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Abstract

Multiple-interactions of displacement cascades with He–vacancy (He–V) clusters are investigated using molecular dynamics simula-
tions. The effects of a single displacement cascade on the stability of a He–V cluster depend on the He-to-vacancy (He/V) ratio and the
primary knock-on atom (PKA) energy. Initial He–V clusters consist of 10 and 20 vacancies with He/V ratios ranging from 0.2 to 3 and
the PKA energy, Ep, varying from 2 keV to 10 keV. The size of He–V clusters was found to generally increase with increasing He/V ratios
for the same PKA energy, but the stability of He–V clusters decreases with increasing PKA energy. The results are compared with those
for voids impacted by collisional cascades. During multiple 5 keV, cascade events, the final size of He–V clusters depends on only the
initial He/V ratios. It is of interest to notice that the number of vacancies in a He–V cluster is determined by the first cascade event,
while subsequent cascade overlap has a significant effect on its stability. These results are discussed in terms of the internal pressure
of He–V clusters, the mobility of He atoms, the number of vacancies produced by cascades and the He/V ratio.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Based on their favorable long-term radioactivity burden
and short-term radionuclide safety, as well as practical
applications, ferritic/martensitic steels have been proposed
as potential candidates for fusion reactor structure materi-
als [1]. In a fusion reactor environment high rates of
insoluble He are generated in steels due to nuclear (n, a)
transmutation reactions, and these He atoms play a signif-
icant role in the radiation-induced microstructure evolu-
tion. Because of the extremely low solubility of helium in
metals, helium atoms tend to be deeply trapped in small
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vacancy clusters, leading to the creation of helium-stabi-
lized bubbles [2–6]. The formation of He bubbles in bulk
or at grain boundaries (GBs) remains one of the most
important issues in nuclear fusion technology, and He
accumulation, both in the bulk and at GBs, has major con-
sequences for the structural integrity of first-wall materials.
Multiscale modeling provides a basis to obtain insight and
general understanding of the complex radiation damage
processes. Particularly, molecular dynamics (MD) methods
have been widely employed to study the atomic-level
processes of defects controlling microstructural evolution
in advanced ferritic steels [7–9]. Recently, several computer
simulations have been employed to yield important under-
standing of He behavior in bcc metals [10–12] and fcc
metals [13,14]. Furthermore, atomistic calculations demon-
strate the strong binding of He to GBs in a-Fe, and that
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Table 1
Summary of cascade-He–Vacancy cluster simulations

Simulation
type

PKA
energy
(keV)

Number of
vacancies
in clusters

He/
V
ratio

Number
of
eventsa

Number
of
replicatesb

Mono-
irradiation

2,5 10 3 1 5
2,5 10 2 1 5
2,5 10 1 1 5
2,5 10 0.5 1 5
2,5 10 0.2 1 5
2,5,10 20 3 1 5
2,5,10 20 2 1 5
2,5,10 20 1 1 5
2,5,10 20 0.5 1 5
2,5,10 20 0.2 1 5
2,5,10 20 0 1 5

Isotropic
multi-
irradiations

5 20 3 6 3
5 20 1 6 3
5 20 0.5 6 3

A total of 28 different single event cascade-cluster conditions were simu-
lated, with each condition replicated five times. Three multiple cascade
events consisting of six consecutive cascades each were performed with
each condition replicated three times.

a A single cascade event.
b Number of times entire sequence of events repeated.
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both substitutional and interstitial He atoms are trapped at
GBs [12]. The MD methods have also been utilized to study
displacement cascades in a-Fe containing different concen-
trations of substitutional He atoms [15]. It is found that He
bubbles can be nucleated directly within displacement
cascades.

However, experimental observations have revealed that
early-formed He bubbles in materials are subsequently sub-
jected to bombardments of displacement cascades [16]. A
simple model has been proposed by Trinkaus [17] to
describe these experimental observations by assuming that
the cascade-induced He resolution and the escape from
existing bubbles depend on bubble size in relation to the
He atom diffusion range reached in the thermal spike phase
of a cascade. However, the recent computer simulations
have shown that the stability of He–V clusters does not
depend much on cluster size, but rather on the helium-to-
vacancy (He/V) ratio in a-Fe [10], and within a displace-
ment cascade [18]. In previous work, only the stability of
He–V clusters containing 20 vacancies under a single cas-
cade has been studied. In order to investigate the size effects
on the stability of He–V clusters under a single cascade, we
extended the simulations to those with 10 vacancies in this
work. Particularly, the multiple interactions of cascades
with the He–V clusters are systematically investigated to
explore the possible mechanisms of cascade-induced He
resolution and escape from existing bubbles. The results
are discussed in terms of the internal pressure of He bub-
bles, the He/V ratio of He–V clusters, the mobility of He
atoms and the PKA energy.

