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We have clarified the performance of two tungsten–helium analytical interatomic potentials, one
of which, developed by Li et al., is a bond-order potential, and another, developed by Juslin et al.,
is a combination of embedded atom method potential and pair potential. Using these two
potentials, we have simulated and made a full comparison of formation energy and migration
energy of different defects including helium and vacancy, binding energies of helium and vacancy
with helium-vacancy cluster, surface energy, as well as melting point, with reference to the
corresponding results from the first-principles and experiments.

I. INTRODUCTION

Tungsten is a promising candidate for plasma-facing
materials (PFMs) in tokamak fusion reactors, due to its
high melting point and good irradiation resistance. As a
PFM, however, tungsten will suffer heavy bombardment
from the plasma by particles such as hydrogen isotope
and helium ions, which can cause damage such as
erosion, sputtering, blistering, and so on. In particular,
the low solubility of helium atoms in tungsten provides
the driving force for helium atoms to cluster with
themselves and other defects, which leads to an accu-
mulation of helium-defect clusters and bubble forma-
tion. As the mechanism of bubble formation and the
effects of helium-defect clusters on properties of tung-
sten are still not completely understood, it will continue
to be a meaningful subject to investigate the helium
behavior in tungsten.

Despite many experimental studies,1–5 computation has
been serving as an essential tool to understand the helium
behaviors in tungsten. In consideration of time and space
scales of simulation of tungsten–helium system, the classic
molecular dynamics (MD) simulation is one of the suitable
methods to model the behaviors of helium in tungsten.
Many researchers focused on simulating the evolution of
the tungsten–helium system based on the MD method,
including tungsten surface evolution by helium bubble
nucleation, growth and rupture,6 cascades in tungsten–
helium system,7 mechanism of helium cluster formation in
tungsten,8 helium defect interactions and mechanism of
helium bubble growth in tungsten,9 and helium diffusion in
tungsten.10 In these studies, interatomic potentials remain
a key factor to affect the results of the simulations.

Therefore, clarifying the performance of the interatomic
potential for the tungsten–helium system is quite necessary.

At present, mainly two kinds of interatomic potentials
have been constructed to describe the tungsten–helium
system. One of the potentials is an analytical bond-order
potential (BOP) constructed by Li et al. (P-Li)11 and
another is a hybrid type potential developed by Juslin and
Wirth (P-Juslin),12 an embedded-atom method potential
is applied to tungsten–tungsten interaction and two
pair potentials are applied to tungsten–helium and
helium–helium interactions.

BOP is an empirical potential, which was developed
mainly by Tersoff,13 Abell,14 and Brenner,15 and the
original potential formalism of BOP has been described
by Albe et al.16 In P-Li, Li et al. used a three-body BOP
for the tungsten–tungsten and tungsten–helium inter-
actions.11 However, as the simulation of tungsten–
helium system involves radiation damage effects, a
special repulsive potential which describes interactions
at a very short interatomic distance to handle the ballistic
phase of collisions is needed.17 In such case, the repulsive
part of the BOP is modified by

VR
mod rð Þ ¼ VPP rð Þ 1� FðrÞ½ � þ VR rð ÞF rð Þ ; ð1Þ

where VPP can be the Ziegler-Biersack-Littmark universal
repulsive potential or a repulsive pair potential for a dimer
determined by the first-principles method, and F(r) is
a Fermi function. As for helium–helium interactions,
a two-body potential developed by Aziz et al.18 is used.
For the parameters and full form of P-Li, see Ref. 11.

On the other hand, embedded-atom method is a non-
pairwise many-body potential, which is generally used in
metals. In potential of P-Juslin, Juslin et al. modified the
Ackland–Thetford tungsten potential for the tungsten–tung-
sten interaction and used a screened Coulomb potential to
describe the tungsten–helium interaction.19 Both potentials
are joined with the ZBL universal repulsive potential for
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short range interactions by a polynomial function. For
helium–helium potential, the Beck potential with the short
range fit by Morishita is used in P-Juslin. For the parameters
and full form of P-Juslin, see Ref. 12.

Both potentials have been used in the simulation of
tungsten–helium system.6,9,10 Despite this, there are still
some confusion about the applicability of both poten-
tials, since the difference of performances between the
two potentials has not been clarified. To find out the
characteristics of each potential performing on the
simulation, in this study we make a thorough compar-
ison between P-Li and P-Juslin by modeling various
properties of the tungsten–helium system, and related
results calculated by first principles are presented as
references.

