i k i n g  non-random defect  c l u s t e r  d i s t r i b u t i o n s  are 
ordered vo id  arrays i n  which t he  voids forin a super la t t i ce ,  usua l l y  w i t h  
the  same type o f  u n i t  c e l l  and o r i e n t a t i o n  as t he  host  metal l a t t i c e .  
Examples o f  ordered vo id  arrays, shown i n  Fig. 4, are  taken from the  work 
o f  Loomis e t  a l .  [ l o ]  The f i g u r e  shows t h a t  t he  pe r f ec t i on  and temperature 

range o f  ordered vo id  arrays i n  Nb depend on t he  oxygen content. 

I n  some mater ia l s  i n t e r s t i t i a l  loops are a l igned i n  s t r i n g s  

I V .  RADIATION-ENHANCED MICROSTRUCTURAL PROCESSES 

D i f f u s i o n  o f  s u b s t i t u t i o n a l  elements i n  c r y s t a l l i n e  s o l i d s  genera l l y  

invo lves p o i n t  defects.  
produced excess p o i n t  defects acce lera te  d i f f u s i o n  processes. Figure 5 
i l l u s t r a t e s  the  ca lcu la ted  enhancement o f  the  d i f f u s i o n  c o e f f i c i e n t  f o r  

a species d i f f u s i o n  by a vacancy mechanism. I n  t he  in termedia te  and low 
temperature range, d i f f u s i o n  i s  g r e a t l y  enhanced by i r r a d i a t i o n .  Values 

o f  the  d i f f u s i o n  c o e f f i c i e n t  which can lead  t o  s i g n i f i c a n t  m i c ros t ruc tu ra l  

changes i n  reasonable times are  maintained t o  s i g n i f i c a n t l y  lower tempera- 
tu res  dur ing  i r r a d i a t i o n  than w i t hou t  i r r a d i a t i o n .  Note t h a t  i n t e r s t i t i a l s  
c o n t r i b u t e  t o  the  enhancement o f  d i f f u s i o n .  However, increased recombina- 

t i o n  a t  low temperature l i m i t s  l ong  range d i f f u s i o n  and, hence, s i g n i f i c a n t  

It has long been recognized t h a t  the  rad ia t i on-  

r e d i s t  r i b u t i o n  o f  a l l o y  components on a m i c ros t ruc tu ra l  scale. 
h r  r - l r . . l - + < n r r  Cnn C < n  E 3-n h.aer.4 nn r n n . r C 4 n n  r.+n +hnnuir 

Is s p a t i a l l y  averaged de fec t  concentrat ions and d i f f u s i o n  coei 
Complications a r i s e  near de fec t  s inks where de fec t  concentral 
i s i on  c o e f f i c i e n t s  become s t r ong l y  space dependent. F u r t h e m  
. -. . I  I - . f -  I -  . I - ~  ..~, 1~. % , ~ -  ~~ I .~-I defecr  TIUX inaucea segregation, t o  oe oiscussea i n  tne  nex t  sect ion,  

my overshadow any e f f e c t s  o f  d i f f u s i o n  enhancement i n  the  v i c i n i t y  o f  

de fec t  sinks. As an example o f  a radiation-enhanced, d i f f u s i o n- c o n t r o l l e d  
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Fig. 4. Ordered Voids in Nb-0 alloys after Ni-ion bombardment at 780 C 

and at 828OC to 50 dpa. 
is required at the high temperature in order to form a well- 
ordered void lattice. 1101 

Note that a higher oxygen concentration 



4- TEMPERATURE ["C] 

Fig.  5. Diffusion coefficient as function of inverse temperature cal- 
culated from rate theory for a nickel-kased substitutional 
alloy. Displacement rate used was 10 dpa/s. The sink deqity 
is characterized by the sink annihilation probability p. p 
is the average number of jumps of a defect between creation 
a!& annihilation at a sink. 
D is shown for comparison. 

The thermal diffusion coefficient 
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mic ros t ruc tu ra l  process, we w i l l  d iscuss p r e c i p i t a t e  coarsening i n  y / y '  

a l l oys .  The y ' - p r e c i p i t a t e s  are  ordered A3B i n t e r m e t a l l i c s  (L12) t h a t  
form coherent ly  w i t h  the  f c c  d isordered m a t r i x  and o f t e n  e x h i b i t  l i t t l e  i f  

any l a t t i c e  parameter m i s f i t .  
o u t  the  undue in te r fe rence  from de fec t  s inks  t h a t  was a l luded t o  before. 

a t  the  expense o f  smal ler  ones. 
i n t e r f a c i a l  energy. According t o  the  Lifschitz-Slyozov-Wagner theory 
the average p a r t i c l e  diameter s3 - $ = k t .  The r a t e  constant k i s  pro-  
p o r t i o n a l  t o  the  d i f f u s i o n  c o e f f i c i e n t .  
o f  Po t te r  and McCormick, i l l u s t r a t e s  t h a t  coarsening o f  a Ni-12.8 a t .  % A1 
a l l o y  du r ing  i r r a d i a t i o n  a t  var ious temperatures fo l l ows  t h i s  r e l a t i o n  w e l l  
and, hence, can be considered as Ostwald r ipen ing .  [ll] However, the 
r a t e  constant  k (which i s  p ropo r t i ona l  t o  the ord ina te  value a t  any f i x e d  
dose, e.g. 1 dpa, i s  g r e a t l y  enhanced r e l a t i v e  t o  t h a t  f o r  thermal aging. 

I n  Fig. 7 coarsening r a t e  constants f o r  a Ni-12.7 a t .  X S i  dur ing  i r r a d i a t i o n  
are  compared w i t h  those ca l cu la ted  on t h e  basis o f  r a t e  theory assuming 

t h a t  S i  atoms a c t  as i m b i l e  o r  mobi le  t raps  f o r  i n t e r s t i t i a l s ,  o r  do 
n o t  t r a p  i n t e r s t i t i a l s .  [12] The r e s u l t s  i n d i c a t e  t h a t  p r e c i p i t a t e  

coarsening under i r r a d i a t i o n  can be described as a radiation-enhanced 
d i f f u s i o n  process i n  the  Ni-A1 and the  N i - S i  systems. Some complicat ions 

t h a t  a r i s e  from radiat ion- induced segregat ion w i l l  be discussed l a t e r .  

Therefore, coarsening can be s tud ied  w i th-  

Coarsening o r  Ostwald r i pen ing  occurs by growth o f  l a r g e  p a r t i c l e s  
The d r i v i n g  fo rce  i s  t h e  reduct ion  o f  

Figure 6, taken from the work 

V. RADIATION- INDUCED PHASE CHANGES 

Three p r i n c i p a l l y  d i f f e r e n t  types o f  rad ia t ion- induced phase changes 
can be d is t ingu ished.  
excess d i f e c t s ,  (b) displacement d i so rde r ing  and ( c )  radiat ion- induced 
l o c a l  composit ional changes. 

energy o f  a phase. Maydet and Russel suggested t h a t  as a consequence, 
s h i f t s  i n  phase boundaries should occur. [13] The energy c o n t r i b u t i o n  

from excess defects are u s u a l l y  small compared t o  t y p i c a l  energy d i f f e rences  
between neighbor ing phases. Moreover, on ly  the  d i f f e r e n c e  i n  the  energy 

The changes may be caused by (a) the  presence o f  

The presence o f  excess i n t e r s t i t i a l s  and vacancies increases the  f r e e  
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Fig. 7. Coarsening rate constant k as function of inverse temperature for 
a Ni-12.7 at. %-2i alloy during Ni-ion bombardment of a displace- 
ment of d . 7  10 dpa/s (+). The curves were calculated from 
rate theory assuming that interstitials form immoble complexes 
(immobile traps), mobile complexes (mobile traps) with silicon 
atoms, or do not become trapped at silicon atoms. [ 1 2 ]  



contributions of the excess defects i n  competing phases can lead to  shif ts  
i n  the phase boundaries. These shifts are expected t o  be small and no 
unambiguous experimental evidence for such a sh i f t  seems t o  exist.  Some 
conceptual diff icult ies for phase boundary shif ts  resulting from excess 
defects exist when the interface between the competing phases act as a 
defect sink. 

Displacements tend to  disorder a solid and can change a crystalline 
phase i n  t o  an amorphous phase. Such transitions appear especially 
prevalent i n  covalently bonded semiconductors b u t  are by no means restricted 
t o  this class of  materials. Similarly, radiation can disorder a n  ordered 
alloy wi thou t  a severe reduction of the crystallinity. 
a t  wh ich  atomic rearrangements by diffusion, w i t h  or w i t h o u t  radiation 
enhancement, occur a t  perceptable rates, the competition between radiation- 
induced disorder and reordering by atomic rearrangements may se t  up a 
"steady s ta te  degree o r  order" dur ing  i r radia t ion.  [14] Figure 8 shows 
some experimental evidence for this  phenomenon taken from the work of 
Potter, [15] A t  lower temperatures the Ni3Si film tends towards a lesser 
degree of order during irradiation. A t  higher temperatures reordering i s  
fas t  enough to  maintain the degree of order close t o  that a t  thermal 
equilibrium. Since reordering requires only short diffusion distances, 
phase changes due to  radiation-induced disordering are expected to  be 
important mainly a t  relatively low temperatures. 

The t h i r d  type of radtation-induced phase change, ?.e., t h a t  caused 
by segregation, appears t o  be of the most practical importance and is by 
far  the best documented type. 
reviewed recently by Okamoto and Rehn. [16] A simple theoretical treat- 
ment has been given by Wiedersich e t  a l .  [17] As previously mentioned, 
a t  intermediate temperatures, significant fractions of the randomly 
produced defects annihilate a t  sinks, thus, defect fluxes are induced. 
A preferential association and/or exchange of specific alloy components 
w i t h  defects couples net fluxes of components t o  defect fluxes, which i n  
turn alters the local composition near defect sinks. 
near sinks becomes depleted of the large atomic size components and enriched 

A t  temperatures 

Radiation-induced segregation has been 

Usually, the matrix 
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i n  the small  atomic s i z e  compnents o f  the  a l l o y .  1161 Local enrichments 
o f  so lu tes  may be s u f f i c i e n t l y  l a r g e  t o  exceed the s o l u b i l i t y  l i m i t  and 

p r e c i p i t a t i o n  can then occur i n  nominal ly  s o l i d  s o l u t i o n  a l loys .  
are shown i n  Fig. 9 f o r  d i l u t e  N i - S i  a l l o y s  i n  which N i 3 S i  p r e c i p i t a t e s  
form on surfaces (a),  on d i s l o c a t i o n  loops (b) and on g ra i n  boundaries 

(c ) .  [18] A normal ly  s i n g l e  phase Ti-6A1-4V a l l o y  forms a h igh  dens i ty  
o f  8-phase p r e c i p i t a t e s  dur ing  elevated temperature i r r a d i a t i o n  as shown 
i n  Fig.  10. [19J Whether the  hcp t o  bcc phase t ransformat ion i n  t h i s  case 
i s  i n  f a c t  caused by l o c a l  concent ra t ion changes has n o t  been estab l ished 

as yet .  
Solute dep le t i on  near s inks  occurs i n  those a l l o y s  i n  which so lven t  

atoms are  p r e f e r e n t i a l l y  t ransported w i t h  t he  de fec t  f l uxes  t o  s inks.  A 
corresponding enrichment o f  so l u te  r e s u l t s  i n  the  matr ix .  However, i n  
s o l i d  s o l u t i o n  a l l o y s  the  enrichments i n  the  ma t r i x  are genera l l y  small 
compared t o  those discussed i n  the  previous paragraph because the volume 

around sinks, i n  which s i g n i f i c a n t  concent ra t ion changes and grad ients  
occur, i s  a r a t h e r  small f r a c t i o n  o f  the  t o t a l  volume o f  the mate r ia l .  

Hence, genera l l y  no p r e c i p i t a t i o n  w i l l  occur f o r  s o l i d  s o l u t i o n  a l l o y s  which 

show so lu te  dep le t ion  a t  sinks, except when the average composition i s  c lose 

t o  the  s o l u b i l i t y  l i m i t .  
The s o l u t e  dep le t ion  case i s ,  however, impor tant  f o r  r e d i s t r i b u t i o n  

o f  phases i n  mult iphase a l l o y s  as w i l l  be shown by examples from the work 
of Po t t e r  and co-workers on a Ni-12.8 at .  % A1 a l l o y .  1201 I n  contrast  

t o  the un i form d i s t r i b u t i o n  o f  Y' p r e c i p i t a t e s  which i s  observed i n  the  

thermal ly  aged a l l oy ,  p r e c i p i t a t e  f r e e  zones develop du r i ng  i r r a d i t i o n  
around de fec t  s inks such as d i s l o c a t i o n  loops as i l l u s t r a t e d  i n  Fig. 11. 
Nickel  enrichment around s inks br ings the l o c a l  composition i n t o  the  
s o l i d  s o l u t i o n  range; Y' p r e c i p i t a t e s  d isso lve  near these s inks and are  
concentrated i n  s ink- f ree  regions. As d i s l oca t i ons  penetrate a t  h igh  
doses i n t o  regions w i t h  l a r g e  and dense p rec i p i t a t es ,  p r e c i p i t a t e s  p a r t i a l l y  
d i sso lve  a t  the  d i s l oca t i ons  as shown i n  Fig. 12. 
c i p i t a t e s  occurs and renuc leat ion takes place i n  p rev ious ly  p r e c i p i t a t e  
f r e e  zones. The number dens i t y  o f  p r e c i p i t a t e s  even tua l l y  increases a t  

h igh  doses, so t h a t  the  average p r e c i p i t a t e  s i z e  goes through a maximum 

Examples 

Fragmentation o f  pre- 
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Fig. 9. Precipitation of Ni Si on defect sinks in solid solution Ni-Si 3 alloys during irradiation (a) shows the domain structure of the 
continuous surface film of Ni Si film; (b) shows toroidal 
Ni Si precipitates that form on interstitial dislocation 3 loops; (c) shows a Ni Si film that covers a grain boundary. 3 Courtesy of P. R. Okamoto and K.-H. Robrock. 
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b 

Fig. 10. Formation of b.c.c. precipitates in a h.c.p. commercial purity 
Ti-6 wt. % A1-4 wt. 8 V solution annealEd alloy during V-ign 
bombardment; (b).465 C, 25 dpa, (b) 547 C, 12 dpa, (c) 660 C, 
25 dpa. Control specimens with the same temperature history, 
but shielded from the ion beam,remained single phase. [19] 
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as a f unc t i on  o f  dose dur ing  i r r a d i a t i o n ,  Fig.  13, i n  con t ras t  t o  the  

monotomic increase i n  s i z e  dur ing  themral aging. [21] 

occurs, o f  course, i n  two-phase a l l o y s  i n  which so lu te  enrichment a t  s inks 
p reva i l s .  

as discussed i n  con junct ion w i t h  Fig. 9 f o r  s o l i d  so lu t ions.  

loses so lu te  and even tua l l y  a l l  p r e c i p i t a t e s  n o t  associated w i t h  de fec t  
s inks  are  d issolved.  

should be c lose t o  t h a t  o f  the  thermal equ i l i b r i um  phase aside f r o m  
poss ib le  concent ra t ion grad ients  w i t h i n  the  p r e c i p i t a t e s  due t o  de fec t  
f luxes.  

between the  var ious components and the de fec t  f l uxes  can lead  t o  p r e c i p i t a t e  
composit ions t h a t  d i f f e r  markedly from t h e i r  thermal e q u i l i b r i u m  composit ion 
i n  the  a l l o y ,  because the  m a t r i x  composit ion a t  the  p r e c i p i t a t e  i n t e r f a c e  

may be a l t e r e d  s i g n i f i c a n t l y  from the  average ma t r i x  composition. An 
example o f  t h i s  phenomenon may be the so c a l l e d  G-phase t h a t  i s  found a f t e r  

neutron i r r a d i a t i o n  i n  s i l i con- con ta i n i ng  Fe-Cr-Ni based a l loys .  [22] The 
G-phase i s  s t r u c t u r a l l y  s i m i l a r  t o  MZ3C6, bu t  has a s i g n i f i c a n t l y  d i f f e r e n t  
l a t t i c e  parameter and composition. 

P r e c i p i t a t e  r e d i s t r i b u t i o n  due t o  rad ia t ion- induced segregation a lso  

P rec ip i t a t es  nucleate and grow p r e f e r e n t i a l l y  a t  de fec t  sinks, 

The ma t r i x  

I n  two component a l l o y s  the  composition o f  the  p r e c i p i t a t e  phase 

I n  multicomponent systems, the  d i f f e r e n t  st rengths o f  coup l ing 

V I .  PROBLEM AREAS I N  QUANTITATIVE CHARACTERIZATION OF DEFECT CLUSTERS AND 
'MICROSTRUCTURAL FEATURES 

As i s  apparent from the b r i e f  d iscussions o f  the pr imary and the  

secondary damage mic ros t ruc tu re  presented i n  the  two i n t r oduc to r y  papers 

t o  the  Workshop, a mu l t i t ude  o f  defects, de fec t  c l u s t e r s  and o ther  micro-  
s t r u c t u r a l  features p l ay  an important  r o l e  i n  the  development o f  the  damage 

s t r u c t u r e  i n  mate r ia l s  under i r r a d i a t i o n .  Although a good q u a l i t a t i v e  

understanding o f  the  major processes and features has been achieved dur ing  
the  past  decade, q u a n t i t a t i v e  and p r e d i c t i v e  desc r ip t ions  o f  the  response 
o f  a mate r ia l  du r ing  elevated temperature i r r a d i a t i o n s  requ i r e  a subs tan t ia l  
increase o f  our knowledge about p roper t ies  and s t ruc tu res  o f  de fec t  c lus te rs .  

Some o f  the most important  areas i n  which the  techniques discussed i n  the  
Workshop could con t r i bu te  are out1 ined here. 
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Fig. 13. Precipitate diameter and number density as function of dose 
in a Ni-12.8 at. A1 alloy irradiated at the temperatures in- 
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The s t ruc tures ,  b ind ing  energies and k i n e t i c  p rope r t i es  o f  defect- solute 

complexes are  o f  g rea t  importance t o  t h e  q u a n t i t a t i v e  understanding o f  a l l o y -  

i n g  effects on nuc lea t i on  o f  i n t e r s t i t i a l  and vacancy aggregates as we l l  
as t o  t h e  q u a n t i t a t i v e  d e s c r i p t i o n  o f  radiat ion- induced segregat ion processes. 

Q u a n t i t a t i v e  i n fo rma t ion  on s t ruc tures ,  s i ze- d i s t r i bu t i ons ,  composit ions 

and s t a b i l i t i e s  o f  vacancy, i n t e r s t i t i a l  and s o l u t e  aggregates, e s p e c i a l l y  

those whose s i z e  i s  below t h e  r e s o l u t i o n  l i m i t  o f  convent ional transmission 
e l e c t r o n  microscopy, would prov ide  valuable checks on e x i s t i n g  theory and 

would g i v e  guidance f o r  necessary improvements. Measurements o f  chemical 
composit ion and phase i d e n t i f i c a t i o n  o f  p r e c i p i t a t e s  i n  i r r a d i a t e d  ma te r ia l s  
a re  p re requ is i t es  f o r  a thorough d e s c r i p t i o n  o f  phase s t a b i l i t y  du r ing  
i r r a d i a t i o n .  A t  present most q u a n t i t a t i v e  m ic ros t ruc tu ra l  i nves t i ga t i ons  
r e l y  on q u a n t i t a t i v e  t ransmiss ion e l e c t r o n  microscopy which i s  h i g h l y  
labor- in tens ive .  Charac ter iza t ion  o f  s i z e- d i s t r i b u t i o n s  o f  voids, loops 
and p r e c i p i t a t e s  and measurements o f  d i s l o c a t i o n  dens i t i es  by l ess  labor ious  
methods would be h i g h l y  desi rable.  

For example, 
v o i d  and d i s l o c a t i o n  l oop  depleted regions occur near surfaces and g r a i n  
boundaries; massive p r e c i p i t a t i o n  can be associated w i t h  de fec t  s inks  and 

p r e c i p i t a t e s  may form continuous grain-boundary and sur face f i lms ;  f requent ly ,  
p r e f e r e n t i a l  assoc ia t ions  between d i f f e r e n t  m ic ros t ruc tu ra l  fea tures  are  

observed, e.g., voids at tached t o  p r e c i p i t a t e s .  I t  i s  e a s i l y  surmized 

t h a t  such nonun i fo rmi t ies  cou ld  a f f e c t ,  f o r  example, crack propagation 
o r  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  g r a i n  boundary s l i d i n g  and i n t r a g r a n u l a r  

s l i p  t o  o v e r a l l  deformation. A t  present, no v a l i d  concepts seem t o  e x i s t  
f o r  use fu l ,  q u a n t i t a t i v e  desc r ip t i ons  o f  these nonun i fo rmi t ies ,  nor  a r e  

r e l i a b l e  models a v a i l a b l e  f o r  r e l a t i n g  them t o  p rope r l y  changes. 

I r r a d i a t i o n  mic ros t ruc tures  a r e  f requen t l y  nonuniform. 
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RADIATION DAMAGE ANALYSIS BY 
POSITRON ANNIHILATION SPECTROSCOPY* 

R. W. Siege1 
Ma te r ia l s  Science D i v i s i o n  
Argonne Nat ional  Laboratory 

Argonne, I L  60439 

I .  INTilODUCTION 

Pos i t ron  a n n i h i l a t i o n  spectroscopy (PAS) has i n  recent  years become 

a valuable new t o o l  f o r  i n v e s t i g a t i n g  de fec ts  i n  metals. The a b i l i t y  o f  
the  p o s i t r o n  t o  l o c a l i z e  i n  a trapped s t a t e  a t  var ious de fec t  s i t e s ,  i n  
which the p o s i t r o n  a n n i h i l a t e s  w i t h  unique c h a r a c t e r i s t i c s .  has enabled 

the  p o s i t r o n  t o  be used as a l o c a l i z e d  probe o f  these d e f e c t  s i t e s .  
reviews o f  t h e  a p p l i c a t i o n  o f  PAS t o  the  study o f  defects i r i  metals have 

been publ ished [1-11], as have more general t r e a t i s e s  on the  a p p l i c a t i o n s  
of  p o s i t r o n  a n n i h i l a t i o n  t o  t h e  study o f  s o l i d s  i9, lOl.  PAS has made, 

and has considerably  g reater  p o t e n t i a l  f o r ,  a s i g n i f i c a n t  c o n t r i b u t i o n  

t o  r a d i a t i o n  damage ana lys is  i n  two areas o f  importance: 

minat ion  o f  atomic- defect  p roper t ies ,  a knowledse o f  which i s  iiecessary f o r  
the  modeling requ i red  t o  couple the  r e s u l t s  o f  model experiments us ing  

e l e c t r o n  and i o n  i r r a d i a t i o n  w i t h  the  expected i r r a d i a t i o n  cond i t i ons  o f  

r e a c t o r  systems, and ( 2 )  the mon i to r ing  and c h a r a c t e r i z a t i o n  o f  i r r a d i a t i o n -  
induced m ic ros t ruc tu re  development. 
damage ana lys i s  i s  the  de fec t  s p e c i f i c i t y  o f  t h e  a n n i h i l a t i o n  c h a r a c t e r i s t i c s  

of a t rapped pos i t ron .  I n  a d d i t i o n  t o  i t s  value as an independent a n a l y t i c a l  
t o o l ,  PAS can be a usefu l  complement t o  more t r a d i t i o n a l  techniques f o r  de fec t  

s tudies.  

Several 

(1) t h e  de ter-  

A unique aspect o f  PAS f o r  r a d i a t i o n  

I I .  POSITRON AIiN I H I  LATION 

The phys ica l  basis f o r  PAS can be described w i t h  the  a i d  o f  f i g .  1. 
+ 

When a p o s i t r o n  (e ) i s  i n j e c t e d  i n t o  a metal ,  u s u a l l y  from a r a d i o a c t i v e  
source such as *%a, i t  becomes r a p i d l y  (-1 ps)  thermal ized r e s u l t i n g  i n  a 

p o s i t r o n  i n i t i a l l y  i n  a Bloch s t a t e  (see f i g .  2 )  i n  t h e  l a t t i c e ,  b u t  which 
can subsequently be t rapped i n  a h i g h l y  l o c a l i z e d  s t a t e  i n  a de fec t  (e.g., 

see f i g .  3 ) .  A t  a t ime 6 t  ( d i s t r i b u t e d  from zero up t o  some hundreds o f  
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Fig. 1. Positron annihilation spectroscopy. Schematic representation of 
positron annihilation indicating the bases for three experimental 
techniques: 
(Ref. 6). 

1 ifetime, angular correlation, and Doppler broadening 
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Fig .  2. 

F ig .  3. 

TUNGSTEN 

Pos i t ron  dens i t y  x n 
on a network o f  25 a?omic s i t e s  i n  the  (001) plane conta in ing  no 
vacancies; a 
ca lcu la ted  p 8 s i t r o n  dens i ty  i s  normal ized (Ref. 11). 

i n  W i n  the  Bloch s t a t e  o f  t h e  pos i t ron ,  shown 

i s  the  volume o f  t h e  p r ima t i ve  u n i t  c e l l  i n  which t h e  

I "1 TUNGSTEN 

Pos i t ron  dens i ty  x R f n  W i n  the  vacancy-trapped s t a t e  o f  the  pos i t ron ,  
shown on a network o f  25 atomic s i t e s  i n  t h e  (001) plane w i t h  t h e  
vacancy a t  the  center;  n i s  the  volume o f  t h e  superce l l  (Ref. 11) i n  
which the  ca l cu la ted  pos i t ron  dens i ty  i s  normal ized (Ref. 11). 
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ps) a f t e r  positron injectioii  i i i to  the metal, signaled in  the case of a 
22Na positron source by the e s sen t i a l l y  simultaneous emission of a 1.23 
MeV "b i r th"  u-ray, the positron will annihi la te  with an electron yielding,  
almost always, two y-rays. 

no more than one positron usually ex i s t s  in the metal sample a t  a given in- 
s t a n t ,  the PAS measurement techniques integrate  over a large number (often 
$10 ) of annihi la t ion events. 
for  a number of these events y i e l d s  information regarding the t o t a l  electroll 
density P-(;) in the region of positron-electron annih i la t ion ,  s ince the 
r a t e  of positron annihi la t ion,  A ,  equal t o  the reciprocal o f  the positron 
l i fe t ime,  i s  given by the overlap integral  of the e lectron and  positron 
dens i t ies  as 

Although the positron l i fe t imes  and  source i n t e n s i t i e s  a re  such t h a t  

6 The d is t r ibu t ion  of the measured 6 t  values 

where ro i s  the c lass ica l  e lectron radius,  c i s  the velocity of l i g h t  and 
P+(;) i s  the positron density in the c rys t a l .  A typical s e t  o f  experimental 
positron l i fe t ime spectra a r e  shown i n  f i g .  4 fo r  pure a-Fe with and without 
defects (from Ref. [12] ) .  I t  can be seen from f i g .  4 t ha t  the presence of 
defects i n  the a-Fe increases the observed positron l i f e t imes ,  a r e su l t  of 
the positron being trapped and subsequently annihi la t ing in a region of 
lower-than-average electron density,  the defect  (e.g. ,  vacancy, d i s loca t ion ,  
void). 

i l a t i o n  process, the two u-rays resul t ing from the electron-positron pa i r  
annihi la t ion each have an energy equal t o  the rest-mass energy of an electron 
or positron (moc2 = 511 keV) p l u s  o r  minus an energy increment A E  and pro- 
pagate i n  opposite direct ions plus or minus an angular deviation E (see 
f ig .  1 ) .  The deviations A E  and 0 a r i s e  from the net  momentum of the annihi l-  
at ing positron-electron pair .  However, s ince the positrons have only thermal 
energies (% kT) just pr ior  t o  annihi la t ion,  the values of A E  and e correspond 
t o  e s sen t i a l l y  only the momenta of the annhilating c rys ta l  e lectrons,  e i t h e r  
valence or core,  with the higher-momentum core e lectrons contributing pro- 

. 
Owing t o  the necessity of energy and momentum conservation i n  the annih- 
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Fig. 4. Positron-lifetime spectra after source-background subtractions in 
electron-irradiated high-purity a-Fe at various stages o f  isochronal 
annealing (high-dose case, see Fig. 9 and text) (Ref. 12). 