2. Simulation procedure

The interaction of single displacement cascades with
small He bubbles and cascade overlap events in a-Fe was
studied using MD. A modified version of the MOLDY
computer code [7] was used in this study, employing the
interatomic potentials of Ackland [19], Wilson-Johnson
[20] and Beck [21] to describe the interactions of Fe–Fe,
Fe–He and He–He, respectively. However, the He–He
potential was refit to decrease the cut-off distance to
0.54857 nm to improve computational efficiency, and this
leads to a small changes in cohesive energy of a perfect
fcc He crystal (i.e. �0.005678 eV/atom, as compared with
the value of �0.00714 eV/atom given by the original poten-
tials). It should be noted that a new potential describing the
Fe–He interaction has been recently developed [22], which
is based on the stable configurations of a single He intersti-
tial in Fe calculated by ab initio methods. However, the
preliminary results of comparative studies of He–V clusters
using both sets of potentials [23] indicate that there is no
significant difference in the relaxed configurations of these
He–V clusters. It is expected that the effects of this new
He–Fe potential on the present study should be very small.
All the simulations are carried out with periodic bound-
aries and constant volume conditions. The size of the
MD block is chosen such that the results are not influenced
by the periodic boundaries employed. A crystal of 128000
atoms (40a0 · 40a0 · 40a0, where a0 is the lattice constant
of Fe) is used to simulate the displacement cascades of 2
and 5 keV Fe recoil atoms, while 250000 atoms
(50a0 · 50a0 · 50a0 unit cells) are employed to study
10 keV cascades. For example, 10 keV deposited among
250000 atoms would lead to an increase in T of over
200 K, but the defects produced in cascades were in the
core of the block, the cascade evolution was visually mon-
itored in each event during the collisional and thermal
spike phases to make sure that there was no self-interaction
when boundary crossing occurred. We have simulated sev-
eral cases with much larger block (500000 atoms), but no
significant effects are found. Therefore, 250 000 atoms
(50a0 · 50a0 · 50a0 unit cells) are large enough to study
10 keV cascades.

In the center of the simulation block, a He–V cluster was
created by removing Fe atoms and filling the vacant sites
with He atoms to a given He/V ratio. In order to study
the effects of the size of a He–V cluster on its stability
within displacement cascades, initial clusters with 10 and
20 vacancies were chosen, having He/V ratios varying from
0.2 to 3, as listed in Table 1. Prior to simulating a cascade
event, the MD block containing the He–V cluster was
equilibrated at 300 K for 10 ps under a constant pressure
boundary condition, and it was then quenched to 0 K to
archive the most stable configuration of the He–V cluster.
Subsequently, the MD block was reheated to 100 K under
a constant pressure condition and allowed to re-equilibrate
for an additional 20 ps. Individual cascades from single pri-
mary knock-on atoms (PKA) with recoil energies of 2, 5,
and 10 keV were initiated at distances of 0.887 nm and
1.183 nm from the center of the MD block along a high



Fig. 1. Atomic structures of a cluster with a He/V ratio of 3: (a) the initial
configuration, (b) the final damage state after a 5 keV cascade collision,
where the largest and smallest spheres indicate He atoms and Fe
interstitials, respectively, and the medium spheres represent vacancies.
The inset on the left corner of (a) shows more clear arrangement of He
atoms and vacancies in the initial He–V cluster.
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index direction h135i. The simulations were each contin-
ued for 15–20 ps at constant volume.

After the first cascade ended, the crystal containing the
defects and He–V cluster was then quenched to 0 K, fol-
lowing which it was re-equilibrated at a given temperature.
A second cascade was then introduced to interact with the
He–V cluster, which initiated at a random location at the
same radius and directly impacted on the He–V cluster.
This maximized the effects of cascade-induced He resolu-
tion and escape from the He–V bubble. Once a cascade
was introduced, the simulation continued for another
20 ps at constant volume, following which a relaxation of
the lattice was performed at constant pressure for an addi-
tional 10 ps. All the subsequent cascades were introduced
using a similar approach, and a total of six cascade overlap
events were simulated. A summary of the simulated events
is provided in Table 1.

