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Abstract

Tungsten has been chosen as the divertor armour material in ITER and

is the main candidate material for plasma-facing components for future fusion

reactors. Interaction of plasma components with the material is unavoidable

and will lead to degradation of the performance and the lifetime of the in-vessel

components. On top of that special attention is drawn to tritium retention

in the reactors vessel from safety point of view, since tritium is a toxic and

radioactive material. In order to gain better understanding of the mechanisms

driving accumulation of plasma components in the material and subsequent

degradation of the material, atomistic simulations are employed. The focus of

this work is on so-called self trapping of H and He atoms or, in other words,

Frenkel pair formation in bulk tungsten in the presence of H and He atoms.

Two versions of a model embedded atom interatomic potential and a bond order

potential were tested by comparing it with ab initio data regarding the binding

properties of pure He and He-H-Vacancy clusters and energetics of Frenkel pair

formation. As a result of Molecular Dynamics simulations at finite temperature
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the values of critical H concentration needed for generating a Frenkel pair in

the presence of He clusters were obtained. The results show that the critical

H concentration decreases with the size of He cluster present in the simulation

cell and thus, Frenkel pair formation by H is facilitated in the presence of He

clusters in the material.

Keywords: tungsten, plasma facing material, hydrogen retention, helium,

molecular dynamics

1. Introduction

Plasma-facing materials in a fusion device are exposed to extreme conditions

in terms of heat and particle loads as well as to high energy neutron irradiation.

As a consequence of the fact that plasma-facing materials are in direct contact

with plasma, a failure of the material can lead to a catastrophic event for the5

device. Due to its outstanding thermal properties, tungsten (W) was chosen as

the divertor armour material for ITER - the next generation tokamak that is

currently under construction, and DEMO - future demonstration nuclear fusion

power station [1].

Together with demonstration and testing the technologies for DEMO, one10

of the main goals of operation of ITER is to demonstrate the control of fusion

plasma with negligible consequences for the environment. From this point of

view special attention is drawn to tritium (T), which is a toxic and radioactive

hydrogen (H) isotope and is a part of the fusion fuel. Consequently, the retention

of T in the plasma-facing material is a safety issue, hence a limit of 700 g of T15

accumulated in the reactor chamber was set for ITER by the safety authorities

[2]. Helium (He) is produced in fusion reactions inside the plasma and also in

transmutation reactions of W caused by high-energy neutrons being a product

of the fusion reaction. Thus, both T and He will be present in the material

during the device operation. Therefore it is important to investigate possible20

synergetic effects between T and He both in terms of T retention and possible

detrimental effects on the properties of the plasma facing material.
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The effect of H plasma exposure on W has been extensively studied in exper-

iments involving deuterium plasma [3–11]. H concentration can easily exceed

the solubility limit in the subsurface area during high flux plasma exposure.25

This leads to H bubble and void formation occurring at a depth of several µm,

which exceeds the implantation depth of a few nm. Experiments involving He

implantation demonstrate the presence of He bubbles and ’fuzz’ formation at a

length scale comparable to the implantation depth [12–14].

However systematic studies are scarce and large scattering of the data is30

usually attributed to different material preparation procedures, material mi-

crostructure and impurity levels in different experiments [8]. Experimental

studies involving simultaneous H and He plasma exposure [15, 16] demonstrated

suppressed blister formation as compared to pure H plasma exposure. This effect

was attributed to a decrease of H permeability through the subsurface region35

due to He bubble formation. Another remarkable effect was the detection of

nanometric He bubbles at a depth significantly larger than the He implantation

range [15], not seen in pure He exposures.

H and He behaviour in W has been also investigated by means of atomistic

simulations, a thorough review of recent modelling activities can be found in40

[17]. According to ab initio studies both H and He atoms occupy tetrahedral

interstitial position in bulk W with a very low migration barrier between the

positions [18–21]. At the same time clustering behaviour of H or He atoms in

bulk W is essentially different: H atoms show practically zero interaction while

He atoms exhibit strong binding leading to so-called self-trapping He bubble45

formation mechanism [22]. Ab initio studies [22–24] showed that there is an

attractive interaction between He clusters and H atoms in bulk W. However,

comprehensive physical mechanisms leading to synergetic effects during simul-

taneous H and He plasma exposure are not clear so far.