Fig. 5. Angular-correlation curves from A1 at 100K, 6OO0C, and containing 
voids (Ref. 5). 
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port ionately more t o  the l a rges t  values of A E  and d .  

f i g .  5 i n  which typical angular-correlation curves, N ( e )  versus 8 ,  a re  
shown'for A1 a t  lOOK containing no vacancies, A1 a t  600K containing %lo- 
vacancies, and A1 containing voids (from Ref. [5]). 
e lectrons are present a t  the defec t  s i t e  a t  which the positron i s  trapped, 
and from which i t  subsequently annihi la tes ,  the angular-correlation curves 
a r e  seen t o  be more sharply peaked f o r  the A1 containing vacancies o r  voids. 
A s imi lar  e f f e c t  on the Doppler-broadening spectra,  P ( A E )  versus AE,  also  
r e s u l t s  from the presence of defect  t raps f o r  the positron. 

angular-correlation experiments (of  the one-dimensional o r  long- s l i t  type) 
can be most eas i ly  seen by comparing the expressions f o r  N ( 0 )  and P ( A E )  i n  
terms of the independent-particle model probabil i ty,  R$), t h a t  positron- 
electron annihi lat ion y ie lds  2y-emission with to ta l  momentum ;: 

This can be seen i n  

5 

Since fewer core 

The s imi la r i ty  of information avai lable from Doppler-broadening and 

where v+(?) and 4 ~ ~ ( ? )  a r e  the posi.tron and electron wavefunctions, respect ively,  

'k 
k and the band index. 

is the Fermi function, and k represents b o t h  the electron wavevector 
+ The expressions f o r  N ( 8 )  and P ( A E )  a r e  then 

where the d i rec t ion  of the emitted y-rays has been taken a s  x i n  a Cartesian 
coordinate system, and the momenta, angles and energies a r e  re la ted  by 

= mce. and A E  = cpj, where m i s  the electron mass. 
P j  J 
l i f e t ime ,  T E A-j, gives even more-integral information regarding the region 
from which i t  annihi la tes ,  as  can be seen from i t s  expression in  terms of 
R(;) as:  

Indeed the positron 
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which i s  equ iva len t  t o  eq. (1).  However, s i nce  t h e  average e l e c t r o n  dens i ty  
a t  a de fec t  s i t e  can be q u i t e  de fec t  spec i f i c ,  p o s i t r o n  l i f e t i m e  measurements 
have o f f e r e d  a unique method.for i nves t i ga t i ng ,  f o r  example, vacancy- cluster ing 
processes a t  the  sma l l es t  c l u s t e r  s izes.  

c o r r e l a t i o n  o r  Doppler broadening) can a l s o  y i e l d  d e t a i l e d  de fec t- spec i f i c  

information, as i nd i ca ted  by eqs. (3 )  and ( 4 ) ,  b u t  few attempts t o  date 
have been made t o  apply t h i s  i n fo rma t ion  t o  de fec t  s tud ies .  

advance i n  t h i s  area should come from t h e  advent o f  two-dimensional angular-  

c o r r e l a t i o n  s tud ies  on metals conta in ing  defects 1131, s ince  the  a n n i h i l a t i o n  

spectrum obta ined from such experiments, 

The momentum measurements (angular  

A f u r t h e r  

y i e l d s  t h e  l e a s t - i n t e g r a l ,  and hence most de ta i l ed ,  i n fo rma t ion  regard ing  

t h e  reg ion  from which the  p o s i t r o n  ann ih i l a tes .  

111. TRAPPING MODEL 

The r e s u l t s  o f  PAS experiments on metals con ta in ing  de fec ts  a re  normal ly  
analyzed i n  terms o f  the  two-state t rapp ing  model [14-161. In t h i s  model 

i t  i s  assumed t h a t  t h e  pos i t ron :  (1) e x i s t s  i n  e i t h e r  one o f  only two 
l t a t e s  i n  the  metal, t h e  bu l k  o r  Bloch s t a t e  (see f i g .  2) and the  defect-  

trapped s t a t e  (e.g., see f i g .  3 ) ,  i n  r e l a t i v e  concentrat ions n b ( t )  and 

n t ( t ) ,  r espec t i ve l y ;  (2) enters the  system a t  t ime t=O o n l y  through the  
Bloch s ta te ;  and (3) i s  thermal ized a t  t=O. 

described by the  s e t  o f  coupled d i f f e r e n t i a l  equat ions: 

, 

This  model can thus be 

dn 
A. = -"Ab - "bKt d t  
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dn 
3- b t  t t  ’ t - + n K - n ~  

where Xb and A t  a re  the  p o s i t r o n- a n n i h i l a t i o n  ra tes  i n  the  Bloch ( l a t t i c e )  
and defect- t rapped states,  respec t i ve l y ,  and K~ i s  t h e  t o t a l  t r a n s i t i o n  

o r  t rapp ing  r a t e  o f  the  p o s i t r o n  from t h e  Bloch s t a t e  t o  i t s  defect- t rapped 

s ta te .  

de f ined by T~ z Xb 

f r a c t i o n  N ( t )  o f  pos i t rons  present  i n  the  system a t  t ime t 

The p o s i t r o n  l i f e t i m e s  i n  the Bloch and defect- t rapped s ta tes  are  
-1 -1 and T~ 5 A t  , respect ive ly .  

’ Equations (7a and b)  a r e  r e a d i l y  so lved t o  y i e l d  an expression f o r  the * 

= (I-12)exp(-Alt) + I2 exp(-A2t) , (8) 

where Al, A2 , and I2 a r e  the  decay ra tes  and i n t e n s i t y  t h a t  can be obta ined 
from a deconvolut ion ana lys i s  o f  an observed p o s i t r o n  l i f e t i m e  spectrum. 

An exper imenta l l y  observed l i f e t i m e  spectrum f o r  such a system i s  t h e  t ime 
d e r i v a t i v e  o f  eq. (8) convoluted w i t h  t h e  r e s o l u t i o n  f u n c t i o n  o f  the  exper i-  

mental l i f e t i m e  apparatus p lus  any a d d i t i o n a l  c o n t r i b u t i o n  from the  p o s i t r o n  

source i t s e l f  (see f i g .  4 ) .  
and I2 are r e l a t e d  t o  the  phys ica l  q u a n t i t i e s  Ab, At,  and K~ by: 

The exper imenta l l y  ob ta inab le  parameters A , ,  A 2 ,  

. A  = A 2  t 

= I2 (Al - A 2 ) .  Kt 

*Use i s  made here o f  the  ergod ic  hypothesis, which draws t h e  equivalence 

between a s e t  of sequent ia l  i n d i v i d u a l  events (e.g., pos i t ron- e lec t ron  
p a i r  a n n i h i l a t i o n s  i n  a meta l )  and the t ime average o r  sum o f  these events 

(e.g., an exper imenta l l y  c o l l e c t e d  l i f e t i m e  o r  momentum spectrum). 
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-1 It can be seen from eqs. (8 )  and (9) t h a t  A2 

corresponding t o  the  p o s i t i o n  i n  i t s  de fec t- t rapped s t a t e  and may thus 
be used i n  determin ing the  na ture  o f  the  de fec t  t r a p  present  i n  the metal. 
The i n t e n s i t y  12, on the  o t h e r  hand, i s  d i r e c t l y  r e l a t e d  t o  the  p r o b a b i l i t y  

of p o s i t i o n  t rapp ing  a t  the  de fec t  and i s  thus a measure o f  t h e  de fec t- t rap  

concentrat ion.  

T~ i s  t h e  decay r a t e  

The mean p o s i t r o n  l i f e t i m e ,  T ,  i s  g iven by 

= ( I - A t ) ' ~ b  + A t ~ t  , 

where 

At = [ Atnt( t )dt  = 5~ Kt 

b t  
(11) 

i s  the  p r o b a b i l i t y  t h a t  the p o s i t r o n  a n n i h i l a t e s  from the  defect- t rapped 

s ta te .  An expression analagous t o  eq. ( l ob )  can be w r i t t e n  f o r  any o f  

the  c h a r a c t e r i s t i c  shape-parameters, which we denote g e n e r i c a l l y  by F, 
obta ined from analyses o f  the  angu la r- co r re la t i on  o r  Doppler-broadening 

spectra. Thus, 

F = (1-At)Fb + AtFt , (12) 

where At i s  g iven by eq. (11) and Fb and Ft a r e  the  spectrum shape-parameters 

c h a r a c t e r i s t i c  o f  p o s i t r o n  a n n i h i l a t i o n s  from t h e  Bloch and defect- t rapped 
states,  respec t i ve l y .  For any o f  these momentum ( o r  ene rgy- sh i f t )  d i s t r i b u -  
t i o n  shape-parameters, F, o r  the  mean p o s i t r o n  l i f e t i m e ,  T,  i t s  r e l a t i o n s h i p  

t o  t h e  t o t a l  p o s i t r o n  t rapp ing  r a t e ,  K ~ ,  i s  g iven by 

- 

where P can represent  any F o r  T. 

The t rapp ing  r a t e  K ~ ,  w i t h i n  the  t rapp ing  model [see eqs. (9c) and (13) ]  
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is  proportional t o  the concentration of defect t raps.  
type i t  i s  simply K~ = vtct, where v t  i s  the ( spec i f i c )  positron trapping 
r a t e  per unit  defect  concentration and c t  i s  the defect- trap conc 

where v and c .  a re  the spec i f i c  positron trapping r a t e  of the j th j type  
defect and the concentration of t h i s  defect ,  respectively. 
multi-defect t r a p  s i t u a t i o n ,  the values of T~ and Ft obtained from two- 
s t a t e  trapping-model analyses of PAS experiments a re  e s sen t i a l ly  weighted 
averages of the T ' s  o r  F . ' s  f o r  the individual defect  types preserlt in 
the system. 
coxen t ra t ion  of defects t h a t  a c t  as  positron t r aps ,  with the proport ional i ty 
constant being an appropriately weighted average of the spec i f i c  trapping 
ra te s  f o r  the defect ensemble. 

I s  sens i t ive  (e.g., vacancies, vacancy c l u s t e r s ,  voids, d is locat ions)  
can be monitored d i r e c t l y  by experimental PAS determinations of K ~ ,  o r  
somewhat l e s s  d i rec t ly  through I2 [see eqs. (8) and (9)]. In addit ion,  
the nature of the defect being monitored by the positron can be deduced by 

t '  means o f  i t s  cha rac te r i s t i c  positron-annihilation parameters T 

This combination of avai lable  information from PAS regardilig boch the con- 
centrat ion and nature of the defects t o  which the positron i s  sens i t ive  
forms the basis f o r  the applicat ion of PAS t o  the study and cnaracter i7at ion 
of defects in metals. 

For a s ing le  defect 

t r a t ion .  

For an ensemble of various defects ( j )  tha t  t r a p  posi trons,  K~ - - Y u j c j ,  

j J 
In such a 

j J 
Furthermore, i n  t h i s  case K~ i s  proportional to the t o t a l  

T h u s  in summary, the concentration of defects t o  wh ich  the positron 

5 T~ o r  F 

IV. APPLICATIONS OF PAS TO DEFECTS 

We now turn t o  some examples of the appl ica t ion  of PAS t o  defects  i n  metals; 
applicat ions t h a t  have d i r e c t  bearing on the analys is  of radiat ion damage. 
I t  should f i r s t  be pointed out,  however, t h a t  the positron i s  not equally 
sens i t ive  t o  a l l  l a t t i c e  defects i n  metals, and i n  a very d e f i n i t e  sense 
this i s  one of the posi t ive a t t r i b u t e s  of PAS as applied t o  defect  s tudies .  
While the positron i s  very sens i t ive  t o  local regions of lower-than-average 
electron density in metals, such as vacancies, small vacancy c l u s t e r s ,  
voids or dislocat ion l ines  and jogs, i t  i s  essen t i a l ly  insens i t ive  t o  regions 
of higher-than-average electron densi ty,  as  found a t  an in t .e rs t i t ia1  o r  small 

66 



i n t e r s t i t i a l  c l u s t e r .  Thus, PAS i s  ab le  t o  d i f f e r e n t i a t e  between the  e a r l i e s t  

stages o f  vacancy and i n t e r s t i t i a l  c l u s t e r i n g  i n  i r r a d i a t e d  systems i n  a manner 

n o t  d i r e c t l y  poss ib le  by r e s i s t o m e t r i c  techniques o r  t ransmiss ion e l e c t r o n  

microscopy. 

A major a p p l i c a t i o n  o f  PAS has been i n  t h e  study o f  the  phys ica l  pro-  
p e r t i e s  o f  vacancies. 
an understanding o f  radiation-damage development i n  metals and i n  o rder  t o  

be ab le  t o  p r e d i c t  the  behavior o f  complex de fec t  systems i n  neu t ron- i r rad ia ted  
metals  f rom t h e  r e s u l t s  o f  model experiments i n  e lec t ron-  o r  i o n - i r r a d i a t e d  
metals. The measurement of  vacancy format ion en tha lp ies ,  H:, i n  metals by 
PAS has been r e c e n t l y  reviewed [6] and compared w i t h  o t h e r  a v a i l a b l e  techniques. 

A t y p i c a l  s e t  o f  experimental  PAS Doppler-broadening data [17] f o r  t h e  measure- 
ment o f  Hv i n  Cu i s  shown i n  f i g .  6, i n  which a l ineshape-parameter F(T), 

de f ined by a reg ion  around AE=O, i s  p l o t t e d  as a f u n c t i o n  o f  temperature, T. 
A t  temperatures below s5OO0C i n  Cu the  p o s i t r o n  i s  i n s e n s i t i v e  t o  the  r a t h e r  

low e q u i l i b r i u m  concent ra t ion  o f  vacancies (cv  ; 
simply Fb(T), the  l ineshape parameter corresponding t o  the  p o s i t r o n  a n n i h i l a t -  

i n g  i n  i t s  Bloch s ta te .  

i n  t h i s  temperature region, as i n d i c a t e d  by t h e  lower dashed l i n e  i n  f i g .  6, 
a behavior  which i s  t h e o r e t i c a l l y  understood [10,19] i n  terms o f  l a t t i c e  

expansion and phonon-coupling e f f e c t s .  A t  t h e  h ighes t  temperature, F(T) 

approaches a sa tu ra t i on ,  i n d i c a t e d  by the  upper dashed l i n e ,  which i s  re-  
p resen ta t i ve  o f  t h e  l ineshape parameter Fv(T), corresponding t o  t h e  p o s i t r o n  
a n n i h i l a t i n g  from i t s  vacancy-trapped s t a t e .  The parameter Fv(T) i s  a l s o  

l i n e a r l y  temperature dependent, a l though more weakly so than Fb(T), s i nce  
only la t t i ce- expans ion  i s  expected t o  a f f e c t  t h i s  parameter [ll]. 

sigmoidal curve shown i n  f i g .  6 between these two s ta tes  i s  c o n t r o l l e d  by 

t h e  t r a n s i t i o n  o r  t rapp ing  r a t e  k (T)  = P c = p V  exp(Sv/k) exp(-Hv/kT), 
where t h e  subsc r ip t  v r e f e r s  t o  t h e  vacancy and t h e  o t h e r  q u a n t i t i e s  have 
t h e i r  usual meanings. 

y i e l d s  a s t r a i g h t  l i n e  from which a value o f  H: = 1.31 ? 0.05 eV has been 

deduced [17] f o r  Cu. A representat ive,  b u t  l i m i t e d  s e t  o f  recent  PAS r e s u l t s  

f o r  values o f  Hv in .severa1 metals i s  presented i n  t a b l e  1. 

A knowledge o f  these p rope r t i es  i s  necessary both f o r  

F 

and, hence, F(T) i s  

The parameter Fb(T) va r ies  l i n e a r l y  w i t h  temperature 

The temperature dependence o f  F(T) i n  t h e  t r a n s i t i o n  reg ion  o f  t h e  

F F 
V v v  

Thus, an Arrhenius p l o t  o f  these data, shown i n  f i g .  7 ,  

F It can be 
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0.56 I 

TEMPERATURE I T 1  

Fig. 6. Doppler-broadening lineshape-parameter F(T) for Cu versus temperature, 
T, and the two-stage trapping model fit to the data (Ref. 17). 

.Fig. 7. Arrhenius plot of the data and fit for Cu shown in Fig. 6 (Ref. 17). 
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TABLE 1. 
F Some recently measured values of the vacancy formation enthalpy, H v ,  f o r  

several metals by PAS 

Metal t iF(eV) Reference 

A1 0.66f0.02 c201 
Ag 0.1 6 +O. 02 121 1 
Au 0.97t0.01 [211 
cu 1 .31 +O. 05 c173 
Ni 1.74t0.06 c221 
V 2.1 to. 2 C231 
Nb 2.6t0.3 C231 
Mo 3. OfO. 2 C231 
Ta 2.8t0.6 [231 
W 4. OtO. 3 P 3 3  

F seen tha t  PAS has been useful i n  deterining values of Hv in  a var ie ty  of 
metals, even the bcc refractory metals for which l i t t l e  vacancy-formation 
information had previously been available.  These values fo r  Hv when 
combined w i t h  the r e su l t s  from t r ace r  se l f- d i f fus ion  measurements of the 
ac t iva t ion  enthalpy f o r  dif fusion a l so  y i e ld  values o f  the  vacancy migration 
enth lpy, often the most r e l i ab l e  source of such information regarding 
vacancy mobility i n  metals [SI. 

In addition t o  invest igat ions of vacancy formation in  pure metals, a 
number of s imilar  PAS measurements of  vacancy formation i n  d i l u t e  a l loys  have 
a l so  been carr ied out.  
energies between a vacancy and a so lu te  atom in  the systems invest igated,  
s ince this interact ion i s  responsible for  an enhanced vacancy concentration 
a t  a given temperature. 
which the experiments have been analyzed, have been reviewed elsewhere [24]. 

behavior i n  metals,.both in attempts to  study the mobility of the atomic 
defects produced by i r rad ia t ion  aiid to  invest igate  the nature o f  the  vacancy 

F 

These have yielded information regarding the in te rac t ion  

The r e su l t s  o f  much of this work, and the basis upon 

PAS has a l so  been applied qui te  extensively t o  post- irradiat ion annealing 
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precipi ta t ion process and the resul t ing defect  s t ruc tures .  I t  i s  useful 
t o  look a t  a few examples from t h i s  c lass  of PAS experiments i n  order t o  
point o u t  the types of defect  information avai lable  from PAS and t o  e lucidate  
the par t icu la r  advantages o f  PAS over more t rad i t iona l  Lechniques fo r  such 
defect s tudies .  

i r rad ia ted  a t  10K w i t h  3 MeV electrons t o  an i n i t i a l  Frenkel-pair concentration 
of -3 x a re  presented in f i g .  8. 
date ,  in t h a t  they have u t i l i zed  the defect  spec i f i c i t y  of the electron-  
momentum information avai lable  from PAS i n  invest igat ing the developing micro- 
s t ruc ture  d u r i n g  post- ir radiat ion annealing. 
between the isochronal-annealing behavior of two Doppler-broadening shape 
parameters, Iv  and IC defined in f ig .  8 ( c ) ,  and t h a t  of the more t rad i t iona l  
e l ec t r i ca l  r e s i s t i v i t y .  While the r e s i s t i v i t y  measurements can only indicate  
the loss  of e lectron- scat ter ing centers  (vacancies or i n t e r s t i t i a l s  o r  both) 
d u r i n g  stage-I11 ( a t  -250K) annealing, the PAS-parameter measurements, which 
a re  primarily sens i t ive  to  vacancy-like defects ,  ra ther  c l ea r ly  indicate  the 
loss  of vacancies via prec ip i ta t ion  in to  void- like prec ip i ta tes .  

seen m r e  c lear ly  i n  f i g .  8 ( b ) ,  in which a parameter designed t o  be defect-  . 
type spec i f i c ,  b u t  defect-concentration independent, i s  plot ted fo r  the i r rad ia-  
ted Cu and compared with a s imilar  p lo t  fo r  quenched Au and parameter c a l i -  
brations fo r  dis locat ion loops, vacancies, and l i qu id- s t a t e  mapping s i t e s  
i n  Cu. I t  should be possible in  the fu ture  t o  define parameters of the PAS 
momentum d i s t r i bu t ions  t h a t  a r e  even more defect  spec i f i c  than t h a t  shown 
i n  f i g .  8 ( c )  when our understanding of the positron-annihilation spectra  f o r  
various defects  becomes s u f f i c i e n t  f o r  t h i s  purpose. 
Doppler-broadening and angular-correlation s tud ies  will become even more 
powerful tools  than they a re  a t  present for  the study of defects i n  i r rad ia ted  
metals. 

Positron l i fe t ime measurements on metals containing previously undefined 
defect  ensembles have the d i s t i n c t  advantage a t  the  present time t h a t  the 
positron l i fe t ime in a par t icu la r  defect-trapped s t a t e  is a more well-defined 
physical quantity than the various momentum-distribution shape-parameters 
in use, and can a l s a  be theore t ica l ly  estimated with reasonable, i f  not 
precise ,  cer ta in ty .  

Some re su l t s  of a s e t  of Doppler-broadening s tudies  15, 25, 261 of Cu,  

These s tudies  have been unique to  

A comparison i s  made i n  f i g .  8(a)  

T h i s  can be 

A t  t h a t  time, PAS 

T h u s ,  the  positron l i fe t imes  in vacancies and voids a re  
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rather well-established quant i t i es  and can be used i n  evaluating the r e s u l t s  of 
l i fe t ime experiments on i r rad ia ted  metals. An example of such r e su l t s  [I21 
i s  presented in f i g .  9 ,  in which the isochronal-annealing behavior of the 
defect-trapped positron l i fe t ime,  T ~ ,  and the in tens i ty  of t h i s  component, 

( i n i t i a l  Frenkel-pair concentrations of -0.7 and %7 x 
from f i g .  1 2  t ha t  vacancy c lus t e r s  are  being formed a t  temperatures %220K, 
although these c lus t e r s  with 250 ; T~ - < 300 ps do not appear to  be well- 
defined three-dimensional voids, which would y ie ld  a somewhat higher l i f e -  
time fo r  positrons trapped therein.  Furthermore, the annealing behavior 
of I2 i n  the low-dose sample, i n  combination w i t h  the absence of any change 
i n  x2 a t  %140K, indicates t h a t  vacancy- inters t i t ia l  recombination occurs 
a t  -140K i n  e lectron- irradiated a-Fe. This work, and a number of others i n  
various laborator ies ,  points up  a par t icu la r  and unique advantage of PAS 
i n  the study and characterization of defects in i r rad ia ted  metals, namely, 
the s e n s i t i v i t y  of the positron and i t s  annihi la t ion cha rac t e r i s t i c s  t o  
both individual vacancies and their clusters up t o  sizes large enough to  be 
considered well-defined voids .  
w i t h  the  more t rad i t iona l  techniques (e.g., e l ec t r i ca l  resistometry,  trans-  
mission electron microscopy, e t c . )  fo r  defect  and radiat ion damage analysis .  

during ischronal annealing following i r rad ia t ion  of Mo by 1 .5  x 1018cm-2 f a s t  
neutrons [27] o r  2 x 10l8 cm-* electrons [ 2 8 ] ,  the  l a t t e r  of which has been 
futhcr quant i ta t ive ly  analyzed [29] i n  terms of  the vacancy-clustering process. 
Figure 10 shows the post- irradiat ion annealing behavior of the defect- trapped 
positron l i fe t ime,  T*, i n  Mo from [27] and [28]. 

the vacancy i n  Mo, the  i n i t i a l  value of T~ i n  the neutron- irradiated case is  
already considerably higher, indicat ing the void- like nature of the depleted 
zones present in  t h i s  case. 
p rec ip i ta t ion  in to  voids is  indicated by the continuous increase of  T~ u p  
t o  values -450 ps. The r i s e  of 72  above these values a t  higher temperatures 
has subsequently been shown [30] t o  be due to  impurity contamination of the 
voids, an e f f e c t  t o  which PAS i s  a lso  qui te  sens i t iv2  a113 a potent ia l ly  useful 

, are  shown f o r  high-purity a-.Fe electron i r rad ia ted  t o  two d i f fe ren t  doses I2 
I t  seems c l e a r  

This s e n s i t i v i t y  is  unique to  PAS in  comparison 

We f i n a l l y  turn to  an example of a s e t  of invest igat ions  on void formation 

I t  can be seen tha t  while 
i n  the electron- irradiated case has an i n i t i a l  value representat ive of T2 

Upon ageing a t  elevated temperatures, vacancy 
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i n v e s t i g a t i v e  t o o l .  

I n  an at tempt t o  make such PAS l i f e t i m e  data more q u a n t i t a t i v e l y  use fu l  

i n  i n v e s t i g a t i n g  the  void- format ion process, t h e o r e t i c a l  est imates us ing  the  

j e l l i u m  model have been made [29] o f  the  p o s i t r o n  l i f e t i m e  i n  i t s  void-  

trapped s t a t e  i n  A1 and Mo as a f u n c t i o n  o f  the  number (1 ... 50) o f  vacancies 
i n  assumed-spherical c l us te rs ,  shown i n  f i g .  l l ( a ) .  The a p p l i c a t i o n  o f  these 
c a l c u l a t i o n s  t o  the  r e s u l t s  o f  [28] a re  shown i n  f i g .  l l ( b ) ,  i n  which the de- 

i n g  duced number o f  vacancies i n  t h e  (average) microvoid as a f u n c t i o n  o f  annea 
temperature i s  ind ica ted .  While these c a l c u l a t i o n s  a r e  s t i l l  r a t h e r  crude, 

e s p e c i a l l y  i n  the  case o f  very  smal l  c l u s t e r s  (e.g., divacancies and tri- 

vacancies), they i n d i c a t e  c l e a r l y  the  a d d i t i o n a l  p o t e n t i a l  o f  PAS as a deta 1-  
ed q u a n t i t a t i v e  t o o l  f o r  the  ana lys is  o f  d e f e c t - c l u s t e r i n g  processes i n  metals; 
a p o t e n t i a l  t h a t  w i l l  be more f u l l y  r e a l i z e d  w i t h  t h e  a v a i l a b i l i t y  o f  more 
soph is t i ca ted  t h e o r e t i c a l  models f o r  p o s i t r o n  a n n i h i l a t i o n  i n  smal l  vacancy 
c lus te rs .  

V.  CONCLUSION 

I n  conclusion, i t  i s  ev iden t  t h a t  p o s i t r o n  a n n i h i l a t i o n  spectroscopy 
has a l ready  become a valuable technique i n  ou r  arsenal  of methods f o r  the  

study o f  atomic de fec ts  i n  metals. 

l o c a l i z e  i n  a v a r i e t y  o f  metal defects where i t  subsequently a n n i h i l a t e s  

y i e l d i n g  i n fo rma t ion  regard ing  i t s  l o c a l  e l e c t r o n i c  environment, we now 

have a new and unique t o o l  a v a i l a b l e  f o r  r a d i a t i o n  damage ana lys i s  i n  metals,  
which bo th  complements and supplements p rev ious l y  a v a i l a b l e  methods. Many 

new advances i n  PAS experimental  and t h e o r e t i c a l  techniques and a d d i t i o n a l  

app l i ca t i ons  t o  problems concerning defects and m ic ros t ruc tu res  i n  meta ls  

a re  evo l v ing  i n  t h i s  r a p i d l y  developing area [31]. 
seems c l e a r  t h a t  i n  the  f u t u r e  PAS w i l l  cont inue t o  increase i t s  usefulness 

f o r  the  c h a r a c t e r i z a t i o n  of de fec ts  and t h e  study o f  r a d i a t i o n  damage i n  
metals. 

Owing t o  the  a b i l i t y  o f  the  p o s i t r o n  t o  

Nevertheless, i t  a l ready  
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HIGH SPATIAL RESOLUTION CHEMICAL MICROANALYSIS 
IN DAMAGE STUDIES 

David C. Joy 
Be l l  Laborator ies 

Murray H i l l ,  NJ 07974 

I. INTRODUCTION 

A valuable ad junc t  t o  h igh  r e s o l u t i o n  m ic ro- s t ruc tu ra l  s tud ies  o f  

damaged ma te r ia l s  i s  the  a b i l i t y  t o  determine the  chemistry o f  the  sample, 
if poss ib le  a t  about the  same l e v e l  o f  s p a t i a l  reso lu t i on .  This chemical 
micro- analys is  should be ab le  t o  both i d e n t i f y  what elements are  present  

i n  any g iven area o f  the  sample and measure the  concentrat ions o f  these 
elements. Such an ana lys is  cou ld  then be app l ied  t o  e i t h e r  the  bu l k  com- 

p o s i t i o n  o f  the  specimen, o r  t o  the i d e n t i f i c a t i o n  o f  second phases, pre-  

c i p i t a t e s  o r  i nc lus ions  i n  the m a t r i x  o f  the  sample. 
The techniques o f  imaging and microanalys is  a t  h igh  r e s o l u t i o n  can be 

coupled by us ing an e lec t ron  microscope equipped w i t h  spectrometers t o  
de tec t  and analyse the  f luorescent  x- rays and c h a r a c t e r i s t i c  energy losses 
which occur as a r e s u l t  o f  the  i n t e r a c t i o n s  between the  e l e c t r o n  beam 
and the  sample i n  the  microscope. F igure (1)  shows the  arrangement o f  the  
specimen, i n c i d e n t  e lec t ron  beam, and the spectrometers i n  such a device. 
The microscope cou ld  be e i t h e r  a convent ional lOOkV t ransmiss ion e l e c t r o n  
microscope (TEM) equipped w i t h  a scanning attatchment (STEM), o r  e l s e  a 
dedicated STEM. I n  bo th  cases the  e l e c t r o n  probe i s  focussed t o  a diameter 

of between 50 and 500A and scanned over the  sample t o  generate a h igh  
r e s o l u t i o n  scanned transmission image o f  t h e  specimen. This probe can 
a l s o  be used t o  s e l e c t  any reg ion  o f  i n t e r e s t  f o r  analys is .  

commercial instruments the  c u r r e n t  dens i ty  i n t o  t h i s  probed area i s  o f  

the  order  o f  20 amp/cm , corresponding t o  an i n c i d e n t  c u r r e n t  o f  about 
10-l' amps a t  the  sample. 