3. Results and discussion

3.1. Interaction of a single cascade with He–V clusters

The stability of He–V clusters and voids (consisting of
only vacancies) within displacement cascades was firstly
examined. Fig. 1 shows the atomic arrangements of a clus-
ter with a He/V ratio of 3. The (a) initial state, where the
numbers of He atoms and vacancies in this cluster are 60
and 20 and (b) final damage state after a 5 keV cascade col-
lision are shown, where the large and small spheres indicate
He atoms and Fe interstitials, respectively and the medium
spheres represent vacancies. In the initial configuration
after relaxation, He atoms form a close-packed configura-
tion at the center of the MD block, as shown in Fig. 1(a),
but the internal pressure produced by the collective motion
of He atoms in the cluster is not large enough to push iron
lattice atoms off their normal sites to form Fe interstitials.
Fig. 1(b) shows the final damage state after a displacement
cascade. It can be seen that the cascade produces some sin-
gle interstitial and large interstitial clusters at the periphery
of the cascade, a similar behavior to those in pure a-Fe.
The largest self-interstitial atom (SIA) cluster consists of
14 interstitials. However, it is surprising to note that there
is a very small number of vacancies distributed at the core
of the cascade, and almost all the vacancies produced by
the cascade are swept into the He–V cluster, which results
in an increase in the number of vacancies in the cluster. The
total number of vacancies in this cluster is 41, as compared
to 20 vacancies in its original state, which decreases the He/
V ratio to 1.46. The He atoms in the cluster are not dis-
solved from the He–V cluster.

Fig. 2 shows the He–V cluster configuration with the
He/V ratio of 1. The initial relaxed state, where the num-
bers of He atoms and vacancies in this cluster are 20 shows
that the He atoms in this cluster are located very near
substitutional sites, as shown in Fig. 2(a). After a cascade
event, the number of vacancies in the He–V clusters
remains almost the same, but two He atoms are dissolved
from the cluster, forming a substitutional and an interstitial
atom, respectively, as shown in Fig. 2(b).

Figs. 1 and 2 clearly demonstrated that the effect of a
cascade of a given PKA energy on a He–V cluster depends
on the He/V ratio. Fig. 3 shows the number of vacancies in
clusters as a function of PKA energy for different He/V
ratios after one cascade impacting on the He–V clusters
with the initial vacancy number of 20. It can be clearly seen
that the change in the number of vacancies in the He–V
clusters strongly depends on the initial He/V ratio and
the PKA energy. When the He/V ratio is larger than 1,
the size of He–V clusters increases after the displacement
cascade, but it decreases when the ratio is less than 1.
The clusters with the He/V ratio of 1 are relatively stable,
which is independent of the PKA energy. In addition, it
can be seen from Fig. 3 that for the same PKA energy,
the size of voids decreases more significantly than that of



Fig. 2. Atomic plots showing (a) the initial He–V clusters with a He/V
ratio of 1 and (b) the final damage state by a 5 keV cascade, where atoms
representations are same as those in Fig. 1.

Fig. 3. The number of vacancies in the clusters as a function of the PKA
energy for different He/V ratios after a single cascade event.

Fig. 4. The ratios of different size He–V clusters as a function of PKA
energy after a single cascade event, where solid and broken lines represent
the ratios of the initial clusters with 20 and 10 vacancies, respectively.
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the He–V clusters, which suggests that the extra He atoms
in voids may be important to enhance the stability of voids.

In order to investigate the size effect of He–V clusters on
their stability, the interactions of displacement cascades
with the He–V clusters containing 10 and 20 vacancies were
comparatively simulated for the PKA energies of 2 and
5 keV. Fig. 4 shows the He/V ratio for the different sizes
of the clusters as a function of PKA energy after a single
cascade event. For the clusters with the initial He/V ratio
larger than 1, a single displacement cascade decreases the
He/V ratio from its initial value for the clusters containing
20 or 10 vacancies, but the decrease for the clusters with 10
vacancies is greater than that for the clusters with 20 vacan-
cies. In contrast, for the clusters with the initial He/V ratio
less than 1, interaction with a displacement cascade leads to
an increase in the He/V ratio, and the increase for the clus-
ters with 10 vacancies is larger than that with 20 vacancies.
These results may indicate that large clusters are more sta-
ble than small clusters for the same He/V ratio. Further-
more, the clusters containing both 10 and 20 vacancies,
with the initial He/V ratio of 1, are very stable, and the
effects of single displacement cascades on the size and ratio
of these clusters are negligible.

