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Abstract 

Atomic scale computer simulations are used to investigate the intracascade evolution of the defect populations produced 
in cascades in copper over macroscopic time scales. Starting with cascades generated using molecular dynamics, the 
diffusive transport and interactions of the defects are followed for hundreds of seconds in stochastic annealing simulations. 
The temperature dependencies of annihilation, clustering and free defect production are determined for individual cascades, 
especially including the effects of the subcascade structure of high energy cascades. The subcascade structure is simulated by 
closely spaced groups of lower energy MD cascades. The simulation results illustrate the strong influence of the defect 
configuration existing in the primary damage state on subsequent intracascade evolution. Other significant factors affecting 
the evolution of the defect distribution are the large differences in mobility and stability of vacancy and interstitial defects 
and the rapid one-dimensional diffusion of small, glissile interstitial clusters produced directly in cascades. Annealing 
simulations are also performed on high-energy, subcascade-producing cascades generated with the binary collision 
approximation and calibrated to MD results. 0 1997 Elsevier Science B.V. 

1. Introduction 

It is well established that clusters of both vacancies and 
self-interstitial atoms (SIAs) can form directly in displace- 
ment cascades, depending on the material and the cascade 
energy. Once formed, the clusters can migrate (climb and 
glide), shrink by recombination, grow by absorption and 
coalescence and dissolve by thermal dissociation, depend- 
ing on the irradiation temperature. To understand these 
processes and their impact on defect accumulation, which 
occur over time and size scales spanning many orders of 
magnitude, it is necessary to invoke a suite of models. 
Each model must describe the relevant phenomena within 
the time and size scales to which it applies, as well as 
smoothly interfacing with the other models. At the atomic 
scale, molecular dynamics (MD) simulations can be used 
to describe the earliest stages of defect production in 
cascades. Reaction rate theories apply to the global distri- 
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bution and interactions of defects over macroscopic dis- 
tances and times. However, the time and distance scales of 
MD and rate theory do not overlap. Even after the longest 
practical MD simulation, the defect clusters of a single 
cascade remain spatially localized in a ‘metastable’ state 
far from the spatial and temporal uniformity required for 
the global picture to which a rate theory approach may be 
applied. Atomic scale stochastic annealing simulation pro- 
vides the necessary link between the localized, short-term, 
atomistic view of individual MD cascades and the spatially 
averaged global view required for the application of rate 
theory. 

Besides the annealing stage of a single, isolated cas- 
cade, there are a number of other physical aspects of defect 
evolution under cascade-producing irradiation that must be 
considered at the atomic scale and are most realistically 
addressed through a combination of MD, annealing simula- 
tions and other special considerations. These include the 
interaction of defects from cascades or subcascades pro- 
duced concurrently in close proximity, the interaction of 
defects from a new cascade with debris (remaining de- 
fects) of a previous cascade or other elements of the 
existing microstructure, and the global evolution of the 
cluster distribution under irradiation during the transient 
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period. A significant limitation of this multi-model, 
atomic-scale approach is that high-energy, subcascade-pro- 
ducing cascades are well beyond the practical size limit of 
MD simulations. 

In this paper we will briefly discuss the models of 
defect accumulation and evolution and then illustrate the 
significant influence of initial defect clustering within cas- 
cades on the subsequent behavior of the defects. We will 
then address the interaction of defects within a group of 
subcascades, studied by stochastic annealing simulations 
on multiple MD cascades in close proximity. Preliminary 
results of annealing simulations of high-energy, subcas- 
cade-producing cascades generated with the binary colli- 
sion approximation and calibrated to MD results will be 
examined. The paper concludes with a discussion of the 
annealing simulations reported here and their relationship 
to outstanding issues in the production and accumulation 
of defects. 

