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Size effect of He clusters on the interactions with self-interstitial
tungsten atoms at different temperatures∗
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The behaviors of helium clusters and self-interstitial tungsten atoms at different temperatures are investigated with
the molecular dynamics method. The self-interstitial tungsten atoms prefer to form crowdions which can tightly bind the
helium cluster at low temperature. The crowdion can change its position around the helium cluster by rotating and slipping
at medium temperatures, which leads to formation of combined crowdions or dislocation loop locating at one side of a
helium cluster. The combined crowdions or dislocation loop even separates from the helium cluster at high temperature. It
is found that a big helium cluster is more stable and its interaction with crowdions or dislocation loop is stronger.
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1. Introduction
Tungsten (W) has been used as a plasma-facing mate-

rial (PFM) in International Thermal Nuclear Fusion Exper-
imental Reactor (ITER) due to its high melting point, high
thermal conductivity and low sputtering erosion.[1,2] Tung-
sten as a PFM can be irradiated by high-energy (14.1 MeV)
neutrons, hydrogen (H) and helium (He) ions. The energy
of mixed H–He plasma is up to 100 eV, and the fluxes on
the order of 1024 He m−2·s−1.[3] The transient surface tem-
perature of tungsten can be up to 3000 K.[4] Irradiation of
helium on tungsten surface is now considered to be an im-
portant problem in fusion reactors.[5] Bombardment of he-
lium ions can result in the retention and formation of helium
clusters, dislocation loops and fuzz on tungsten surface,[4,6–9]

which degrade the mechanical properties (embrittlement and
hardness)[10,11] and thermal conductivity of tungsten, and fi-
nally drastically reduce the service life of PFM.[12] Thus, to
assess long-term performance of a PFM, it is necessary to un-
derstand the behavior of helium in tungsten. In recent years,
the behavior of helium in tungsten has been studied exten-
sively in experiments and simulations. About the behaviors
of helium in tungsten, the migration energy of He is very
low, around 0.06 eV, and the He–He binding energy is found
to be ∼1.09 eV at a distance of ∼1.5 Å.[13] The binding
energies of He in tungsten are always positive,[14–16] which
leads to growth of helium clusters by self-trapping[17] and co-
alescence between helium clusters.[18,19] The small interstitial
helium clusters are mobile, which can be attracted to tung-
sten surfaces and grain boundary due to an elastic interac-

tion force that drives segregation.[20,21] The migration ener-
gies of Hen (1 ≤ n ≤ 6) clusters calculated by empirical po-
tential are 0.15 eV to 0.45 eV.[22] “Trap mutation” is a pro-
cess in which interstitial helium clusters create Frenkel defect
pairs and occupy vacancies.[23–25] Helium clusters become im-
mobile when they are trapped by vacancy or trap mutation
occurs.[26,27] First-principles calculations suggested that a sin-
gle W vacancy can contain at least nine He atoms.[28] High
temperature can promote growth of helium clusters and occur-
rence of trap mutations (the He/V ratio decreases with increas-
ing temperature).[17,29] Pentecoste et al.[30] found that the dif-
fusion, formation and coalescence of clusters lead to the flak
of the substrate, which explains the saturation of the retention
observed experimentally.

About the behaviors of tungsten self-interstital atoms
(SIAs), Mason et al. found that the nanometer scale dislo-
cation loops are predominantly of prismatic 1/2〈111〉 type
during the early stage of self-ion irradiation with in situ
transmission electron microscopy (TEM).[31] The calculation
results of density functional theory (DFT) reveal that the
smaller solute transition metal atoms favorably bond to the
〈111〉 crowdion.[32] The molecular dynamics (MD) simula-
tion showed that the migration of SIA is very fast, and the
migration energy is calculated to be 0.013 eV.[33] The SIAs
can rotate and rearrange to form dislocation loop around a
helium cluster.[23,24] The rotation energy barriers of SIAn for
1≤ n≤ 7 are 0.67–2.7 eV in pristine tungsten.[34]