In the present work, the H bubble nucleation in W in the presence of HeM (M50

- number of atoms in the cluster) clusters in the material was assessed by means

of Molecular Static (MS) and Molecular Dynamics (MD) simulations. The ef-

fects of the H implantation rate and the size of HeM clusters (M) present in the
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system on H bubble nucleation were investigated. The obtained MS results were

compared with ab initio data in order to validate the choice of the interatomic55

potential. MD simulations allowed one to detect and investigate the conditions

for H bubble nucleation in terms of critical H concentration depending on the

content of He in the system. This study gives an insight about mechanisms

of H bubble formation during mixed He-H plasma exposure and, together with

the data for diffusion and thermal stability of mixed HeM-HN clusters reporter60

earlier [25], provides the parameters needed for higher scale models giving the

opportunity for full scale plasma exposure simulations.

2. Computational details

The Molecular Static calculations were performed using interatomic poten-

tials for the W-H-He system developed in the frameworks of two different mod-65

els: Bond Order Potentials (BOP) by Li et. al. [26, 27] and Embedded Atom

Method (EAM) developed by Bonny et. al. [28]. The BOP potential was fitted

with special attention on reproducing defect formation energies and interaction

of H and He with the defects. Both EAM potentials were created aiming for the

investigation of the interaction of H and He with dislocations in tungsten and70

are based on the interatomic potential for W-W interaction named ”EAM2” by

Marinica et. al. [29].

The base W-W potential was selected after critical review of 19 different

EAM potentials with special attention to properties of screw dislocations given

in [30]. There are two different versions of the EAM potential, referred to as75

”EAM1” and ”EAM2” in [28].

For the EAM1 potential, emphasis was put on a quantitative reproduction

of ab initio data for the binding between H-H, He-He and He-H pairs in the

bulk tungsten. The off-centre position of a H atom in a vacancy as predicted by

Density Functional Theory (DFT) [19] was not considered, and therefore both80

H and He are described by pair potentials only.

For EAM2 the focus was made on stabilising a H atom in an off-centre
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position in the vacancy and therefore an embedding function was added for

H. All types of the potentials predict the tetrahedral position for a H atom as

the most favourable in bulk W. The main goal of the MS calculations was to85

compare and validate the interatomic potentials with ab initio data available in

literature and choose the potential for further Molecular Dynamic simulations

at finite temperature.

The size of the crystallite used in the simulations was 10×10×10 a30 (a0

is the lattice constant predicted by the potential: 3.14 and 3.165 Å for EAM90

and BOP potentials respectively). It contained 2000 atoms before any point

defect or cluster was introduced. Periodic boundary conditions were applied in

all three directions. The incremental binding energy of H or He atom to HeM

or HeM-H-Vac cluster is defined as an energy difference between the system 1

where a H or He atom (A) is part of the cluster (C) and a system 2 where the95

gas atom is far away from the cluster and can be written as:

Eb(AC) = Etetra(A) + E(C)− E(AC)− Eref (1)

where Eb(AC) is the total energy of the system 1, Etetra(A) - energy of

the system with H or He atoms in tetrahedral interstitial position, E(C) is the

energy of the system with a cluster and Eref is added to complete the energy

balance. In this notation a positive value indicates attraction and a negative100

value indicates repulsion.

The so-called process of self-trapping and defect formation during plasma

implantation can be seen as a HeM cluster formation, and a consequent genera-

tion of a Frenkel pair (vacancy and self interstitial pair) assisted by the cluster.