With modern 

2 

With t h i s  inst rumenta l  con f i gu ra t i on  e i t h e r ,  o r  both, o f  the  spectro-  

meter systems can be operated wh i l e  an image i s  being co l l ec ted .  

a n a l y t i c a l  data obta ined can thus be placed i n  the contex t  o f  t h e  micro-  

s t r u c t u r e  o f  t h e  specimen. I n  general, any specimen t h a t  i s  t h i n  enough 

The micro- 
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Figure 1. The schematic arrangement o f  the electron beam, the specimen, 
and the spectrometers in an analyt ical  electron microscope. 
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t o  y i e l d  a good image w i l l  a l s o  be s u i t a b l e  f o r  h igh  s p a t i a l  r e s o l u t i o n  
micro-analysis,  b u t  because the  requirements f o r  t h e  energy d i spe rs i ve  

x- ray (EDXS) and e lec t ron  energy l oss  (EELS) spectrometry a re  d i f f e r e n t  

the l i m i t a t i o n s  placed on the  sample i n  t h i s  respect  w i l l  be discussed 
i n  more d e t a i l  l a t e r .  

11. ENERGY DISPERSIVE X- RAY MICROANALYSIS 

The i n c i d e n t  beam o f  e lec t rons  i on i ses  some o f  the atoms i n  the  t h i n  

sample as i t  passes through. These i o n i s e d  atoms subsequently decay back 

i n  t h e i r  ground s ta te ,  and i n  so doing a f r a c t i o n  w produce c h a r a c t e r i s t i c  

x-rays which can be c o l l e c t e d  by a s u i t a b l e  detector .  The energy c a r r i e d  

by any x- ray photon produced i n  t h i s  process represents t h e  d i f f e r e n c e  i n  
b ind ing  energy between two a l lowed s ta tes  o f  the  aotm. 

t o  a p a r t i c u l a r  element, and so a measurement o f  the energy ( o r  wavelength) 
o f  the  photon i s  s u f f i c i e n t  t o  unambiguously i d e n t i f y  the  element from which 

i t  came. 

l i t h i u m  d r i f t e d  S i l i c o n  diode, p laced i n  l i n e  o f  s i g h t  o f  the  sample 

(see the sketch i n  f i g u r e  2a). The de tec to r  i s  t y p i c a l l y  o f  about 20 nun 
a c t i v e  area and placed a t  15 t o  20 m from the  beam axis .  The x-rays which 
e n t e r  i t  produce a charge pu lse  whose magnitude i s  d i r e c t l y  p ropor t iona l  t o  

the  energy o f  the  photon. This pulse can then be ampl i f ied ,  shaped and pro- 

cessed by a mult i- channel analyser  t o  y i e l d  a spectrum o f  the  x-rays produced 
by the sample. 

thus a l l  x-rays produced by the  specimen and l y i n g  w i t h i n  the  energy range 

accepted by the  de tec to r  a r e  e f f e c t i v e l y  c o l l e c t e d  simultaneously. 

from each atom o f  any element present i n  the  volume o f  the  sample i r r a d i a t e d  

by the beam i s  

This energy i s  unique 

I n  the  usual arrangement the  x- rays a r e  c o l l e c t e d  by means o f  a 

2 

4 As many as 10 photons/second can be processed i n  t h i s  way, 

With the  n o t a t i o n  o f  f i g u r e  2a, the  number o f  x- rays per  second detected 

x- ray count r a t e  = J.u.~. E f f i c i e n c y  (1 1 

2 where J i s  t h e  i n c i d e n t  e lec t ron  f l u x  (electrons/cm /sec), o i s  the  appropiate 

i o n i s a t i o n  cross- sect ion (cm /atom) and w i s  the  f luorescent  y i e l d  f o r  the 2 
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Figure 2. ( a )  The factors affecting the sensitivity of X-ray analysis, and 
(b )  the factors affecting electron energy loss analysis. 
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x-ray col lected.  For a l l  elements w i t h  an atomic number 2 greater  than 3 
the product of u.u is  about constant indicating t h a t  the number of x-rays 
produced i s  a lso constant. However the efficiency with which these x-rays 
a r e  detected varies enormously as we move through the periodic table.  The 
overall eff ic iency of col lect ion and detection i s  controlled by two factors :  

The x-rays a re  emitted uniformly into a spherical d i s t r ibu t ion  from 
the thin f o i l ,  so tha t  only those t ravel ing d i r ec t ly  towards the diode 
a re  detected. 
i s  subtending about 0.1 s terad a t  the sample and the col lect ion efficiency 
i s  t h u s  a t  most 0 . 1 / 4 ~  i . e .  about 1%. 

such as those lying in the v i s ib le  range) the detector  i s  protected by 
a beryllium window some 8 microns thick.  In addition there a re  gold 
layers on the s i l i con  t o  make connections and form a Schottky diode. 
Between them these metals absorb s o f t  x-rays so t h a t ,  f o r  photons of 
1 keV energy o r  l e s s ,  the e f fec t ive  detection eff ic iency f a l l s  rapidly 
to  zero. 
of 10 keV o r  more) can pass r igh t  through the diode, so tha t  again the 
detection eff ic iency will f a l l ,  g i v i n g  the overall response sketched in 
f igure  2a. 
elements above Mg i n  the periodic tab le  can be obtained. 

2 
incident electron f lux o f  20 amp/cm , an analysis time of 100 seconds and 
a properly adjusted spectrometer system, f igure  3 shows the minimum mass 
of the element Z tha t  can be detected. In the presence of other elements 
the s e n s i t i v i t y  of the analysis will  be less  because of the Bremstrahlung 
background contribured by the matrix in which the element i s  s i t t i n g .  
amount by which the MDM i s  increased will  depend on the d i s t r ibu t ion  of 
the element within the matrix, as well a s  on the composition of t h i s  matrix. 

The optimum case i s  t ha t  in which the element of i n t e r e s t  i s  present as 
a prec ip i ta te  e t c  and with a thickness close to  t h a t  of the f o i l .  
a case the electron beam can be focussed down so as only t o  i r r ad i a t e  the 
area required, and the MDM will  then be close to  the values predicted from 

f igure  3. The procedure just described ra i ses  the mass f ract ion of the 
element i n  the volume analysed t o  a value close t o  unity. 

1. 

Taking the dimensions quoted before as a guide, the diode 

2. In order t o  keep out the lOOkV electrons (as well as other photons 

A t  the other end of the spectrum high energy photons (energies 

Within the optimum energy range (2 - 10 keV) x-rays from a l l  
Assuming an 

The 

In such 

In other ,  l e s s  
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Figure 3. The variation in minimum detectable mass (MDM) as a function o f  
atomic number in EDXS. See reference 1. 
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favorable, cond i t ions  (such as a homogeneous d i s t r i b u t i o n  o f  the  element) 
where the  mass f r a c t i o n  i s  s u b s t a n t i a l l y  l ess  than one, de tec t i on  may on l y  

be poss ib le  i f  the  beam i s  spread so as t o  i r r a d i a t e  the  greates t  volume 
o f  ma te r i a l  so maximising the  x- ray product ion from the  des i red  component. 
High s p a t i a l  r e s o l u t i o n  microanalys is  i s  thus n o t  compatible w i t h  the  
de tec t i on  o f  t race  amounts o f  an element, except when t h a t  t r a c e  i s  h i g h l y  

1 oca1 ised. 

because t h e  e lec t rons  have t o  l o s e  very nea r l y  a l l  o f  t h e i r  energy before 

they are  no longer ab le  t o  e x c i t e  an x-ray, volume w i t h i n  which x-rays are  

produced i s  genera l l y  l a r g e r  than t h a t  de f ined by the  probe diameter and the  
thickness o f  the  f o i l .  To a good approximation (see r e f .  2 )  the  po in t - t o -  
p o i n t  r e s o l u t i o n  be obta inab le  i n  the EDXS mode i s  g iven by the  expression 

The e l e c t r o n  beam i s  sca t te red  as i t  passes through the  sample and, 

3 where Eo i s  the acce le ra t i ng  vo l tage i n  eV, P i s  the  dens i t y  i n  gm/cm 
A i s  the  atomic weight, t i s  the  th ickness o f  the f o i l  i n  cm. and b i s  

g iven i n  cm. 
a r e s o l u t i o n  o f  51, 81 and 214 A cou ld  be achieved i n  l O O O A  t h i c k  

f o i l s  o f  carbon, aluminum and copper respect ive ly .  A performance o f  

t h i s  q u a l i t y  w i l l ,  however, on l y  be obta ined i f  the  background o f  s t r a y  
e l e c t r o n  and x- ray product ion f rom s c a t t e r i n g  w i t h i n  the microscope i s  completely 
supressed (see several d iscussion o f  t h i s  i n  r e f .  3). 

So l o n g  as t h e  f o i l  i s  " t h i n "  the number o f  x- ray photons produced i s  
p ropo r t i ona l  on ly  t o  t h e  var iab les  de f ined i n  equat ion 1, and a quant i ta -  

t i o n  can the re fo re  r e a d i l y  be performed. 

S u b s t i t u t i n g  t y p i c a l  values f o r  lOOkv opera t ion  shows t h a t  

The r e l a t i v e  concentrat ions o f  

two elements A and B 

CA/CB = NA/NB 

where NA, NB a r e  the  

w i l l  be g iven by 

k ~ / k ~  ( 3 )  

x- ray counts recorded from the  elements i n  some t ime 

period, and t h e  terms kA and kB inc lude  the  cross sect ion,  f luorescence 

y i e l d  and e f f i c i e n c y  fac to rs  o f  equat ion 1. The k- ra t i os  (kA, kB...etc) 
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can e i t h e r  be determined exper imenta l ly  o r  ca l cu la ted  from f i r s t  p r i n -  

c ip les .  
p t i o n  o f  the  emission o f  one element by another sh ich  must be accounted 

f o r  even though the  f o i l  i s  t h i n ( * ) .  

be more severe when t h e  f o i l  becomes t h i c k e r  al though on the  o the r  hand 
a t h i c k e r  specimen produces many more x- rays. 

claims o f  reso lu t i on ,  absorpt ion and s e n s i t i v i t y  i t  i s  reasonable t o  
suggest t h a t  the  i dea l  sample thickness f o r  EDXS s tudies i s  about 1000A. 

I n  c e r t a i n  condi t ions,  however, there  may be appreciable absor- 

This e f f e c t  w i l l ,  o f  course, always 

Balancing the  c o n f l i c t i n g  

I 1  I. ELECTRON ENERGY LOSS SPECTROSCOPY 

While the  x- ray technique i s  i dea l  f o r  many app l i ca t i ons  i t  cannot 
de tec t  ( w i t h  usefu l  s e n s i t i v i t y )  such important  l i g h t  elements as Be, B, 
C, N o r  0, because o f  the  r a p i d  fa l l- away i n  the  e f f i c i e n c y  o f  the  x- ray 
de tec tor .  This problem can be overcome by us ing ins tead the technique o f  
e l e c t r o n  energy l oss  spectroscopy (EELS) i n  which the  energy d i s t r i b u t i o n  

o f  the  e lec t rons  which have passed through the  f o i l  i s  examined. 
t o  i o n i z e  an atom a c e r t a i n  amount o f  energy i s  required, and t h i s  can on l y  

be obtained from the  i n c i d e n t  e lec t rons .  The energy spectrum o f  the  t rans-  
m i t t e d  e lec t rons  the re fo re  shows c h a r a c t e r i s t i c  features ("edges") a t  

energies corresponding t o  t h e  c l a s s i c a l  b ind ing  energies. These edges are  

as unique a proper ty  o f  the  element as i t s  x- ray l i n e s ,  and they can there-  
f o r e  equa l l y  we l l  be used f o r  the  purposes o f  elemental i n d e n t i f i c a t i o n .  

The EEL ana lys is  i s  performed by passing the  e lec t ron  beam i n t o  a 

magnetic "prism" which disperses i t  by an amount depending on i t s  loss i n  
energy r e l a t i v e  t o  the  i n c i d e n t  beam. 
e x i t  plane o f  t h e  pr ism can then i s o l a t e  e lec t rons  o f  any given energy 

loss and, by scanning the  d ispers ion  across t h e  s l i t ,  an energy l oss  
spectrum can be b u i l t  up. 
i n  a way analogous t o  t h e  EDX spectrum, w i t h  t h e  d i f f e r e n c e  t h a t  the  
EEL spectrum i s  acqui red sequent ia l l y .  

elemental edge i s  thus on l y  a smal l  f r a c t i o n  o f  the  t o t a l  ana lys is  time. 

contaminated w i t h  s u l f u r .  

I n  o rder  

A s e l e c t i n g  s l i t  placed i n  the  

This can be s to red i n  a mult i- channel analyser  

The t ime spent c o l l e c t i n g  any one 

Figure ( 4 )  shows a t y p i c a l  EEL spectrum, taken from a t h i n  carbon f i l m  
Note t h a t  the  i n t e n s i t y  ax i s  i s  p l o t t e d  on a 
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Figure 4. Electron energy loss spectrum recorded a t  100 kV from a t h i n  carbon 
f i lm .  
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Figure 5. A comparison o f  the m i n i m u m  detectable mass sensitivities as a 
function of 2, f o r  EELS and EOXS a t  100 kV, J = 20 amp/cm$. 

5 0 0 A  

Figure 6. A comparison of nitrogen K-edges from s i l i c o n  f o i l s  100 and 500 
thick showing the e f fec t s  o f  multiple scattering on the v i s i b i l i t y  
o f  the edge. 
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the  edge i s  c l e a r l y  v i s i b l e  bu t  i n  the  second, where the f o i l  was 500A 

th i ck ,  t he  edge i s  both l ess  pronounced and v i s i b l y  d i s t o r t ed .  A f u r t h e r  
increase i n  th ickness can a c t u a l l y  r e s u l t  i n  the  t o t a l  disappearance o f  

the  edge w i t h  t he  consequent loss  o f  m ic ro- ana ly t i ca l  a b i l i t y .  Un l ike  
the  x- ray case, the  best  EEL specimen i s  thus always the  th innes t  Techniques 

f o r  t he  q u a n t i t a t i o n  o f  EEL spectra are  now w e l l  developed both f o r  r e l a t i v e  
and absolute concentrat ions (see r e f .  3 )  us ing the  K- and L-edges obtained 
from the elements g i v i n g  these edges w i t h i n  the  usual energy l oss  range o f  
i n t e r e s t  (0 - 1 keV). 

I V .  SUMMARY 

To s u m r i s e  there fore ,  taken together the EDXS and EELS techniques 
prov ide the  means wherebye chemical micro- analy t ica l  data cover ing a l l  

the  elements i n  the pe r i od i c  t ab le  from L i  upwards, can be obtained w i t h  
a s e n s i t i v i t y  o f  the  order  o f  lo-'' gms o r  b e t t e r  and a t  a s p a t i a l  

r e s o l u t i o n  measured i n  the  range o f  50 t o  300A. 
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HIGH RESOLUTION TRANSMISSION ELECTRON MICROSCOPY 
AND MICRODIFFRACTION FOR RADIATION DAMAGE 

ANALYSIS 

Robert S i n c l a i r  
Department o f  Ma te r i a l s  Science and Engineering 

Stanford  U n i v e r s i t y  
Stanford, C a l i f o r n i a  94305 

I. INTRODUCTION 

High r e s o l u t i o n  TEM techniques have developed t o  q u i t e  a soph is t i ca ted  
l e v e l  over  t h e  pas t  few years. I n  a d d i t i o n  TEM instruments w i t h  a scanning 

c a p a b i l i t y  have become a v a i l a b l e  comerc ia l l y  which permi t  i n  p a r t i c u l a r  the  

format ion o f  a small e l e c t r o n  probe a t  t h e  specimen. 
and m i c r o d i f f r a c t i o n  i nves t i ga t i ons  o f  t h i n  specimens a r e  now possib le,  

n e i t h e r  o f  which have been employed t o  any great  ex ten t  i n  t h e  ana lys is  
o f  r a d i a t i o n  damage. 

a re  thought t o  be re levan t  t o  t h i s  s p e c i f i c  area o f  research. 

Thus d i r e c t  r e s o l u t i o n  

This abs t rac t  h i g h l i g h t s  some recent  advances which 

11. HIGH RESOLUTION TEM 

A. S t ruc tu re  Imaging 

The e lec t ron  micrograph conta in ing  the  most in fo rmat ion  about 
the  specimen i s  produced by us ing as many d i f f r a c t e d  e lec t ron  beams as 
p s s i b l e  i n  the image format ion process. 

taken w i t h  the  t ransmi t ted  beam and many (>20) d i f f r a c t e d  beams passing 
through the  o b j e c t i v e  aperture. The experimental cond i t ions  f o r  o b t a i n i n g  

r e a d i l y  i n t e r p r e t a b l e  p i c t u r e s  are  q u i t e  s t r i n g e n t :  the  specimen should 
be t h i n  (say l ess  than 1008 f o r  a lOOkV microscope), exac t l y  o r i en ted  t o  a 
zone a x i s  o r i e n t a t i o n  and the  o b j e c t i v e  lens  focus s e t  t o  the  appropr ia te  
value t o  b r i n g  the  p a r t i c i p a t i n g  r e f l e c t i o n s  together  a t  the  c o r r e c t  ampli-  

tude and phase (Schemer focus). This type o f  imaging has been pioneered 

by I i j i m a ,  Cowley and coworkers and i s  reviewed i n  Physics Today (March 

1977). w i t h  many o r i g i n a l  a r t i c l e s  contained i n  Acta Cryst.  1972 onwards. 

The r e s o l u t i o n  l i m i t  o f  lOOkV microscopes i s  i n  the  range 3-48 

and so p i c t u r e s  o f  atomic arrangements can o n l y  be taken i n  those ma te r ia l s  

Thus ' s t r u c t u r e  images" are  
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f o r  which t h e  separat ion o f  heavy metal atoms i s  o f  t h i s  order.  This 

requirement i s  f i l l e d  by many ox ide systems, bu t  n o t  by c lose packed 
ma te r ia l s  such as metals o r  many usefu l  s t r u c t u r a l  ceramics. The i d e n t i -  

f i c a t i o n  o f  p o i n t  defects and t h e i r  m ig ra t i on  has been demonstrated i n  a 

niobium oxide (see I i j i m a  e t  a l .  Acta Cryst. - A30, 251 (1974)) and the 
s t r u c t u r e  o f  p e r f e c t  and imper fec t  c r y s t a l s  has been examined i n  many 
systems a t  the  atomic l e v e l .  However the r e s o l u t i o n  l i m i t a t i o n  makes t h i s  

mode unsu i tab le  f o r  r a d i a t i o n  damage s tud ies  of many usefu l  ma te r i a l s  w i t h  
c u r r e n t  lOOkV instruments. 

The r e s o l u t i o n  o f  a TEM i s  improved most d ramat ica l l y  by increas-  
i n g  the  acce le ra t i ng  voltage, and some o f  t h e  f i r s t  micrographs i l l u s t r a t i n g  
t h i s  achievement have r e c e n t l y  been publ ished (see Hor iuchi  e t  a l . ,  
Acta Cryst.  - A34, 939 (1978)). A r e s o l u t i o n  o f  about 2.28 has been found 
i n  c u r r e n t  h igh  vo l tage (1 MeV) h igh  r e s o l u t i o n  microscopes i n  Japan, and 
t h i s  i s  approaching the l e v e l  necessary t o  reso lve  atomic separat ions i n  
metals ( d 8  i n  the  most convenient p ro jec t i ons ) .  
may then be poss ib le  w i t h  these h igher  r e s o l u t i o n  machines, and even p o i n t  

defects (e.g. i n t e r s t i t i a l s )  should be detectable from a con t ras t  p o i n t -  
of- view (see F ie lds  and Cowley, Acta Cryst.  M, 103 (1978)). 

displacement damage occu r r i ng  i n  the  h igh  vol tage microscopes w i l l  d e t r a c t  
from the images, o r  a l t e r n a t i v e l y  a l l o w  i n  s i t u  r a d i a t i o n  study, i s  an 

i n t e r e s t i n g  prospect  t o  f o l l ow .  

Atomic l e v e l  s tud ies  

Whether 

B. F r inge Imaging 

The i n v e s t i g a t i o n  o f  metals a t  h igh  r e s o l u t i o n  has been pursued 

by imaging one s e t  o f  l a t t i c e  planes, us ing t ransmi t ted  and one d i f f r a c t e d  
beam f o r  the  imaging process. 
- 16, 203 (1972)) showed t h a t  the  f r i n g e s  a r e  d i s t o r t e d  by t h e  presence o f  

r a d i a t i o n  damage (e.g. voids, loops)  b u t  t h a t  i t  i s  extremely d i f f i c u l t  t o  
ob ta in  meaningful i n fo rma t ion  about the  s t r u c t u r e  i n  the  v i c i n i t y  o f  the  

defect .  Careful experimentat ion i s  requ i red  t o  o b t a i n  t r a c t a b l e  data from 

t h i s  imaging mode, b u t  several important  m e t a l l u r g i c a l  phenomena have been 

s tud ied  recen t l y .  Thus l a t t i c e  d i s t o r t i o n  near d i s l o c a t i o n  cores may be 

A study by Howe and R a i n v i l l e  (Rad. E f f .  
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i nves t i ga ted  when t h e  d i s l o c a t i o n  l i n e  i s  s t r a i g h t  and p a r a l l e l  t o  the  

imaging planes and e lec t ron  beam (see Bourret  e t  a l .  J. Microscopie 
Spectroscopie Electronique, 2, 467 (1977)). 
may be imaged a t  atomic plane r e s o l u t i o n  prov ided they a l s o  are  t i l t e d  p a r a l l e l  
t o  the  e l e c t r o n  beam (see S i n c l a i r ,  Proc. EMSA 35, 110 (1977)). 
p r e c i p i t a t e s  and short- range order  are r e a d i l y  v i s i b l e .  

o f  i n d i v i d u a l  p o i n t  defects does n o t  seem poss ib le  by t h i s  mode. 
One important  area o f  a p p l i c a t i o n  o f  the f r i n g e  method appears t o  

be the  determinat ion o f  l o c a l  composit ion from the  l o c a l  l a t t i c e  f r i n g e  

spacing. More s e n s i t i v e  composit ional v a r i a t i o n s  may be found than by 

energy d i spe rs i ve  techniques so long as the  l a t t i c e  parameter var ies  
s e n s i t i v e l y  w i t h  composition, which p a r t i c u l a r l y  occurs f o r  i n t e r s t i t i a l  

s o l i d  so lu t ions .  
S i n c l a i r  i n  " Ana ly t i ca l  E lec t ron  Microscopy" e d i t e d  by D. C. Joy e t  al., 

Plenum, i n  press). 
segregat ion phenomena i n  i r r a d i a t e d  a l l oys .  

Stacking f a u l t s  and i n te r faces  

Small 
However the  imaging 

(see S i n c l a i r  and Thomas, Met. Trans. N, 373 (1978); 

This approach may be q u i t e  s i g n i f i c a n t  f o r  determining 

C. Aber ra t ion  Free Focus Imaging 

The multi-beam image a t  lOOkV has been found r e c e n t l y  t o  have 

super io r  r e s o l u t i o n  i n  some h i g h l y  s p e c i f i c  circumstances by t a k i n g  the  
image a t  a we l l- def ined value o f  defocus f o r  which h igh  s p a t i a l  r e s o l u t i o n  

r e f l e c t i o n s  a l s o  c o n t r i b u t e  app rop r ia te l y  t o  image format ion (see 
Hashimoto e t  a l . ,  J. Phys. SOC. Japan - 42, 1073 (1977)). There i s  some 
ser ious c u r r e n t  d iscussion over whether t h i s  mode w i l l  p rov ide f a i t h f u l  

i n fo rma t ion  about imper fec t  c r y s t a l s .  
have been presented on r a d i a t i o n  damage i n  s i l i c o n ,  both on i n t e r s t i t i a l  

and vacancy c lus te rs ,  which i n d i c a t e  t h a t  t h i s  mode c e r t a i n l y  deserves 
fu r the r  cons idera t ion  i n  the f u t u r e  (see I z u i  e t  a l ,  Proc. 9 t h  I n t ' l  

Congr. on E lec t ron  Microscopy 1, 292 (1978), Proc. EMSA, - 37 i n  press (1979)). 

Nevertheless some dramatic p i c tu res  

111. MICRODIFFRACTION 

An a l t e r n a t i v e  way t o  e x t r a c t  s t r u c t u r a l  in format ion about ma te r i a l s  

i s  from a d i f f r a c t i o n  pa t te rn .  I n  convent ional t ransmiss ion e lec t ron  
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microscopy the  pa t te rns  are  taken areas as small as l u  diameter, b u t  no t  
lower than t h i s  because o f  spher ica l  abe r ra t i on  e r ro rs .  

the  image, and t h i s  can be employed i n  t u r n  t o  l i m i t  the  volume o f  ma te r i a l  
through which the  e lec t rons  pass and from which the  m i c r o d i f f r a c t i o n  p a t t e r n  
i s  obtained. 

and smal le r  areas are q u i t e  f e a s i b l e  i n  STEM'S f i t t e d  w i t h  a f i e l d -  
emission e l e c t r o n  source. 

There are  several ways o f  t ak ing  m i c r o d i f f r a c t i o n  pa t te rns  (see 

Thompson e t  a l .  Norelco Reporter 1978). 

on the area o f  i n t e r e s t ,  o r  scanned over a small region. I f  the contamina- 

t i o n  r a t e  i s  severe the  d i f f r a c t i o n  pa t te rn  may degrade q u i t e  q u i c k l y  i n  

these modes. A l t e r n a t i v e l y  a rock ing  beam mode may be u t i l i z e d  t o  circum- 
vent t h i s  contaminat ion problem (see Geiss, Appl. Phys. L e t t .  27, 174 
(1975)). 

pa t te rns  a l though the  beam divergence i s  o f t e n  n o t  s u f f i c i e n t l y  low f o r  
h igh  p rec i s ion  data (e.g. about l a t t i c e  parameters) t o  be obtained. 
the  choice o f  m i c r o d i f f r a c t i o n  p a t t e r n  o r  d i r e c t  l a t t i c e  imaging f o r  h igh  
r e s o l u t i o n  data depends on the  type o f  i n fo rma t ion  t o  be obtained. The 

dec is ion  between imaging and d i f f r a c t i o n  i s  o f t e n  made w i t h  convent ional 
experiments on the same basis  and an a d d i t i o n a l  perspect ive  i s  commonly 
obta ined by combining the  two approaches. 

some success, i s  the  convergent beam method (see Steeds e t  a l .  Proc. 9 th  
I n t l  Cong. on E lec t ron  Microscopy, - 1, 620 (1978)). I n  t h i s  s i t u a t i o n  a 
h i g h l y  convergent beam i s  focussed onto the  area o f  i n t e r e s t  and f i n e  

s t r u c t u r e  i n  the  p a t t e r n  can y i e l d  i n fo rma t ion  on l o c a l  c rys ta l lography 
and s e n s i t i v e  v a r i a t i o n s  i n  l a t t i c e  constant.  Convergent beam pat te rns  

taken f rom areas conta in ing  l a t t i c e  defects may prove t o  be q u i t e  usefu l  
i n  the  fu tu re :  a recent  p a t t e r n  from a d i s l o c a t i o n  i n  s i l i c o n  shows 

s p l i t t i n g  o f  a l l  the Kikuchi  l i n e s  apar t  f rom one s e t  o f  l i n e s ,  which i s  
probably r e l a t e d  d i r e c t l y  t o  the  exact  s t r u c t u r e  o f  the  d i s loca t i on .  

(see Spence, 9 th  Western Regional Conf. on E lec t ron  Mircroscopy, 1979; 

Bentley, the  present workshop). 

Scanning TEM instruments u t i l i s e  a small e lec t ron  probe t o  produce 

Regions on l y  401 i n  diameter a r e  r e l a t i v e l y  easy t o  probe, 

The e lec t ron  probe may be stopped 

The usual c r y s t a l l o g r a p h i c  i n fo rma t ion  can be der ived from such 

C lea r l y  

An a d d i t i o n a l  m i c r o d i f f r a c t i o n  mode, which has e x p l o i t e d  r e c e n t l y  w i t h  
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I V .  SUMMARY 

Q u i t e  a number o f  h igh r e s o l u t i o n  TEM imaging and m i c r o d i f f r a c t i o n  

techniques a re  now w e l l  developed b u t  have r a r e l y  been app l ied  t o  r a d i a t i o n  

damage analys is .  Careful  exper imentat ion i s  requ i red  t o  take such p ic tu res  
and a good t heo re t i ca l  background i s  o f t e n  necessary f o r  t h e i r  i n t e rp re ta-  

t i on .  
and t h i s  should prov ide an impor tant  t o o l  f o r  the c r i t i c a l  i n v e s t i g a t i o n  

o f  rad ia t ion- assoc ia ted problems. 