On the interactions between SIAs and helium clusters,
growth of a helium cluster is accompanied by the formation
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of SIAs and dislocation loop.[27,35] The dislocation loop gen-
erally bind with the helium cluster while occasionally diffuse
away under certain conditions.[23] Hammond et al. showed
that dislocation loop attracts and traps helium in the tensile
region (parallel to the Burgers vector) but repels helium in the
compressive regions (along the direction of Burges vector).[36]

Li et al. found that the presence of SIA can promote helium
clusters to capture more additional He atoms.[37] The DFT cal-
culation showed that the binding energy between helium and
an SIA is as high as 0.94 eV.[14] Sandoval et al. showed that
the growth rate of helium clusters will affect the distribution
of SIAs.[38] Slow growth rates allow the diffusion of intersti-
tials around the bubble, while the interstitials do not have time
to diffuse with fast growth rates, leading to a more isotropic
growth.

The dislocation loop slides and annihilates on the surface
forming structures of adatom ‘islands’, which is conceived
to be active in the initial stages of fuzz growth.[23] Kajita et
al.[39] showed that the fuzz structure forms on the tungsten
surface over the temperature range from 900 K to 2000 K.
Only micrometer-sized holes form on the tungsten surface at
the temperature above 2000 K.[40] Using object kinetic Monte
Carlo (OKMC) simulation, Valles et al.[41] showed that the
great majority of helium atoms are retained in monovacancies
at low temperatures, which prevents the growth of helium clus-
ters. At higher temperatures, helium atoms and vacancies are
emitted from small HenVm clusters (n < 40, m < 10), also pre-
venting the formation of larger helium clusters and the growth
of fuzz. These investigations reveal that the temperature has
significant effects on the growth of helium clusters and forma-
tion of fuzz.

It is helpful to understand the growth of He clusters by
studying the behavior of He clusters and their surrounding
SIAs. However, until now, the research in this aspect is very
limited, such as the stability of helium cluster and the behav-
iors of SIAs at different temperatures. Modeling and simu-
lation are important complementary tools to study the atomic
behavior of helium in metals. The atomic simulation method
can provide the information about energy, interaction, micro-
structure, mechanism and so on. In this work, we investigate
the behaviors of helium cluster and self-interstitial tungsten
atom at different temperatures using the molecular dynamics
method.

2. Methodology
All the simulations are performed using the parallel

molecular dynamic (MD) package LAMMPS.[42] Visualiza-
tion of atomic configuration is used with the open vizualiza-
tion tool OVITO.[43] The tool “Wigner-Seitz defect analysis”
embedded in the OVITO[43] is used to determine the num-
ber of Frenkel defects. The inter-atomic potential used in the

present work is the same as described in Ref. [44]. The po-
tential of Juslin et al.[45] and Bonny et al.[44] accurately re-
produces the ab initio results of the formation energies and
ground states of helium and crowdion. However, the poten-
tial of Juslin and Wirth[45] provides a helium migration barrier
of 0.21 eV, which overestimates the DFT value (0.06 eV) by
more than three times. Thus we finally decide to use the po-
tential of Bonny et al. The simulation box is 20a×20a×20a,
which contains 16000 tungsten atoms, where a is the lattice
constant of tungsten to be 3.14 Å. Periodic boundary condi-
tions are used in all simulations.

