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a b s t r a c t

In the near surface of plasma facing materials, high concentrations of hydrogen and helium isotopes can
build up, which will interact with the point defects resulting from the bombardment of the surface as
well as with the impurities of the materials. It is important to develop an understanding of the evolution
of W microstructure in such conditions and to be able to model this evolution. The task is very complex,
as many elements have to be included in the model which must be all parameterized correctly. Isochronal
annealings experiments are simple experiments which can help in the making of more complicated mod-
els. In this work, an object Kinetic Monte Carlo technique parameterized on ab initio calculations as been
used to model He desorption in W. The He atoms and the self interstitial atoms have been found to be
very mobile but they can bind quite strongly with impurities such as carbon or molybdenum atoms.
The evolution of the number of defects in the Kinetic Monte Carlo simulation was found to be in good
agreement with the resistivity changes observed during an He desorption experiment of above threshold
He implantation in a thin wire of tungsten.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

One of the promising candidates for the divertor plate in Inter-
national Thermonuclear Experimental Reactor (ITER) is tungsten,
because of its high melting temperature, high thermal conductivity
and low sputtering erosion. During its lifetime, the divertor surface
will be impinged by high energy particles: helium, hydrogen iso-
topes and neutrons. These isotopes will interact with the point de-
fects resulting from the displacement cascades induced by the high
energy particles as well as with the impurities of the materials.
These interactions will induce changes in the microstructure and
thus in the mechanical properties. The overall objective of this work
is to simulate radiation damage in tungsten with He production in
order to predict the evolution of the microstructure and the possi-
bility of swelling. The object kinetic Monte Carlo (OKMC) method is
one of the tools which can be used to model the microstructure evo-
lution under such conditions. However, for this modeling, the ele-
mentary physical phenomena associated with the point defects
created and their interaction with the He produced have to be
determined. As these phenomena take place at the atomic level, this
has to be done with the help of ab initio calculations. Ab initio cal-
culations have thus been used to parameterize an object Kinetic
Monte Carlo code and simulate He desorption in W.
ll rights reserved.
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In a first part the OKMC model which has been used is presented.
In a second part the most important parameters of the OKMC are
described and compared with experimental results when possible.
The OKMC code is then used in the third part to simulate an isochro-
nal annealing experiment of He desorption in W.
2. Methodology

The OKMC code LAKIMOCA developed at EDF has been modified
to take into account He.

The general features of the LAKIMOCA code have been exten-
sively described in a previous publication [1]. Briefly, the model
treats radiation produced defects (vacancies, self interstitial atoms
(SIA) and their clusters) as well as foreign interstitial atoms (FIA –
He in the present work) as objects with specific positions in a sim-
ulation box and with associated reaction volumes. The different
events are presented in Fig. 1. Each object can migrate or emit sin-
gle entities (a vacancy, a SIA, a FIA) and participate in a series of
predefined reactions. The probabilities for physical transition
mechanisms Ci, which are basically migration jumps and emission
from larger defects or from traps, are calculated in terms of Arrhe-
nius frequencies for thermally activated events,

Ci ¼ mi exp
Ea;i

kBT

� �
; ð1Þ

mailto:charlotte.becquart@univ-lille1.fr
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Fig. 1. Summary of the different events: migration, recombination, emission of single entities or trapping as well as electron or neutron irradiations, taking place in an object
KMC simulation using the LAKIMOCA code. The dimensions of the box are 199a0 � 200a0 � 201a0, where a0 is the lattice parameter of tungsten.The white spheres are the
vacancies, the green ones, the SIAs; the pink ones represent the helium atoms (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.).
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where mi is the attempt frequency (prefactor) for event i, Ea,,i is the
corresponding activation energy, kB is Boltzmann’s constant and T is
the absolute temperature. After a certain event is chosen, time is in-
creased according to the residence time algorithm [2],

Ds ¼ 1
XNth

e

i¼1

Ci þ
XNext

e

j¼1

Pj

,
ð2Þ

where Pj are the probabilities of external events, such as the appear-
ance of a cascade, of isolated Frenkel pairs produced by impinging
particles, or of implanted FIAs. In addition, the model includes
non-thermally activated events, such as the annihilation of a defect
after encountering either a defect of opposite nature (i.e. a SIA
encountering a vacancy) or a sink, as well aggregation, either by
adding a point defect to a cluster or by forming a complex between
a defect and a trap for it. These events occur only on the basis of
geometrical considerations (overlap of reaction volumes) and do
not participate in defining the progressing of time. The possibility
of introducing different classes of immobile traps and sinks, charac-
terized by specific geometrical shapes (spheres, infinite cylinders,
surfaces, etc.) and suitable to mimic voids or other trapping nano-
features, as well as dislocations and grain boundaries, is also imple-
mented. The code is therefore equipped to mimic fairly realistic
microstructures and irradiation conditions.