All these behaviors are mainly associated with the initial
He/V ratios and the internal pressures in clusters. To dem-
onstrate these effects, Fig. 5 shows the internal pressure for
the different sizes of the clusters as a function of PKA
energy after a single cascade event. After a cascade event,
the MD block was quenched to 0 K, and then, the stress
components of each He atoms in the cluster were deter-
mined. The total stress components of the He–V cluster
were summarized over all the He atoms in the cluster,
and the pressure was evaluated using the formula of
P = [stress(1,1) + stress(2,2) + stress(3,3)]/(3.0 * V)], where
V is the volume of the He–V cluster. It can be seen that
the initial pressure in the clusters with 20 vacancies is
generally higher than that with 10 vacancies, particularly
for large He/V ratios. During the cascade process, it is



Fig. 5. The pressure of different size He–V clusters as a function of PKA
energy after single cascade event, where solid and broken lines represent
the ratios of the initial clusters with 20 and 10 vacancies, respectively.

Fig. 6. The change of atomic configurations of a He–V cluster with the
initial He/V ratio of 3 due to 5 keV cascade overlap: (a) after the third
cascade event, (b) after the fourth cascade event, (c) after the sixth cascade
event, where atoms representations are same as those in Fig. 1.
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observed that high He gas pressure in the clusters resists
displacement cascade-induced convective flow into the
cluster, and the clusters with higher pressure are, therefore,
more stable. However, for the clusters with the initial He/V
ratio of 0.2, the internal pressures in the clusters with both
10 and 20 vacancies are comparatively small. The effects of
displacement cascades on these clusters are essentially the
same, and no significantly different behavior is observed.
These results suggest that for the cluster with the initial
He/V ratio of 0.2, the 2 He atoms remain in the cluster
after 2 or 5 keV cascade impacting, but the number of
the vacancies in the cluster decreases significantly, leading
to an increase in the He/V ratio (Fig. 4). However, the
internal pressures of two clusters with different size remain
almost the same before and after the cascade collision, and
thus, the two clusters appear to behave similarly under sin-
gle cascade condition.

3.2. Stability of He–V clusters under cascade overlap

Under irradiation conditions, particularly in fission and
fusion reactor environments, He–V clusters would be
continuously bombarded by displacement cascades. It is
important to investigate the interaction of multi-displace-
ment cascades with He–V clusters, and to see if these clus-
ters are stable or dissociate into small clusters under
cascade overlap conditions. As described above, the stabil-
ity of He–V clusters with the initial He/V ratios of 3, 1 and
0.5 are considered to interact with multiple 5 keV cascade
events. Fig. 6 shows the change of atomic configurations
of a He–V cluster with the initial He/V ratio of 3 due to
cascade overlap. The multiple PKA positions were repeat-
edly initiated at random locations for cascade events, but at
a same radius and directed towards the He–V cluster such
that the thermal spike had the maximum effects on these
clusters. After the first displacement cascade, the total
number of vacancies in the He–V cluster is 41, which
decreases the He/V ratio to 1.46. The He atoms in the clus-
ter are not dissolved from the He–V cluster, shown as in