II. SIMULATION METHODOLOGY

The code LAMMPS20 is used for the MD simulation.
Unless otherwise specified, the sizes of simulation
systems are 10� 10� 10 a03, where a0 is the lattice
constant of body centered cubic tungsten, and larger
sizes of simulation systems were tested to ensure that
system properties were not considerably affected by the
system size. The periodic boundary is used in three
dimensions in all simulation.

In simulation of defect formation energy, the defects
were introduced in the corresponding positions and then
the system was carefully relaxed to keep the defects from
jumping to the ground state position.12 The defect
formation energy is determined by

Ef ¼ Edef � Eref N � mvacð Þ�N � Eref ;HenHe ; ð2Þ

where Edef is the total energy of the system with defects,
Eref is the total energy of the system without defects, N
is the atom number of the system which in this case N
equals 2000, and Eref,He is the cohesive energy of close
packed helium.

In simulation of surface energy, we use a
20� 20� 20 a03 simulation box. To get a specific
surface, the simulation box is cut transversely into
two parts, which are then separated from each other.
After that, the whole simulation system was relaxed.
The surface energy is determined by

Es ¼ Efinal � Einitial

2A
; ð3Þ

where Efinal and Einitial are the energy of the final surface
system and the original bulk system, respectively, and A
is the area of transverse section.

To get the melting temperature, we used a two phase
system which was described in details by Li et al.21

As for simulating the helium-vacancy (He-V) cluster,
the binding energy of a helium atom or a vacancy to
a cluster is calculated by

Eb A1ð Þ ¼ E A1ð Þ þ E A2ð Þ � E A1 þ A2ð Þ � Eref ; ð4Þ

where Eb(A1) is the binding energy of A1 combined to A2.
E(A1), E(A2), and E(A1 1 A2) are the total energy of the
system including A1, A2, and A1 1 A2, respectively. Eref is
the energy of the pure tungsten matrix.

III. RESULTS AND DISCUSSION

A. Tungsten–tungsten potential

First, we simulate the bulk properties of tungsten to
examine the tungsten–tungsten potentials. Self-interstitial
atom formation energy, vacancy formation energy, vacancy
migration energy, surface formation energy, and melting
point of a ground-state tungsten are all calculated based on
both P-Li and P-Juslin. All results of calculations are
compared with the related data from the first-principles
simulations. As a reference, we also present some available
experimental results. These data are all shown in Table I.

TABLE I. Bulk properties of tungsten from P-Li and P-Juslin, compared with the first-principles results and experimental results. Here, Ef,db110,
Ef,db111, Ef,octa, and Ef,tet are the formation energy (eV) of the 110, 111 dumbbell, octahedral, and tetrahedral self-interstitial atoms, respectively.
Ef,octa, E2vac

f 2NNð Þ, and Evac
m are the formation energy (eV) of monovacancy, second nearest neighbor divacancy, and migration energy (eV) of

monovacancy, respectively. Esf(100), Esf(110), and Esf(211) are the surface energy (eV) of (100), (110), and (211) surface, respectively. Tm is the
melting temperature (K) of bcc tungsten.

P-Li P-Juslin First principles Experiment

Ef,db110 9.53 10.22 9.84 (Ref. 22), 10.10 (Ref. 23) ...
Ef,db111 9.33 9.52 9.548 (Ref. 22), 9.82 (Ref. 23) 9.06 6 0.63 (Ref. 24)
Ef,octa 12.04 10.42 11.68 (Ref. 22), 11.64 (Ref. 23) ...
Ef,tet 10.75 10.78 11.05 (Ref. 22), 11.99 (Ref. 23) ...
Evac
f 3.52 3.63 3.56 (Ref. 22), 3.11 (Ref. 23) 3.7 6 0.2 (Ref. 25)

E2vac
f 2NNð Þ 6.89 6.86 6.93 (Ref. 22) ...

Evac
m 1.8 1.4 1.78 (Ref. 22), 1.66 (Ref. 23) ...

Esf(100) 3.157 2.920 4.635 (Ref. 26) 2.990 (Ref. 27)
Esf(110) 2.321 2.572 4.005 (Ref. 26) 3.22 (Ref. 28)
Esf(211) 2.904 3.034 4.177 (Ref. 26) ...
Tm 4650 4250 ... 3695
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The results of self-interstitial atom formation energy
from both P-Li and P-Juslin agree well with those from
the first-principles simulations. And both potentials predict
a correct relative stability for different cases of the self-
interstitial atom, which is crucial to the whole simulation
of tungsten–helium system. The two potentials also have a
good performance in calculating vacancy formation
energy. However, vacancy migration energy calculated by
P-Juslin is 1.40 eV, which is 0.38 eV lower than the
first-principles results. The calculation from P-Li is
1.80 eV, which has a great agreement with the first-
principles calculation.