2. Models of defect accumulation and evolution 

Over the years, numerous attempts have been made to 
describe the microstructure evolution and defect accumula- 
tion using the mean field theory and reaction rate equa- 
tions. These treatments do not consider the consequences 
of intracascade clustering of SIAs (see Ref. [l] for a recent 
review) on the magnitude and the kinetics of defect accu- 
mulation under cascade damage conditions, where the 
defect production is not homogeneous in space nor in time. 
The consequences of intracascade clustering of SIAs and 
vacancies, and of the thermal stability of these clusters, 
have been specifically addressed in the recently proposed 
‘production bias model’ (PBM) [2,3]. The PBM has been 
further developed to account for the very important conse- 
quences of one-dimensional transport of small, glissile SIA 
clusters [4-61 and of the continuous transformation of 
sessile SIA clusters into glissile ones due to their interac- 
tions with single vacancies [7]. 

The PBM or any other such model can predict the 
global behavior of the system over macroscopic sizes and 
times. However, it has the limitation of not being able to 
deal explicitly with the problem of temporal and spatial 
fluctuations in the defect cluster production and size distri- 
butions occurring continuously under cascade damage con- 
ditions. At present, these cascade phenomena are dealt 
with by assuming some global average values for the 
relevant parameters. Clearly, accurate and reliable predic- 
tions from the PBM or other such models are possible only 
if physically realistic values for their input parameters can 
be obtained either experimentally (unlikely) or from 
atomic-scale models that include explicit temporal and 
spatial information. The determination of parameters for 
PBM from results of these models is, therefore, of crucial 
importance. 

Annealing simulations, which stochastically model de- 

feet diffusion, dissociation and interaction, can be used to 
follow the evolution of defect clusters within the cascade 
region beyond the metastable configuration remaining after 
MD simulations. Applied to the ‘annealing stage’ of indi- 
vidual cascades, its results can provide a defect production 
source term of potential use in rate theory descriptions of 
the global defect evolution. On the other hand, knowing 
the local defect configuration in the cascade region after 
the local, short-term annealing stage, as well as the num- 
bers of defects that escape the cascade region during 
annealing, may not be enough to provide correct source 
information for rate theories. It may be necessary to incor- 
porate additional information on averaging over the spatial 
and temporal inhomogeneity of cascade production into 
the rate theories. Such information could be obtained from 
stochastic annealing models of defect accumulation in a 
representative volume under continuous irradiation. 

3. The stochastic annealing model 

The stochastic annealing methods used here are often 
referred to as ‘Monte Carlo annealing’ or ‘kinetic Monte 
Carlo’ methods. We prefer to use the term ‘stochastic 
annealing simulation’ to emphasize the totally random 
processes by which the defect transport and interactions 
are simulated in the annealing model, to differentiate it 
from the deterministic particle interactions in binary colli- 
sion and MD simulations used in various ‘Monte Carlo’ 
applications. Because the annealing simulation itself is 
stochastic and the variability of cascade configurations is 
so great, the annealing simulations are done in great 
numbers and average behavior is reported. 

It is clear that the evolution of an individual cascade 
must continue to be followed on the atomic scale beyond 
the first 100 ps, until the localized concentration of cas- 
cade defects and its cascade nature has dissipated and the 
defects can properly he considered as part of the global 
defect distribution. The need to address this ‘short-term 
annealing’ stage of the cascade evolution on an atomic 
scale was recognized as early as the 1960s [8,9]. Annealing 
simulation models were developed then, in advance of the 
first MD cascade simulations, using binary collision cas- 
cades as input. Although the binary collision model pro- 
vides a good description of the collisional stage of the 
cascade, considerable recombination, clustering and rear- 
rangement of the defects takes place during the develop- 
ment and quenching of the thermal spike, i.e., before the 
annealing stage. Thus, in those early annealing simula- 
tions, the binary collision cascades had far too many 
‘defects’ to start with, and these defects were not in 
realistic equilibrium positions (they were actually energetic 
displaced atoms, not stable point defects). Later annealing 
simulations using binary collision cascades [lo] applied a 
semi-empirical quenching model, based on simple recom- 
bination, to the cascades before annealing to account for 
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some of these effects. Recently, with the availability of 
cascades of relatively high energy simulated through the 
quenching stage by MD, the stochastic annealing simula- 
tion concept has been revived as the primary focus of a 
multi-model approach to cascade defect evolution [ 1 l- 131. 