The Frenkel pair formation energy Ef (FP ) was studied by means of Molecu-105

lar Static calculations and was estimated via calculating the following energy

balance:

Ef (FP) = E(HeM-Vac) + E(SIA)− E(HeM)− Eref (2)

where E(HeM-Vac) is the total energy of the box containing the HeM cluster
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in a vacancy, E(HeM) and E(SIA) is total energy of the system containing a

HeM cluster and a Self Interstitial Atom (SIA) in the form of a 〈1 1 1〉 crowdion110

in bulk tungsten respectively, Eref is the total energy of the box containing no

defects (BCC W in our case). In this notation, a positive value of the formation

energy corresponds to an endothermic process, i.e. a certain activation energy

is necessary to create a Frenkel pair. Negative value of formation energy cor-

responds to an exothermic process, i.e. energy is released during the reaction.115

The static relaxation was performed using the conjugate gradient algorithm em-

bedded in LAMMPS simulation package [31] with a stopping criterion on the

relative energy change of 10−10 between minimisation steps. Prior to the static

relaxation of the considered atomic configuration a short MD run at 300 K for 1

ps was performed after which the system was quenched to 0 K. This procedure120

allows the possibility for the system to evolve out of local minima and arrange

itself into the most stable configuration.

The computational cell for MD simulations was a cube 10×10×10 a30 in

which the crystal’s 〈1 0 0〉 directions were aligned with the coordinate axes.

Periodic boundary conditions were applied in all three directions. The needed125

number of He atoms (M) were assigned random positions in the crystal from

the very beginning, and H atoms were added in the computation cell in random

positions with certain periodicity. The temperature was kept constant equal to

800 K in all the simulations. The value of the temperature was chosen to ensure

high mobility of the clusters during the simulations and corresponds to surface130

temperature range at divertor vertical targets during ITER baseline heat load

scenario as predicted in [32]. The interatomic potential ”EAM2” and NVT

ensemble were used.

Two series of simulations were conducted: the first one was directed to study

the effect of hydrogen income periodicity (HIP) on the ejection process. In this135

case no He atoms were present, and the HIP varied from 10 to 90 ps/atom. In

order to promote the ejection process, a tungsten atom was removed from the

initial configuration, forming a vacancy. In the second series the effect of the

initial He atom number on the moment of the first tungsten atom ejection was
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investigated in the defect-free lattice. The initial number of He atoms varied140

from 0 to 6, the HIP was equal to 30, 50 or 90 ps/atom. Given the size of

the simulation box the corresponding particle flux is ≈ 1029 1
m2s which is five

orders of magnitude higher than the expected flux in ITER and accessible by

the experiments. However due to the limitations of MD, lower values of the flux

are not feasible.145

In order to detect an atom ejection (Frenkel pair formation), the positions

of the tungsten atoms in the simulation box were periodically compared with

the corresponding ideal lattice during the post-processing stage. A lattice site

was considered empty if a sphere of radius equal to 0.2 a0, encircled around

the site, did not contain any tungsten atoms. The sphere radius was chosen to150

be slightly larger than the typical thermal oscillation amplitude, measured in a

separate MD simulation. If the sphere remained empty during 80 % of a 300 ps

timespan, the corresponding tungsten atom was assumed to have been ejected

and the lattice site was considered as ”vacant”, to filter out occasional leaps of

tungsten atoms from their positions.155

The atomic concentration of H in the simulation box in that moment serves

as a measure of the ease of atom ejection and is called ”critical average hydrogen

concentration” in the present text. ”Critical local hydrogen concentration” was

calculated for several simulations as well, meaning the number of hydrogen

atoms within a sphere of radius equal to a0 encircled around the vacant lattice160

site at the moment of tungsten atom ejection, divided by the sphere volume.

3. Results and discussion

3.1. Molecular Static results

A number of MS calculations was done in order to test the performance

of the interatomic potentials before launching more computationally demand-165

ing dynamic simulations. Three main processes that define the trapping dur-

ing mixed He-H implantation are: stability of HeM clusters, stability of mixed

HeM-HN clusters and Frenkel pair formation in the presence of HeM clusters.
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Figure 1: Incremental binding energy of a He atom to a HeM cluster in bulk tungsten

The performance of the potentials regarding these three processes was assessed

by calculating the incremental binding energy of a pure HeM cluster, binding170

energy of a H atom to HeM-H-Vac clusters and Frenkel pair formation energy

and comparison of the results with ab initio data from the literature.