With consideration of tungsten as a PFM, the perfor-
mance of potentials in simulation of surface properties is
very important. Therefore, we examine the surface energy
of bcc tungsten. We found out that neither P-Li nor
P-Juslin has satisfying performance. The surface energy
of (100), (110), and (211) surfaces calculated by P-Li is
3.157, 2.321, and 2.904 eV, respectively, showing the
same order of relative stability of the surfaces as those
from the first-principles calculations. However, these
energies are all much lower than the first-principles
results, which are considered unacceptable in an accu-
rate simulation. P-Juslin presents a less precise result to
the first-principles calculations. The surface energies
that P-Juslin predicted are 2.920 eV for (110) surface,
2.572 eV for (100) surface, and 3.034 eV for (211)
surface. These results are apparently inconsistent with
those from the first-principles calculations, which we
regard as a signal that the potential P-Juslin needs to be
improved for the simulation of surface properties.
Hence, neither P-Li nor P-Juslin could give convincing
quantitative results in simulating surface properties of
bcc tungsten, despite P-Li gives better surface properties.

The melting points calculated by P-Li and P-Juslin are
both several hundred kelvin higher than the experimental
results, though P-Juslin presents a closer result. Structure
defects in tungsten that is unavoidable in the actual case
may be responsible for the simulated inconsistent melting
points with the experimental results. Nevertheless, per-
formances of these two potentials in simulating melting
points are both considered reliable.

B. Tungsten–helium potential

1. Formation energy and migration energy of helium
in tungsten

To verify the tungsten–helium potentials, we calculate
the formation energies of interstitial and substitutive
helium, and the migration energy of interstitial helium.
All of the calculation results are compared with those from
the first-principles and experiments, as listed in Table II.

The formation energies of helium at the tetrahedral
interstitial site (TIS) and the octahedral interstitial site (OIS)
from both P-Li and P-Juslin exhibit a good agreement with

the first-principles calculations. In addition, both potentials
give the formation energy of substitutive helium as 4.7 eV,
which is exactly the number that the first-principles
predicted. This suggests that both P-Li and P-Juslin
have a great performance in calculating the formation
energies of helium in tungsten.

However, P-Li and P-Juslin exhibit different perform-
ances on simulating migration energy of helium in bcc
tungsten. P-Li presents the migration energy of 0.02
and 0.21 eV via the diffusion paths of TIS–TIS and
TIS–OIS–TIS, respectively, while P-Juslin presents the
migration energy of 0.147 and 0.149 eV via the dif-
fusion paths of TIS–TIS and TIS–OIS–TIS, respectively.
It should be noted that the migration energy of helium
between two tetrahedral sites we calculated in this paper
based on the P-Juslin is inconsistent with the result that
Juslin et al. had presented before, which is 0.21 eV.12

The reason why this inconsistence appears is still
unclear. Nonetheless, according to the present results,
P-Li gives much better migration energy results of
helium referring to the first-principles results of 0.06
and 0.23 eV.

2. Binding energy of vacancy to the helium-vacancy
cluster

Due to the fact that helium prefers to occupy the
vacancy site in bcc tungsten, the interaction between
helium and vacancy is important for validating the
performance of the fitting potentials. We thus calculate
the binding energies of a helium atom and a vacancy to
the helium-vacancy cluster based on the potentials of
P-Li and P-Juslin.

We first calculate the binding energies of single
vacancy to the vacancy cluster. The cluster consists of
different numbers of helium atoms and vacancies, which
range from zero to four. When the number of helium atom
in the cluster is zero, as shown in Fig. 1 and Table III with
the available first-principles data, the simulation becomes

TABLE II. Properties of helium in tungsten from P-Li and P-Juslin,
compared with the first-principles results and experimental results.
Here, EHe

f ;tet, E
He
f ;octa, and EHe

f ;s are the formation energies (eV) of helium
interstitial atom in the tetrahedral and octahedral sites and sub-
stitutional helium atoms, respectively. EHe

m t� tð Þ is the migration
energy (eV) of helium between two tetrahedral sites, and EHe

m t� oð Þ
is the migration energy (eV) of helium between tetrahedral and
octahedral sites.