Nevertheless the  l e v e l  o f  aotmic r e s o l u t i o n  i s  being r a p i d l y  approached 
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APPLICATION OF I O N  CHANNELING TO RADIATION DAMAGE STUDIES* 

S. T. Picraux 
Sandia Labora tor i  est 

A1 buquerque, NM 871 85 

I. INTRODUCTION 

Ion  channel ing has been used t o  study imp lan ta t ion  damage i n  semiconductors, 

During i o n  channel ing energet ic  p a r t i c l e s  undergo c o r r e l a t e d  
metals and i nsu la to rs ,  and a l so  t o  study i m p u r i t i e s  i n  assoc ia t ion  w i t h  the  

defects.  
c o l l i s i o n s  w i t h  the  atomic rows o r  planes i n  a s i n g l e  c r y s t a l .  This r e s u l t s  

i n  a s p a t i a l  r e d i s t r i b u t i o n  so t h a t  t he re  i s  a l a r g e  reduct ion  i n  the  p a r t i c l e  
p r o b a b i l i t y  dens i ty  near t h e  rows o r  planes and an increase near the  channel 
center.  Thus c lose encounter events, such as i o n  backscat ter ing,  are reduced 

approximately 1 t o  2 orders o f  magnitude f o r  channeled p a r t i c l e s  w i t h  l a t t i c e  
atoms i n  p e r f e c t  l a t t i c e  s i t e s ,  whereas there  i s  a much h igher  i n t e r a c t i o n  

p r o b a b i l i t y  w i t h  d isp laced atoms. 

which r e l a t e  t o  the  usefulness o f  channel ing f o r  h igh  temperature r a d i a t i o n  
damage s tud ies  i n  metals. The m a j o r i t y  o f  i o n  channel ing studies have been 
app l i ed  t o  imp lan ta t ion  damage i n  semiconductors. 
t a t i v e  work on imp lan ta t ion  o r  o the r  r a d i a t i o n  damage s tud ies  i n  metals have 
been c a r r i e d  out,  a l though recent  progress i n  the  understanding o f  i o n  channel- 
i n g  now a l lows such s tud ies  t o  be performed. 

I n  t h i s  summary we p r i m a r i l y  discuss those aspects o f  the technique 

I n  cont ras t ,  l i t t l e  quant i-  

11. I O N  CHANNELING ANALYSIS 

I o n  channel ing i s  p r i m a r i l y  s e n s i t i v e  t o  i n d i v i d u a l l y  d isp laced atoms, 

The d i r e c t  
such as i n t e r s t i t i a l s ,  o r  t o  pe r tu rba t i ons  i n  the  atomic rows o r  planes, 
such as may occur around d i s loca t i ons  o r  a t  vo ids i n  a c r y s t a l .  

s c a t t e r i n g  o f  channeled p a r t i c l e s  by d isp laced atoms and the dechanneling o f  
p a r t i c l e s  i n t o  random d i r e c t i o n s  are  monitored by i o n  backscat ter ing.  

energy ana lys is  o f  the  backscattered p a r t i c l e s  the  depth o f  t h e  i n t e r a c t i o n  
i n  the  c r y s t a l  can be determined. 

t o  c o n s i s t  o f  two components: 
channeled component. For imp lan ta t ion  damage i n  metals the d i r e c t  s c a t t e r i n g  

By 

The channel ing s igna l  can be considered 

(1) the d i r e c t  s c a t t e r i n g  and; (2 )  the  de- 

*This work i s  supported by the  U. S .  Department o f  Energy, DOE, under Contract  
DE-AC04-76-DP00789. 

t A  U. S .  Department o f  Energy F a c i l i t y .  
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component i s  t o  f i r s t  order neglibibly small under many conditions and the 
dechanneled signal a t  a given d e p t h  z i s  approximately given by 2-4 

where x D  i s  the dechanneling in the damaged c rys t a l ,  xV i s  the dechannel ing 
s ignal  i n  a v i r g i n  crystal  ( i n  b o t h  cases normalized by the random sca t te r-  
ing fract ion a t  t h a t  d e p t h ) ,  u the cross section for  dechanneling by the 
defects and n the density of defects.  
density of defects a t  a given depth z i s  given by 

T h u s  under these assumptions the 

where the channeling parameter in brackets in Eq.  2 can be eas i ly  measured 
from the damaged and v i r g i n  c rys ta l s .  

The physics of  the process i s  contained within the cross sect ion,  0, 

which may be calculated o r ,  a l te rna t ive ly ,  measured provided the to t a l  density 
of defects i s  known in a given cal ibrat ion sample. 
of d i f f e r en t  u r e s u l t  in comparable dechanneling s ignals  simultaneously, 
then the channeling analysis will  only give a qua l i t a t i ve  indicator of the to t a l  
damage present. 
choice of channeling parameters, i s  such tha t  a s ing le  type of defect  dominates 
the dechanneling and the above analysis appl ies ,  then quant i ta t ive s tudies  of 
the damage density with depth resolution %lo0 I( can be carried ou t .  
s tudies  i t  i s  always valuable t o  perform selected transmission electron 
microscopy (TEM) analyses on the samples t o  provide information on the 
larger  defects present and t o  give fur ther  self-consistency to  the in te r-  
pretation of the channeling resu l t s .  

I f  a variety of defects 

However, i f  the radiat ion damage condition, together w i t h  the  

In such 

111. APPLICATION OF ION CHANNELING 

The dechanneling cross section u depends on the nature of the defect  
and can exhibi t  qui te  d i f f e r en t  functional dependencies on channeling para- 
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meters such as the  energy o f  the  i n c i d e n t  beam f o r  d i f f e r e n t  types o f  
defects.  2-5 For example, the dechanneling f o r  d i s l o c a t i o n  l i n e s  increases 
as the  square r o o t  o f  energy, f o r  s tack ing  f a u l t s  o r  voids i s  approximately 

independent o f  energy and f o r  randomly d i s t r i b u t e d  p o i n t  defects such as 
i n t e r s t i t i a l s  decreases l i n e a r l y  w i t h  energy. Also, f o r  the  case where 
i n t e r s t i t i a l - l i k e  defects dominate, the  d i r e c t  s c a t t e r i n g  component becomes 

l a r g e  and a d i f f e r e n t  ana lys is  may be appl ied; t h i s  i s  more f requen t l y  the 
case f o r  semiconductors.’ 
t ransmission e l e c t r o n  microscopy, measurements o f  t h e  dechanneling a t  a g iven 
depth as a f u n c t i o n  o f  energy, f o r  example, p rov ide  f o r  a se l f - cons i s ten t  
check on the  i n t e r p r e t a t i o n  o f  the  r e s u l t s .  Also, by combining channel ing 
measurements w i t h  TEM measurements f o r  cases where independent determinat ion 
o f  t h e  dens i ty  o f  defects can be made, the  cross sect ions f o r  such defects 
as d i s l o c a t i o n s  have been measured and have been shown t o  g i ve  good agreement 
w i t h  simple t h e o r e t i c a l  estimates. 

and determine the  a p p l i c a b i l i t y  o f  the  above analys is ,  then eq. 2 can be used 
t o  ob ta in  the  depth p r o f i l e  o f  the  d isorder .  High concentrat ions o f  d i so rde r  

are requi red,  f o r  example, % l o  -10” dislocation/cm2, and good depth reso lu t ions ,  
%lo0 8, can be obtained. 
t o  t ransmiss ion e lec t ron  microscopy, where a survey o f  the nature o f  the defects 

can be r e a d i l y  obtained, b u t  i t  i s  q u i t e  tedious t o  ob ta in  q u a n t i t a t i v e  depth 
in fo rmat ion  i n  general and, f o r  the dens i t i es  o f  defects which can be measured 
by channeling, i s  nea r l y  impossible due t o  over lapping s t r a i n  cont ras t .  

As an example o f  the  a p p l i c a t i o n  o f  the  technique we consider heavy 
i o n  imp lan ta t ion  damage i n  A1.‘ 
o f  d i s loca t i ons  are  formed by imp lan ta t ion  t o  r e l a t i v e l y  h iqh  f luences 

(10 -10 
i s  found f o r  dechanneling dominated by s t r a i n - l i k e  regions, as occur f o r  
d i s loca t i ons .  Figure 1 shows the channel ing- ion  backscat te r ing  spectra, both 
f o r  a major a x i a l  and a major p lanar  d i r e c t i o n  i n  A l .  

15 2 t i o n s  correspond t o  a f luence o f  7 x 10 /cm 

ture .  

the depth d i s t r i b u t i o n  o f  the  dens i ty  o f  d isorder .  

Thus, i n  a d d i t i o n  t o  q u a l i t a t i v e  checks by 

3 

Given p re l im ina ry  measurements t o  s u f f i c i e n t l y  charac ter ize  the system 

9 

I n  t h i s  way the technique i s  h i g h l y  complementary 

By TEM one can show t h a t  a dense network 

15 17 2 /cm ), and from the  energy dependence o f  the  dechanneling consistency 

Imp lanta t ion  condi- 
150 keV N i  ions a t  room tempera- 

Figure 2 shows r e s u l t s  o f  ana lys is  o f  the  A1 spectra by Eq. 2 t o  ob ta in  
Also shown i s  the  N i  
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Figure 1. The 2-MeV He i o n  backscat ter ing spectra f o r  <119> a x i a l  and {111) 
p lanar  channeling i n  A P  before and a f t e r  7 x 1015 Ni/cmZ implanta t ion.  

150 keV 

Al INi )  

DEPTH 1;) 

F igure 2. D isorder  and N i  depth p r o f i l e s  obtained from the spectra o f  F igure 1. 
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p r o f i l e  obta ined from t h e  i o n  backscat te r ing  measurements. Planar channel- 
i n g  ana lys is  i s  found t o  be q u i t e  usefu l  here, al though i t  i s  on ly  recen t l y  

t h a t  i t  has been app l ied  t o  such studies.  The depth d i s t r i b u t i o n  o f  the 

d i so rde r  r e l a t i v e  t o  t h a t  o f  the implanted ions  i s  q u i t e  s i m i l a r  t o  t h a t  
p red i c ted  t h e o r e t i c a l l y  f o r  the  depth d i s t r i b u t i o n  of the  pr imary damage 

energy product ion  by the  implanted ions.  
somewhat lower dens i ty  o f  defects near the  surface, probably due t o  the  
compet i t ion o f  the  sur face as a s i n k  f o r  the  pr imary defects which are  pro- 
duced. 

Also the re  i s  an i n d i c a t i o n  of a 

I V .  SUMMARY OF TECHNIQUE ADVANTAGES AND LIMITATIONS 

The channel ing technique is p a r t i c u l a r l y  use fu l  f o r  s tud ies  of h igh  
dens i t i es  o f  defects where complementary techniques such as t ransmiss ion 

e lec t ron  microscopy may be d i f f i c u l t  t o  apply q u a n t i t a t i v e l y .  
where a s i n g l e  type o f  de fec t  dominates the  dechanneling, the  channel ing 

technique can be q u i t e  quan t i t a t i ve .  
defects can genera l l y  be determined i n  such cases w i thou t  l a y e r  removal 

techniques. The func t i ona l  dependence o f  the  dechanneling va r ies  w i t h  de fec t  
type, so t h a t  se l f - cons i s ten t  checks can be made t o  f u r t h e r  v e r i f y  the  nature 

o f  the  de fec t  probed. S u f f i c i e n t  s e n s i t i v i t y  e x i s t s  t o  both pr imary and h igh  

temperature secondary defects i n  metals such t h a t  a wide v a r i e t y  o f  r a d i a t i o n  

damage cond i t ions  may be studied. Also, there  is an advantage t h a t  the i o n  
channel ing and backscat te r ing  ana lys is  a l lows t h e  s o l u t e  depth d i s t r i b u t i o n  

w i t h i n  the  m a t r i x  t o  be monitored, which i n  many cases may be r e l a t e d  t o  the  
de fec t  f l ow  and a n n i h i l a t i o n  and the  r e s u l t i n g  damage d i s t r i b u t i o n .  
add i t i on ,  by l a t t i c e  l o c a t i o n  measurements in fo rmat ion  about the s t r u c t u r e  o f  

so lu te- defec t  centers can a lso  be obtained. 
Some o f  the disadvantages o f  the  channel ing technique are  t h a t  s i n g l e  

c r y s t a l s  a re  requ i red  and, as t y p i c a l l y  used, the  l a t e r a l  r e s o l u t i o n  i s  
poor (bl m). I n  add i t i on ,  the  technique probes r e l a t i v e l y  shal low depths 
( b  < 10 wn) and requ i res  c a r e f u l  ana lys is  f o r  i n t e r p r e t a t i o n  o f  the r e s u l t s .  
I t  i s  n o t  a survey technique and can most p r o f i t a b l y  be app l ied  when the  
dechanneling cross sec t ion  and number dens i ty  o f  defects i s  such t h a t  de- 
channel ing by a g iven c lass  o f  defects dominates over o the r  defects present. 

Under cond i t ions  

I n  add i t ion ,  the depth d i s t r i b u t i o n  o f  

I n  

6 
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The channeling technique has recently been demonstrated t o  hold promise 
for application t o  radiat ion damage studies i n  metals, b u t  r e l a t ive ly  l i t t l e  
work of a quant i ta t ive  nature has been carr ied  o u t  so far. 
i s  well sui ted  t o  the h i g h  damage levels  which m i g h t  be anticipated i n  fusion 
reactor  environments. 
the mechanisms and kinetics of the secondary defect  production and evolution 
as a function of fundamental parameters such as f l u x ,  temperature and solute  
concentrations. 
i n  conjunction w i t h  other defect- specific techniques such as transmission 
electron microscopy. 
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SMALL ANGLE AND DIFFUSE SCATTERING 
OF X- RAYS AND NEUTRONS 

T h i s  subject was covered during the conference b u t  no manuscript 
was avai lable  a t  publication. 
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THE STUDY OF DEFECTS AND RADIATION DAMAGE I N  SOLIDS 
BY FIELD-ION AND ATOM-PROBE MICROSCOPY 
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Cornel l  U n i v e r s i t y  

Department o f  Ma te r i a l s  Science and Engineering 
and t h e  Ma te r ia l s  Science Center, 

Bard Ha l l ,  I thaca,  New York 14853 

I. INTRODUCTION 

I n  t h i s  s h o r t  paper an attempt i s  made t o  in t roduce t h e  reader t o  the  
basic  phys ica l  ideas invo lved i n  the  f i e l d - i o n  and atom-probe f i e l d - i o n  
microscope techniques ( 5 2 ) ,  and t o  t h e  app l i ca t i ons  o f  these techniques t o  

the  study o f  defects and r a d i a t i o n  damage i n  s o l i d s  (53). The f i n a l  sec t i on  
(54) discusses, i n  p rec i s  form, the  a p p l i c a t i o n  o f  t h e  atom-probe f i e l d - i o n  
microscope t o  t h e  study o f  the  behavior o f  implanted He and He atoms i n  
tungsten. 
h i s  s p e c i f i c  research i n t e r e s t  i n  d e t a i l .  

3 4 

The paper i s  h e a v i l y  referenced so t h a t  t h e  reader can pursue 

11. GENERAL BACKGROUND MATERIAL 

The inven t i on  o f  t h e  f i e l d - i o n  microscope (FIM) and t h e  atom-probe 

FIM by M u l l e r  (1’2) has prov ided t h e  exper imenta l i s t  w i t h  t o o l s  which a l l ow  
both the  d i r e c t  observat ion o f  a l l  t h e  comnon defects (po in t ,  l i n e  and p lanar )  

on an atomic scale and t h e  simultaneous determinat ion o f  chemical e f f e c t s  
on an atomic scale ( t h e  minimum detec tab le  mass i s  the  mass of a s i n g l e  atom). 

The atomic s t r u c t u r e  o f  t h e  d i r e c t  l a t t i c e  i s  observed f o r  those atoms 

which l i e  on t h e  sur face o f  a sharply  po in ted  (b200 t o  50051 i n  diameter) FIM 
specimen; the  area imaged i s  %lo-’’ t o  lo-’’ cm . The in fo rmat ion  concern- 

i n g  t h e  p o s i t i o n s  o f  t h e  atoms i s  c a r r i e d  t o  a phosphor screen o r  a channel 
e l e c t r o n  m u l t i p l i e r  a r ray  (3a4 )  by an imaging gas which i s  t y p i c a l l y  hel ium 

o r  neon. 
h igh  l o c a l  e l e c t r i c  f i e l d s  (b4.5 V 8-l  t o  i o n i z e  a hel ium atom) t h a t  e x i s t  
a t  t h e  s i t e  o f  i n d i v i d u a l  atoms as a r e s u l t  o f  a p o s i t i v e  p o t e n t i a l  app l ied  
t o  a sharp ly  po in ted  FIM sharp ly  po in ted  FIM ~ p e c i m e n . ‘ ~ )  The p o s i t i v e l y -  
charged ions are  r e p e l l e d  from t h e  specimen and then t r a v e l  along the  e l e c t r i c  

2 

The imaging gas atoms are ionized,  by a tunne l ing  mechanism, i n  t h e  
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f i e l d  l i n e s  t o  the  phosphor screen which i s  a t  ea r t h  po ten t i a l ;  t y p i c a l l y  

the  phosphor screen i s  a t  a distance o f  between 4 t o  10 cm from the  FIM 

specimen. The image formed o f  the  atoms on the surface o f  the  FIM speci-  
men, i n  the above manner, cons t i t u t es  a p o i n t  p r o j e c t i o n  image w i t h  

s u f f i c i e n t  magn i f i ca t ion  t o  reso lve i n d i v i d u a l  atoms. 

evaporat ion process. The l a t t e r  process cons is ts  o f  i nc reas ing  the  e l e c t r i c  
f i e l d  t o  a value such t h a t  the  p o t e n t i a l  energy curve o f  an i o n  on the surface 
o f  the  specimen ( t h i s  statement assumes t h a t  the  s t a t e  i n  which the  metal 
atoms e x i s t  on the  surface o f  the  specimen i s  the i o n i c  s t a t e )  i s  deformed 

by the app l ied  f i e l d  t o  form a Schottky hump. (6) The ions then evaporate 
(subl ime) by e i t h e r  jumping over t h i s  small Schottky hump o r  by tunne l ing  
through it; t h i s  process i s  c a l l e d  f i e l d  desorbt ion o r  f i e l d  evaporation. 
The f i e l d  evaporat ion process can be c o n t r o l l e d  by app ly ing the p o s i t i v e  
p o t e n t i a l  i n  the  form o f  sho r t  (1 t o  10 msec i n  w id th )  h igh- vol tage pulses. 
Th is  l a t t e r  technique i s  c a l l e d  pulse f i e l d  evaporation; i t  i s  poss ib le  by 
t h i s  technique t o  d i ssec t  an atomic plane one o r  two a t o m  a t  a a time. 

Thus, the  atoms contained w i t h i n  the i n t e r i o r  o f  the specimen can be imaged, 
a l b e i t  a t  t he  surface, a t  a r a t e  which i s  determined by the  exper imenta l is t .  

I n  p r a c t i c e  one can examine 
o f  one experiment, v i a  the pulse f i e l d  evaporat ion technique. 

we have developed semi-automated techniques f o r  the process o f  app ly ing the  
f i e l d  evaporat ion pu lse i n  con junc t ion  w i t h  the  simultaneous record ing  o f  

l a rge  numbers o f  frames of 35 nun c in6  f i l m  [(15 t o  3O)xlO frames per  day] 
as w e l l  as developing techniques f o r  the scanning o f  t h i s  f i l m .  ( 7 )  It i s  
c lear ,  w i t h  the  advantage o f  h inds ight ,  t h a t  these two steps were essen t ia l  
t o  the  successful  a p p l i c a t i o n  o f  t he  FIM technique t o  problems i n  t he  f i e l d  
o f  r a d i a t i o n  damage. 

us w i t h  a unique instrument f o r  the study o f  the  i n t e r a c t i o n  o f  impu r i t y  
atoms o r  a l l o y i n g  elements w i t h  po in t ,  l i n e  o r  p lanar  defects.  
atom-probe F I M  ( he rea f t e r  c a l l e d  an atom probe) cons is ts  o f  an FIM c mbined 

w i t h  a spec ia l  TOF mass spectrometer. This spectrometer a l lows the  nves t i -  

ga to r  t o  i d e n t i f y  chemical ly  any atom t h a t  appears i n  an FIM image. 

The i n t e r i o r  o f  the  specimen can be examined employing the f i e l d -  

t o  cm3 o f  mater ia l ,  du r ing  the  course 

A t  Cornel1 

3 

The i nven t i on ( * )  o f  the  t i m e- o f - f l i g h t  (TOF) atom-probe F I M  has provided 

The TOF 

Thus, 
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i t  i s  now poss ib le  t o  both image the  m ic ros t ruc tu ra l  fea tures  o f  a metal 

specimen and t o  measure the mass-to-charge r a t i o  (m/n) o f  i n d i v i d u a l  atoms 
from preselected regions o f  a specimen w i t h  a l a t e r a l  s p a t i a l  r e s o l u t i o n  

(i.e., w i t h i n  the  sur face)  o f  a few angstroms and a depth s p a t i a l  r e s o l u t i o n  
t h a t  i s  determined by the  i n t e r p l a n a r  spacing; the l a t t e r  q u a n t i t y  can be 
tenths o f  an angstrom. 

has an m/Am value o f  >1000. 

An atom probe w i t h  a s t r a i g h t  TOF tube has a mass- 
r e s o l u t i o n  (m/Am) o f  %ZOO w h i l e  an atom probe w i t h  a Poschenrieder lens ( 8 )  

(9 )  

Add i t i ona l  ma te r i a l  concerning the FIM and atom-probe techniques and t h e i r  

The work performed a t  Cornel1 i n  the f i e l d s  o f  de fec t  physics and 
app l i ca t i ons  can be found i n  reference numbers 5, 10, 11, 12, 13, 14, 15, 16, 

17. 
r a d i a t i o n  damage has been summarized i n  several review a r t i c l e s .  
For techn ica l  d e t a i l s  concerning the computer c o n t r o l l e d  atom probe we have 
constructed a t  Cornel 1 see reference numbers 22-26. 

(18-21) 

111. A CATALOG OF APPLICATIONS TO THE STUDY OF DEFECTS AND RADIATION DAMAGE 

I N  SOLIDS 

I n  t h i s  sec t i on  we present, i n  ca ta log  form, a l i s t  o f  problems t o  which 

we have app l i ed  the  FIM and atom probe techniques. 
t o  the references f o r  the  d e t a i l s  concerning each problem. 

The reader i s  r e f e r r e d  

A. D i f f u s i v e  Proper t ies  o f  S e l f - I n t e r s t i t i a l  Atoms (SIAs) 

1. Measured enthalpy change o f  m ig ra t i on  (Ahyi) o f  SIAs i n  both 

Measured the  pre-exponential f a c t o r  (DYi) o f  the  S I A  s e l f -  
pure metals, a l l o y s  and order- d isorder  a l loys .  

2. 
d i  f f u s i  on c o e f f i c i e n t .  

o r  fast- enutron i r r a d i a t e d  specimens. 

Mo, P t ,  Pt(Au),  Ni4Mo and Pt3Co. 

3. Have s tud ied  SIAs i n  Stages I ,  11, and 111 o f  ion,  e lec t ron  

4. 

5. For d e t a i l s  see reference numbers 18, 19, 21, 27-40. 

The p a r t i c u l a r  systems s tud ied  t o  date are  W, W(Re), W(C), 
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B. Volume Change of Migration ( A v T i )  of SIAs 

1 .  Measured A V ~ ~  fo r  the SIA in W ,  P t  and Mo in  de t a i l .  

2. For fur ther  de t a i l s  see reference numbers 18, 19,  27,  28, 

Experi- 
ments were a lso performed on Ni4Mo and Pt3Co b u t  in l e s s  d e t a i l .  

31, 37, 38, 40, 41. 

b 
C. Binding Enthalpy of an SIA t o  a Solute Atom (Ah 

1 .  Measured Ah by determining a dissociation enthalpy ( A h  ) 
b d 

b b m and then determining A h  from the expression Ahd = A h  + A h l i .  The system 
P t ( A u )  was studied in great de ta i l  and two detrapping stages ( I I B  and I I c )  
were observed in Stage 11. 

2. 

3. For fur ther  d e t a i l s  see reference numbers 19,  21,  33, 36,  

The systems W(Re) and W ( C )  were a l so  studied b u t  in less 
d e t a i l .  

39, 40. 

D. Diffusive Properties of Vacancies 

1 .  Measured r a t i o  of divacancy concentration t o  mnovacancy 

From ( a )  i t  was possible t o  determine the Gibbs f r ee  binding 

Measured vacancy concentration in tungsten specimens which 

The measurements discussed in  ( a )  t o  ( c )  a re  important for  

concentration for  one quench temperature in platinum specimens. 

energy (ASzv) in platinum. 

had been quenched from near the melting point. 

in terpret ing the high-temperature self- diffusion data by point-defect 
mechani sms. 

2. 
b 

3. 

4. 

5. For fur ther  d e t a i l s  see reference numbers 18, 42, 43, 44, 
45, 46. 

E. Diffusive Properties of Gases in Metals 

1 .  Diffusion of He and He in tungsten and platinum. 
2. Diffusion of H and H in tungsten. 
3. 

3 4 
1 2 

For fur ther  de t a i l s  see reference numbers 47, 48, 49,  50, 51, 52. 

110 



F. Range P r o f i l e s  o f  Low-Energy Implanted Gases i n  Metals 
3 4 1. Range p r o f i l e s  o f  He and He i n  tungsten and p la t inum 

2. Range p r o f i l e s  o f  H and H i n  tungsten. 
3. For f u r t h e r  d e t a i l s  see reference numbers 47, 48, 49, 50, 

(100 t o  1500 eV singly-charged ions) .  
1 2 

51, 52. 

G. Point-Defect  S t ruc tu re  o f  Depleted Zones: The Primary Sta te  of 
Rad ia t ion  Damage 

1. Depleted zones i n  i o n- i r r a d i a t e d  metals [ W ,  P t ,  Pt (Au) ]  
a. Dimensions o f  depleted zones (DZx) 
b. Number o f  vacancies per  DZ. 
c. Vacancy concentrat ion w i t h i n  DZs. 

d. 

e. 

E f f e c t  o f  p r o j e c t i l e  mass (M1) on the s t r u c t u r e  o f  DZs a t  

E f f e c t  o f  M1 on the  s t r u c t u r e  o f  DZs a t  constant  reduced 

The d i s t r i b u t i o n  o f  1st- nearest-neighbor vacancy c lus te rs .  
The r a d i a l  d i s t r i b u t i o n  f u n c t i o n  (RDF) f o r  the  vacancies 

ou t  t o  9th-nearest-neighbor. 
2. 

constant  p r o j e c t i l e  energy. 

energy (E). 
3. 

4. For f u r t h e r  d e t a i l s  see reference numbers 18, 20, 21, 49, 
53, 54, 55, 56, 57. 

H. Damage P r o f i l e s  

1. 
Damage p r o f i l e s  determined by measuring the  change i n  the Bragg- 

2. 30 keV W', Cr' o r  Mo I r r a d i a t e d  Tungsten. 
3. For f u r t h e r  d e t a i l s  see reference numbers 38, 49. 

Ne' (250 t o  2500 eV) i r r a d i a t e d  Ni4Mo and Pt3Co (order- disorder  

a l l o y s ) .  
Wi l l iams long-range order  parameter(S) as a func t i on  of depth. + 

I .  Spu t te r i ng  o f  Surfaces 

1. The s p u t t e r i n g  o f  a metal sur face i s  the  r e s u l t  o f  the  i n t e r -  
sec t i on  o f  a c o l l i s i o n  cascade w i t h  it. I n  t h i s  work we compared the  vacancy 
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+ + + t + s t r u c t u r e  o f  depleted zones, produced by 30 keV W , Mo , C r  , Cu , o r  A r  
ions, t h a t  were found t o  have i n te rsec ted  the sur face o f  a tungsten FIM 

specimen with the  depleted zones found i n  the  bu l k  o f  the  specimen. 

2. For f u r t h e r  d e t a i l s  see reference number 57. 

J .  Voids i n  Neut ron- I r rad ia ted  Metals [Mo, Mo(Ti), Fe(Cu) l  

1. Void number dens i ty :  need a number dens i ty  o f  %10 cm 

2. Void s i z e  d i s t r i b u t i o n :  same comment as i n  X.a. appl icable.  
3. D i r e c t  observat ion o f  segregation. 
4. For f u r t h e r  d e t a i l s  see reference number 58, 59, 60. 

17 - 3 

i n  o rder  t o  be ab le  t o  make measurements. 