The results of the potentials for the binding energy of a He atom to a HeM

cluster as a measure of the stability of HeM clusters in bulk tungsten are shown

in figure 1. It can be seen that EAM1 potential shows rapid increase of He175

binding energy with increasing number of He atoms M in the cluster HeM

and significantly overestimates the value of the binding energy as compared

to ab initio results. At the same time EAM2 and BOP potentials show good

agreement with ab initio from [21], however with slight underestimation of the

binding energy.180

The results for incremental binding energy of a H atom to a HeM-H-Vac

cluster are shown in figure 2. As can be seen from the figure, the BOP potential

overestimates the binding energy almost by a factor of two for clusters containing

one to three He atoms. This behaviour of the BOP potential is expected due

to the overestimation of the H binding energy to a HN-Vac cluster [33]. EAM1185
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Figure 2: Binding energy of a H atom to a HeM-H-Vac cluster

gives reasonable agreement for clusters with one and two He atoms with an

overestimation of the binding energy for bigger clusters, failing to reproduce the

ab initio trend of the binding energy drop for cluster with four atoms. At the

same time the EAM2 potential reproduces the ab initio trend well with some

underestimations for small clusters.190

MS assessment of HeM cluster assisted Frenkel pair formation was made by

calculating the energy balance of a system containing a HeM cluster in an ideal

W matrix and a system where the same HeM cluster is placed in a vacancy close

to a W self-interstitial atom (SIA) (see equation 2). The same energy balance

calculations were also performed by DFT techniques in [34]. The results from195

this work are compared with MS calculations in figure 3. It can be seen that

all considered versions of the interatomic potential are in good agreement with

the DFT values.

The potentials predict a value for M between five and six atoms as the

threshold size of the HeM cluster at which the formation of a Frenkel pair be-200

comes energetically favourable. Despite the significant difference in description

of bonding of HeM clusters in bulk tungsten and HeM-H-Vac clusters (see Fig-
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Figure 3: HeM cluster assisted Frenkel pair formation energy

ure 3), both versions of the EAM potentials together with BOP potential give

very similar values for the formation energy of Frenkel pairs. Since there is no

difference between both EAM and BOP potentials with respect to the He self-205

trapping mechanism, but the EAM2 potential describes the energetics of HeM

and HeM-H-Vac, the EAM2 potential was chosen for the finite temperature

simulations.

3.2. Molecular Dynamics results

The results of the first series of MD simulations without He atoms revealing210

the effect of hydrogen income periodicity (HIP) on hydrogen critical concentra-

tion for Frenkel pair formation are shown in figure 4. The value of HIP was

varied in the range between 10 to 90 ps/atom and each simulation was repeated

10 times with different initial atom velocity distributions to estimate the uncer-

tainty of hydrogen critical concentration. Due to the small number of the data215

points, the best way to represent such dataset is so-called box-and-whiskers plot

[35]. The box-and-whiskers plot gives an opportunity to visually represent the

data distribution properties such as spread and symmetry. The bottom and
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Figure 4: Critical average concentration of H in the absence of He atoms, but in the presence

of an initial vacancy.

the top of the box denote the first and the third quartiles correspondingly and

thus indicate H-spread or Interquartile Range (IQR), i.e. the range containing220

50 % of the values. The line inside the box represents the data median while

whiskers span the rest of the dataset. The circles, if present in the graph, show

outliers, i.e. the data points that lay further than 1.5×IQR from either the

first or the third quartile. As can be seen from the figure, it is not possible to

draw any trend in the data as the value of HIP increases, especially taking into225

account the IQR. Thus it was concluded that the variation of the HIP in the

considered range does not affect the value of critical H concentration for Frenkel

pair formation in the case of simulations with H only.