P-Li P-Juslin First principles Experiment

EHe
f ;tet 6.21 6.16 6.16 (Ref. 29), 6.14 (Ref. 30) ...

EHe
f ;octa 6.39 6.31 6.38 (Ref. 29), 6.37 (Ref. 30) ...

EHe
f ;s 4.7 4.71 4.7 (Ref. 29) ...

EHe
m t� tð Þ 0.02 0.147 0.06 (Ref. 29) 2.4 6 0.32

(Ref. 31)
EHe
m t� oð Þ 0.21 0.149 0.23 (Ref. 29) ...
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a calculation of binding energy of vacancy to the vacancy
cluster. Basically, the binding energy from both P-Li and
P-Juslin increases with the rising number of vacancies
in the cluster and reaches a convergence with some
oscillations when the number of vacancies in the cluster
is beyond three. This is fully consistent with the changing
trends of the first-principles data. However, both P-Li and
P-Juslin give higher binding energies from 0.5 to 1.0 eV
than those from the first-principles. Furthermore, both P-Li
and P-Juslin give positive binding energies, showing the
binding preference of vacancy with vacancy cluster, which
is slightly different from the results from the first princi-
ples. The first-principles give a weak repulsive interaction
between two vacancies in tungsten, which exactly the
interatomic potentials of both P-Li and P-Juslin fail to
reproduce.

With the presence of helium in the cluster, the binding
energy of single vacancy to the helium-vacancy cluster
behaves differently. As shown in Fig. 2(a), it is found out
that, for both P-Li and P-Juslin, the changing trend of the
binding energy with the increasing number of vacancies
in the helium-vacancy cluster is obviously affected by the
number of helium atoms. When the number of vacancies
in the cluster is zero, the vacancy exhibits a large positive
binding energy with the helium. Such binding energy

decreases by 4–6 eV with one more vacancy added in the
cluster (Table IV). However, when more than two vacan-
cies are added in the cluster, the variation of binding
energy becomes dependent on the number of helium
atoms in the cluster. With more than two helium atoms in
the cluster, the binding energy of vacancy to the helium-
vacancy cluster roughly decreases with the rising number
of vacancies in the clusters. But such decrease does not
appear when the number of helium atom is less than two.

On the other hand, Fig. 2(b), giving the binding energy
as a function of number of helium atoms in the cluster,
shows that the binding energy of single vacancy to the
helium-vacancy cluster from P-Li and P-Juslin generally
increases with the increasing number of helium atoms in
the cluster. And the speed of such increase becomes
lower when the helium-vacancy cluster contains more
vacancies.

Above data agree well with those from the first
principles. And they all imply that helium-vacancy
clusters with more helium atoms have a stronger
attraction to the vacancy, which reveals an attractive
interaction between the helium atom and vacancy.

To have a clearer relationship between the binding
energy of single vacancy to different sizes of helium-
vacancy cluster, we plot the binding energy from P-Li
and P-Juslin potential as well as the first principles as a
function of ratio between the number of helium atoms
and vacancies in the cluster, as shown in Fig. 2(c).
The figure presents a nonlinear decrease in the energy
that single vacancy binds to the helium-vacancy cluster
with an increasing proportion of the numbers of vacancies.
In detail, when the ratio of vacancy to helium is less than
one (less vacancies than helium atoms in the cluster), the
binding energy shows a steep decrease with the increase of
the ratio. When the ratio of vacancy to helium is beyond
one (more vacancies than helium atoms in the cluster),
the decreasing trend of binding energy becomes much
slower. Besides, the binding energies of vacancy to the
helium-vacancy cluster containing less vacancy than
helium atoms are clearly higher than those of vacancy to
the clusters containing more vacancy than helium atoms.
This again indicates the implication that the helium-
vacancy clusters with more helium atoms have a stronger
attraction to the vacancy.

All the corresponding data are listed in Table IV.

3. Binding energy of helium to the helium-vacancy
cluster

Now we investigate the binding energies of a helium
atom to the helium-vacancy cluster containing different
number of vacancies (from zero to four) and helium atoms
(from zero to five). Figure 3 shows the binding energies of
helium to the helium cluster (without vacancy in the
cluster) with the available first-principles data, and all

FIG. 1. Binding energy of single vacancy to the vacancy cluster as
a function of number of vacancies in the vacancy cluster.

TABLE III. Binding energy (eV) of single vacancy to the vacancy
clusters.