In order to explore the different configurations that Hen

clusters can adopt. We use a method similar with that of
adapting by Boisse et al.[17] Boisse obtained the possible con-
figurations of helium clusters by molecular dynamics evolu-
tion at 1000 K. For every 100 steps, the simulation box is
minimized thus obtaining a large set of minimum configu-
rations. The configuration adopted by helium clusters with
the lowest potential energy are determined finally. We ob-
tain the possible configurations using parallel replica dynam-
ics (PRD)[46,47] method in the temperature range 300–1500 K.
The PRD is one of accelerated dynamics methods that is suit-
able for infrequent-event systems. All the possible configura-
tions generated from the PRD calculation are performed in en-
ergy minimization, from which the configuration with the low-
est potential energy is determined. We obtain the most stable
configuration by repeatedly running PRD. It should be noted
that normally we randomly add an extra helium atom based
on the previous stable configuration to find the next config-
uration. For example, we add an extra helium based on the
He12’s configuration to find the most stable configuration of
the He13 cluster. Sometimes, we randomly put n helium atoms
in a small region at the center of the simulation box as the ini-
tial configuration to run PRD to check out the results. It is
found that the most stable configurations of He4, He6, He13,
He26 and He55 clusters in tungsten have high symmetry. As
shown in Fig. 1, the configuration of the He4 cluster is a reg-
ular tetrahedron, the He6 cluster is a regular octahedron, the
He13 cluster is a regular icosahedron, and the He55 cluster is a
bigger regular icosahedron, in which the He13 cluster inside it.
The He26 cluster also has high symmetry and its size falls be-
tween He13 and He55 clusters. According to the atomic colors
in Fig. 1, the big helium cluster should be more stable, which
is further justified in the following discussion. Thus we select
these helium clusters as representatives to study the behaviors
of helium clusters and self-interstitial atoms with the tempera-
ture range 300–3500 K.

It has been proved that the isolated dissolved helium
atoms prefer to accumulate by self-trapping.[13,24] Thus the
Hen cluster is directly introduced in the center of the simula-
tion box within a sphere region with radius of 0.2 Å in order

093101-2



Chin. Phys. B Vol. 29, No. 9 (2020) 093101

to save time for calculating the agglomeration process. Then
we perform an energy minimization and equilibrium with an
isothermal-isobaric ensemble of NPT (density, pressure, tem-
perature). Finally, the system evolves for a long time. The
Frenkel defect, crowdion and dislocation loop form during the
process of energy minimization, temperature equilibrium and
evolution. We output an atomic structure once in a while dur-
ing the evolution to inspect the atomic structures. It should be
noted that the crowdions and dislocation loop formed in the
vicinity of the helium cluster are very difficult to identify, es-
pecially at high temperature due to the severe atomic thermal
vibration. Hence we perform energy minimization for each
snapshot in order to inspect the atomic configurations clearly.
In addition, it should be noted that the final atomic configura-
tion after the current temperature evolution serves as the initial
configuration to evolve with higher temperature. For example,
the final atomic configuration of He6 after evolving∼467 ps at
300 K serves as the initial configuration to evolve at 1000 K.

0.44 eV

-0.98 eV

He4 He6 He13

He26 He55

Fig. 1. The most stable configuration of He4, He6, He13, He26 and
He55 clusters in tungsten. The balls represent helium atoms and the
black sticks connect two helium atoms within the distance of 2.0 Å.
The rainbow colors of the balls represent the atomic potential energies
from−0.98 eV (blue) to 0.44 eV (red). The surface mesh is constructed
and the transparency is 50% in order to show clearly.

3. Results and discussion
The average binding energy Eave−b and trapping energy

Etrap are defined as follows:

Eave−b =
1
n
(EW+Hen +(n−1)EW−nEW+He), (n≥ 2) (1)

Etrap = EW+Hen +EW−EW+Hen−1 −EW+He, (n≥ 2) (2)

where EW+Hen , EW+He, and EW represent the system’s total
energy of the Hen cluster in tungsten, one He in tungsten and
tungsten. According to our definition, the negative values rep-
resent the binding energy. The average binding energy and
trapping energy represent the ability for helium atoms to bind
together and for the helium cluster to trap an extra helium
atom. The average binding energy and trapping energy versus
the size of the helium cluster are shown in Fig. 2. The aver-
age binding energies decrease gradually with the size, reveal-
ing the increase of stability of the helium cluster. The average

binding energies seem to converge to a certain value according
to the current trend. The trapping energies show the trend sim-
ilar to the average binding energy, while they also show strong
capture capability at certain sizes (at 4, 6, 13, 18, 19, and so
on). The calculations of Boisse et al. using DFT and em-
pirical potential also show strong trapping energy and similar
trend for Hen clusters (2 ≤ n ≤ 16).[17] The trapping energies
are generally stronger using the current interatomic potential.
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Fig. 2. The average binding energy and trapping energy versus the size
of the helium cluster.