Fig. 7. The change of atomic configurations of a He–V cluster with the
initial He/V ratio of 1 due to 5 keV cascade overlap: (a) after the fourth
cascade event, (b) after the fifth cascade event, (c) after the sixth cascade
event, where atoms representations are same as those in Fig. 1.
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Fig. 1(b). After the second cascade, the number of vacan-
cies in the He–V cluster grows to 45, which brings the
He/V ratio down to 1.31, and one He atom escaped from
the cluster, forming a substitutional atom. The number of
Fe atoms in the largest interstitial cluster increases up to
24, which is consistent with the results of cascade overlap
in a-Fe [24]. In general, two cascade overlap increases the
probability of forming clusters in comparison with the
value of well-separated cascades. This effect arises mainly
because pre-existing clusters at the edge of the second cas-
cade act as sinks for newly-formed interstitials. The final
damage state after the third cascade overlap is shown in
Fig. 6(a). Although more vacancies are produced during
the third cascade overlap, the number of vacancies in the
He–V cluster remains to be 45. However, the number of
interstitial atoms in the largest interstitial cluster reduces
to 19, and this may be due to the direct impact of cascade
on the interstitial cluster, leading to its dissociation. It is
observed that these dissociated interstitials consist of single
interstitial or interstitial clusters, and they are very mobile
during thermal spike phase. These mobile interstitials and
small clusters can easily recombine with vacancies, which
decreases the number of surviving Fe interstitials and
vacancies. Fig. 6(b) shows the final damage state after the
fourth cascade event, where the largest SIA cluster is com-
pletely dissolved due to the very high temperature (the
maximum temperature being about 4000 K at the core of
cascade, which is averaged in the shell of mean radius of
a0 from the center of the cascade and thickness a0/4, where
a0 is the lattice parameter. This is an effective temperature)
in the thermal spike phase. Some dissolved Fe atoms
recombine with vacancies, and others return to vacant lat-
tice sites close to the edge of the He–V clusters, resulting in
the decrease in the size of the He–V cluster. After the sixth
cascade event, the number of vacancies in the He–V clus-
ters increases again, and single interstitials and some large
SIAs clusters are formed at the periphery of the cascade, as
shown in Fig. 6(c). During the six cascade overlap, the
number of vacancies in the He–V clusters increases up to
43, but the configuration of the He–V cluster change signif-
icantly. A few He atoms at the periphery of the cluster are
temporarily knocked off by cascade collision, but most of
the resolved He atoms soon return to their mother clusters
during the thermal spike phase.

For the initial He/V ratio of 1, the He–V cluster under
cascade overlap is more stable than the cluster with the
He/V ratio of 3. Fig. 7 demonstrates the changes of the
atomic configurations of a He–V cluster with the He/V
ratio of 1 due to cascade overlap. After the first cascade
event, shown as in Fig. 2(b), the number of vacancies in
the He–V clusters remains the same, but two He atoms
are dissolved from the cluster, forming a substitutional
and an interstitial atom, respectively. After subsequent
two cascade events, not shown, the number of vacancies
in the He–V cluster increases slightly, but the significant
change in the cluster size appears in the fourth cascade
event, Fig. 7(a), with an increase in the number of vacan-
cies up to 30. In addition, three He atoms are dissolved
from their mother cluster, which leads to the He/V ratio
to be 0.57. As noted above, the higher the He/V ratio is,
the more stable the cluster is. It is expected that the surviv-



L. Yang et al. / Journal of Nuclear Materials 374 (2008) 437–444 443
ing probability of this cluster should be much smaller than
the initial structure. In fact, more He atoms are dissolved
from the mother cluster during subsequent cascade over-
lap, and the cluster is dissociated into two small clusters
in the center of the cascade. The single He interstitials
are very mobile, with relatively low migration energy of
0.078 eV [10], and they can diffuse far away from their
mother cluster, as shown in Fig. 7(b). After the sixth event,
Fig. 7(c), the number of vacancies in the large He–V cluster
increases, but it decreases in the small cluster, which brings
their He/V ratios to be about 1.

From Figs. 6 and 7, it has been clearly demonstrated
that the effect of multiple cascade events on a He–V cluster
depends on the He/V ratio. The high He/V ratio of the He–
V clusters leads to an increase in the number of vacancies in
the clusters, whereas the lower ratio exhibits higher possi-
bilities for the clusters to be dissolved. Fig. 8 shows the
number of vacancies in the He–V clusters with the He/V
ratios of 3, 1 and 0.5 versus the number of cascade events
simulated. After the first three cascade events, the number
of vacancies in the He–V clusters, with the He/V ratio of 3,
increases significantly, but remains almost constant during
subsequent cascade overlap. For the He/V ratio of 1, the
He–V cluster is relatively stable after the first three cas-
cades overlap, but the number of vacancies increases signif-
icantly after the fourth cascade event, and the He/V ratio
decreases. Therefore, the cluster becomes unstable, and is
partially dissolved by the subsequent cascade overlap.
For the He/V ratio of 0.5, the number of vacancies in the
cluster decreases after the first three events, and this leads
to an increase in the He/V ratio, as expected. It can be seen
from Fig. 8 that the number of vacancies in the He–V clus-
ters strongly depends on the He/V ratios.