The stochastic annealing simulation code ALSOME 
was used for the studies on copper reported here. The 
annealing model and the ALSOME code, especially the 
selection of input parameters, are described in greater 
detail elsewhere [14]. Relative jump frequencies for all 
mobile defects, including mobile clusters, are determined 
from migration energies of defects in copper that are 
obtained largely from calculations. The same model and 
input parameter values used in Ref. [ 141 were employed in 
the present studies except where noted. 

In the present model for copper, as in earlier annealing 
simulations, SIA clusters containing from one to three 
interstitials, and vacancy clusters containing from one to 
four vacancies, are assumed to migrate three-dimensionally 
with activation energies on the order of those for single 
SIAs and vacancies, respectively. A recently added feature 
of the annealing model is that somewhat larger SIA clus- 
ters are also allowed to move by gliding one dimensionally 
with a low migration energy. Molecular dynamics simula- 
tions indicate that SIA clusters form directly in cascades 
and collapse to glissile loops that migrate significant dis- 
tances in one dimension with about the same activation 
energy as single SIAs [4,5]. In Ref. [14] all SIA clusters 
containing from four to nine interstitial atoms were as- 
sumed to be in the form of glissile loops that glide 
one-dimensionally with a migration energy of 0.1 eV. This 
model of glissile SIA clusters is based on analysis by 
Trinkaus et al. [4,5] of results of MD cascade simulations. 

In the earlier work [14] two isolated individual 25 keV 
cascades in copper generated by MD [ 151 were annealed at 
various temperatures up to 550 K, for a simulated time 
about equal to the time between cascades in the annealing 
volume during a typical reactor irradiation. The tempera- 
ture dependence of surviving and escaping defect fractions 
are shown in Fig. 1. The fractions of surviving defect pairs 
(the vacancy-interstitial pairs, both within the cascade 
region and outside it, that did not recombine within the 
region) and escaping vacancies and SIAs (those that mi- 
grated out of the cascade annealing volume) are reported 
relative to the number of defects at the beginning of the 
annealing simulation, which is after the quenching of the 
thermal spike (the end of the MD calculations). These 
results show that during the annealing stage up to 20% of 
the initial pairs recombine, depending on the temperature. 
The fraction of interstitial defects (measured in terms of 
individual point defects) that escapes the cascade region in 
Fig. 1 has weak sensitivity to temperature above 50 K, 
showing only small responses to increases in the mobile 
vacancy population. It is important to note that about 60% 
of the escaping SIAs are in the form of small clusters, 
containing 4-9 SIAs, gliding one-dimensionally, while the 
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Fig, 1. The fractions of point defects surviving recombination and 
of vacancies and interstitials escaping from 25 keV cascades in 
copper during the annealing stage, as a function of cascade 
annealing temperature. The average of 100 anneals of each of two 
25 keV cascades in copper generated in MD simulations is 
plotted. The defect fractions are relative to the total number of 
point defects at the end of the quench stage. 

remainder have l-3 SIAs and migrate three-dimensionally. 

Vacancies escape only above about 150 K, and no vacan- 
cies remain in the cascade region above about 450 K, 
where all vacancy clusters are quite unstable to thermal 
dissolution. According to this model, at temperatures above 
50 K, 30-40% of the initial SIAs will remain in the 
cascade region as sessile clusters, while O-90% of the 
vacancies will remain in the cascade region, depending on 
the temperature. 