The prefactor ν̂ is calculated to be 2.86× 10−6 m2·s−1

for the He4 cluster according to the conventional Arrhenius
[D = ν̂ exp(−∆E/kBT )] behavior.[22] In this work, the He4

cluster migrates about 6.95 Å at 300 K during ∼596 ps, and
even dissociates into several isolated helium atoms at 1500 K.
The high mobility of the He4 cluster is due to no trap muta-
tion occurring, and it remains to be an interstitial cluster. This
is consistent with the DFT results,[17] in which the Hen clus-
ters occur trap mutation for n larger than 6. Another study
also showed that, when n ≥ 6, the high pressure caused by
the Hen cluster is conceived sufficiently to kick out a tungsten
atom from the lattice position, forming the immobile HenV
complex.[48] The He4 cluster dissociates into several isolated
atoms at 1500 K, which reveals that the high temperature
may restrain the congregation of isolated helium and growth
of clusters. In other word, the small helium clusters may be
dissociated into several isolated atoms that are big enough to
form HenV complex. The HenV complex becomes immobile
which is conceived as the key for helium bubble nucleating
and growth.[23] The formation of dislocation loop is accompa-
nied by the growth of helium clusters.[35] The dislocation loop
slides and annihilate on the surface to form adatom ‘islands’,
conceived to be active during the initial stages of fuzz growth
on tungsten.[23] Thus the high temperature may restrain the
growth of helium clusters and eventually affects the formation
of fuzz, which is in qualitative agreement with the conclusion
of OKMC simulations.[41]

The behaviors of the He6 cluster and tungsten self-
interstitial atoms (SIAs) are shown in Fig. 3. One SIA forms
a crowdion with 〈111〉 orientation around the He6, and the
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atomic configuration almost has no change except the random
rotation of the He6 cluster in the vacancy at 300 K, which looks
as if the crowdion tightly attaches to the He6 cluster. This re-
veals that a strong interaction exists between them as the crow-
dion and dislocation loop in tungsten have high mobility.[34]

Boisse et al.[17] calculated the binding energy between them
as ∼1.7 eV with DFT. At 1000 K, the crowdion rotates and
changes its position relative to He6, and even separates from
the He6 cluster as shown in Figs. 3(b) and 3(c). The crowdion
quickly glides and occasionally rotates in the bulk, and the He6

cluster has no obvious change at temperature 2000–3000 K
within 628 ps, which are not shown here. At 3500 K, He6

dissociates into separated helium atoms as shown in Fig. 3(d).

(a) (b)

(d)(c)

[111]

[111]

300 K

3500 K

1000 K (2.0 ps)

1000 K (434 ps)

-

Fig. 3. The behaviors of SIAs and the He6 cluster at different tempera-
tures: (a) the crowdion and the He6 cluster tightly bind at 300 K; (b) the
crowdion rotates and rearranges its location around the He6 at 1000 K;
(c) the crowdion even diffuses away from the He6 at 1000 K; (d) the
crowdion is not shown here and the He6 dissociates into several sepa-
rated helium atoms at 3500 K. The bigger and smaller balls represent
helium and tungsten, respectively. The colors of balls with rainbow rep-
resent atomic potential energies from −8.00 eV (blue) to 1.13 eV (red).
The black sticks connect two atoms within the distances of 2.0 Å and
2.5 Å for He and W, respectively. Only the tungsten atoms with high
potential energy are shown here for clarity.