When the He/V ratio of the cluster is 3, its initial pres-
sure is relatively large, about 0.787 mbar. Furthermore,
the simulation cell is initially equilibrated at 100 K and
the temperature spike within the first picosecond of the dis-
placement cascade significantly increases the pressure
within the He–V cluster, by perhaps a factor of 0.5. Conse-
Fig. 8. The number of vacancies in He–V clusters versus the number of
cascade events simulated during isotropic 5 keV displacement cascades.
quently, He atoms can be piled out from the cluster by the
large pressure, and these He atoms may attract the neigh-
boring vacancies produced in cascades (the average num-
ber of vacancies produced at 5 keV cascades is about
21 in a-Fe), resulting in the growth of the He–V cluster
and the decrease in its internal pressure. This process pro-
vides a pathway to obtain new balance between the internal
and external pressures of the cluster. After several cascade
events, the number of vacancies in the He–V cluster
increases to a saturated value, and remains for the rest of
cascade overlap events. For the cluster with the initial ratio
of 1, the He atoms are almost located on substitutional
sites, and this configuration represents the most stable
atomic arrangements of the He–V cluster. After the inter-
action of the first displacement cascade with the He–V clus-
ter, the number of vacancies in the core of the cascade
increases slightly, as seen in Fig. 8, and some vacancies pro-
duced by the cascade are swept into the He–V cluster,
which increases the number of vacancies and decreases
the internal pressure in the He–V cluster. During the next
cascade event, the internal pressure in the cluster is too
small to resist displacement cascade-induced convective
flow into the cluster, which leads to the He–V cluster par-
tially dissolved in the collisional phase, and a small He–V
cluster re-nucleated near its mother cluster in the thermal
spike phase. Thus, the number of vacancies in the mother
He–V cluster decreases, but the internal pressure increases.
During the subsequent events, the cluster continues to
grow by capturing more vacancies, releasing the internal
pressure of the He–V cluster.

All the simulations have shown that the stability of He–V
clusters does not depend much on cluster size, but rather on
the He/V ratio in a-Fe. Fig. 9 shows the He/V ratio of clus-
ters versus the number of simulation events. During the first
cascade event, the ratio decreases rapidly for the initial He/
V ratio of 3, but remains almost constant of about 1.5 for
the subsequent cascade events. However, for the cluster
with initial He/V ratio of 1, the ratio decreases continuously
during the first several events of displacement cascades, in
Fig. 9. The He/V ratio of clusters versus the number of cascade events
simulated during isotropic 5 keV displacement cascades.
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contrast to that of the cluster with the initial He/V ratio of
0.5, where the ratio shows an increase after the first three
events of cascades, but remains almost the same for the sub-
sequent cascade interactions. As described above, the He–V
clusters with the He/V ratios of 1 and 0.5 can be partially
dissolved due to the direct impacting of displacement
cascades because of the small internal pressure within the
clusters. This leads to the emission of He atoms from the
clusters, and thus, decreases the ratio. After four cascade
events, the He/V ratio is about 0.5.
4. Conclusions

The effects of displacement cascade and cascade overlap
on He–V clusters are investigated by MD simulations. It
has been found that the growth or dissociation of He–V
clusters strongly depends on the He/V ratio and the recoil
energy under mono-energetic cascade events. For the initial
He/V ratio larger than 1, the size of He–V clusters increases
and the He/V ratio decreases with increasing the PKA
energy, but the size of He–V clusters with the initial He/
V ratio less than 1 decreases after the displacement cascade,
and the He/V ratio increases. We also found that large He–
Vacancy clusters are more stable than small clusters for the
same helium-to-vacancy ratios under mono-irradiation
condition. During isotropic 5 keV cascade overlaps (‘iso-
tropic cascade’ means that cascade events are initiated in
a random location at the same radius from the cluster,
but with the same high index direction), the size of He–V
clusters with the He/V ratio of 3 is found to change signif-
icantly after the first three cascade events, and the number
of vacancies in He–V clusters increases, leading to a rapid
decrease in their ratio. However, during subsequent cas-
cade bombardments, only a few He atoms close to their
boundary are affected by cascade impacts, and most of
the resolved He atoms return to their mother clusters.
For the He/V ratio of 1, during the first three events, the
He–V clusters are almost stable with a small increase in
the number of vacancies. During subsequent cascade
events, the number of vacancies in clusters increases signif-
icantly, and the clusters are partially dissolved to form a
few small He–V clusters, while the ratio remains almost
constant during cascade overlap for the clusters with the
initial He/V ratio of 0.5. It has been found that the number
of vacancies produced by the cascade, the initial He/V
ratio, the PKA energy and the phenomena occurring in
the thermal spike phase all play significant roles in the
observed phenomena.
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