K. D i s t r i b u t i o n  o f  SIAs i n  the  Primary Damage Sta te  

1. S I A  d i s t r i b u t i o n  i n  i o n- i r r a d i a t e d  tungsten (30 keV W', 

MO+, C r + ) .  
2. Range o f  replacement c o l l i s i o n  sequences. (RCSs) 

3. For f u r t h e r  d e t a i l s  see reference numbers 53, 61. 

I V .  RANGE PROFTLES OF LOW-ENERGY (100 t o  1500 eV) IMPLANTED 3He AND 4He 
ATOMS AND THE OIFFUSIVITY OF 3He AND 4He I N  TUNGSTEN 

A. General Background 

Current  i n t e r e s t  i n  the  fundamental p rope r t i es  o f  hel ium i n  metals 
has been generated by the  ma te r ia l s  problems associated w i t h  the  development 
o f  the 1 iquid-metal fast- breeder reac to r  (62) and the c o n t r o l l e d  thermonuclear 

reac tor .  (63) However, because o f  a l ack  o f  appropr ia te  experimental techniques 
the i nves t i ga t i ons  o f  the  range o f  low-enerqy (<1 keV) implanted He ions  and 

the  d i f f u s i v i t y  o f  He i n  metals have been l a r g e l y  t heo re t i ca l .  (64-66) Measure- 
ment o f  the range p r o f i l e s  o f  implanted He ions have been conf ined t o  energies 
>1 keV; furthermore, the  measurement o f  both the range p r o f i l e s  o f  implanted He 
and the  d i f f u s i v i t y  o f  He i n  metals have r e l i e d  exc lus i ve l y  on the t rapp ing  o f  

He a t  l a t t i c e  defects in t roduced as a r e s u l t  o f  heavy-ion i r r a d i a t i o n .  

(67) 

(68) 

The accomplishments o f  our  research on hel ium implanted i n  tungsten 
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were: 

e i t h e r  implanted 
f r e e )  l a t t i c e ;  (2) the de tec t i on  o f  the presence o f  an i s o l a t e d  and immobile 

4 3He o r  He atom i n  a pe r fec t  tungsten l a t t i c e ;  (3) the measurement o f  the  

range p r o f i l e s  o f  low-energy (100 t o  1500 eV) implanted He o r  He atoms i n  
a p e r f e c t  tungsten l a t t i c e ;  and (4)  the measurement o f  the  d i f f u s i v i t i e s  o f  

3He and He i n  a p e r f e c t  tungsten l a t t i c e .  

a re  i l l u s t r a t e d  sequen t ia l l y  i n  F ig.  1. A s i ng le- c rys ta l  W FIM specimen, 
a t  an i r r a d i a t i o n  temperature (Ti), was i r r a d i a t e d  i n  s i t u  w i t h  He o r  
4He+ ions p a r a l l e l  t o  the  [llO] d i r e c t i o n  as shown i n  Fig. l ( a ) .  To study 
the d i f f u s i o n a l  behavior o f  e i t h e r  He o r  He i n  tungsten i t  was necessary 
t o  imp lan t  the  hel ium under the cond i t i on  o f  - no r a d i a t i o n  damage. 
example, a 300-eV He atom can t r a n s f e r  a maximum energy o f  %25 eV t o  a 
W atom i n  a head-on two-body e l a s t i c  c o l l i s i o n .  
ment energy f o r  the product ion o f  a s t a b l e  Frenkel p a i r  i n  W i s  %42 eV (69) , 
no s e l f - i n t e r s t i t i a l  atoms (SIA's)  o r  vacancies are  created a t  an implanta- 

3 4 t i o n  energy o f  300 eV f o r  e i t h e r  He o r  He. Thus f o r  the  d i f f u s i o n  exper i-  
ments a standard imp lan ta t ion  energy o f  300 eV was employed. With no S I A ' s  
o r  vacancies present t o  a c t  as t rapp ing  centers, implanted He o r  He atoms 

3 4 can remain i n  the  specimen on ly  i f  He o r  He i s  immobile a t  Ti. Thus, the 

s t a t e  o f  the W specimen a f t e r  an imp lan ta t ion  consis ted o f  imnobi le  i n t e r s t i -  
t i a l  He o r  He atoms implanted i n  a p e r f e c t  W l a t t i c e  w i t h  a depth d i s t r i b u -  

t i o n  t h a t  was determined s o l e l y  by the  range p r o f i l e  o f  the  low-energy ions. 
Next the  specimen was analyzed chemical ly,  by the  atom-probe technique, a t  a 
standard reference temperature (Tr), where Tr 5 Ti, and a He o r  He i n t e g r a l  
p r o f i l e  was p l o t t e d  as shown i n  Fig. l ( b ) ;  t h i s  was an i n t e g r a l  p r o f i l e  s ince  

3 4 i t  measured the  cumulat ive number o f  He o r  He atoms as a func t i on  o f  the 
cumulat ive number o f  W atoms (depth) from the  i r r a d i a t e d  surface. The depth 
sca le  was converted from cumulat ive number o f  W atoms t o  angstroms from the 

measured number o f  W atoms per  (110) plane contained w i t h i n  the  c y l i n d r i c a l  
3 4 element samples; see Fig. l ( a ) .  F i n a l l y  the  He o r  He range p r o f i l e ,  F ig.  l ( c ) ,  

may be constructured by tak ing  the f i r s t  d e r i v a t i v e  o f  the  i n t e g r a l  p r o f i l e  
shown i n  Fig. l ( b ) ;  o r  a l t e r n a t i v e l y  by p l o t t i n g  a frequency d i s t r i b u t i o n  

diagram. 

(1)  t h e  establ ishment o f  t h e  a b i l i t y  o f  the  atom-probe FIM t o  de tec t  
3 4 He o r  He atoms re ta ined  i n  a p e r f e c t  (i.e., t o t a l l y  de fec t-  

3 4 

4 

The basic  physical  ideas invo lved i n  the  experimental procedures 

3 +  

3 4 

For 
4 

Since the  minimum displace-  

3 4 

3 4 

3 4 
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Figure 1 .  ( a )  The in s i t u  
4He+ ions a t  a Ti where the implanted 
The density of spots corresponds t o  the approximate range pro- 
f i l e  of 4He in W .  
vol me chemically analyzed by the atom probe. 

&e integral  p ro f i l e  tends t o  f l a t t e n  out as  a Ti i s  increased. 
( c )  The range prof i les  of 4He in W as a function of Ti. 

i r radia t ion  of a W FIM specimen with 300-eV 
4 

_-  
He atoms a re  immobile. 

The cyl indrical  volume element represents the 
( b )  The number 
Note t h a t  the f ! He atoms versus d e p t h  as a function of Ti. 

1 1 4  



A novel technique f o r  the determination of an absolute depth sca le  
was developed; F i g .  2 schematically i l l u s t r a t e s  the method. During the 
atom-probe analysis the specimen was oriented and the magnification adjusted 
so t h a t  only the central portion of the W(110) plane was chemically analyzed. 
The specimen was then pulse f i e l d  evaporated through the repeated application 
of high-voltage pulses. 
t ion  of one (110) plane a re  indicated in  Fig. 2(a) .  As the plane was pulsed, 
field-evaporated atoms were detected a s  indicated by the posi t ive slope in 
Fig. 2 ( b ) .  
i n  F ig .  2(b) returned t o  zero. 
resul ted i n  a s ingle- step increase i n  the plot  of the number of W atoms 
detected versus the number of field-evaporation pulses applied t o  the specimen. 
Since the W l a t t i c e  was employed as a depth marker, the absolute depth of 
each implanted He or  4He atom from the i n i t i a l  i r radia ted  surface was measured 
t o  within one (110) interplanar  spacing (;2.24 8 )  independent o f  the to ta l  
depth of analysis .  Thus the spat ia l  dep th  resolution o f  the atom-probe 
technique i s  l imited solely by the interplanar  spacing of the region b e i n g  
analyzed. 

Three successive stages i n  the pulse f i e l d  evapora- 

When a plane was completely evaporated the slope of the curve 
Therefore the removal of one (110) plane 

3 

B. Integral and  Range Profi les  of Low-Energy Implanted 3He and 4He 
Atoms 

In t h i s  section we present a number of integral  prof i les  and range 
p ro f i l e s  f o r  both 3He and He which had been implanted i n  t u n g s t e n  a t  60 K. 

The term integral  p ro f i l e  r e f l ec t s  the manner in  w h i c h  the data was recorded 
[see f ig .  l ( b ) ] ,  whereas the range p ro f i l e  was constructed by p lo t t ing  a 
frequency d i s t r ibu t ion  diagram from the integral p ro f i l e  [see f ig .  1 (c) ] .  
The range p ro f i l e  can a l so  be obtained by drawing a smooth curve through 
the integral  p ro f i l e  and taking the f i r s t  derivat ive of this curve. 
cases we have obtained the range p ro f i l e  by the former rather  than the l a t t e r  
technique. 

100, 500 and 1500 eV; the 100 eV prof i l e  i s  a composite o f  two integral prof i les  
-2 each with a dose of 4 . 7 ~ 1 0 ~ ~  ion cm 

f i l e s  were obtained a f t e r  implanting t o  a dose of 3x1015 ion 

4 

I n  a l l  

Figure 3 exhibi ts  3He integral p ro f i l e s  f o r  the implantation energies 

; bo th  the 500 and 1500 eV integral pro- 
I n  f ig .  4 
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The 'He integral profiles for the implantation energies of 100, 
and 1500 eV. 
the (110) direction. 

Tungsten specimens were implanted to 60 K parallel 
500, 
to 

DEPTH IN ANGSTROMS 6) 
A composite He range profile for all 300-eV implantations at 60K. 
A total of 385 3He events were involved in the construction of this 
range profile. 

3 Figure 4. 
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3 we show a composite range p ro f i l e  fo r  300 eV He ions; t h i s  range p ro f i l e  was 
constructed from seven integral  prof i les  and  includes a to ta l  of 385 He 
events; the values of the mean range ( i )  and  the s traggling ( A X )  a r e  54.9 
and 41.5 8 respectively. 

150, 500 and  1000 eV; the 150 eV da t a  consists  of a s ingle integral p ro f i l e  
fo r  a specimen t h a t  had been implanted t o  a dose of 3x1015 ion 
data i s  fo r  a s ingle  integral  p ro f i l e  fo r  a specimen t h a t  had received a dose 
of 4x10l5 ion cm-'. I n  f ig .  6 we show a composite range p ro f i l e  f o r  a 1000 eV 
4He implantation; t h i s  range p ro f i l e  was constructed from three integral  
range prof i les  and includes a t o t a l  of  147 He events; the values of x and 
Ax a re  133 and 104.2 1 respectively. 

as  expected f o r  low-energy i r radia t ions  (Biersack and Hagg~nark'~')); t h i s  
implied t h a t  the mean range(7) was greater  than the most probable range 
(or mode) and t h a t  the majority of the large deviations were t o  the r igh t  
(pos i t ive)  s ide of 2 .  
moment about ;i and i s  given ( P a r r a t t ( 7 1 ) )  by: 

3 

Figure 5 exhibi t s  4He integral  profi les  f o r  the implanation energies 

the 1000 eV 

4 

3 4 All of the He and He integral prof i les  exhibited posi t ive skewness 

The coeff ic ient  of skewness i s  related t o  the th i rd  

- 3  n 

i = l  
E ( X i - X )  

Coefficient of Skewness = 
N ( ~ l x ) ~  ' 

where x i  i s  the measured depth of the i th detected helium atom from the 
i n i t i a l  i r radia ted  surface,  N i s  the to ta l  number of helium events detected 
and Ax i s  the standard deviation of s traggling.  

prof i les  fo r  the He and  He implantations. The values x and Ax must be 
corrected fo r  the following systematic errors: ( 1 )  the random arr iva l  of 
helium atoms a t  the surface of the specimen, from the residual par t ia l  pressure 
of he1 ium, during the atom-probe analysis o f  the i r radia ted  specimen; and 
( 2 )  the e f f e c t  of the f i n i t e  curvature of the FIM t i p .  
of the above e f fec t s  i s  given elsewhere (Amano, Wagner and S e i d ~ n a n ' ~ ~ ) ,  where 
i t  was shown t h a t  the correct ions t o  r( and A X  were very minimal in our 
experiments. 
paper. 

The values of i and AX were calculated d i rec t ly  from the integral  
3 4 

A detai led analysis 

T h u s  we shal l  n o t  employ the word uncorrected any fu r the r  in t h i s  
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4 Figure 6. A composite He range profile for all the 1000-eV implantations at 
60K. 
of this range profile. 

A total of 147 4He events were recorded i n  the construction 
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Figure 7 exhibi ts  x ( i n  8 )  versus the incident ion energy ( i n  eV) 
3 4 fo r  b o t h  the He ( so l id  black c i r c l e s )  and the He (open c i r c l e s )  implanta- 

t ions.  
mean (Axm),  i .e . ,  plus or minus one Axrn. 

The to ta l  length of each e r ro r  bar i s  two standard deviations in the 
The quantity Ax,,, i s  given by: 

where N was the to ta l  number of helium events detected a t  a par t icular  incident 
ion energy fo r  the composite prof i le .  Figure 7 c lear ly  shows t h a t  the quantity 
AX,,, was negligibly small when t i  exceeded 50 events. 
was fo r  the 100 eV He implantation where N was equal t o  21 events. In t h i s  
case Ax,,, was 3.5 8 and  the f rac t ional  standard error (Axm/i )  was ~ 0 . 7 9 .  
was the only d a t a  point t h a t  la id  s l igh t ly  below the smooth l ine  t h a t  passed 
t h r o u g h  a l l  the other data points  for  the He implantations. 

increased monotonically, a l t h o u g h  n o t  l inear ly ,  with increasing incident helium 
ion energy. Overall, fo r  both He and He, the value of x increased from 
18.7 t o  194.9 8 as the incident ion energy was increased from 100 t o  1500 eV. 
For an incident helium ion energy of l e s s  t h a n  600 eV the x's fo r  He were 
greater  t h a n  the i ' s  fo r  4He; t h i s  indicated t h a t  He penetrated more deeply 
in to  the l a t t i c e ,  on the average, than He. This i s  the result expected fo r  
a l igh ter  species implanted in a n  amorphous sol id .  A t  incident helium ion 
energies greater  than 600 eV the x's f o r  He exceeded the 2 ' s  for  3He. 
detai led discussion o f  these e f fec t s  i s  given elsewhere (Amano, Wagner and 

The smallest sample s i z e  

This 

4 

4 
3 4 The  r e su l t s  presented i n  f i g .  7 show t h a t  2 :or b o t h  He and He 

3 4 

3 
3 

4 

4 A 

Seidman (72)) .  

Figure 8 displays Ax as  a function of the incident helium ion energy 
3 4 fo r  bo th  He and He; A x  i s  very commonly known as the s t raggl ing ,  since i t  

determines the w i d t h  o f  the range prof i le .  The l e n g t h  of each e r ro r  bar in 
f ig .  8 i s  equal t o  two universe standard deviations in  the sample standard 
deviation (dxs) ,  i .e . ,  plus o r  minus one dxs. 
d i s t r ibu t ion ,  i s  given by ( P a r r a t t  ( 7 1 ) )  

The quantity A x s ,  f o r  a normal 

AX, = AX/m . (3 )  

We have usFd eqn. ( 3 )  t o  obtain approximate values of Axs fo r  our range pro- 
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F igure  7. Mean ran  e (x) i angstroms versus i n c i d e n t  hel ium energy (eV) f o r  
a l l  t h e  3 He and 1 He implantat ions i n  tungsten a t  60K. 

500 n ~ u n t  I ,  1 I ,  

t 1 

INCIDENT HELIUM ENERGY (eV) 

F igure  8.  Standard d i v i a t i o n  o r  s t r a g g l i n  i n  angstroms ( A X )  versus i n c i d e n t  

a t  60K. 
hel ium energy (eV) f o r  a l l  the  9 He and 4He implantat ions i n  tungsten 

121 



f i l e s  which are  a c t u a l l y  skewed from a normal d i s t r i b u t i o n .  
f i g .  8 t h a t  f o r  t h e  sample s izes we employed the  values o f   AX^ were a l l  
r a t h e r  smal l .  

- n o t  l i n e a r l y ,  w i t h  increas ing  i n c i d e n t  hel ium i o n  energy (see f i g .  8).  
q u a n t i t y  Ax ranged from 16 t o  124 8 as the  i n c i d e n t  hel ium i o n  energy was 
increased from 100 t o  1500 eV. 

the  two curves crossed one another and the  Ax's f o r  He were greater  than 
those f o r  He. 

4 3 the He was d i s t r i b u t e d  i n  space, both wider  and deeper than He. 

3He and He range p r o f i l e s ,  as a f u n c t i o n  o f  the  i n c i d e n t  hel ium i o n  energy 

( i n  eV). Wi th in  the s c a t t e r  o f  the  data the q u a n t i t y  (Ax)'/(;) fo r  He 
4 e x h i b i t e d  a constant  value o f  *0.47 and the  same q u a n t i t y  f o r  

Thus i n  the  energy range 100 t o  15000 eV the  value o f  (Ax) /(XI 
greater  than f o r  3He. 

3 more broadly i n  space than was 

I t  i s  seen from 

3 4 For both He and He the  value o f  A X  increased monotonical ly,  al though 
The 

A t  an i n c i d e n t  hel ium i o n  energy o f  %300 eV 
4 

3 This i nd i ca ted  t h a t  as the  i n c i d e n t  i o n  energy was increased 

2 2  Figure 9 e x h i b i t s  the  r e l a t i v e  variance [(Ax) / ( i )  1, o f  the 

2 3 

He was %0.61. 
2 - 2  4 f o r  He was 

4 

4 This c l e a r l y  i n d i c a t e d  t h a t  the  He was d i s t r i b u t e d  

He. 

C. Detec t ion  o f  Possib le Radiat ion Damage i n  the  Case o f  the  300 eV 
He1 i ium Implantat ions 

4 I n  o rder  t o  e s t a b l i s h  t h a t  the  He detected i n  the case o f  the  
300 eV imp lan ta t i on  experiment was - n o t  trapped a t  s t r u c t u r a l  defects i n  the  
W l a t t i c e ,  the  f o l l o w i n g  isochronal  recovery experiment was performed. A 
W specimen was i r r a d i a t e d  a long the [110] d i r e c t i o n  w i t h  300-eV He ions 
a t  %30 K. A f t e r  the  i r r a d i a t i o n  %2(110) planes, corresponding t o  24.48 8 
o f  ma te r i a l ,  were pu lse  f i e l d  evaporated from the  specimen. 

removed the  sput te red  sur face and res to red  the  sur face t o  a nea r l y  p e r f e c t  
s ta te .  

r a t e  o f  1.5 K mon-', w h i l e  the FIM image was photographed a t  a r a t e  o f  two 
35-m c ine  frames sec 
experiment i n d i c a t i n g  t h a t  
Our prev ious work (73)  demonstrated t h a t  i f  SIA's were present  they would have 

appeared throughout the  e n t i r e  range o f  38 t o  90 K. 
dissected by the  pu lse  f i e ld- evapora t i on  technique and was examined f o r  p o i n t  

defects.  

4 +  

This procedure 

The specimen was then warmed i soch rona l l y  from *30 t o  90 K a t  a 

-1 . - No S I A  con t ras t  e f f e c t s  were observed dur ing  t h i s  
SIA's crossed the  sur face o f  the FIM specimen. 

The specimen was then 

The dens i ty  o f  p o i n t  defects was determined t o  be < 8 ~ 1 0 - ~  (atomic 
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4 f r a c t i o n ) ;  t h e i r  depth d i s t r i b u t i o n  was n o t  r e l a t e d  t o  t h e  He i n t e g r a l  
4 p r o f i l e s .  These r e s u l t s  c o n s t i t u t e  conclus ive evidence t h a t  the  He was 

4 - not  trapped a t  SIA's o r  vacancies. 
loca ted  i n  t h e  i n t e r s t i c e s  o f  t h e  l a t t i c e  and t h a t  they were inmobi le  i n  
tungsten a t  60. 

This i nd i ca ted  t h a t  t h e  He atoms were 

3 4 D. The O i f f u s i v i t i e s  o f  He and He i n  Tungsten 

4 The temperature a t  which the  i n t e r s t i t i a l  He atoms became 
4 
4 

mobi le  i n  W was determined by imp lan t ing  He i n  an FIM specimen a t  d i f f e r e n t  
Ti's and then analyz ing a t  Tr=60 K. The He i n t e g r a l  p r o f i l e  determined a t  

4 Tr was independent o f  Ti on ly  i f  the  He was immobile a t  a l l  values o f  Ti. 
4 However, when Ti was above the  temperature a t  which t h e  He i n t e r s t i t i a l s  

became mobile, the He implanted dur ing  the i r r a d i a t i o n  d i f f u s e d  t o  the  sur face 
o f  the FIM specimen and entered the  gas phase. Therefore a sharp decrease 
i n  t h e  measured He concentrat ion was expected as Ti was increased (see f i g .  1 ) .  

Since on l y  Ti was varied, s i g n i f i c a n t  changes i n  the  i n t e g r a l  p r o f i l e  cou ld  on ly  
be a t t r i b u t e d  t o  a sharp increase i n  t h e  m o b i l i t y  o f  the  i n t e r s t i t i a l  4He atoms 
a t  Ti. A dramatic change i n  t h e  i n t e g r a l  p r o f i l e  was observed upon increas-  
i n g  Ti from 90 t o  110 K; thus i n d i c a t i n g  t h a t  i n t e r s t i t i a l  4He atoms were 

immobile a t  90 K bu t  were h i g h l y  mobi le a t  110 K. 
model, a value o f  the  enthalpy change o f  migra t i on  (Ahm 
was estimated. The upper and lower l i m i t s  on Ah! 

values o f  the pre-exponential  f a c t o r  (Do) chosen &r the c a l c u l a t i o n  o f  
2 -1 t h i s  quan t i t y ;  the  lower l i m i t  was determined by a Do o f  l ~ l O - ~  cm sec 

- 2 2 -1 and the upper l i m i t  by a Do o f  1x10 cm sec 

The d i f f u s i v i t y  o f  He i n  tungsten was determined by a c t u a l l y  
f o l l o w i n g  the isothermal recovery o f  300 eV imp lan ta t i on  p r o f i l e s  which had 
been implanted a t  90. 95, 98, 100 and 110 K. The d i f f u s i o n  equat ion was 
solved w i t h  appropr ia te  i n i t i a l  and boundary condi t ions,  t o  describe the 

d i f f u s i o n  o f  He o u t  o f  an FIM t i p  under isothermal condi t ions.  The f i t  
o f  t h e  experimental isothermal recovery data t o  the s o l u t i o n  o f  the  d i f f u s i o n  

3 equat ion y i e l d e d  the d i f f u s i v i t y  o f  He as a func t i on  o f  temperature. The 
r e s u l t s  o f  t h i s  work a r e  shown i n  f i g .  10. 
best  described by the  expression 

4 

4 

By employing a d i f f u s i o n  

were determined by the  
) o f  0.24 t o  0.32 eV 

4He 

. 
3 

3 

It i s  seen t h a t  the  data i s  

1 24 
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3 Figure 10. The diffusion coeff ic ient  of He versus ( l /T)  in the temperature 
range 90 t o  110 K. The times indicated correspond t o  d i f f e ren t  
recovery times a t  each temperature. 
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-0.2&0.01 eV cm 2 -1 + 10.6 
D(3He) = (5.4 - 3 . 8 ) ~ 1 0 - ~  exp[ kT 

3 

For f u r t h e r  d e t a i l s  on He i n  tungsten see 
Thus w i t h i n  the measured experimental uncer ta in t ies  the Ah's f o r  He and 

4He i n  tungsten a re  i d e n t i c a l .  
Amano and Seidman. 

3 

(50) 
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QUANTITATIVE DATA EXTRACTION FROM 
TRANSMISSION ELECTRON MICROGRAPHS 

J.  A. Sprague 
Naval Research Laboratory 

I .  INTRODUCTION 

Transmission e l ec t r on  microscopy (TEM) i s  w ide l y  recognized as a power- 
f u l  t oo l  f o r  examining the  e f f e c t s  o f  r a d i a t i o n  on mate r ia l s .  Many o f  the  
rad ia t ion- induced defects,  such as d i s l o c a t i o n  loops, voids, and p rec i p i t a t es ,  

t h a t  produce s i g n i f i c a n t  changes i n  the  behavior o f  engineer ing mate r ia l s  a l s o  

produce c h a r a c t e r i s t i c  e l ec t r on  d i f f r a c t i o n  and/or d i f f r a c t i o n  con t ras t  
e f f e c t s  t h a t  a l l ow  them t o  be i d e n t i f i e d  and w e l l  character ized by TEM o f  

t h i n  f o i l s .  
t i o n s  with t h e o r e t i c a l  p red i c t i ons  o f  damage evo lu t ion,  the  e l ec t r on  micro- 
scop i s t  i s  c a l l e d  upon t o  prov ide q u a n t i t a t i v e  data, such as s i z e  d i s t r i b u t i o n s ,  
number dens i t i es ,  and s p a t i a l  d i s t r i b u t i o n s ,  f o r  the  observed defects.  Th is  
process, t y p i c a l l y  c a r r i e d  o u t  by human count ing and measurement of i n d i v i d u a l  
de fec t  images w i t h  e i t h e r  manual o r  computer-aided record ing  o f  the r esu l t s ,  
i s  extremely tedious, time-consuming, and expensive. The bene f i t s  o f  success- 
fu l  automation o f  these measurement procedures would be very g rea t  i n  terms 
o f  the amount and q u a l i t y  o f  the  in fo rmat ion  t h a t  cou ld  reasonably be generat- 

ed. 
methods i n  r e l a t i o n  t o  the  spec ia l  problems presented by TEM o f  defects  i n  
so l ids ,  and t o  i n d i c a t e  areas i n  which add i t i ona l  development can prov ide 
use fu l  advances i n  q u a n t i t a t i v e  TEM data ex t r ac t i on .  The d iscuss ion w i l l  
cover an overview o f  q u a n t i t a t i v e  TEM, the  d i g i t a l  image ana lys is  process, 

coherent o p t i c a l  processing, and f i n a l l y  a summary o f  the  au thor ' s  views 
on p o t e n t i a l l y  use fu l  advances i n  TEM image processing. 

I n  many app l i ca t ions ,  such as comparison o f  experimental observa- 

The aims o f  t h i s  paper a re  t o  examine some s ta te- o f- the- ar t  image analys is  

11. TEM DEFECT ANALYSIS 

The study o f  de fec t  c l us te r s  by TEM can be d i v i ded  i n t o  three types o f  
measurements: (1)  de fec t  i d e n t i t y  and character; (2 )  de fec t  s i z e  d i s t r i b u t i o n ;  
and (3 )  defect number dens i t y  and s p a t i a l  d i s t r i b u t i o n .  The l a s t  two o f  these 
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measurement types a re  potent ia l ly  the most amenable t o  automated analysis .  
The determination of the s i z e  d is t r ibut ion  of a set  of  defects requires the 
measurement of the d is tance(s)  between equivalent points on each image t o  
obtain a s i z e  or  s i zes  t h a t  can be related t o  a cha rac te r i s t i c  dimension 
or  dimensions of the physical defect. Images a re  therefore required w i t h  
predictable relat ionships t o  the defects producing them, and with su f f i c i en t ly  
localized (sharp) cont ras t  t o  allow accurate measurement. 
of number density and spat ia l  d i s t r ibu t ion ,  a second micrograph must be 
added, t o  form a s tereo  pai r ,  with the specimen t i l t e d  between the two 
pictures.  I t  i s  preferable t h a t  the defect contrast  be identical  in the 
two micrographs f o r  defects and surface features,  specimen thickness (and 
therefore volume) and the 3-dimensional spat ia l  d is t r ibut ion  of the defects 
can be determined. 

After the experimenter has obtained sui table  micrographs f o r  quantita-  
t ive analysis ,  some method must  be found t o  ex t rac t  the information from them. 
An appealing solut ion would be t o  use the micrographs themselves as input 
t o  a computer. The  computer would t h e n  be sui tably programmed t o  recognize 
the defect images, measure t h e i r  dimensions, and determine their positions. 
The potential of t h i s  approach, as  well as  t h a t  of coherent optical analys is ,  
will  be discussed i n  the following sect ions.  

For determination 

rII .  DIGITAL DATA EXTRACTION 

In discussing the p o s s i b i l i t i e s  o f  computerized defect  analysis ,  i t  i s  
useful f i r s t  t o  look a t  the r e l i a b i l i t y  of human micrograph in terpre ta t ion  and 
measurement. As a par t  o f  the BCC Ion Correlation Experiment ( l ) ,  void 
d is t r ibut ions  were measured by 8 laboratories  on identical  copies of a comnon 
micrograph of ion- irradiated molybdenum. 
various experimenters varied by i4 % around the average. 
varied from +lo  % t o  -15 % around the average. This l a t t e r  spread was 
especial ly in teres t ing ,  since the same specimen thickness was assumed by 
each laboratory. This means t h a t  among experienced microscopists working 
on a good, sharply-focused picture,  there was a s ign i f i can t  difference in 
in terpre ta t ion  of what was and what was not a void .  This va r i ab i l i ty  needs 
t o  be considered in evaluating the performance of any d ig i t a l  system. 