The behaviors of the He13 cluster and tungsten SIAs are
shown in Fig. 4. At 300 K, the SIAs tightly bind the He13,
and the atomic configuration almost has no change except the
rotation of He13 cluster in the vacancy within 358 ps. The
crowdion can rotate to change its relative position to the He13

at 1000 K. At 2000 K, the He13 cluster creates an extra SIA
to form another crowdion to combine with the first crowdion.
The two combined crowdions can rotate and change their po-
sition around the He13 as shown in Figs. 4(c) and 4(d). The
behaviors of the helium cluster and SIAs at 3000 K are similar
with those at 2000 K, which are not shown here. At 3500 K,
an extra crowdion forms and the 3 crowdions separate from
the He13 cluster and disperse themselves in the tungsten.

The behaviors of SIAs around He26 are shown in Fig. 5.
Four SIAs are produced around the He26 cluster, and the con-

figuration remains almost unchanged within 692 ps at temper-
ature of 300 K. The configuration of four SIAs is still almost
unchanged at 1000 K. It is found that the configuration of the
He26 cluster has high symmetry as shown in Fig. 5(c). Differ-
ent from the situations of He6 and He13, the He26V4 (V rep-
resent vacancy) complex is very stable and it does not rotate
to change each helium’s position. At 2000 K, the 4 SIAs self-
assemble into 4 combined crowdions, which rotate and change
their positions around the He26 cluster as shown in Figs. 5(d)
and 5(e). The He26 cluster can create 5 and even 6 SIAs at
temperature of 3000 K as shown in Figs. 5(f) and 5(g). The
5–7 SIAs can change their positions more quickly around the
He26 cluster at 3500 K, which does not shown here.

[111]
-

2000 K (49 ps)

2000 K (67 ps)

1000 K

3500 K

300 K

[111]

(a) (b)

(e)(d)

(c)

Fig. 4. The behaviors of SIAs and the He13 cluster at different temper-
atures: (a) one crowdion and He13 tightly combine at 300 K; (b) the
crowdion rotates and rearranges its position around the He13 at 1000 K;
(c) and (d) an extra Frenkel pair is created to form a two-combined
crowdion which rotates and change its position at 2000 K; (e) an extra
Frenkel pair is created, and three crowdions separate and diffuse away
from the He13 at 3500 K. The graph settings are the same as Fig. 3.

The behaviors of SIAs around the He55 cluster at different
temperatures are shown in Fig. 6. At 300 K, eight SIAs ran-
domly disperse around the He55 cluster, and the atomic con-
figuration is almost unchanged except helium within 723 ps.
At 1000 K, the SIAs gradually gather at one side of the helium
cluster and self-assemble into a dislocation loop (containing
10 SIAs along 〈111〉 crystal orientation). The dislocation loop
can change its orientation between 〈111〉 and 〈100〉 orienta-
tions at 2000 K as shown in Figs. 6(c) and 6(d). The disloca-
tion loop along the 〈111〉 orientation appears more frequently,
indicating that the 〈111〉 configuration is more stable. At tem-
peratures of 3000 K and 3500 K, the behaviors of the dislo-
cation loop are similar to the situations of 2000 K, which are
not shown here. The differences are that the He55 cluster can
create more SIAs, 13–15 SIAs at 3000 K and 14–16 SIAs at
3500 K. It should be noted that the SIAs always stay at the
same side of the helium cluster after forming dislocation loop
even at 3500 K. In other words, the relative positions of dislo-
cation loop and the He55 cluster are almost unchanged.
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[111]
-

1000 K300 K

2000 K (104 ps)2000 K (74 ps) 3000 K (51 ps) 3000 K (127 ps)

[111]

(a) (b)

(e) (f) (g)(d)

(c)

configuration of He26

top
front

left

5 SIAs
6 SIAs

Fig. 5. The behaviors of SIAs around the He26 cluster at different temperatures. The configuration of dispersed crowdions is almost unchanged
at (a) 300 K and (b) 1000 K; (c) the atomic structure of He26; (d) at 2000 K, the SIAs change their positions and form a four-combined
crowdion, and (e) the four-combined crowdion cluster rotates and changes its position; (f) extra one or (g) two Frenkel pairs are created to
form a combined crowdion cluster at 3000 K, which can rotate and change its position around the He26. The red arrows in the figure show the
crowdions and their orientations. The graph settings are the same as Fig. 6.