As was discussed in the introduction, H and He atoms show significantly

different clustering behaviour in bulk tungsten with a strong attraction between230

He atoms and almost zero interaction between H atoms. Thus one can expect

different trapping mechanisms for H and He. Indeed, the qualitative difference

can be seen from a visualization of the atomic configurations presented in figure

5. In case of H atoms, an aggregation with the local hydrogen concentration
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(a) (b)

tungsten hydrogen helium

Figure 5: Simulation box snapshots taken at the moment of the first tungsten atom ejection,

HIP = 50 ps/atom. Gray - tungsten, green - hydrogen, blue - helium. (top) The crystal with

an initial vacancy and no He atoms. The first tungsten atom is ejected at comparatively low

concentration of H. (a) A defect-free lattice and no He atoms present. A cloud of H atoms has

been formed around the vacant lattice site, the critical average concentration is higher than

in (top). (b) A defect-free crystal and three initially present He atoms which have already

formed a cluster prior to the W atom ejection.12



up to five times higher as compared to the bulk average was formed promoting235

the W atom ejection within the aggregation volume. At the same time, helium

atoms were found to cluster in the very beginning of the simulation, thus causing

huge lattice distortion and facilitating the tungsten atom ejection.
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Figure 6: The critical average atomic H concentration variation with the number of He atoms

in the W crystal for three values of HIP

The results of the second series of MD simulations revealing the critical H

concentration at the moment of the first tungsten atom ejection in the presence240

of HeM clusters in the system are shown in figure 6. For every considered

combination of the initial number of He atoms and HIP the number of successful

simulation runs varied from eight to 14 with the exception of simulations with

six He atoms with low and middle values of HIP, where the number of successful

runs was two. As in the case of pure H simulations and due to the small number245

of data points, the box-and-whiskers plot [35] was used to represent the data.

For the two cases where the number of data points in the dataset was two,

the raw data was plotted (coloured stars) since the box-and-whiskers plot for

such datasets is misleading. For better visualisation of the trend of critical H

concentration evolution, a red dashed line connecting median values for HIP =250
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50 ps/atom was added.

The results presented in figure 6 show a decrease of the value of critical

H concentration with an increase of the number of helium atoms present in

the simulation box. The spread of the data allows to estimate the decrease of

the critical H concentration approximately by the factor of eight, thus showing255

the clear evidence of the synergy between hydrogen and helium atoms when

they eject a tungsten atom. At the same time the hydrogen income periodicity

presented by different colours in the figure has a small effect as it was in case

of simulations without HeM clusters (see. figure 4). The fact that the variation

of HIP within one order of magnitude does not influence the values for critical260

H concentration and trapping mechanisms confirms that the results obtained in

the simulations can be extrapolated to experimental values of H flux.

The helium atoms were found to bond together at the very beginning of the

simulation, thus causing lattice distortion and facilitating the tungsten atom

ejection. It was concluded that if more than four He atoms were present in the265

computation cell, then the tungsten atom ejection was not primarily driven by

hydrogen concentration, but by the helium atoms themselves. Thus the presence

of small clusters of He atoms in the material during H implantation enhances

the H bubble formation. Clusters containing more than four He atoms act as

additional traps for H atoms.270

So far the main focus of this work was the moment of the first Frenkel pair

formation. However it is also important to investigate the subsequent dynamics

of bubble formation. The number of detected vacancies as a function of time

(bottom X axis) and H concentration (top X axis) for the case of HIP of 50

ps/atom (1 %/ns) is shown in figure 7. The colour of the solid lines shows275

the number of He atoms M present in the HeM cluster in the system. The

dashed vertical lines show the median values for the critical H concentration for

formation of the first Frenkel pair - the same data is plotted with red dashed

line in figure 6.