4. Interactions of defects from adjacent subcascades 

Irradiations by high energy sources such as fusion 
neutrons, spallation neutrons, high energy protons and 
heavy ions produce a significant amount of damage in the 
form of high energy cascades that have multiple subcas- 
cades. It is important to know how the defect evolution 
within the high energy cascade is affected by the presence 
of subcascades in close proximity. Present computational 
resources are not capable of routinely generating high 
energy cascades by MD in the large numbers and arbitrary 
orientations required for good statistics (the highest energy 
MD cascades at present are several 40 keV cascades in 
iron that do show significant subcascade structure [16]). 
Even MD simulations of higher energy cascades with 
single damage regions (15-25 keV in copper or iron) are 
few in number. The two 25 keV cascades referred to in 
Fig. 1 are the highest energy MD cascades in copper. 
However, it should be possible to study the effects of 
subcascades on the annealing stage of high energy cas- 
cades by simply ‘constructing’ multiple-subcascade cas- 
cades from a set of lower energy cascades, i.e., by placing 
individual cascades in close proximity and annealing them 
simultaneously. This procedure does not, of course, ad- 
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Fig. 2. A ‘pseudo-’ high energy cascade in copper. Each of the five ‘subcascades’ is a quenched 25 keV cascade from MD simulations, 
placed at random within 35 lattice parameters center-to-center of each other. The cascades are slightly closer together on average than the 
average subcascade spacing in copper. The filled circles represent vacancies and the open circles depict the SIAs. The scale on the enclosing 
box is in lattice parameters. 

dress the possible interactions among subcascades during 
the thermal spike or quenching stages. 

Multiple-subcascade cascades in copper were approxi- 
mated by replicating the two 25 keV copper cascades 
above in several randomly chosen positions at a fixed 
separation distance to produce cascades with 2-5 ‘sub- 
cascades’. Fig. 2 illustrates a pseudo-cascade with five 
subcascades constructed from the two 25 keV cascades. 
The center-to-center separation of the subcascades was set 
to 35 lattice parameters, slightly less than the average 
subcascade spacing determined in binary collision simula- 
tions of copper cascades [ 171. The pseudo-cascades were 
also given a more compact configuration, with every sub- 
cascade in close proximity to as many others as possible 
compared to the average cascade in copper, to maximize 
possible effects of intersubcascade defect interactions. An- 
neals were performed on 100 such pseudo-cascades at 400 
K as a function of the number of subcascades in a group. 
At this temperature significant fractions of both vacancies 
and SIAs are mobile. The results are shown in Fig. 3. The 
intersubcascade defect interactions are minimal, as demon- 
strated by only a small systematic decrease in surviving 

and escaping defect fractions as the number of subcascades 

per cascade increases. At other annealing temperatures 
(Fig. 4), there is little effect of close subcascade proximity 
for groups of five subcascades. The fractions of surviving 
pairs and escaping defects are about 10% less than for the 
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Fig. 3. The numbers of surviving defect pairs and escaping defects 
after annealing groups of subcascades, as in Fig. 2, at 400 K, as a 
function of the number of subcascades in the group. 
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Fig. 4. A comparison of annealing results for individual 25 keV 
copper cascades (R = infinite, the same curves as Fig. 1) and sets 
of five 25 keV ‘subcascades’ having an average center-to-center 
separation of 35 lattice parameters (R = 35 1.p.). Each data point 
represents the average of anneals of 100 different arrangements of 
the five cascades. 

Fig. 5. The fractions of point defects surviving recombination and 
of vacancies and interstitials escaping from two nearly overlapped 
(R = 5 1.p.) 25 keV cascades in copper during the annealing stage, 
as a function of cascade annealing temperature. The curves for 
infinite separation from Fig. 4 are shown for comparison 

average of 100 anneals of the two individual 25 keV 
cascades (i.e., infinite separation), which is on the order of 
the standard deviation of the average values. Also, the 
remaining defects do not rearrange themselves signifi- 
cantly; there is essentially no effect of subcascade interac- 
tion on the average numbers or sizes of SIA and vacancy 
clusters. The weak interaction among defects from adja- 
cent subcascades is further demonstrated in Fig. 5 for two 
cascades placed in an overlapping configuration, with a 
center-to-center separation of only five lattice parameters. 
There is slightly more recombination and fewer escaping 
defects. The average number and size of vacancy and SIA 
clusters remains essentially the same as for infinitely- 
spaced cascades at each temperature. 