The mean diameters determined by the 
The number density 
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I n  any d i g i t a l  image scheme, the  i n i t i a l ,  and most basic,  f ea tu re  
i s  the  conversion o f  the image t o  d i g i t a l  form. This i s  done by conver t ing  

the image t o  "p ixe ls . "  
i s  d i v ided  i n t o  n elements, o r  p i xe l s .  Each p i x e l  i s  assigned a number re-  

present ing  i t s  gray l e v e l ,  which i s  s to red  as a byte, o r  p o r t i o n  o f  a 
d i g i t a l  word. 
by te  cou ld  be any iiumber o f  b inary  b i t s  long. 
a re  5 b i t s  (32 l e v e l s ) ,  6 b i t s  (64 l e v e l s ) ,  and 8 b i t s  (256 l e v e l s ) .  Common 
d i v i s i o n s  f o r  an image are  512 x 512 elements and 1024 x 1024 elements. 

This  imp l i es  a l a r g e  amount o f  data transmission and storage, s ince  a 512 x 
512 image a t  64 gray l e v e l  r e s o l u t i o n  cons is ts  o f  over 1.5 x 10 b i t s  o f  
data. 
a t  a h igher  s p a t i a l  r e s o l u t i o n  (emulsion gra ins)  w i t h  fewer gray l e v e l s  
f o r  each element. I f  we consider  a s i m p l i f i e d  case, w i t h  1 micron gra ins,  
each o f  which i s  t o t a l l y  b lack o r  t o t a l l y  white, then a 70 mn square negat ive 

9 .  . .  would conta in  approximately 5 x 10 i n d i v i d u a l  b i t s .  As discussed by Fa rne l l  
and F l i n t  (2 ) ,  the s i t u a t i o n  i s  somewhat more complicated i n  the case o f  

e lec t ron  micrographs, s ince the e f f e c t i v e  " g ra in  s i ze"  i s  induced by l o c a l  
f l u c t u a t i o n s  i n  e lec t ron  exposure, b u t  the basic  d i f f e rence  i n  i n fo rma t ion  
organ iza t ion  remains, and must be considered i n  designing o r  eva lua t ing  micro-  
graph ana lys is  methods. 

To success fu l l y  analyze an e lec t ron  micrograph, a system must be ab le  
t o  perform f o u r  basic  funct ions.  I t  must de tec t  the features o f  i n t e r e s t ;  
i t  must accura te ly  de tec t  the edges o f  these features t o  measure t h e i r  s izes;  

i t  must compensate f o r  the over lap o f  image features;  and, f i n a l l y ,  i t  must 
r e j e c t  a r t i f a c t s .  The de tec t i on  o f  s p e c i f i c  image features, known as 
"segmentation," d i v ides  the  image i n t o  regions, such as vo id  and non-void 

areas. . This i s  commonly done by " thresholding,"  a good example o f  which 
would be the  de tec t i on  o f  l a r g e  (aiid thus dark)  carb ide p r e c i p i t a t e s  i n  

a micrograph l a c k i n g  o the r  cont ras t .  
value would be detected as belonging t o  the carb ide p a r t i c l e s .  
th resho ld ing  can a l so  be used, so t h a t  an image fea tu re  i s  detected by 
f i n d i n g  regions t h a t  are surrounded by r a p i d  changes i n  gray l e v e l .  

i s  s i m i l a r  t o  the way the human eye detects images o f  small voids, by 

The image area i s  d i v ided  i n t o  N l i n e s ,  each o f  which 

Depending on the  p rec i s ion  o f  gray l e v e l  desired, each 
The most common le i ig ths 

6 .  

I n  a photographic image, on t h e  o ther  hand, the in fo rmat ion  i s  s to red  

A l l  regions darker  than some reference 
D i f f e r e n t i a l  

This 
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t h e  dark o r  l i g h t  r i n g s  around them. D i f f e r e n t i a l  th resho ld ing  requ i res  
m r e  computation than simple threshold ing,  b u t  i t  can prov ide b e t t e r  
de tec t i on  and s i z e  measurement on the types o f  images o f  i n t e r e s t  i n  TEM. 
Another important  cons idera t ion  i n  both de tec t i on  and s i z e  measurement i s  
the  s p a t i a l  r e s o l u t i o n  o f  the  d i g i t a l  image i n  r e l a t i o n  t o  the  s izes  o f  
the features being detected. 
be considerably  smal le r  than the  de fec t  i t s e l f ,  as w i t h  r i ngs  surrounding 
voids. Poss ib ly  the  most troublesome area f o r  TEM ana lys is  i s  image overlap. 
I f  an over lap can be detected by eye and the  image c h a r a c t e r i s t i c  t h a t  i nd i ca tes  
an over lap  can be accura te ly  described, i t  should be poss ib le  t o  d i g i t a l l y  

de tec t  i t  and compensate f o r  it. 
purpose do no t  e x i s t  a t  present, so some software development would probably 

be requ i red  f o r  each general type o r  shape o f  image encountered. A l l  o f  the  
above considerat ions p o i n t  t o  the  need f o r  a f l e x i b l e  i n t e r a c t i v e  image 
ana lys is  sytem. 

The a v a i l a b l e  hardware f o r  d i g i t a l  image processing and ana lys is  can 
be roughly d i v i d e d  i n t o  two categor ies,  commercially packaged image analyzers 

and advanced experimental processing and ana lys is  systems. Both kinds o f  
systems opera t re  on the  same p r i n c i p l e s ,  b u t  the  main d i f f e rences  are  t h a t  the  

advanced systems tend t o  have p rov i s ions  f o r  s t o r i n g  m u l t i p l e  images on 
magnetic d isks,  more powerful  c e n t r a l  processors, and more soph is t i ca ted  s o f t -  
ware f o r  processing images. The p r i n c i p a l  advantage o f  these c a p a b i l i t i e s  
i s  t h a t  once an image has been read onto a d i s k  f i l e ,  i t  can be processed 
t o  enhance the  fea tures  o f  i n t e r e s t  and s to red on another f i l e  before being 
analyzed by o the r  p a r t s  o f  the  software. 
new kinds o f  images are  encountered, s ince several image t ransformat ions 

can be tes ted  t o  determine which produces the most r e a d i l y  analyzable 
f i n a l  image. The cos t  o f  such an advanced system i s  considerable, roughly 

equ iva len t  t o  a top-grade a n a l y t i c a l  e l e c t r o n  microscope, b u t  i t s  f l e x i b i -  
l i t y  could a l l ow  i t  t o  be shared by several groups w i t h i n  a u n i v e r s i t y  o r  

major 1 aboratory . 

I n  many cases, t h i s  l i m i t i n g  fea ture  may 

However, general ized rou t ines  f o r  t h i s  

This i s  p a r t i c u l a r l y  va luable when 

I V .  COHERENT OPTICAL PROCESSING AND ANALYSIS 
Another c lass  o f  image processing and ana lys is  equipment makes use 
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o f  coherent l a s e r  l i g h t  and the  Four ie r  t ransforming p rope r t i es  o f  lenses 

t o  analyze the  s p a t i a l  frequencies o f  images. 
w e l l  described i n  several texts ,  such as the  one by Goodman ( 3 ) ,  w i l l  n o t  
be t rea ted  i n  any d e t a i l  here, b u t  they do deserve some f u r t h e r  i nves t i ga-  
t i o n  as p o t e n t i a l  t o o l s  f o r  micrograph analys is .  I n  a simple system, l i g h t  

o f  an expanded and co l l ima ted  l a s e r  beam i s  passed through a transparency 
o f  the  i n p u t  image. A lens i s  then used t o  form the  o p t i c a l  Fou r ie r  t rans-  
form o f  the i n p u t  image i n  i t s  back foca l  plane. 
represents the  two dimensional s p a t i a l  frequency d i s t r i b u t i o n  o f  the  image, 
can then be recorded and analyzed. 
t i o n  (al though no t  necessar i l y  from t h i s  type o f  system) i s  the  determina- 
t i o n  o f  l a t t i c e  f r i n g e  spacings by o p t i c a l  d i f f r a c t i o n  (4) .  
t i e s  o f  o the r  types o f  data e x t r a c t i o n  from micrographs by o p t i c a l  Fou r ie r  
ana lys is  should be f u r t h e r  examined, p a r t i c u l a r l y  us ing t h e  d i g i t a l  image 
processor t o  acqui re the  s p a t i a l  frequency d i s t r i b u t i o n s .  

Other experimental o p t i c a l / d i g i t a l  image analyzers t h a t  are p o t e n t i a l l y  
use fu l  f o r  TEM are  the i n t e r f e r o m e t r i c  o p t i c a l  s te reo  co r re la to rs ,  discussed 

by Balasubramanian (5 ) .  

c a l c u l a t e  p a r a l l a x  d i s t r i b u t i o n s  from s tereo p a i r s  o f  p i c tu res .  
reduc t ion  o f  t h i s  type o f  data could produce complete 3-dimensional de fec t  
s i z e  and d i s t r i b u t i o n  data, and d i r e c t l y  so lve the  over lap  problem. This 

type o f  equipment i s  s t i l l  i n  t h e  development stage, bu t  the  microscopy 
community should remain aware o f  advances i n  t h i s  f i e l d .  

These systems, which are  

This transform, which 

A f a i r l y  f a m i l a r  use o f  t h i s  type o f  informa- 

The p o s s i b i l i -  

These r a t h e r  complex instruments au tomat ica l l y  

The proper 

V.  GENERAL OUTLOOK 
I n  summary, the automated ana lys is  o f  de fec t  images produced by TEM 

does appear feasib le,  b u t  some a d d i t i o n a l  development work w i l l  be requ i red  
f o r  i t s  r o u t i n e  app l i ca t i on .  The c u r r e n t l y  a v a i l a b l e  d i g i t a l  image process- 

i n g  hardware should be adequate f o r  these app l i ca t i ons ,  bu t  a s e t  o f  software 
s p e c i f i c a l l y  o r i en ted  t o  the  problems o f  TEM images i s  needed. 
o p t i c a l  o p t i c a l  processing o f  e l e c t r o n  micrographs needs more i nves t i ga t i on ,  
b u t  may a l s o  be a valuable technique. Whatever data e x t r a c t i o n  methods, 

i n c l u d i n g  human photo i n t e r p r e t a t i o n ,  a re  used, c lose  i n t e r a c t i o n  between 
experimenters i s  needed so t h a t  the  most use fu l  i n fo rma t ion  i s  produced. 

Coherent 
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HYPERFINE TECHNIQUES AND EXAFS: 
PROBES OF SPECIFIC ATOMIC ENVIRONMENTS 

F. Y. F rad in  
Ma te r ia l s  Science D i v i s i o n  
Argonne Nat ional  Laboratory 

Argonne, I l l i n o i s  60439 

I. INTROOUCTION 

I n  t h i s  l e c t u r e  I w i l l  d iscuss two classes o f  experimental probes o f  

s p e c i f i c  atomic environments: I. hyper f ine  i n t e r a c t i o n s  and 11. extended 
x- ray absorp t ion  f i n e  s t r u c t u r e  (EXAFS). The emphasis o f  my discussion w i l l  
be on a d e s c r i p t i o n  o f  t h e  types o f  in fo rmat ion  on t h e  near neighbor atomic 
environments o f  s p e c i f i c  probe atoms t h a t  can be obtained w i t h  these tech- 

niques. 
t u r a l  i n fo rma t ion  about t h e  numbers, kinds, and l oca t i ons  o f  nearest neighbor 
atoms and dynamic i n fo rma t ion  regarding t h e  motion o f  atoms, which may i nc lude  

l o c a l i z e d  atomic v i b r a t i o n s  o r  atomic displacements due t o  d i f f u s i o n  o r  d i s -  

l o c a t i o n  motion. 
I n  t h e  remaining sect ions, I w i l l  review on ly  two o f  t h e  many hyper f ine  

techniques, s p e c i f i c a l l y  nuclear  magnetic resonance (NMR) and Mossbauer e f f e c t  
( o r  nuclear  gama- ray resonance [NGR]) and a l s o  t h e  newly developed x- ray 
technique (EXAFS). 

General ly  speaking, t h e  in fo rmat ion  i s  o f  two types: s t a t i c  s t ruc-  

11. NUCLEAR MAGNETIC RESONANCE 

The nuclear  magnetic ressnance technique invo lves  t h e  resonant absorpt ion 

o f  r a d i o  frequency magnetic energy by coup l ing  t o  nuclear  Zeeman l e v e l s  s p l i t  
by a s t a t i c  app l i ed  magnetic f i e l d .  There are many abundant isotopes i n  t h e  

p e r i o d i c  t a b l e  t h a t  y i e l d  h igh  s e n s i t i v i t y  probes f o r  NMR i nves t i ga t i ons .  
p e r t u r b i n g  i n t e r a c t i o n s  o f  t h e  nucleus w i t h  i t s  surroundings t h a t  y i e l d  i n t e r e s t -  
i n g  i n fo rma t ion  include: 

The 

A. Nuclear d i p o l e  - nuc lear  d i p o l e  i n t e r a c t i o n  

This i n t e r a c t i o n  between magnetic d ipo les  can be ca l cu la ted  i n  a 

s t ra igh t- fo rward  manner from t h e  known nuclear  magnetic moments o f  t h e  
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const i tuent  elements. The interact ion r e su l t s  i n  a broadening of the 
resonance absorption 1 ine characterized by a second mement, which fo r  
nonequivalent neighboring nuclei of moment u s  i s  given by 

where S i s  the  spin of the nucleus of moment u s ,  N i s  the to t a l  number of 
nuclei ,  r i s  the internuclear  vector between the resonant nucleus j and 

j k  
i t s  neighbor k ,  and 8 and the applied magnetic 
f i e ld .  
diffusion processes, which can change r and 8 ,  y ie lds  a contribution to  the 
nuclear magnetic relaxation r a t e  T1-l ,  i . e .  the r a t e  of attainment o f  the 
thermal equilibrium population of the Zeeman leads. 
the  diffusion contribution T1 ) -’ , is  i l l u s t r a t e d  i n  Fig. 1 where 

d i f  

i s  the angle between r 
j k  j k  

The time dependent modulation o f  dipole - in teract ion by atomic 

For the case of aluminum 

2 T 
2r y2 < A H  > 7 k d i f f  1+4w T 

Here y = u A e X ,  T i s  the diffusional j ump t ime ,  and$w i s  the energy quanta 
of the nuclear magnetic resonance absorption. 
dif fusion coef f ic ien ts  fo r  aluminum obtained by various techniques. 

t o  study the aging of titanium t r i t i d e  and to  study He implantation in 
Pd t h i n  films. In the former study, they were able t o  study the aging 

3 e f f ec t s  resu l t ing  i n  a variety of environments fo r  He from atomically 
dispersed t o  eventually large He bubbles (see Figs. 3 and 4 ) .  In the 
l a t t e r  study, 2r 3 x 10l8 3He was implanted i n  ?r 2u Pd f o i l .  
3He appeared t o  be confined to  very small c lus te rs  of 2r 10A diameter 
(see Fig. 5) .  

Fig.  2 i l l u s t r a t e s  the 

Weaver and Weaver and Beezhold have used nuclear magnetic relaxation 
3 

3 

All of the 

B. Nuclear e l e c t r i c  quadrupole interact ion 

The nuclear e l e c t r i c  quadrupole interact ion i s  the e l e c t r o s t a t i c  
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Figure 1. Spin l a t t i c e  relaxation time T f o r  27 in the ro ta t ing  frame vs. 
the reciprocal hemperatwe. T h  e l  e c t r t l a l  component T domi nates 
below about 240 C and above 55OoC a f t e r  Fradin and Rowlsnd. 

Figure 2. Results (Fig. 1) f o r  the diffusion coeff ic ient  of AJ., together with 
other  determinations, plotted against reciprocal temperature. Values 
f o r  D are best  represented using D = 0.035 0.015 crn2/s, Q = 28.75 

0.8 kcal/mole a f t e r  Fradin and R8wland. 
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Figure  3. Transverse magnet izat ion decay f o r  3He contained i n  three-year-old 
Ti3H1 a f t e r  Weaver. M u l t i p l e  r e l a x a t i o n  behavior due t o  a 
v a r i e t y  o f  environments f o r  He. 

Long i tud ina l  magnet izat ion recovery f o r  3He contained i n  three-year- 
o l d  Ti3H1 
atoms o r  4s <lo1 c lus te rs ;  eventua l ly  He forms i n t o  bubbles w i t h  
r e l a x a t i o n  c h a r a c t e r i s t i c s  o f  b u l k  He. 

F igure  4. 
a f t e r  Weaver. Most He i n  l a t t i c e  e x i s t s  as i n d i v i d u a l  

lluL 

3 

t h e  spectrometer frequency s e t  j u s t  o f f  ( A )  andoon (B) resonance 
a f t e r  Weaver and Beezhold. 

F igure  5. Free- induct ion decay f o r  He implanted i n t o  Pd. Two t races are  f o r  

A l l  He found i n  ;10A c lus te rs .  
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coupl ing between the quadrupole moment o f  the  nucleus, 1.e. f o r  a l l  
nonspherical nuc l e i  w i t h  S > 

o f  the environment. The i n t e r a c t i o n  r e s u l t s  i n  a s p l i t t i n g  o f  the  resonance 

l i n e  i n t o  a number o f  components due t o  a l i f t i n g  of the  Zeeman degeneracies. 

These quadruple s p l i t  l i n e s  a re  very s e n s i t i v e  t o  changes i n  surrounding 
pos i t i ons  o r  type o f  aotms due t o  the  a t tendant  changes i n  the e l e c t r i c  

f i e l d  grad ient .  This i s  i l l u s t r a t e d  i n  Figs.  6 and 7 f o r  the  27A l  NMR 

i n  annealed and self-damaged PuA12, respec t i ve ly .  
t i o n  o f  the  EFG, f o r  example, by the  motion o f  a d is loca t ion ,  y i e l d s  a 
nuc lear  magnetic r e l a x a t i o n  e f f e c t  s i m i l a r  t o  t h a t  from atomic d i f f u s i o n .  
This e f f e c t  i s  i l l u s t r a t e d  i n  Figs. 8 and 9. 

1 and the  e l e c t r i c  f i e l d  g rad ien t  ( e f g )  

The t ime dependent modula- 

I I I .  MZSSBAUER EFFECT 

The Mtjssbauer e f f e c t  technique invo lves the  resonant emission and 

reabsorpt ion o f  a gamma r a y  from nuc le i  i n  a standard sample and one i n  the 

environment under study. The gamma ray  from the  low l y i n g  nuclear exc i ted  
s t a t e  is  t y p i c a l l y  o f  energy n, 14 KeV, and the  source and absorber samples 

a re  brought i n -i o  resonance by doppler s h i f t i n g  one o r  the o ther  w i t h  a ’ 
v e l o c i t y  d r i ve .  The resonance absorpt ion l i n e  pos i t i ons  a re  perturbed by 
nuclear e l e c t r i c  quadrupole i n t e rac t i ons ,  as i n  NMR, by isomer s h i f t s  t h a t  

a re  dependent upon the  t o t a l  e l e c t r o n i c  charge a t  the  nucleus and by mag- 
n e t i c  hyper f ine  i n t e r a c t i o n s  t h a t  are t he  analogs o f  chemical o r  Knight  
s h i f t s  i n  NMR and a r i s e  f rom coupl ing the  nuc lear  sp in  t o  o r b i t a l  and 
sp in  moments o f  e lec t rons  surrounding the  resonant nucleus. I n  Fig. 10, 

the  57Fe NGR o f  p o l y c r y s t a l l i n e  A1 doped w i t h  1.3 m C i  57C0 ( <  % 1 ppm Co) 

i s  shown. 
a r i s e  from these Fe nuc l e i  t h a t  have trapped i n t e r s t i t i a l s  a f t e r  i r r a d i a t i o n  
t o  2.3 x 10” n/cm a t  4.6K. 

do so i n  a r eco i l ess  manner. That i s ,  t he  momentum o f  the  gamma-ray 

must be absorbed by the c r y s t a l  as a whole no t  by the  r e c o i l  of a s i n g l e  

nucleus. The i n t eg ra ted  i n t e n s i t y ,  therefore ,  i s  propor t iona l  t o  the  
r eco i l ess  f r a c t i o n  f, which f o r  a harmonic s o l i d  is  given by the  Debye- 

The s a t e l l i t e  peaks on the  h igh  v e l o c i t y  s i de  o f  the main peaks 

2 

I n  o rder  fo r  a nucleus t o  resonant ly  absorb a gamma ray, i t  must 
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Figure 6. (Top) Experimental Four ie r  t ransform o f  27 
decay o f  annealed PuAe2 a t  12 MHz and 7708 '  Magnetic f i e l d  
increases t o  the r i g h t .  

4.0 Oe a f t e r  A d o  e t  a l .  

PNMR f ree i nduc t i on  

Bot om) Synthet ic  powder pa t t e rn  
obtained w i t h  q =0.73x10 24 cm -5 . Major d i v i s i o n  on f i e l d  a x i s  i s  

142  



Figure 7. ( L e f t )  Experimental Four ie r  t ransform of L’AL PNMR f r e e  induc- 
t i o n  decay o f  damaged PuAe2. 
ca l  t o  those i n  Fig. 6. Magnetic f i e l d  increases t o  the  r i g h t  
(Middle) Synthet ic  power pa t t e rn  obtained w i t h  q =0.87~1024cm-~ 
and nq/q0=0.5. (R ight )  Same as (middle)  b u t  w i t R  an add i t i ona l  
component w i t h  q=O and r e l a t i v e  weight  o f  0.03. Major d i v i s i o n  
on ho r i zon ta l  ax is  is 6.6 Oe a f t e r  Ark0 e t  a l .  

Experimental parameters i d e n t i -  

F ig .  8 F ig .  9 

I ,.e-’ 

Figure 8. Showing two decay curves F ( t )  a f t e r  the  sp in  l ock i ng  sequence 
(see i n s e r t ) ,  w i t h  zero and f i n i t e  p l a s t i c  deformation ra tes  
E .  Tlp i s  ca lcu la ted  from the expression: S ( . r ) = S ( O )  exp 
(-?/T1 1, w i t h  T t he  dura t ion  o f  the l ock i ng  pu lse and S the 
maximu& o f  F ( t )  a f t e r  Hut, e t a l .  

F igure 9. Comparison between Jeener (RD)  and sp in  l ock i ng  (R ( P ) )  exper i -  
ment, showing the  p r o p o r t i o n a l i t y  between RD and R ( P ) ,  and 
5 a f t e r  Hut, e t  a l .  
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1 

57 Figure 10. Character is t ic  Mossbauer spectra of 57C0( 
and a f t e r  f a s t  neutron i r radia t ion  a t  4.6K and a f t e r  subsequent 
isochronal annealing. Source temperature during measurement 
4.2K. The absorber i s  a 0.03 mm t h i c k  natural iron f o i l  a t  
77 K which causes the magnetic s p l i t t i n g  of the spectra.  
the two inner l ines  o f  the s i x  l ine  spectrum are measured a f t e r  
Vogl e t  a l .  

Fe) in aluminum before 

Only 
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Wal ler  formulat ion, 

2 2  -K <X > f % e  ( 3 )  
2 where K i s  the wave number o f  the  g a m  ray  and <X > i s  the  mean squared 

displacement o f  the  absorbing nucleus. 

f o r  t h e  u n i r r a d i a t e d  (open c i r c l e s )  and the  i r r a d i a t e d  ( t r i a n g l e s )  57Fe 

i n  aluminum o f  Fig. 10. The l a r g e r  values of <X2> Fe i n  the ' F e - i n t e r s t i t i a l  

complexes r e s u l t  f rom a low frequency resonance mode. 
Although the re  are  o n l y  a few atoms i n  the  pe r iod i c  t a b l e  t h a t  have 

usefu l  Mossbauer isotopes, source experiments f o r  appropr ia te  isotopes 
have h igh  s e n s i t i v i t y  t o  de fec t  environments. 

Figure 11 shows -an f vs. temperature 

I V .  EXTENDED X-RAY ABSORPTION FINE STRUCTURE 

The absorp t ion  o f  x- rays o f  energy E above an absorpt ion edge, e.g. 
the  K-edge, i n  a s o l i d  i s  g iven by 

where po i s  the  atomic absorpt ion c o e f f i c i e n t  and x(E) i s  the  o s c i l l a t o r y  
component o r  EXAFS. (See Fig. 12). The p r o b a b i l i t y  f o r  absorpt ion o f  

an x- ray depends on the  d i p o l e  ma t r i x  element between the  i n i t i a l  K- shel l  
e l e c t r o n  and the  f i n a l  e l e c t r o n  s ta te ,  which i n  a s o l i d  invo lves  the  
s c a t t e r i n g  e f f e c t s  o f  an outgoing spher ica l  wave o f f  o f  neighbor ing atoms. 

These e l e c t r o n  s c a t t e r i n g  e f f e c t s  o f f  atoms a t  distances R .  f rom the  
absorbing atom y i e l d  i n te r fe rence  e f f e c t s  g iven by 

3 

-2R./A N 
x ( k )  = - m I 1 t . ( k ) e  J 

4 d 2 k  j R.' J 
J 

2 2  s i n  [2kRj + ej ( k ) ]  e -2k oj (5) 

where N .  i s  the  number o f  atoms a t  R t .  and 6 .  a r e  t h e  backscat te r ing  
J j' J 3 
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T e m p m l m  (10 

57 Figure 11. Logarithm of Debye-Waller fac tor  of 57C0( Fe) ( c  1 ppm) i n  
aluminum. 
l i n e  i n  i r r ad ia ted  sample; 
Full curve f i t  with Debye model ( e  = 290 K ) ;  broken 
w i t h  two Einstein frequencies model (wlow = 6.5 x loi%? weighted 

2 1 
3' W h i g h  

'Original l i n e '  in unirradiated sample; o 'Original 
A 'Defect l i n e '  in i r radia ted  sample. 

f i t  

= 6 x 1013s-1 weighted 3). After Vogl e t  a l .  - 

Figure 12. A. Absorption edge of Ge. 
B. EXAFS a f t e r  background subtraction. 
C. Atomic absorption background a f t e r  Lytle e t  a l .  
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ampli tude and phase s h i f t  o f  these atoms, X i s  the e l a s t i c  mean f r e e  path 
f o r  t h e  e lect rons,  o . ~  i s  the  mean squared r e l a t i v e  displacement between 
the  backscat te r ing  and absorbing atom, and k i s  t h e  wave vec tor  o f  the  

outgoing K- shel l  e lec t ron  g iven by 

J 

where EK is  t h e  energy o f  t h e  absorpt ion edge. 

the EXAFS has s e n s i t i v i t y  t o  the  numbers, kinds, and distances t o  near 

neighbor atoms. 
o f  ampl i tude o f  the Four ie r  t ransform o f  the  EXAFS. 

i n  var ious s i l i c a t e  glasses i s  shown i n  Fig. 13. 

be ab le  t o  measure EXAFS on 2 x Cu i n  A l ,  f o r  example. Synchrotron 
sources should a l l ow  a couple o f  orders o f  magnitude more s e n s i t i v i t y  when 
f u l l y  developed. 

As can be seen i n  Eq. (5), 

Normally one looks a t  the  r a d i a l  d i s t r i b u t i o n  func t i on  

An example o f  Fe EXAFS 

Using a r o t a t i n g  anode source and f luorescence detect ion,  one should 

V. SUMMARY 

The EXAFS technique y i e l d s  d i r e c t  s t r u c t u r a l  in format ion;  t h e  technique 

can be used w i t h  h igh  s e n s i t i v i t y  us ing r o t a t i n g  anode o r  synchrotron sources 
o f  x- ray and can be app l ied  t o  a l l  atoms heavier  than carbon. 

w e l l  developed hyper f ine  techniques such as NMR and NGR can y i e l d  unique 
in format ion about the  s t a t i c  and dynamic c h a r a c t e r i s t i c s  o f  s p e c i f i c  atomic 

environments. However, these powerful atomic probes have s t i l l  t o  be 

e x p l o i t e d  f o r  the study o f  radiat ion- induced defects i n  so l i ds .  

of s p e c i f i c  probe atoms, they are  h i g h l y  s u i t a b l e  f o r  determinat ions o f  the  
s t r u c t u r e  o f  small solute-vacancy o r  s o l u t e - i n t e r s t i  t i a l  complexes and 
vacancies o r  small vacancy c lus te rs .  The EXAFS technique gives d i r e c t  
s t r u c t u r a l  in fo rmat ion  wh i l e  t h a t  from hyper f ine  i n t e r a c t i o n s  must be deduced 
f rom models. An advantage o f  hyper f ine  techniques i s  t h e i r  c a p a b i l i t y  t o  

be phase spec i f i c  about the environment and numbers o f  probe nuc le i .  