As can be seen from the figure, for the simulations with number of He atoms280

lower than three there is a rapid increase in the rate of the vacancy forma-
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Figure 7: The evolution of the amount of vacancies with time for different number of He atoms

present in the simulation. The solid lines represent the vacancy concentration with the colour

corresponding to a certain number of He atoms in the cluster. The bottom X axis shows time

and the top X axis shows the corresponding H concentration in the system. The results only

for HIP = 50 ps/atom (1 %/ns) are shown. Dashed vertical lines represent the median values

of critical H concentration for the first Frenkel pair formation and show the same data as the

red dashed line in Figure 6

tion (slope of the curve) at the very end of the simulation when the value of

the H concentration reaches nine percent. At the same time this effect is less

pronounced in the simulations with higher number of He atoms in the system

showing a steady increase of the amount of vacancies in the system during the285

simulations. Moreover in the second part of the simulations, when the H con-

centration is higher than five percent the curves for six, five and four He atoms

show practically identical trends. Thus the presence of HeM clusters in the simu-

lation affects not only the initial Frenkel pair formation mechanism but also the

subsequent bubble growth. However, in order to give quantitative estimations of290

the possible effects one has to perform full scale mean field theory simulations of

mixed He-H implantation in the material is needed. Together with our previous

study reporting diffusion parameters of HeM and mixed HeM-HN clusters in W
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[25], MS and MD simulations presented in this paper reveal insight about the H

assisted Frenkel pair formation mechanism in the presence of HeM clusters and295

provide the necessary parametrizations for higher scale simulations.

4. Conclusions

A set of MS and MD simulations was performed in order to investigate

He and H trapping properties under mixed He-H plasma implantation. Two

versions of an EAM potential for the W-H-He system by Bonny et. al. [28]300

in the framework of an EAM model and a BOP potential by Li et. al. [26,

27] were validated by comparison of the static calculations with ab initio data

from the literature. Based on the results of the static simulations the following

conclusions can be drawn:

• Results for the stability of HeM clusters revealed that the EAM1 potential305

shows rapid increase of He binding energy with increase of number of He

atoms M in the cluster HeM and significantly overestimates the value of

the binding energy as compared to ab initio results. At the same time

EAM2 and BOP potentials show good agreement.

• Results of the stability of HeM-H-Vac clusters showed that the BOP po-310

tential overestimates the binding energy almost by a factor of two for

clusters containing one to three He atoms, while both EAM potentials

give reasonable agreement.

• Results for the HeM cluster assisted Frenkel pair formation demonstrated

that all the considered potentials provide similar values for the formation315

energy in good agreement with ab initio data. However due to the poor

performance of the BOP potential regarding the stability of HeM clusters

and unsatisfactory results of EAM1 regarding the stability of HeM-H-Vac

clusteres, the EAM2 potential was chosen for finite temperature MD sim-

ulations.320
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The effect of HeM cluster size and the H implantation regime (HIP value)

on the H bubble formation mechanism in bulk W was investigated by means of

MD simulations using the EAM2 potential. As a result of the simulations it is

possible to conclude:

• No significant effect on H bubble nucleation mechanism in tungsten was325

found when H income periodicity was varied from 10 to 90 ps/atom irre-

spective of the presence of HeM clusters.

• He atoms clustered in the very beginning of the simulations and stayed

clustered during the rest of the simulations. The presence of HeM clus-

ters in the material facilitate defect formation by decreasing the critical330

H concentration needed for Frenkel pair formation and also affects the

subsequent bubble growth mechanism.

The performed simulations suggest that the presence of HeM clusters in the

material during mixed He-H plasma exposure facilitates H trapping and bubble

formation and growth. On top of that, due to the self-trapping mechanism HeM335

clusters can create vacancies thus being the additional source of traps for H. The

results reported in this paper provide a thorough insight into the mechanisms

that determine H retention in W in the presence of He in the material that

can be used to interpret the results of experiments with both simulatneious [36]

and subsequent [37] H and He plasma exposures. However, in order to properly340

investigate the effect of all the considered mechanisms on the H retention during

real experiments one has to perform a full scale mean field theory simulation

using the obtained parameterizations. Together with the data for diffusion and

thermal stability of mixed HeM-HN clusters reporter earlier [25], this paper

provides the parameters needed for such simulations.345
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