Number of vacancies in the clusters

Binding energies

FP32 P-BOP P-Juslin

1 �0.1 0.62 0.43
2 0.04 0.88 0.89
3 0.64 1.65 1.44
4 0.72 1.60 1.43
5 0.89 1.93 1.96

L-F. Wang et al.: Comparison of two tungsten–helium interatomic potentials

J. Mater. Res., Vol. 30, No. 9, May 14, 2015 1467

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

14
.4

07
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2014.407


the data are listed in Table V. It is found out that both P-Li
and P-Juslin potentials give increasing binding energy with
increasing number of helium atoms in the cluster, which is

consistent with the first-principles results, suggesting a
strong attractive interaction and self-trapping character-
istics among helium atoms in tungsten.

FIG. 2. Binding energy of single vacancy to the helium-vacancy cluster as a function of (a) number of vacancies, (b) number of helium atoms, and
(c) ratio between the number of helium atoms and vacancies in the cluster.
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When vacancy is introduced to the helium-vacancy
cluster, the binding energy of helium to the cluster
from both P-Li and P-Juslin roughly decreases with
the increasing number of helium atoms, as shown in
Fig. 4(a). This trend of decrease seems much slower
with more vacancies in the cluster. It should be because
once there are more vacancies, each helium atom in the
cluster has more space. Thus, interaction of helium atom

with its neighbor atoms will be weaken, which lowers the
variation of the binding energy. In contrast, the binding
energy roughly increases with an increasing number of
vacancies in the cluster, as shown in Fig. 4(b), reflecting
a fact that a helium atom is more easily to bind with the
cluster with more vacancies. The relationship of binding
energy of helium to the helium-vacancy cluster versus
the ratio between number of helium atoms and vacancy
in the cluster is also given in Fig. 4(c), which shows
a decreasing binding energy of helium to the helium-
vacancy cluster with the increasing ratio between numbers
of helium and vacancy in the cluster. This again reveals
the strong attractive interaction between the helium
atom and vacancy.

Besides, these data are also basically consistent
with those from the first principles, despite some
discrepancies. And all the corresponding data are
listed in Tables V and VI.

C. Helium–helium potential

To examine the performance of helium–helium poten-
tials in P-Li and P-Juslin, we switch the helium–helium
interaction of P-Juslin by that of P-Li, creating a new
combination of W–He potential (P-Hybrid). Thus, the
effect of tungsten–helium interaction could be excluded
when comparing helium–helium potentials of P-Li and
P-Juslin. Furthermore, we could understand how dif-
ferently two helium–helium potentials could behave
in the same tungsten–helium interaction environment
by comparing P-Hybrid with P-Juslin, and how dif-
ferently a helium–helium potential could behave in
different tungsten–helium interaction environments
by comparing P-Hybrid with P-Li. Binding energies
of single vacancy or helium atom to helium-vacancy
clusters are calculated to compare these potentials.
The calculation results of P-Hybrid are also presented
in Figs. 2–4.

TABLE IV. Binding energy (eV) of single vacancy to the helium-vacancy clusters.

Number of vacancies in the clusters

Binding energy (1 helium) Binding energy (2 helium)

FP32 P-BOP P-Juslin P-Hybrid FP32 P-BOP P-Juslin P-Hybrid

0 4.57 5.06 5.09 5.09 6.65 7.47 7.29 7.34
1 0.07 0.93 0.72 0.72 1.82 3.35 3.06 3.11
2 0.7 1.28 1.18 1.18 0.68 1.27 1.21 0.98
3 1.01 1.91 1.70 1.70 1.29 2.29 1.87 2.14
4 ... 1.79 1.64 1.64 ... 1.84 1.77 1.81

Number of vacancies in the clusters Binding energy (3 helium) Binding energy (4 helium)

0 8.57 9.32 8.87 8.89 10.22 11.24 10.24 10.40
1 2.65 4.45 4.17 4.27 ... 4.80 4.64 4.82
2 1.83 2.65 2.60 2.75 ... 3.63 3.44 3.65
3 1.49 2.41 2.19 2.10 ... 3.68 3.50 3.59
4 ... 2.11 1.87 1.89 ... 2.15 1.85 1.92

FIG. 3. Binding energy of helium to helium clusters as a function of
number of helium atoms in the helium cluster.

TABLE V. Binding energy (eV) of single helium atom to the helium
cluster.