A number o f  

Because these probes are s t rong ly  a f f e c t e d  by near-neighbor environments 

147 



Figure 13. Fe K-edge EXAFS, amplitude of Fourier transform, f o r  a number of 
doped Na-silicate glasses.  
and 2.0 A shows oxygen near neighbor environment about Fe (Ref. 4 ) .  

Variation in s t ruc ture  between 1 . 2  
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Furthermore, NMR techniques have been h i g h l y  developed t o  determine the  

t o  sample requirements, NMR and MUssbauer e f f e c t  samples are  normal ly  ;l gm 

o f  p o l y c r y s t a l l i n e  o r  s i n g l e  c rys ta l  ma te r i a l  i n  powdered o r  f o i l  form, 
EXAFS samples can be %1 t o  10 pm o f  any p o l y c r y s t a l l i n e  o r  s i n g l e  c r y s t a l  

ma te r i a l  f o r  absorpt ion methods o f  de tec t i on  o r  t h i n  f i lms f o r  f luorescence 
o r  sur face  s e n s i t i v e  de tec t i on  modes. 

s t r u c t u r e  and d i f f u s i o n  p rope r t i es  o f  1 H, 'D, 3He i n  mater ia ls .  With regard 
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SURFACE ANALYSIS TECHNIQUES 

Department o f  M e t a l l u r g i c a l  and Minera l  Engineering 
M. G .  Laga l l y  

U n i v e r s i t y  o f  Wisconsin 
Madison, Wisconsin 53706 

I. INTRODUCTION 

There a r e  a present  about f i f t y  techniques t h a t  have been used f o r  
s tudy ing  t h e  p rope r t i es  o f  surfaces a t  t h e  microscopic l eve l ,  i n  a d d i t i o n  
t o  a number o f  o thers  t h a t  measure macroscopic p roper t ies .  O f  the  former, 

some are  no more than l abo ra to ry  c u r i o s i t i e s ,  o thers  have l i m i t e d  app l i c-  
a b i l i t y  t o  model systems i n  fundamental s tudies,  w h i l e  some have more 

general a p p l i c a b i l i t y  t o  r e a l  systems as w e l l  as fundamental s tudies.  
No technique, o f  course, can g i v e  a l l  t h e  i n fo rma t ion  t h a t  i s  desi red f o r  

any ma te r ia l  unders study. 
sur face  i s  under i nves t i ga t i on ,  what p rope r t i es  o f  t h a t  sur face are  

requ i red  t o  be known, and what t h e  major assets and l i a b i l i t i e s  o f  each 

technique are. 
o f  a p a r t i c u l a r  technique t o  t h e  problem o f  i n t e r e s t ,  be i t  basic  research, 
ma te r i a l s  charac ter iza t ion ,  o r  process con t ro l .  
begin by i l l u s t r a t i n g  comnonly encountered sur face st ructure/composi t ion 

i n t e r r e l a t i o n s ,  o u t l i n i n g  t h e  two general ways i n  which sur face s e n s i t i -  
v i t y  i s  achieved by t h e  c o n o n  microscopic techniques, and then c l a s s i f y i n g  
them according t o  the  type o f  i n fo rmat ion  they give. 
major c r i t e r i a  t h a t  should be app l i ed  i n  eva lua t ing  t h e  usefulness o f  g iven 

technique. 
and a b i b i l i o g r a p h y  t h a t  t h e  reader may wish t o  t u r n  t o  f o r  a more d e t a i l e d  
discuss i o n  o f  i n d i v i d u a l  techniques. 

Hence i t  i s  necessary t o  de f i ne  what type o f  

From t h i s  i t  i s  then poss ib le  t o  evaluate t h e  s u i t a b i l i t y  

I n  t h i s  b r i e f  repo r t ,  we 

We then l i s t  the  

This i s  fo l lowed by a very b r i e f  s u n a r y  o f  t h e  major techniques 

11. SURFACES, SURFACE S E N S I T I V I T Y  AN0 CLASSIFICATION OF TECHNIQUES 

A. Surface Structure/Composit ion Relat ionships 

I n  Fig. 1 i s  shown a summary o f  t h e  most comnonly encountered 

combinations of sur face s t r u c t u r e  and composit ion. The most i d e a l  s i t u a -  
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RELATION EETWEEN SURFACE STRUCTURE 
AND SURFACE COMPOSlTlON 

~ - 7  - 
(C 1 O O O G C O O O  

C " O O G 2 0 2 0  NORMA! TO SUtFACE 
f = O 2 z f = O O  
. . " b . . = O ~ O : :  

IN !+ 0 ,UC G E N E 0 U S 

I .. e. 

(d) ~ , ~ ~ ~ ~ ~ , ~ ~  0 0 0 0  0 0  c 03 
FO2EIGN ATOMS O N  
HOMOGEN EGUS SU ESTRATE 

\ \\\\\\\\\ INTERFACE BETWEEN TWO 
'e) ;-)trrrrr/rrr/ HOMOGENEOlJS MATE9IALS 

Figure 1. Relation between surface s t ruc ture  and surface composition. 
(From C. J. Powell, American Laboratory, t o  be published). 
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t i ons ,  and the  one f r e q u e n t l y  assumed I n  r e a l  systems i s  shown as (a). 
Case (d) i s  comnonly encountered i n  chemisorpt ion on s i n g l e  c r y s t a l  
surfaces. Most r e a l  s i t u a t i o n s  f a l l  i n t o  category (b )  o r  ( c )  o r  worse 

y e t ,  a combination o f  the two. 
sur face techniques because o f  t h e  need t o  see the  i n t e r f a c e .  

Case (e) i s  more d i f f i c u l t  t o  analyze w i t h  

B. Surface S e n s i t i v i t y  

Surface s e n s i t i v i t y  i s  achieved i n  two d i f f e r e n t  ways. 

e l e c t r o n  spectroscopies, i .e., those techniques t h a t  depend on the  measure- 
ment o f  t h e  k n i n e t i c  energy o r  momentum o f  an e lec t ron  emi t ted  from the  

s o l i d ,  sur face s e n s i t i v i t y  i s  achieved because o f  the  very s h o r t  mean f r e e  
pa th  o f  slow e lec t rons  i n  so l i ds .  
mean f r e e  path i s  smal le r  than about 30-40 8, w i t h  a minimum o f  about 
3-5 fi  f o r  most metals i n  the  energy range 50 t o  200eV, g i v i n g  two- to- three 

monolayer s e n s i t i v i t y .  

spectroscopy (AES), photoemission spectroscopy (PES, a l s o  c a l l e d  ESCA: 
e l e c t r o n  spectroscopy f o r  chemical ana lys is ) ,  low-energy e lec t ron  d i f f r a c t i o n  

(LEEO), and energy loss spectroscopy (ELS). 

from i n c i d e n t  ions  t o  achieve sur face s e n s i t i v i t y .  A t  s u f f i c i e n t l y  low 

energies ( l ess  than 1-2 kV) a c e r t a i n  f r a c t i o n  o f  the  i n c i d e n t  ions w i l l  
be r e f l e c t e d  w i thou t  n e u t r a l i z a t i o n .  
sec t i on  i s  very h igh  a t  these energies, r e f l e c t e d  ions w i l l  come on ly  from 
the  ou te r  layer .  This i s  t h e  basis f o r  i o n  s c a t t e r i n g  spectrometry (ISS), 
tou ted  as the  on l y  " t r u e  monolayer" technique. 
penetrate the  sur face w i l l  l o s e  t h e i r  momentum i n  a se r ies  o f  c o l l i s i o n s ,  
some o f  which w i l l  r e s u l t  i n  reve rs ing  the  momentum d i r e c t i o n .  
t o  the  escape o f  p a r t i c l e s  by " sput te r ing ' .  

the  sur face reg ion  because, as i n  a se r ies  o f  c o l l i s i o n s  between b i l l i a r d  
b a l l s ,  on l y  the  l a s t  b a l l  i n  l i n e  w i l l  a c t u a l l y  move. 

o f  secondary i o n  mass spectroscopy (SIMS) .  
i s  possib le,  S IMS i s  n o t  as sur face s e n s i t i v e  as ISS. 

For 

For an e lec t ron  l ess  than 1000eV, the  

Major e lec t ron  spectroscopies a r e  Auger e lec t ron  

The second group o f  techniques depends on the  t r a n s f e r  o f  momentum 

Because the  n e u t r a l i z a t i o n  cross 

The i n c i d e n t  ions  t h a t  

This leads 
These p a r t i c l e s  come on ly  from 

This i s  t h e  basis 
However, s ince  c l u s t e r  emission 

F i e l d  i o n  microscopy (FIM) i s  a spec ia l i zed  sur face technique t h a t  
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depends on t h e  i o n i z a t i o n  o f  gas atoms a t  a t i p  w i t h  a very h igh  f i e l d  

gradient .  
s c a t t e r i n g  ( R I B S )  i s  the  high-energy analog o f  ISS.  
s e n s i t i v e  technique, bu t  i s  q u i t e  usefu l  i n  a number o f  app l i ca t i ons .  I t  

i s  discussed elsewhere i n  t h i s  volume. 

It i s  discussed elsewhere i n  t h i s  volume. Ruther ford i o n  back- 
It i s  n o t  a t r u e  surface- 

C. C l a s s i f i c a t i o n  o f  Techniques 

Surface a n a l y t i c a l  techniques, as a l l  others, can be c l a s s i f i e d  

i n t o  two broad categor ies,  according t o  what in fo rmat ion  they give. These 
are  elemental o r  chemical in format ion,  o r  geometric o r  s t r u c t u r a l  informa- 

t i on .  

1. Elemental or Chemical In fo rmat ion  

To determine chemical in format ion,  i t  i s  necessary t o  

determine 1 )  what elemental species are  present, 2) how much o f  each species 
i s  present, 3 )  what i s  i t s  chemical form, i.e., does i t  occur as a pure 

element o r  as a compound, and 4 )  i t s  dispersion, i.e., does i t  occur 
as a p r e c i p i t a t e ,  un i fo rm ly  dispersed, o r  segregated t o  boundaries. 
Furthermore i t  i s  o f  i n t e r e s t  t o  f o l l o w  the  dynamics o f  a g iven elemental 
o r  chemical d i s t r i b u t i o n ,  i .e., how much o f  what i s  moving from p o i n t  A 
t o  p o i n t  B i n  what time. The major techniques t h a t  a r e  capable o f  g i v i n g  
elemental o r  chemical i n fo rma t ion  are  AES, ESCA. SIMS, and ISS.  

2. Geometric o r  S t r u c t u r a l  In fo rmat ion  

The most important  geometric i n fo rma t ion  o f  i n t e r e s t  i n  
sur face ana lys is  i s ,  o f  course, t h e  c r y s t a l  s t r u c t u r e  o f  the sur face o r  

p r e c i p i t a t e ;  i.e., the s i z e  and shape o f  the u n i t  mesh and the  pos i t i ons  

o f  the  atoms i n  it. Add i t i ona l l y ,  i t  i s  des i rab le  t o  o b t a i n  a quant i ta-  

t i v e  measure o f  the dens i t y  o f  p o i n t  and extended defec ts  ( i n c l u d i n g  steps)  

on surfaces, and t o  study the thermodynamics and k i n e t i c s  o f  sur face 
s t r u c t u r e  formation, such as c r y s t a l  o r  i s l a n d  growth, sur face d i f f u s i o n ,  

and phase t ransformat ions i n  two-dimensional o r  quasi- two-dimensional 

systems. LEED i s  the  major technique t h a t  provides such in format ion.  
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111. C R I T E R I A  FOR EYALUATING ANALYTICAL TECHNIQUES 

Each technique has i t s  own s t reng th  and weaknesses, and no s i n g l e  
technique can prov ide  a t o t a l  analys is .  
o f  a technique t o  a g iven problem, i t  may be usefu l  t o  consider the  

f o l l o w i n g  c r i t e r i a :  

I n  eva lua t ing  the a p p l i c a b i l i t y  

1. 

2. 
3 .  
4. 
5. 
6. 

7. 
8.  

1. 

2.  
3. 
4. 
5. 

--Elemental Analys is  Techniques- 
S e n s i t i v i t y  (absolute)  

S e n s i t i v i t y  v a r i a t i o n  w i t h  Z 
Element d i s c r i m i n a t i o n  
Q u a n t i t a t i v e  c a p a b i l i t y  
Ma t r i x  i n forma t i on (chemistry ) 
Depth o f  analys is ,  depth r e s o l u t i o n  

La te ra l  r e s o l u t i o n  
Surface damage 

- - S t ruc tu ra l  Analysis Techniques-- 
Resolut ion o f  l a t t i c e  parameters 

S e n s i t i v i t y  t o  defects and/or long-range order  
Depth o f  analys is ,  depth r e s o l u t i o n  
La tera l  r e s o l u t i o n  
Surface damage 

I V .  MAJOR TECHNIQUES: PHYSICAL PROCESSES AND DISTINGUISHING FEATURES 

A. Auger E lec t ron  Spectroscopy (AES) 

The Auger e f f e c t  i s  a deexc i ta t i on  mechanism f o r  i on i zed  atoms 
t h a t  i s  compet i t i ve  w i t h  x- ray emission. It y i e l d s  a low-energy e lec t ron  

whose k i n e t i c  energy i s  c h a r a c t e r i s t i c  o f  the  element from which i t  came. 
Thus each element has i t s  own s ignature.  A se r i es  o f  Auger e lec t rons  

r e s u l t s  i f  a deep core l e v e l  i s  o r i g i n a l l y  ion ized.  For example, i f  a 

K s h e l l  i s  ion ized,  an Auger process can occur w i t h  an L s h e l l  e lec t ron  

dropping i n t o  the K she l l ,  the  excess energy being taken up by another 

L- she l l  e l e c t r o n  (KLL process), an M-shell e lec t ron  (KLM process) o r  an 
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even h igher  l e v e l .  

ho le (s )  on the L s h e l l  i s (a re )  now being f i l l e d .  
processes a r e  genera l l y  those i n v o l v i n g  the  valence s h e l l  and a core 
l e v e l  c lose  t o  i t  i n  energy; these are  a l so  the  t r a n s i t i o n s  t h a t  a re  the 
mos t  sur face sens i t i ve ,  because the  emi t ted  e lec t ron  has a k i n e t i c  energy 
near the  minimum i n  mean f r e e  path. 

except f o r  H and He, w i t h  a s e n s i t i v i t y  d i f f e r i n g  no more than about one 
order  o f  magnitude; a l a t e r a l  r e s o l u t i o n  o f  <lo00 8 i s  comnerc ia l ly  a v a i l -  

able, and 300 8 has been demonstrated; the technique i s  i n  many cases 

q u a n t i t a t i v e  t o  w i t h i n  an unce r ta in t y  o f  ? 50$, and, on the scale o f  
sur face a n a l y t i c a l  inst rumentat ion,  the  technique i s  r e l a t i v e l y  easy and 

cheap. The de tec t i on  l i m i t  f o r  reasonable l abo ra to ry  times i s  about 

i s  shown i n  Fig. 2. 

This i s  then fo l lowed by LMM, e tc .  processes where the  
The s t rongest  Auger 

The major fea tures  o f  AES a re  t h a t  a l l  elements can be analyzed 

monolayers (1000 ppm i f  un i fo rm ly  dispersed).  A t y p i c a l  Auger spectrum 

B. Photoelect ron Spectroscopy (PES o r  ESCA) 

Photoelectron spectroscopy i s  s imply t h e  a p p l i c a t i o n  o f  the 
p h o t o e l e c t r i c  e f f e c t  t o  elemental and chemical analys is .  It i s  an 
e x c i t a t i o n  technique, where the  i n c i d e n t  photo i s  absorbed by an e lec t ron ,  
which i s  e jec ted  from the atom w i t h  a k i n e t i c  energy equal t o  the  d i f f e r e n c e  
o f  the  energy o f  t h e  photon and the  b ind ing  energy o f  the  e lec t ron  t h a t  
absorbed it. The k i n e t i c  energy o f  the  photoelect ron i s  measured i n  the  

experiment. 

each element has i t s  own s ignature  o f  photoelect ron emission l i n e s  f o r  a 
given photon energy. 

k i n e t i c  energy i S  low. However, f o r  t y p i c a l  commercially a v a i l a b l e  
sources (A1 Ka and Mg Ka) the  depth r e s o l u t i o n  i s  n o t  as good as i n  AES, 

s ince  many important  photoelect ron t r a n s i t i o n s  occur a t  k i n e t i c  energies. 

up t o  1450 eV. Using synchrotron rad ia t i on ,  i t  i s  poss ib le  t o  do photo- 

e lec t ron  spectroscopy a t  any energy, s ince the  photo energy i s  tunable 
w i t h  such sources. 

Because each element has a unique s e t  o f  atomic energy l eve l s ,  

Surface s e n s i t i v i t y  i s  again obtained because the 
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The outstanding assets o f  PES are  t h a t  i t  can prov ide  very good chemical 
in fo rmat ion  (through a phenomenon c a l l e d  t h e  chemical s h i f t ,  which i s  
an adjustment o f  energy l e v e l s  due t o  charge t r a n s f e r  i n  chemical bonding) 
and t h a t  i t  i s  l ess  damaging t o  m a t e r i a l s  suscept ib le  t o  e lec t ron  beam 
damage, such as polymers. 
longer  t ime t o  achieve g iven s t a t i s t i c s .  H and He are  i n  p r i n c i p l e  

observable, a l though the  cross sec t i on  f o r  photoelect ron emission from 

them i s  very low. 
A1 o r  Mg anodes) i s  w i t h i n  an order  o f  magnitude f o r  a l l  elements. 

technique i s  i n  many cases q u a n t i t a t i v e  t o  ? 50%. 
d i f f i c u l t  t o  focus, good l a t e r a l  r e s o l u t i o n  i s  n o t  r e a d i l y  achievable 

w i t h  t h i s  method. A t y p i c a l  ESCA spectrum is shown i n  Fig. 3. 

It i s  l ess  s e n s i t i v e  than AES, thus r e q u i r i n g  

Other than these, the  r e l a t i v e  s e n s i t i v i t y  of XPS ( w i t h  
The 

Since photons are 

C. Secondary I o n  Mass Spectroscopy (SIMS) 

This technique depends s imply on mass spectroscopic ana lys is  o f  
ions e jec ted  from a sur face by an i n c i d e n t  i o n  beam. 
u n i t s  c o n s i s t  o f  an i o n  gun and a mass spectrometer w i t h  an energy 

f i l t e r ,  a l though very complex instruments, such as the  i o n  microprobe, 
a re  a l s o  used. 
as i nd i ca ted  e a r l i e r .  

The s implest  S IMS  

The depth s e n s i t i v i t y  i s  b e t t e r  than several monolayers, 

The outstanding fea tures  o f  SIMS are  h ighest  de tec t i on  s e n s i t i v i t y  
o f  a l l  surfaces probes f o r  many elements 

s e n s i t i v i t y  t o  H. 
mass spectrometer. Focussed i o n  beams make good l a t e r a l  r e s o l u t i o n  a 

p o s s i b i l i t y .  
m a t r i x  e f f e c t s ,  which make q u a n t i t a t i v e  ana lys is  suspect i n  any but the 

s imp les t  cases. 
A SIMS spectrum i s  shown i n  Fig. 4. 

monolayers) and very good 
I s o t o p i c  sur face ana lys is  i s  a l s o  poss ib le  w i t h  a good 

The major disadvantage o f  t h e  technique i s  extremely s t rong  

The measurement process, o f  course, damages the  surface. 

D. I o n  S c a t t e r i n g  Spectrometry (ISS) 

I n  ISS, t h e  k i n e t i c  energy o f  a r e f l e c t e d  i o n  w i t h  i n c i d e n t  

energy l ess  than about 2kV i s  measured a t  f i x e d  geometry. 

i n  terms o f  c l a s s i c a l  momentum t r a n s f e r  i n  e l a s t i c  c o l l i s i o n s  between 
b i l l i a r d  b a l l s  o f  d i f f e r e n t  mass. The r a t i o  o f  f i n a l  t o  i n i t i a l  k i n e t i c  

energy of an i o n  o f  known mass sca t te red  through a known angle w i l l  g i ve  

the  mass o f  the  t a r g e t  (sur face)  atom. This i d e n t i f i e s  the  sur face atom. 
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Figure 4. Positive and negative SIMS spectra o f  s t a in less  s t ee l  (From 
J.  A. McHugh, in Methods of Surface Analysis, ed. A. W. Czanderna, 
El sevier  1975). 
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As already ind ica ted ,  I S S  i s  probably t h e  most sur face- sens i t i ve  o f  

a l l  probes, because o f  the  very l a r g e  n e u t r a l i z a t i o n  cross sec t i on  f o r  ions 

t h a t  penetrate the l a t t i c e .  
there  i s  a t radeof f  between sur face damage and t ime t o  acqui re a s igna l  
w i t h  s u f f i c i e n t  s t a t i s t i c s .  
reso lu t i on .  
d i f f e r e n t  p r o j e c t i l e  ions can be used t o  improve the  mass reso lu t i on .  
A t y p i c a l  spectrum i s  shown i n  F ig.  5. 

The technique has r e l a t i v e l y  low s e n s i t i v i t y ;  

Focussed beams are  possib le,  g i v i n g  l a t e r a l  
Element r e s o l u t i o n  between neighbor ing elements i s  d i f f i c u l t ;  

E. Low Energy E lec t ron  D i f f r a c t i o n  (LEED) 

LEED is  the on l y  commonly a v a i l a b l e  technique t h a t  gives sur face 

s t r u c t u r a l  in fo rmat ion .  The angular d i s t r i b u t i o n  o f  e lect rons e l a s t i c a l l y  
sca t te red  from a c r y s t a l l i n e  sur face i s  measured as a func t i on  o f  the  

energy o f  the  i n c i d e n t  e lec t rons .  
x- ray o r  high-energy e l e c t r o n  d i f f r a c t i o n ;  the sur face s e n s i t i v i t y  comes 

f r o m  the  0-lkV energies used i n  the  method. 

o f  sur face order  and the  s i z e  and shape o f  the  u n i t  mesh, simply by observa- 
t i o n  o f  the  d i f f r a c t i o n  pa t te rn .  
e q u i l i b r i u m  pos i t i ons  o f  atoms i n  surfaces and over layers,  al though such 

analyses a r e  much more d i f f i c u l t .  Surface extended defects, i n c l u d i n g  
steps, mosaic s t r u c t u r e  and s t r a i n  e f f e c t s ,  can be r e a d i l y  analyzed by 
measuring the  angular d i s t r i b u t i o n  o f  i n t e n s i t y  i n  the  d i f f r a c t e d  beams, 

w i t h  a s e n s i t i v i t y  o f  about 1% o f  sur face s i t e s .  

ordered sur face s t ruc tu res  o r  segregat ion t o  surfaces can be s tud ied  
by observing s u p e r l a t t i c e  d i f f r a c t i o n  peaks. 
i s ,  o f  course, possib le,  and the technique has so f a r  been used on ly  on 
s i n g l e  c rys ta l s ,  al though scanning LEED i s  i n  p r i n c i p l e  possib le.  

damage t o  s e n s i t i v e  ma te r ia l s  i s  possible, and, as w i t h  a l l  e lec t ron  
spectroscopies, ana lys is  o f  i n s u l a t i n g  ma te r ia l s  is  d i f f i c u l t .  

The technique is  the  sur face analog o f  

The outstanding fea tures  o f  LEED i s  the  very easy determinat ion 

I t has a l so  been used t o  determine 

Thermodynamics o f  

No ma te r ia l s  cha rac te r i za t i on  

Surface 

V.  CONCLUSION 

Surface ana lys is  has grown tremendously i n  the  l a s t  f i f t e e n  years, and 
i t  i s  impossible t o  cover even one technique adequately i n  the  l i m i t e d  
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space ava i l ab l e  here. 

techniques. 
references r a t h e r  than t o  extend the  discussion.  

i n  the  b ib1 iography according t o  technique. 

A number o f  books have been w r i t t e n  on the  var ious 
As a consequence, i t  seems e f f i cac i ous  t o  l i s t  some usefu l  

These a re  arranged 
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V. WORKSHOP DISCUSSION 

1 6 5  





Discussion Period 
(An edited s m a r y  t o  b r i ng  out  discussion h ighl ights )  

D. Doran: Which of the techniques a r e  ab le  t o  detect the s t r u c t u r e  
of a single cascade and t o  measure the numbers and types of defec ts  pro- 
duced ? 

R. Hendrix: 
single cascades. 
includes a l l  of them.  In addi t ion ,  even f o r  a s i n g l e  defect  or  c l u s t e r  
one needs a good theore t ica l  model t o  r e l a t e  sca t te red  in tens i ty  t o  defec t  
s t ruc ture .  
labora tor ies .  
s ca t t e r ing  techniques provide a rapid and easy way of measuring complete 
defect  populations, especia l ly  f o r  voids. 

depleted zones i n  the absence of point defec t  d i f fus ion .  
(1 )  A high number densi ty of cascades due t o  the small volume observed. 
( 2 )  Only a few cascades per  specimen (G). 

Within these l i m i t s  one can obtaln a de ta i led  picture of a small number 
of cascades. 

In pure mater ia ls ,  W ,  P t ,  A l ,  Ni good FIM images have been produced. 
In a l loys  (except f o r  ordered mater ia ls )  the image looks random a s  the s o l u t e  
concentration increases. 

T.  Picraux: Ion channelling is s imi la r  t o  small angle sca t te r ing  i n  
t h a t  an average r e s u l t  i s  obtained. 
the defects  a r e  known. 
s t ruc tures .  

X-ray and neutron sca t t e r ing  gives averaged data not 
Also i f  many different c l u s t e r s  occur, the to ta l  sca t t e r ing  

Progress along these l ines  i s  current ly  being made a t  several 
When complemented by e lec t ron  microscopy, small angle 

D. Seidman: Field Ion Microscopy i s  a powerful tool f o r  studying 
I t  requires: 

I t  i s  best used on simple systems where 
The  technique i s  best used f o r  secondary damage 

R.  Siegel: Position Annihilation Spectroscopy has the a t t r a c t i o n  t h a t  
is provides information over the whole spectrum of vacancy defects  from s i n g l e  
vacancies t o  la rge  c l u s t e r s  and voids. There i s  of course a deconvolution 
problem i f  a l l  of these a r e  present a t  the same time. 
e lec t ron  and neutron i r r ad ia ted  specimens a r e  compared, one could see very 

In my paper where 
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d i s t i n c t l y  ( f ig .  10) the longer positron lifetime for  the neutron case,  
presumably due t o  depleted regions within cascades. 
be possible t o  determine a t  l e a s t  the number of vacancies i n  the depleted 
zones. However, the  s e n s i t i v i t y  t o  i n t e r s t i t i a l  defec ts  i s  small. 

I t  should therefore  

R. Sinc la i r :  Direct l a t t i c e  resolut ion by electron microscopy samples 
a column of c rys ta l  a t  each point w i t h  perhaps a hundred  a t a s  in  each 
column. As a r e s u l t ,  a s ingle  vacancy would probably be undetectable. 
However. centers  of s t r a i n  i n t e r s t i t i a l s  f o r  example probably could be 
studied.  
( f o r  which c a p u t e r  codes a re  now ava i lab le ) .  
l a t i o n s  nor the  observations have y e t  been made. 

technique in  the e lectron microscope t o  study a single d is loca t ian  which 
we f u l l y  characterized.  
technique c l e a r l y  has the potent ia l  f o r  probing the s t ruc tu re  on a very f i n e  
sca le .  

F. Fradin: Hyperfine in te rac t ion  techniques a r e  a l l  point probes applying 
a very spec i f ic  i n t ens i ty  t o  a very small defec t  o r  complex. 
f o r e  best  used f o r  s ing le  defects  or  complexes and t h e i r  re laxat ions,  including 
vacancies, i n t e r s t i t i a l s ,  solutelvacancy and s o l u t e / i n t e r s t i t i a l s .  They 
a r e  inappropriate f o r  large regions l i k e  cascades. 

There i s  a problem w i t h  h i g h  resolut ion microscopy f o r  
s ing le  defects .  The beam exci tes  the defec ts  so t h a t  single i n t e r s t i t i a l s  
f o r  example can be made to  move below stage I .  

R. Sinc la i r :  That may not be such a l imi t ing  problem. One has to  take 
in to  account the  probabi l i ty  of an e l a s t i c  i n t e r ac t ion  event w i t h  e lectrons 
from the beam. I f  this i s  low, the exc i t a t i on  events will  be rare .  Al ternat ive-  
l y ,  i f  i t  does become a problem, the scanning transmission technique can 
be used i n  which the time of beam exposure i s  small. 

a tans  w i t h i n  a cascade? 

the  cascades by the ion probe on the FIM. 

I t  requires  the use of models and de ta i led  d i f f r ac t ion  calculat ions  
However, nei ther  the calcu- 

J .  Bently: We have been able t o  use the converging beam d i f f r ac t ion  

We do not y e t  understand a l l  the  d e t a i l s  b u t  the  

I t  i s  there-  

D. Seidman: 

T h i s  has been observed. 