5. Approximating high energy cascades 

In light of the small amount of interaction observed 
among subcascades, it should be possible to estimate de- 
fect production and evolution in high energy, subcascade- 
producing cascades by linearly extrapolating from results 
at cascade energies near the subcascade threshold. How- 
ever, large numbers of such cascades would be needed in 
order to have a good basis for the extrapolation. Even 
though MD has been used successfully to simulate cas- 
cades near threshold energies, those simulations remain 
near the limit of computational capabilities, especially if a 
large number of representative configurations is required. 
Only a small number of cascades have been produced in 
the 15-2.5 keV energy range in copper, and even the two 
25 keV cascades produced so far have relatively compact 
configurations that are not very representative of the size 
distribution of cascades (Fig. 6). Also, subcascades are 
typically produced with a distribution of sizes and with 
‘debris’ (diffuse damage from lower energy collisions 

between definable subcascades), as illustrated in Fig. 7. 
Thus, despite the minimal amount of interaction among 
defects from adjacent subcascades, the effects of cascade 
morphology may have significant influence on defect pro- 
duction at high energies and should be studied. Thus, it is 
of interest to develop easily-calculated approximations to 
high-energy cascades for such studies, especially for input 
to annealing simulations. 

A reasonable starting point for approximating high-en- 
ergy cascades is to use the binary collision approximation 
to simulate the collisional stage of the cascade, as in the 
past [lo]. A major advantage over the earlier attempts is 
that now at least a few relatively high-energy MD simula- 
tions exist to which the binary collision calculations can be 
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Fig. 6. The distribution of cascade sizes at the collisional stage for 
30 keV cascades in copper, which have an average damage energy 
of 23 keV. The cascades were generated with the binary collision 
code MARLOWE. The volume of each cascade is measured as 
that of the rectangular parallelepiped oriented along the cubic 
crystal axes that encloses the vacant lattice sites. The volumes of 
the collisional stages of two 25 keV (damage energy) MD cas- 
cades, measured in the same way, are seen to be smaller than the 
average of this distribution. 



82 H.L. Heinisch, B.N. Singh/Joumal of Nuclear Materials 251 (1997) 77-85 

200 keV CASCADE IN COPPER 

COLLISIONAL STAGE 

Fig. 7. The collisional stage of a 200 keV cascade in copper generated with the binary collision code MARLOWE. The lighter spheres are 
vacant sites and the darker spheres are displaced atoms. The primary recoil atom is shown as a larger sphere at the far right. The branches of 
the cascade extend into and out of the plane of the page. 

calibrated. To investigate this approach, the individual 
time steps of the two 2.5 keV cascades in copper discussed 
above were analyzed to extract the collisional stage infor- 
mation, i.e., the positions of displaced atoms that would be 
calculated in a binary collision approximation to each 
cascade. Thus, both the collisional stage configuration of 
displaced atoms and the post-quench defect configuration 
are known for each of the MD cascades. The ideal MD-bi- 
nary collision calibration would consist of a general algo- 
rithm for the transformation of the collisional stage dis- 
placement configuration into the quenched stage defect 
distribution. As a first attempt at developing such an 
algorithm, the method of Ref. [lo] was used. That is, the 
atoms displaced in the collisional stage were treated as 
defects and placed as input into the annealing simulation, 
using exaggerated parameter values for defect mobility and 
interaction distances to simulate quenching for a simulated 
time of about 10 ps, the typical duration of cascade 
evolution through the quenching stage. Using this method, 
it was found possible to choose exaggerated, ‘quenching’, 
parameter values that result in correct numbers of post- 
quench defects, but the cluster size distributions and the 
compactness of the post-quench vacancy distribution ob- 
served in the MD simulations could not be achieved by 
this approach. 

Obtaining the correct defect configuration after the 
artificial quenching stage may not be very important (the 
post-quench configuration is a transient state of the cas- 
cade process existing for a few hundred picoseconds), 
especially if the next step - the defect configuration 
following the subsequent annealing stage - can be well- 
described. Thus, annealing simulations were subsequently 

performed on the 25 keV cascades that were artificially 
quenched from the collisional stage, and the results were 
compared to those obtained from annealing the actual 
quenched stage of the MD cascades. Fig. 8 shows the 
results as a function of annealing temperature. These re- 
sults are encouraging, being qualitatively similar to those 
obtained for the quenched MD cascades. The largest dis- 
crepancy is in the numbers of escaping SIAs, because 
fewer large, immobile SIA clusters form during the artifi- 
cial quench. Also, the fraction of escaping vacancies has a 
somewhat different temperature dependence because fewer 
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Fig. 8. The fractions of point defects surviving recombination and 
of vacancies and interstitials escaping from 25 keV cascades in 
copper during the annealing stage, as a function of cascade 
annealing temperature. The solid lines are for the annealing of 
cascades fully quenched by MD, while the dashed lines are for the 
annealing of the same cascades that were artificially quenched 
from the collisional stage. 