1000 K300 K

2000 K (283 ps)2000 K (141 ps)

<111>

<111>

<100>

12 SIAs
11 SIAs

8 SIAs 10 SIAs

(a) (b)

(c) (d)

Fig. 6. The behaviors of SIAs around the He55 cluster at different tem-
peratures: (a) eight insterstitial atoms disperse randomly around the
He55 and the atomic structure is almost unchanged at 300 K; (b) the
SIAs self-assemble and form a dislocation loop (containing 10 SIAs) at
1000 K; the dislocation loop can rotate between (c) 〈100〉 and (d) 〈111〉
orientations at 2000 K. The graph settings are the same as Fig. 3.

Table 1. The number of SIAs created by the Hen cluster at different
temperatures. NSIA and T represent the number of SIAs and tempera-
ture, respectively.
XXXXXXXXNSIA

T /K
300 1000 2000 3000 3500

He6 1 1 1 1 –
He13 1 1 2 2–3 2–3
He26 4 4 4 5–6 5–7
He55 8 10 12–13 13–15 14–16

The numbers of SIAs (Frenkel defects) created by the Hen

cluster at different temperatures are listed in Table 1. It is
found that the number of SIAs increases with the increasing
temperature. For example, the He55 cluster creates 8 SIAs, 10

SIAs and 11–13 SIAs at 300 K, 1000 K and 2000 K, respec-
tively. Boisse et al.[17] also suggested that the temperature and
duration of simulation promote the trap mutation.

The displacements of mass center of helium clusters with
evolution time at different temperatures are shown in Fig. 7.
The displacements of He6 show only slight fluctuation due to
the atomic thermal vibration under 3000 K, and show large
changes at 3500 K due to the dissociation of He6. The cen-
ter of mass of the He26 cluster shows large displacements at
3000 K and 3500 K due to the He26 creating extra 1–2 and
2–3 Frenkel defects at the corresponding temperatures. The
displacements of the He13 and He55 clusters have the similar
results. These results show that HenVm complex clusters can
move by trap mutation at high temperature. Comparing the
displacements of Hen cluster, we can find that the displace-
ment of the Hen cluster decreases with the increasing size of
helium clusters, which indicates that the stability of helium
clusters increases with the size of helium clusters. The TEM
in situ He ion irradiation experiment[27] also shows the low
mobility of He-vacancy complexes at low temperature.

The SIAs created by helium clusters prefer to form crow-
dions, which self-assemble into dislocation loop (a bunch of
crowdions) with preferential 〈111〉 crystal orientation at a
medium temperature (1000–2000 K). The crowdions and dis-
location loop always bind with helium clusters on the side
which is the tensile region as suggested by Hammond et al.[36]

such that the tensile region of dislocation loop attracts and
traps helium. The crowdions and dislocation loop can rotate
to change its position around the helium cluster at high tem-
peratures, and even separate from helium clusters at more high
temperature. In addition, a small helium cluster can dissociate
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into several isolated helium atoms at high temperatures. All
the main features of SIAs and helium clusters are listed in ta-
ble 2. The bigger helium clusters create more SIAs. It is found
that the temperatures for crowdions or dislocation loops to ro-
tate increase with the size of dislocation loop. One crowdion
rotates in the vicinity of He6 and He13 clusters at 1000 K. Four
combined crowdions rotate in the vicinity of He26 clusters at

2000 K. The twelve combined crowdions only change their
orientations between 〈100〉 and 〈111〉 at 2000 K, which almost
does not change their relative positions to He55 clusters. The
results reveal that a big dislocation loop is more stable, which
needs higher temperature to rotate. The results are consistent
with our previous studies,[34] in which the rotating energy bar-
riers increase with the increase of crowdions.
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Fig. 7. The variations of displacement of mass center of the Hen cluster with evolution time at different temperatures.