Number of helium atoms in
the clusters

Binding energies

FP32 P-BOP P-Juslin P-Hybrid

0 0 0 0 0
1 1.03 0.63 0.91 0.78
2 1.36 1.20 1.47 1.22
3 1.52 1.26 1.82 1.24
4 1.64 1.64 1.62 1.50
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FIG. 4. Binding energy of helium to the helium-vacancy cluster as a function of number of (a) helium atoms and (b) vacancies in the cluster, and
(c) ratio between the number of helium atoms and vacancies in the cluster.
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According to Fig. 2, P-Hybrid calculates almost
the same binding energies of single vacancy to
helium-vacancy clusters as those from P-Juslin.
However, according to Figs. 3 and 4, the binding
energies of single helium atom to helium-vacancy
clusters from P-Hybrid are all slightly lower than
those from P-Juslin. This variation becomes much
more obvious when the cluster contains more helium
atoms. The reason causing such variation is probably
that helium–helium potential of P-Hybrid (also P-Li)
presents a weaker attractive interaction between helium
atoms than that of P-Juslin. So once the system involves
considerable helium–helium interaction, its energy is lower
based on P-Hybrid than that based on P-Juslin.

Figures 2–4 also show how two different tungsten–
helium potentials with the same helium–helium potential
affect the binding energies by the comparison of P-Hybrid
and P-Li. In these figures, almost all of the binding
energies of single vacancy or helium atom to the clusters
from P-Hybrid are slightly lower than those from P-Li,
which reflects that the tungsten–helium interaction of
P-Hybrid (also P-Juslin) is a little stronger than that
of P-Li.

Based on the above discussions, it could be concluded
that P-Li has a lower interaction between helium atoms
than P-Juslin, but such deficiency is offset by its stronger
tungsten–helium interaction.

IV. CONCLUSIONS

We have clarified the performance of two tungsten–
helium analytical interatomic potentials, one of which is
developed by Li et al., with a form of a BOP and another
is developed by Juslin et al., with a combination of an
embedded atom method and pair potential. Using these
two potentials, we have simulated and made a full com-
parison of formation energy and migration energy of
different defects including helium and vacancy, binding

energies of helium and vacancy with helium-vacancy
cluster, surface energy, as well as melting point,
with reference to the corresponding results from the
first-principles and experiments.

Both potentials of P-Li and P-Juslin exhibit a reliable
performance in simulating the formation energy of
defects caused by helium atoms or vacancies. However,
P-Li gives a more reasonable migration energy of helium
and vacancy than P-Juslin. Neither P-Li nor P-Juslin
presents a much satisfying result in the simulation of
surface formation energy. In addition, they both predict a
consistent changing trend of helium and vacancy binding
energy to the helium-vacancy cluster, compared with that
from the first-principles calculation. Furthermore, the
characters of helium–helium interaction of these two
potentials are also clarified by introducing a hybrid
potential (P-Hybrid), and we find that P-Li has a slightly
weaker interaction between helium atoms than P-Juslin,
but such deficiency is offset by its stronger tungsten–
helium interaction. According to the above results, over-
all both P-Li and P-Juslin exhibit a good performance on
simulating helium behaviors in tungsten. P-Li gives
more accurate energetics due to the characteristics of the
three-body potential, while P-Juslin has a much faster
simulation speed.
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TABLE VI. Binding energy (eV) of single helium atom to the helium-vacancy cluster.

Number of helium atoms in the clusters

Binding energies (1 vacancy) Binding energies (2 vacancy)

FP32 P-BOP P-Juslin P-Hybrid FP32 P-BOP P-Juslin P-Hybrid

0 4.57 5.06 3.05 3.03 4.69 5.37 5.45 5.41
1 3.11 3.03 3.11 2.77 4.85 5.45 4.16 3.93
2 3.28 3.05 3.19 2.78 3.97 4.17 3.42 3.31
3 2.61 3.18 2.66 2.25 ... 3.52 3.73 3.23
4 1.44 2.44 3.05 3.03 ... 3.31 5.45 5.41

Number of helium atoms in the clusters Binding energies (3 vacancy) Binding energies (4 vacancy)

0 5.35 5.77 5.47 5.43 5.74 6.06 5.74 5.66
1 4.83 5.44 5.55 5.49 5.11 5.79 5.78 5.65
2 5.08 5.55 4.50 4.22 5.29 5.67 5.80 5.71
3 ... 4.50 4.21 3.94 5.17 5.76 4.63 4.40
4 ... 4.12 5.47 5.43 ... 4.50 5.74 5.66
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