D. Pot ter :  

D. Seidman: 

Do we have any technique f o r  observing c lus te r ing  of so lu te  

Yes, one could do local ized chemistry of the  s t ruc tu re  of 
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D. Doran: Can any o f  t h e  techniques d i s t i n g u i s h  between h i g h  energy 

cascades f rom 14 MeV neutrons and lower energy cascades? 
cou ld  gas a t o m  produced by 14 MeV neutrons be detec ted  i f  associated w i t h  

cascades? 

atomic s t r u c t u r e  o f  t h e  s t a t e  i t  i s  occupying. I n  t h e  case o f  voids f o r  

example, gas con ten ts  o r  p r e c i p i t a t e  coat ings  a r e  de tec tab le .  I n  f i g .  1 0  

o f  my paper on i r r a d i a t e d  Mo, t h e  e x t r a  increase i n  t h e  p o s i t i o n  l i f e t i m e  
a t  h i g h  temperatures was found subsequently t o  be t h e  r e s u l t  o f  anneal ing 

i n  an argon atmosphere. The gas was pumping i n t o  t h e  vo ids  and enhancing 
t h e  l i f e t i m e .  

I n  p a r t i c u l a r ,  

D .  Seige l :  The Pos i t ron  i s  s e n s i t i v e  t o  any s i g n i f i c a n t  change i n  t h e  

The s e n s i t i v i t y  t h e r e f o r e  e x i s t s  t o  o b t a i n  da ta  on  gas assoc ia t i on  w i th  
vacancy r i c h  de fec ts .  

R. Odette: 
p a r t i c u l a r  k inds  o f  de fec ts .  

n a t i o n  o f  measurements m igh t  e l im ina te  these b l i n d  spots? 

cou ld  be a p p l i e d  t o  a s p e c i f i c  k i n d  of d e f e c t  then one cou ld  do what you 

propose. 
t h i n g  b u t  o f  seeing too  much and n o t  being a b l e  t o  unrave l  it. 

X-ray s c a t t e r i n g  and perhaps channel l ing.  
v o l u t e  the  r e s u l t  o f  s c a t t e r i n g  fran many d i f f e r e n t  k inds  o f  de fec ts  and 
e x t r a c t  t h e  i n h e r e n t  no i se  o f  the  inst rument .  

Each of t h e  techniques seems t o  have a b l i n d  spot  f o r  
Can the  panel g i v e  us some idea o f  what combi- 

R .  Hendrix:  I f  i t  were the  s i t u a t i o n  where each o f  t h e  techniques 

However, i t  i s  u s u a l l y  not  a ma t te r  o f  being unable t o  see sme-  

Th i s  a p p l i e s  t o  t h e  non- loca l i z i ng  techniques l i k e  p o s i t i o n  a n n i h i l a t i o n ,  

It i s  ve ry  d i f f i c u l t  t o  decon- 

For  t h e  s c a t t e r i n g  techniques a t  smal l  angles, we can say t h a t  f o r  
vo ids  w i t h  d i s l o c a t i o n  networks use fu l  r e s u l t s  can be obta ined.  I f  the re  
are  voids and random i n t e r s t i t i a l  loops with no p r e c i p i t a t e s ,  t h i s  t oo  i s  

acceptable. 

i n t r a c  tab1 e. 

s e n s i t i v i t y  t o  a l l  de fec t  types. I n  complex m i c r o s t r u c t u r e s  w i t h  vacancies 

and vacancy c l u s t e r s ,  i n t e r s t i t i a l s  and i n t e r s t i t i a l  c l u s t e r s ,  d i s l o c a t i o n s  

and p r e c i p i t a t e s ,  pos i t rons  are  p r i m a r i l y  s e n s i t i v e  t o  t h e  vacancy t ype  defec ts .  

I f  we have p r e c i p i t a t e s ,  vo ids and loops, t h e  problem i s  

R. S iege l :  C e r t a i n l y  i n  the  p o s i t r o n  case one i s  n o t  faced w i t h  s i m i l a r  
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The rest f a l l  i n t o  a background. One is very sens i t ive  t o  void formation, 
vacancy clusters and vacancies, and r e l a t i v e l y  insens i t ive  t o  d is loca t ion  
loops of b o t h  k i n d s .  
vacancy population i n  a real system. 

T. Reuther: I t h i n k  i t  is  very important f o r  pract ical  reasons to  
separate the e a r l y  stages frcm the l a t e r  stages of microstructural evolution 
when voids are growing by Tong range t ransport .  
produce radia t ion  resistant mater ia ls  i s  t o  delay the onset of long range 
transport .  
stage from an engineering viewpoint.  
a t  d i s t r ibu t ions  e a r l y  i n  the nucleation stage. 

t o  detect  hydrogen and  helium? 
D. Joy: By using an aperture plane rather  t h a n  a s l i t  t o  co l l ec t  the 

e lec t rons ,  i t  i s  possible t o  separate the unscattered o r  e l a s t i c a l l y  scat tered 
electrons from those which have been i n e l a s t i c a l l y  sca t tered .  The r a t i o  o f  
these two s ignals  i s  proportional t o  the mean atomic number of the  atoms in 
t h e  volume of crystal  being sampled. This proportionality i s  maintained 
over the e n t i r e  periodic table  and the technique has been applied t o  detect 
the loss  of hydrogen in cer ta in  so l ids .  

TEM techniques i t  i s  possible t o  observe e f fec t s  of hydrogen and  helium in the 
l a t t i c e .  Are the techniques limited t o  "superfoi ls"  o f  s ingle  crys ta l  g o l d  or  
i ron ,  e t c .  

The technique provides q u a l i t a t i v e  information on the 

The general approach t o  

We have a b e t t e r  chance i f  we can beat the nucleation and growth 
We therefore need t o  be able t o  look 

W .  3. Choyke: Is i t  possible t o  use Electron Energy Loss Spectroscopy 

W .  J .  Choyke: Professor S inc la i r  mentioned t h a t  with ultrahigh resolution 

R .  S inc la i r :  The imaging techniques I was refer r ing  t o  only require t h a t  
atoms become displaced from t h e i r  t rue positions because of the d is tor t ion  
introduced by a reasonable concentration of so lu te .  This has proven t o  be a 
detectable and  measurable e f fec t  in "commercial" iron-carbon a l loys ,  for 
example. In f a c t  very small carbon content differences have been measured by 
determining atomic spacing differences within the material.  
s imilar  measurements can be made in thin f o i l s  made from other  normal poly- 
c rys ta l l ine  materials fo r  any solu te  t h a t  gives a large d is tor t ion  re l a t ive  
t o  i t s  concentration. 

In pr inc ipal ,  
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W .  J .  Choyke: I t  appears t h a t  a subsidiary part  of the ion channeling 
and backscattering techniques, namely, nuclear reaction techniques, are most 
powerful i n  detecting and measuring hydrogen and  helium i n  so l ids .  

T .  Picraux: T h a t  i s  correct .  Techniques using nuclear reactions have 
been well developed. 
depth p ro f i l e  i t  in the f i r s t  ten microns o r  so of the surface. 
to obtain valuable information about t ransport  properties in t h i s  way. 

d i f fuse  a t  95'K. 
of helium inside a metal f a r  from the  surface? 

quest ion.  F i r s t ,  the FIM-atom probe technique i s  no t  looking a t  helium 
moving on the  surface b u t  to  the surface from the bulk of a l i t t l e  laboratory 
which has a volume of ~ 1 0  cm . 
the surface does not a f fec t  the overall migration. Second, t h i s  technique i s  
current ly being used t o  measure i n t r i n s i c  d i f fus ive  properties of helium i n  
defect- free c rys ta l s .  I f  there were vacancies present,  for  example, they 
would be excel lent  deep traps f o r  helium as a number of theoret ical  calculat ions 
have shown. 

One can detect  any isotope of hydrogen o r  helium and  
I t  i s  possible 

W .  J .  Choyke: FIM-atom probe measurements indicate t h a t  helium can 
What do these measurements r ea l ly  t e l l  us about the  mobility 

D. Seidman: I would l i k e  t o  make two points w i t h  respect t o  t h i s  

3 Except fo r  (possibly)  the  l a s t  few jumps, 

W .  J .  Choyke: The hyperfine in terac t ion  i s  apparently sens i t ive  t o  s t r a i n .  
Could the hyperfine techniques sense the presence of surface s t r e s ses  i n  helium- 
doped material? 

F. Fradin: I think i t  would be very d i f f i c u l t  t o  obtain quant i ta t ive  
information a b o u t  l o n g  range s t r e s s  f i e l d s .  Moreover, looking a t  d is t r ibut ions  
of gas atoms in so l ids  to determine whether they a re  occupying l a t t i c e  positions 
or s i t t i n g  in c lus ters  of various s izes  i s  a problem t h a t  cannot be solved 
eas i ly  using hyperfine techniques. 

of so lu te  segregation? 
requires detai led knowledge of p o i n t  defect formation energies,  defect configu- 
rat ions and t h e i r  migration mechanisms and energies. 

l a t e r a l l y  homogeneous compositions over distances on the order of 0.1 pm, then 
Auger spectroscopy coupled with ion sputter ing offers  a means of ge t t ing  very 

P.  Okamoto: What can these techniques t e l l  us a b o u t  the detai led mechanisms 
We know i t  i s  mainly a diffusion phenomenon and  hence 

M. Lagally: I f  the segregation occurs on a reasonably large sca le  with 
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good depth in fo rmat ion  on s o l u t e  concentrat ion p r o f i l e s .  

n o t  prov ide d i r e c t  i n f o rma t i on  on t h e  con t r i bu t i ons  o f  vacancies and s e l f -  
i n t e r s t i t i a l s  on i n t e r d i f f u s i o n  phenomena. I f  t h e  dominant mass- transport 
process i s  known, however, then the  technique can be used t o  study the  k i n e t i c s  
o f  t h e  process. 

one i s  t r y i n g  t o  measure a concentrat ion p r o f i l e  i n  t h i s  way? 

( spu t t e r i ng  i o n  mass and energy, e tc . ) .  
ser ious problem r e s u l t i n g  i n  changes o f  50% o r  more i n  t h e  actua l  sur face 

composit ion. 
t h e  e f f e c t s .  

The technique does 

P.  Okamoto: How ser ious a re  t h e  e f f e c t s  o f  p r e f e r e n t i a l  spu t t e r i ng  when 

M. Laga l l y :  I t  depends on t h e  metal and on t h e  d e t a i l s  o f  t h e  system 

P r e f e r e n t i a l  spu t t e r i ng  can be a very  

A separate ana lys is  us ing  standards i s  necessary t o  s o r t  o u t  

There a re  a number o f  techniques, n o t  represented i n  t h i s  R. Sieqe l :  

workshop, which a re  very  use fu l  f o r  ob ta i n i ng  p o i n t  de fec t  format ion and 
m i g r a t i o n  energies and f o r  determining t h e  con f igura t ions  and m o b i l i t i e s  o f  
p o i n t  de fec t / so lu te  complexes. Various r e l a x a t i o n  techniques, e l e c t r i c a l  
r e s i s t i v i t y  measurements, etc., have been app l i ed  i n  t h i s  general area o f  
" de fec t  physics."  

min ing t h e  mechanisms o f  rad ia t ion- induced s o l u t e  segregat ion. 

changes i n  t h e  s t a t e  o f  l o c a l  atomic o rder  - sho r t  range order  - d i f f u s e  X-ray 

s c a t t e r i n g  and neutron s c a t t e r i n g  techniques f o r  s tudy ing such e f f e c t s  have 
been w e l l  es tab l i shed  f o r  many years. They a re  bes t  app l i ed  t o  a l l o y s  w i t h  

s o l u t e  concentrat ions g rea te r  than a few percent, i n  general, b u t  t h e  
p r a c t i c a l  l i m i t s  depend on t h e  a l l o y  system. 

determining s o l u t e  concentrat ion changes i n  d i l u t e  so lu t ions .  

t h a t  changes on t h e  o rder  o f  1 p a r t  i n  100 cou ld  even be detected. 

i r r a d i a t i o n  a re  very  complex processes. 
enhanced nuc lea t ion  and r e s o l u t i o n  e f f e c t s  as w e l l  as so lu te- po in t  de fec t  

coup l ing  e f f e c t s  which can d ramat ica l l y  a l t e r  p r e c i p i t a t e  nuc lea t ion  and growth 
ra tes .  How w e l l  can these techniques charac te r i ze  p r e c i p i t a t e s  and s o l u t e  

concentrat ion p r o f i l e s  extending o n l y  a few hundred angstroms? 

Such techniques should c e r t a i n l y  be app l i cab le  f o r  deter-  

R. Hendricks: To t h e  ex ten t  t h a t  s o l u t e  segregat ion phenomena represent  

D. Joy: The EDS and EELS techniques a re  n o t  very  w e l l  s u i t e d  f o r  
I t  i s  u n l i k e l y  

D. Po t te r :  P r e c i p i t a t e  nuc lea t ion  and growth under s teady- state o r  pulsed 
I t i s  l i k e l y  they i n v o l v e  cascade- 
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0. Seidman: O r .  S i d  Brenner  a t  U . S .  S t e e l  Research L a b o r a t o r i e s  has 

demonst ra ted t h e  use fu lness  o f  combin ing TEM and FIM-atom probe techn iques  t o  

f u l l y  c h a r a c t e r i z e  r a t h e r  complex p r e c i p i t a t e s  i n  t h e  Fe-N and Fe-C systems. 

The o n l y  r e s t r i c t i o n s  a r e  t h e  requ i rements  f o r  e i t h e r  a h i g h  number d e n s i t y  o f  

p r e c i p i t a t e s  ( % l o  /cm ) o r  p a r t i c l e s  o f  s u f f i c i e n t  d imensions t h a t  t h e y  can 

f i r s t  be l o c a t e d  by  imaging t h e  FIM specimen i n  t h e  e l e c t r o n  microscope.  

a l s o  a p p l i c a b l e  he re  i f  t h e  s o l u t e  causes s u f f i c i e n t  l a t t i c e  d i s t o r t i o n .  

o f  t h e  b i g g e s t  advantages o f  these  techn iques  i s  t h e  e x c e l l e n t  s p a t i a l  

r e s o l u t i o n  because one observes t h e  p a r t i c l e  and a d j a c e n t  r e g i o n s  p l a n e  by  

p lane .  Thus i t  i s  s t r a i g h t f o r w a r d  t o  o b t a i n  c o m p o s i t i o n  p r o f i l e s  which a r e  

r e f e r e n c e d  w i t h  r e s p e c t  t o  a m i c r o s t r u c t u r a l  f e a t u r e .  
I f  t h e  p a r t i c l e s  a r e  l a r g e  enough (%O. l  pm), SEM combined 

w i t h  scann ing Auger spec t roscopy  can be used t o  f i n d  a p a r t i c l e  and depth  

p robe  (by  s p u t t e r i n g )  th rough  t h e  p a r t i c l e  i n t o  t h e  m a t r i x .  

r e s o l u t i o n  would  be tens  t o  hundreds o f  angstroms. Improv ing  t h e  l a t e r a l  

r e s o l u t i o n  o f  t h e  auger techn ique  by t i g h t e n i n g  t h e  e l e c t r o n  beam i s  d i f f i c u l t  

because o f  s i g n a l  t o  background c o n s i d e r a t i o n s ,  space charge l i m i t a t i o n s ,  beam 

h e a t i n g  o f  t h e  sample and topograph ic  c o n t r a s t  e f f e c t s .  

appears t h a t  c o n v e n t i o n a l  t r a n s m i s s i o n  e l e c t r o n  microscopy s t i l l  r e i g n s  

supreme f o r  v o i d s  wh ich  a r e  g r e a t e r  than  %15 A i n  d iameter .  

r e s o l u t i o n  TEM a r e  p r o b a b l y  most u s e f u l  f o r  s i z e s  s m a l l e r  than  15 A .  
s c a t t e r i n g  techn iques,  e s p e c i a l l y  sma l l  a n g l e  X- ray s c a t t e r i n g ,  may be a way 

of p r o v i d i n g  b e t t e r  s t a t i s t i c s  i n  a q u i c k e r  way than TEM and a more r a p i d  way 

o f  d e t e r m i n i n g  s w e l l i n g .  Does anyone on t h e  pane l  d i s a g r e e  w i t h  t h i s  assessment? 

c a v i t i e s  a r e  p r o b a b l y  a t  t h e  l o w e r  l i m i t  f o r  sma l l  a n g l e  s c a t t e r i n g  measurements. 

15 3 

R. S i n c l a i r :  The h i g h  r e s o l u t i o n  e l e c t r o n  microscope techn iques  a r e  

One 

M. L a g a l l y :  

The dep th  

J .  Bentley: Fo r  o b s e r v i n g  and measur ing p o p u l a t i o n s  o f  sma l l  v o i d s ,  i t  

0 

FIM and h i g h  

The 

R .  Hendr icks :  I would  m o d i f y  i t  s l i g h t l y .  F i f t e e n  angstrom d iamete r  

F. W.  W i f f e n :  Exper iments a r e  i n  p rog ress  a t  Brookhaven and ORNL t o  

c r o s s - c a l i b r a t e  p o s i t r o n  a n n i h i l a t i o n ,  TEM and s m a l l  a n g l e  X- ray s c a t t e r i n g  

measurements on i d e n t i c a l  i r r a d i a t e d  specimens. The p o s i t r o n  a n n i h i l a t i o n  

and TEM r e s u l t s  agree v e r y  w e l l .  

1 7 3  
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Applicat ions of Workshop Techniques t o  P r e c i p i t a t i o n  
D. I. P o t t e r  

P r e c i p i t a t i o n  during i r r a d i a t i o n  may occur by s o l u t e  c l u s t e r i n g  and 
formation of p r e c i p i t a t e  embryos. These commonly grow, by dep le t ing  t h e  mat r ix  
of s o l u t e ,  o r  coarsen, whereby l a r g e r  p a r t i c l e s  grow a t  t h e  expense of smaller 
ones. Particles may a l s o  d i s so lve ,  perhaps by cascade d i s s o l u t i o n  a t  t h e i r  
su r faces  o r  by i rradiat ion- induced- segregat ion f luxes  causing s o l u t e  deple t ion  
a t  po in t s  where point- defect- sinks con tac t  t h e  p a r t i c l e  sur face .  Parameters of 
importance i n  cha rac te r i z ing  p r e c i p i t a t i o n  inc lude  p a r t i c l e  s i z e  d i s t r i b u t i o n s ,  
average p a r t i c l e  s i z e ,  p a r t i c l e  number dens i ty ,  and volume f r a c t i o n  p r e c i p i t a t e .  
These can be  obtained from TEM a s  w e l l  a s  low angle x-ray o r  neutron s c a t t e r i n g  
(R. Hendricks). I r r a d i a t e d  p a r t i c l e s  a r e  o f t e n  i r r e g u l a r  i n  shape and morpholo- 
g i c a l  c h a r a c t e r i z a t i o n  i s  b e s t  done wi th  dark f i e l d  TEM. 

Nucleation of p r e c i p i t a t e s  can be monitored wi th  pos i t ron  a n n i h i l a t i o n  
(R. S i e g e l ) ,  nuc lear  magnetic resonance o r  Mossbauer spectroscopy (F. Fradin) 
with some hope of i den t i fy ing  heterogeneous nuclea t ion  wi th in  cascades. The 
chemistry of p r e c i p i t a t e s  can be determined with EDS o r  EELS (D. Joy) from 
p a r t i c l e s  > 100 8 i n  diameter.  The s t a b i l i t y  of l a r g e r  p a r t i c l e s  depends on 
l o c a l  chemystry i .e .  s o l u t e  g rad ien t s ,  and d i f f e r e n t i a t i o n  between var ious  
d i s s o l u t i o n  mechanisms r equ i re s  q u a n t i t a t i v e  eva lua t ion  of these  gradients .  
This i s  b e s t  obtained by combining t h e  ion-probe of f i e l d  i o n  microscopy 
(D. Seidman) wi th  l a t t i c e  imaging i n  TEM (R. S i n c l a i r ) .  I n  t h e  l a t t e r  case ,  
v a r i a t i o n s  i n  l a t t i c e  f r i n g e  spacing provide a measure of s o l u t e  concentrat ion 
and can be used t o  s tudy chemistry loca l i zed  t o  reg ions  ; 50 8. 

Average mat r ix  concent ra t ion  can be monitored wi th  conventional x-ray 
d i f f r a c t i o n  techniques (disappearing-phase method o r  parametr ic  method) o r  
more accura t e ly  by monitoring i n t e n s i t i e s  hyperf ine i n t e r a c t i o n s  (NMR, Moss- 
bauer) and use of t h e  enhanced lever r u l e c n f .  E l e c t r i c a l  r e s i s t i v i t y  may a l s o  
provide information about average s o l u t e  concent ra t ion  i n  t h e  matrix. 

1. L. H. Bennett and G. C. Carter, M e t .  Trans, vol. 2, 3079 (1971 ) .  
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Applicat ions t o  S tudies  of Cascade S t ruc tu re  

D.G. Doran 

The only techniques discussed t h a t  appear promising a r e  f i e l d  ion microscopy 
(FIM), u l t r a h i g h  r e s o l u t i o n  t ransmission e l e c t r o n  microscopy (UHRTEM), 
d i f f u s e  x-ray s c a t t e r i n g ,  and pos i t ron  ann ih i l a t ion .  

The FIM technique has  w e l l  known l i m i t a t i o n s ,  inc luding  ma te r i a l s ,  cascade 
energy, i n a b i l i t y  t o  see whole cascade, proximity of su r face ,  and low through- 
put .  On t h e  o the r  hand, i t  is t h e  most d i r e c t  approach we  have and could 
bene f i t  from an increase  i n  t h e  number of i n v e s t i g a t o r s  i n  t h e  f i e l d .  I n  
p a r t i c u l a r ,  a f a c i l i t y  dedicated t o ,  o r  a t  l e a s t  s t rong ly  inf luenced by,  
the  DAFS Program could opera te  b e n e f i c i a l l y  f o r  a number of years .  This  
would permit s e l e c t i o n  of ma te r i a l s  and i n i t i a l  cond i t ions ,  of s p e c i f i c  
parameters f o r  s tudy,  e t c .  

The a p p l i c a t i o n  of UHRTEM t o  the  s tudy of cascades deserves f u r t h e r  consider-  
a t i o n .  As I understand i t ,  i f  t h e r e  i s  s u f f i c i e n t  s t r a i n  assoc ia ted  w i t h  
t h e  cascade ,  
image would r e q u i r e  c a l c u l a t i o n s  f o r  var ious  models of t h e  cascade s t r u c t u r e .  
It is not  c l e a r  t o  m e  a t  t h i s  t i m e  how q u a n t i t a t i v e  such observat ions could 
be. I presume that any information gained must be considered supplementary 
t o  t h a t  gained by o ther  means, r a t h e r  than complete i n  i t s e l f .  
being inves t iga t ed  as p a r t  of t h e  HEDL RTNS-I1 Program. 

Dif fuse  (high angle)  x-ray s c a t t e r i n g  may be app l i cab le  t o  t h e  s tudy of 
cascades,  according t o  Hendricks. 
degree of s p e c i a l i z a t i o n  coupled wi th  good t h e o r e t i c a l  ca l cu la t ions .  
might provide volume average da ta  t o  supplement observat ions on s i n g l e  cascades. 
B.C. Larson a t  Oak Ridge is preparing t o  make such measurements i n  s e v e r a l  
months on copper ,  ion  i r r a d i a t e d  below s t age  I-E. 

Pos i t ron  a n n i h i l a t i o n  i s  another  technique t h a t  appears t o  have p o s s i b i l i t i e s  
under c a r e f u l l y  con t ro l l ed  condi t ions .  
containing a wide range of s i z e s  and conf igura t ions  of vacancy aggregates  
is analyzable.  However, s ince  t h e  measurement i s  s e n s i t i v e  pr imar i ly  t o  
vacancy type d e f e c t s ,  i t  might supplement measurements using d i f f u s e  x-ray 
s c a t t e r i n g .  A comparison of high p u r i t y  and d i l u t e  binary a l l o y s  specimens 
might shed l i g h t  on whether the  s o l u t e  inf luences  t h e  s i z e  and conf igura t ion  
of t h e  cascade d e b r i s ,  on s o l u t e  aggregat ion a t  cascades,  e t c .  Annealing 
s t u d i e s  would be a n a t u r a l  p a r t  of such experiments.  

i t s  presence should be revealed.  The i n t e r p r e t a t i o n  of t h e  

UHRTEM i s  

I ga ther  t h a t  t h i s  r e q u i r e s  a high 
It 

It i s  not  c l e a r  t h a t  a specimen 



Applicat ions t o  Hydrogen and Helium Detect ion 

W . J .  Choyke 

Almost a l l  t h e  techniques except AES described a t  t h e  workshop lend 
themselves i n  some way t o  the  s tudy of hydrogen i so topes  and helium i n  
s o l i d s .  

Two po in t s  were brought out  i n  the  d iscuss ion  which might be 
emphasized : 

1. There a r e  many ways t h a t  one can obta in  p r o f i l e s  of 
hydrogen and helium a l l  of which a r e ,  i n  a sense, 
p a r t i c l e  s c a t t e r i n g  techniques r e l a t e d  t o  the  channeling 
technique discussed by S.T. Picraux.  An i n s t r u c t i v e  
review has r ecen t ly  been given by J. Bot t iger  of Aarhus. 

2.  D.N. Seidman discussed FIM measurements of t h e  d i f f u s i o n  

( 1) 

of H e  i n  p e r f e c t  c r y s t a l s  a t  95'K. 
t h e  i s s u e  was r a i sed  a s  t o  whether such a measurement r e a l l y  
cons t i t u t ed  t h e  bulk d i f f u s i o n  of He i n  a s o l i d  s i n c e  
experience with i r r a d i a t e d  samples i n d i c a t e s  t h a t  H e  moves 
very l i t t l e  a t  e leva ted  temperatures (800'K). Theore t i ca l  
estimates (Wilson) of t h e  t rapping energy f o r  H e  i n  a 
p e r f e c t  c r y s t a l  a r e  very s m a l l  and agree w e l l  with va lues  
deduced by Seidman. On t h e  o ther  hand, t h e  t rapping t o  a 
vacancy is of t h e  order  of s e v e r a l  v o l t s  (Wilson). 
appears  t o  expla in  t h e  f a c t  t h a t  under r a d i a t i o n  environ- 
ments and i n  less than pe r fec t  samples H e  i s  extremely 
w e l l  trapped. 

I n  t h e  ques t ion  period 

This 

(1) J. Bo t t ige r ,  J. Nucl. Mater. - 78 ( 1 9 6 8 ) ,  p. 161. 
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USEFULNESS OF THE WORKSHOP TECHNIQUES IN THE 
CONSTRUCTION OF MATHEMATICAL MODELS OF RADIATION DAMAGE 

M. R. Hayns 

The first aim of the workshop, to examine the state of the art in 
techniques for investigating radiation damage was undoubtedly successful. 
The speakers gave a clear impression of the advances made recently. It is 
clear that the possibility of obtaining very detailed information is present. 
I think that the second aim of the workshop, the determination of the useful- 
ness of the techniques for CTR materials and the definition of new experiments 
was not so successful, mainly because it was very difficult to grasp the 
implications of some of the measurements being offered in terms of our  
previously rather "coarse" way of looking at irradiation-induced microstructure. 
Hopefully, once the papers have been made available, a clear picture w i l l  
emerge. From a theoretician's viewpoint, the possibility of observations 
which can identify essentially single atoms is both exciting and daunting. 
The excitement arises from the possibility of characterizing very small 
aggregates and hence leading to a much better understanding of the nucleation 
processes, and of the segregation of rather small quantities of impurities to 
extended defects and surfaces. It is daunting because these areas have 
traditionally been "unobservable" and hence the crude assumptions used to 
model them could not be vigorously examined. 

Two main aspects of the measurement techniques emerged, first that 
structural information is becoming very much more detailed, but this means 
that overall microstructure is neglected in the much higher resolution 
experiments. Further, these techniques tend to be only useful at present 
for very specialized materials, e.g., heavy metals for FIM or very particular 
geometrics of samples. On the other hand, the scattering techniques which 
average over the bulk of the material offer methods of rapid assessment of 
the irradiation microstructure, at a better level than previously available 
in rapid screening techniques (e.g., density, or step height measurements). 
Traditional electron microscopy still plays a vital role in the "middle 
ground," with the possible enhancement of its usefulness by means of auto- 
mated counting techniques. 

- 

It seems clear that the very high resolution methods need careful 
assessment in terms of the detailed usefulness to the overall CTR materials 
program. As instruments for extending our basic understanding, they are 
exciting possibilities. The special averaging techniques look very useful 
as a way of obtaining a reasonable assessment of the large amount of neutron 
data becoming available, but these results have to be seen in connection with 
sufficient TEM to expose the behavior of the whole microstructure, and not 
just cavities, if full use is to be made in creating physical models of the 
observed damage. 
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