Table 2. The main features of SIAs and helium clusters at different tem-
peratures. The “rotation” represents the rotation of dislocation loop (or
crowdions), the “separation” represents the crowdion separating from
the helium cluster, and the “dissociation” represents the helium cluster
dissociating into separated helium atoms. The figures in the parentheses
represent the number of crowdions in rotation.

Events Rotation Separation Dissociation
He4 (0 crowdion) – – 1500 K
He6 (1 crowdion) 1000 K 1000 K 3500 K
He13 (1 crowdion) 1000 K 3500 K –
He26 (4 crowdions) 2000 K – –
He55 (12 crowdions) 2000 K – –

As shown in Table 2, it is found that the temperatures
for dislocation loop (or crowdion) separating from the helium
cluster increase with the size of helium clusters. The crowdion
separates from the He6 cluster at 1000 K, the 2–3 combined
crowdions separate from the He13 cluster at 3500 K as shown
in Fig. 4(e), and the 5–7 combined crowdions and dislocation
loop (containing 14–16 crowdions) do not separate from He26

and He55 clusters even at temperature of 3500 K. The reasons
may come from two aspects: (1) the strong binding energy be-
tween dislocation loop and helium cluster; (2) the bigger dislo-
cation loop is more difficult to slide. According to our previous
study,[34] the crowdion and dislocation loop (constructed with

multiple crowdions) in pristine tungsten have extremely high
mobility due to their very low slipping energy barriers (com-
monly less than 0.07 eV), and the slipping energy barriers are
independent of the size of dislocation loop. Thus we speculate
that the binding energies between dislocation loop and helium
cluster increase with the size of helium clusters. We confirm
our conjecture by calculating the binding energy of SIAs to
helium clusters. The binding energy of SIAs with the helium
cluster is defined as follows:

Eb = ESIAm +EHenVm − (EHenVm+SIAm +Eref), (3)

where ESIAm represents the energy of m SIAs in pristine tung-
sten, EHenVm represents the energy of n He atoms in m vacan-
cies, EHenVm+SIAm represents the energy of the combination
of m SIAs and HenVm, and the Eref represents the reference
energy, which is the energy of pristine bulk tungsten. The
binding energies of He13V1 to 1 SIA and He55V12 to 12 SIAs
are calculated to be 1.13 eV and 13.35 eV, respectively. This
shows that the big helium cluster has stronger binding energy
with crowdions or dislocation loop. The strong binding be-
tween the helium cluster and the dislocation loop may be as
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one possibility for the observable of dislocation loop in the
TEM experiment.[27]

As shown in Table 2, the small helium clusters can disso-
ciate into isolated helium atoms at high temperature, 1500 K
for He4 and 3500 K for He6, while the big helium cluster is
very stable, which does not dissociate even at temperature of
3500 K. The results indicate that the stability of helium clus-
ters increases with the size. Compared with small helium clus-
ters, big helium clusters are more stable, which is attributed to
the lower atomic potential energy as shown in Fig. 1 and the
stronger average binding energy as shown in Fig. 2.

4. Conclusions
We have conducted a molecular dynamics investigation

on the size effect of He clusters on the interactions with self-
interstitial tungsten atoms at different temperatures. The main
conclusions are as follows:

High temperature promotes the occurrence of trap muta-
tion of helium clusters.

Bigger dislocation loops are more stable, which need
higher temperature to motivate rotation and change their po-
sition around the helium cluster.

The binding ability between the dislocation loop and the
helium cluster increases with the size of helium clusters.

The stability of helium clusters increases with the in-
crease of clusters. Our results can provide references for in-
vestigation on formation of fuzz with Monte Carlo simulation
method.
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