H.L. Heinisch, B.N. Singh/ Journal of Nuclear Materials 251 (1997) 77-85 83 

large vacancy clusters (which give rise to the dramatic 
increase in escaping vacancies as they dissolve at 400-450 
K) are formed during the artificial quench. Because of the 
importance of the number and size of SIA and vacancy 
clusters and their stability and diffusion characteristics to 
the results of the annealing stage, a more realistic artificial 
quenching scheme is required, especially one that more 
specifically deals with the energy and particle transport 
properties of the material. 

6. Discussion 

The relatively small amount of interaction among de- 
fects from adjacent subcascades during the annealing stage 
is due primarily to the nature of the configuration of 
defects in individual subcascades after the quenching stage. 
The formation and subsequent quenching of the thermal 
spike tends to concentrate the vacancies in the center of 
the subcascade, while the SIAs, many ejected ballistically 
from the cascade center, are more diffusely distributed 
about the periphery of the cascade region. Since the SIAs 
have much higher mobilities than vacancies and are at the 
periphery of the cascade, their probability of escaping the 
cascade region is much higher than their probability of 
interacting with the vacancies near the center. This effect 
is so dominating that even simple models of cascade 
annealing give qualitatively, and even quantitatively, simi- 
lar results. Early annealing simulations of binary collision 
cascades subjected to a quenching recombination step were 
used in a study of defect interactions among closely spaced 
cascades that showed the interactions to be minimal [lo]. 
A one-dimensional diffusion calculation [IS] on a concep- 
tual copper cascade having spherically symmetric defect 
distributions gave escaping defect fractions remarkably 
similar to the present results. 

Even in a close grouping of subcascades, the vacancies 
concentrated in the center of each subcascade present a 
relatively small cross-section for interaction with the SIAs 
of any other subcascade. The consequences of the segre- 
gated spatial arrangement and the large difference in mo- 
bilities of vacancy and SIA clusters are further amplified 
when a significant fraction of the mobile SIA defects can 
move one-dimensionally. These SIA defects have a signifi- 
cantly smaller cross-section for interaction with other de- 
fect clusters than the single-, di- and tri-interstitials, which 
migrate by three-dimensional random motion. In summary, 
greater clustering of both vacancies and SIAs, greater 
compaction of the vacancy population toward the center of 
the cascade, and a greater fraction of glissile SIA clusters 
all lead to less interaction of defects among closely spaced 
subcascades during the annealing stage. 

It is difficult to determine whether there is an effect of 
subcascade interaction on defect survivability and cluster- 
ing during the thermal spike and quenching stages of 
cascade development. For example, if subcascades form in 

very close proximity during the collisional stage, do their 
thermal spikes coalesce into a single spike of somewhat 
lower energy density? Any such effects would probably be 
unnoticed in the already wide variability in cascade fea- 
tures due to other effects of their random nature. The only 
existing MD simulations of subcascade-producing cas- 
cades are the 40 keV cascades in iron of Ref. [16]. A 
notable feature of these cascades is that their efficiency of 
defect production at the end of the quenching stage is 
slightly higher than predicted by extrapolation from the 
behavior of lower energy cascades. This may indicate that, 
at least, recombination is not enhanced by subcascade 
interaction. On the other hand, increased defect production 
efficiency due to the survival of defects in the debris 
between the major subcascades may obscure any effects of 
subcascade interaction. 

At energies up to the subcascade threshold, the number 
of residual defects after the quenching stage, observed in 
MD simulations, increases with damage energy according 
to a power law [19]. At energies well into the subcascade 
range, where more than several subcascades are formed, 
the defect production should increase linearly with damage 
energy, since increasing the energy simply produces more 
damage regions that have the same defect production 
characteristics (the cascades of Ref. [16] fall in the transi- 
tion energy range that extends somewhat above the subcas- 
cade threshold energy). Based on the results of the present 
annealing study of defect interactions among subcascades, 
linearity of defect survival with damage energy in high 
energy cascades should be maintained through the anneal- 
ing stage of cascades as well. 