The choice of the parameter set is a difficult task and quite an
open question. For each object, one has to define all the possible
events that that object can perform, with their appropriate proba-
bilities. The object properties are: the types of objects (e.g. a single
vacancy v, a He atom, a di-vacancy, 2v, a single self interstitial
atom (SIA), etc.), the forward reactions that these objects can per-
form with the appropriate probabilities and capture radius (e.g. the
annihilation of a vacancy with a self interstitial: v + SIA ? £, or the
formation of a di-vacancy: v + v ? 2v), the backward reactions
with their probabilities (e.g. the dissociation of a vacancy from a
di-vacancy).

To obtain the OKMC data, ab initio calculations in the frame-
work of the functional density and the Vienna Ab initio Simulation
Package VASP [3] were used. The calculations were performed in
the framework of Blöchl’s projector augmented-wave (PAW) meth-
od [4] within the Generalized Gradient Approximation (GGA) of
Perdew and Wang [5]. The pseudo-potentials were taken from
the VASP library. The supercell approach with periodic boundary
conditions (PBC) was used to simulate point defects as well as pure
phases. Brillouin zone sampling was performed using the Monk-
horst and Pack scheme [6]. The plane wave cut-off energy was
350 eV in order to get converged results. 54 atom supercells with
125 kpoints as well as 128 atoms with 27 kpoints were used to
check the convergence of the calculations with supercell size. For
clarity and because the results were converged, only the results ob-
tained with the largest supercell size, i.e. the 128 atom supercell
calculations will be presented in this article. All the structures have
been relaxed by conjugate gradient, keeping the volume constant.
The uncertainty on the ab initio results is 0.01 eV.

The binding energy EbðA1;A2Þ between two entities A and B is
obtained as

EbðA1;A2Þ ¼ ½EðA1Þ þ EðA2Þ� � ½EðA1 þ A2Þ þ ERef:� ð3Þ

where ERef is the energy of the supercell without A1 and A2, EðAjÞ is
the energy of the supercell containing Aj only and EðA1 þ A2Þ is the
energy of the supercell containing both A1 and A2 in interaction with
each other. All the supercells contain the same number of metal
sites, i.e. have the same size. Except when otherwise stated, the ref-
erence state of the binding energies presented in this work is al-
ways the energy of a supercell without any defects, i.e. a perfect
crystal. With such a scheme a positive binding energy means attrac-
tion between the entities. For more than two entities, Eq. (3) can be
extended as follows:

EbðA1;A2; . . . ;AnÞ ¼
X

i¼1;...;n
EðAiÞ � ½EðA1 þ A2 þ � � � þ AnÞ

þ ðn� 1ÞEref � ð4Þ

with the same convention as in Eq. (3)

3. Results

3.1. Helium and vacancy clustering

The most stable interstitial configuration for He is the tetrahe-
dral (T) site, the energy difference between the two possible inter-
stitial sites DET�O, where O stands for octahedral, being equal to
0.22 eV. Furthermore, the substitutional configuration is 1.46 eV
lower than the tetrahedral one.

The binding energy between interstitial He atoms [10] (Table 1),
as well the binding energy of a single He atom or a single vacancy
with small He-vacancy complexes have been determined. The re-
sults are shown in Table 2.



Table 1
Binding energies (eV) of one He atom to a He cluster, for He in interstitial
configurations [10]. Calculations done using 128 atom supercells and 27 kpoints.

Reaction Binding energy (eV)

Heþ He! 2He 1.03
Heþ 2He! 3He 1.36
Heþ 3He! 4He 1.52
Heþ 4He! 5He 1.64

Fig. 2. Dissociation energies of a He atom or a vacancy from xHe.yv clusters as a
function of He to vacancy ratio.

Table 3
Binding energies (eV) of the ‘impurities’ with the moving objects SIA, v and He.
Calculations done using 128 atom supercells and 27 kpoints.

Species H He C Mo Re

SIA 0.33 0.94 0.62 0.44 0.80
v 1.22 4.57 2.01 0.04 0.23
He 0.20 1.03 0.37 0.21 0.02
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The binding energy between two He atoms is very high, close to
1 eV, and the results in Table 1 indicate also that the formation of
He bubbles without pre-existing damage is possible as was ob-
served by Nicholson [7]. The data in Table 2 also indicate that a
He atom always binds more strongly with a mixed He-vacancy
cluster than a vacancy to a cluster of same composition. For larger
size clusters, the data were extrapolated.