Because of the importance of cluster formation within 
cascades in nearly every aspect of the annealing stage, it is 
important to be able to model the cluster sizes and their 
transport characteristics accurately. Although one-dimen- 
sional migration of SIA clusters has been observed in MD 
simulations of cascades [4,5], the mobility of small, glissile 
SIA clusters in copper as a function of cluster size is not 
well known. Thus, it is instructive to explore the sensitiv- 
ity of the annealing simulations to changes in the glissile 
SIA cluster mobility as a function of cluster size. A study 
was performed to determine the sensitivity of defect sur- 
vival and escape during the annealing stage to the variation 
of the maximum size of glissile SIA clusters in annealing 
simulations of two 25 keV cascades in copper [20]. Simu- 
lations were performed for models where the maximum 
size of glissile SIA clusters was varied from 4-20 SIAs. 
The results, summarized in Fig. 9, showed that all SIA 
clusters that are assumed to be glissile quickly escape the 
cascade region at virtually any temperature above 50 K. 
The fraction of escaping SIAs in these 25 keV copper 
cascades varies from lo%-80%, depending on the maxi- 
mum size assumed for glissile clusters. It was also demon- 
strated from these results [20] that recombination during 
the annealing stage is due almost entirely to interaction of 
vacancies with the single- di- and tri-SIA clusters that 
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Fig. 9. The fractions of point defects surviving recombination and 
of vacancies and interstitials escaping from 25 keV cascades in 
copper during the annealing stage, as a function of cascade 
annealing temperature. The effects of varying the maximum size 
of glissile SIA clusters in the annealing model are demonstrated. 
The variation of the surviving defect and escaping vacancy frac- 
tions is small, but the variation of the escaping SIA fraction is 
dramatic. Essentially all glissile SIA clusters escape the cascade 
and have little interaction with the cascade vacancies. 

move in three dimensions. Thus, the fraction of escaping 
SIAs during the annealing stage depends on both the 
mobility of SIA clusters as a function of size and the SIA 
cluster size distribution in cascades after quenching. The 
two 25 keV MD cascades used in these studies contain 
only clusters with 20 SIAs or less. If this is typical of all 
cascades and subcascades in copper, and if clusters of up 
to at least 20 SIAs are glissile, then all SIAs will always 
escape from each cascade. The size dependence of glissile 
cluster mobility should be carefully evaluated. It is ex- 
pected that mobility is only weakly dependent on size in 
this range. 

7. Conclusions 

Another aspect of glissile SIA cluster transport that is 
not addressed in the present model is the possibility that a 
glissile cluster can change its glide direction either by 
thermal activation (with an estimated activation energy of 
about 0.5 eV [4,.5]) or by direct interaction with another 
defect. Thus, the characteristics of glissile SIA cluster 
migration may well depend significantly on the tempera- 
ture and the dose or dose rate when direction changes are 
frequent. When one-dimensional segments are significantly 
shorter than the cascade dimensions, the glissile SIA clus- 
ter will execute an effective three-dimensional random 
walk that will increase its probability of interaction with 
other defects within the cascade during the annealing 
stage. Thus, the characteristics of SIA loop production and 
mobility within cascades remains a crucial element for 
understanding the defect evolution during the cascade an- 
nealing stage. This phenomenon will have important con- 
sequences as well in the global picture. 

The intracascade defect interactions among a group of 
closely spaced cascades or subcascades are minimal, due 
to the segregation of the vacancy population in each 
cascade toward its center, as well as the vast difference in 
mobilities of the vacancy and SIA defects and the one-di- 
mensional glide of glissile SIA clusters. The existence of 
glissile SIA clusters, formed directly in cascades, and the 
characteristics of their motion are extremely important 
elements in determining the mobile defect fractions from 
individual cascades and the nature of the global defect 
population. 
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