As regards the mobilities, the ab initio calculations indicate that
He migration energy as an interstitial is very low, around 0.06 eV.
This results is a priori in contradiction with the experimental val-
ues of the diffusion coefficients of He [8,9]. However it was shown
in [10] that the strong tendency for He to bind with itself can ex-
plain this discrepancy with the experimental data, which are very
probably migration energies of small He clusters rather than of iso-
lated He atoms [10]. This is in perfect agreement with the results of
Soltan and coworkers [11] who, in a careful study of hydrogen,
deuterium, and helium implantation at 5 K with energies from
0.25 to 3 keV into thin films of 80 – 320 nm of gold and tungsten,
followed by isochronally heating of the specimens up to 400 K,
demonstrated that concentrations as low as 350 ppm of He sup-
pressed He migration because of the clustering of these elements.
They furthermore calculated that in the experiments of Wagner
et al. [8] as well as that of Amano [9], the concentration of im-
planted He was 5%. They thus explain why in their own experi-
ments, He becomes mobile at temperature below 5 K, in
contradiction to the previous results [8] and [9] where mobility
of 3He and 4He was observed only above 90 K.

The binding energy between a single vacancy and He is very high
(Table 2), and thus the dissociation of such a cluster is highly
improbable. However when a SIA moves close to such a complex,
the W atom jumps in the vacancy and the He atom moves to a tetra-
hedral site and will then be able to migrate very quickly. This reac-
tion was checked using ab initio molecular dynamics and is taken
into account in our model. The possibility of He motion through
Table 2
Binding energies (eV) of He and v small clusters (xHe.yv). Calculations done using 128
atom supercells and 27 kpoints.

Reaction He binding
energy (eV)

Reaction Vacancy
binding
energy (eV)

Heþ v! He � v 4.57 vþHe! He � v 4.57
Heþ He � v! 2He � v 3.11 vþHe � v! He � 2v 0.07
Heþ 2He � v! 3He � v 3.28 vþHe � 2v! He � 3v 0.70
Heþ 3He � v! 4He � v 2.61 vþHe � 3v! He � 4v 1.01
Heþ 4He � v! 5He � v 1.44 vþ 2He! 2He � v 6.65
Heþ 5He � v! 6He � v 2.08 vþ 2He � v! 2He � 2v 1.82
Heþ 2v! He � 2v 4.69 vþ 2He � 2v! 2He � 3v 0.68
Heþ He � 2v! 2He � 2v 4.85 vþ 2He � 3v! 2He � 4v 1.29
Heþ 2He � 3v! 3He � 3v 3.97 vþ 3He! 3He � v 8.57
Heþ 3v! He � 3v 5.35 vþ 3He � v! 3He � 2v 2.65
Heþ He � 3v! 2He � 3v 4.83 vþ 3He � 2v! 3He � 3v 1.83
Heþ 2He � 3v! 3He � 3v 5.08 vþ 3He � 3v! 3He � 4v 1.49
Heþ 4v! He � 4v 5.74 vþ 4He! 4He � v 10.22
Heþ He � 4v! 2He � 4v 5.11
Heþ 2He � 4v! 3He � 4v 5.29
Heþ 3He � 4v! 4He � 4v 5.17
the help of two vacancies, which was found to be energetically costly
in Fe [12], was not investigated as the divaccancy was found not to
be stable [13] and as the He � 2v complex is not very stable either (Ta-
ble 2). As for the vacancy, its migration energy is 1.66 eV [13], all va-
cancy clusters are in principle allowed to move but their diffusion
coefficients are so low, that they will not move during the isochronal
annealing experiment. The He and vacancy clustering data (Tables 1
and 2) are usually represented in terms of dissociative energy (i.e.
the sum of the migration energy and the binding energy) of a va-
cancy or an interstitial He versus the ratio of He to vacancy. This is
presented in Fig. 2. The dissociation energy at the cross-over be-
tween the two curves, which shed some light on the composition
of the most stable clusters as well as on their stability [14], is close
to 4 eV and the He to vacancy ratio is one.

3.2. Influence of impurities

Impurities even in small amount play a crucial role as they can
bind with the point defects and change their mobility. It was
decided to investigate the possible influence of i) C as its promi-
nent role in bcc metals is well known, ii) Mo as it is the native
impurity of W, iii) Re as it can be obtained by transmutation of
W. Furthermore it is commonly used as an alloying element of W
to increase its re-crystallization temperature and its ductility. H
which will also impinge on the surface of the divertor was also
investigated. The binding energies of the vacancy, the SIA and He
with these impurities are shown in Table 3. C binds very strongly
with both the vacancy and the SIA which is not the case in Fe,
where C binds with SIAs only when they are quite far apart [15].
H binds with both vacancies and SIAs. The binding energy with H
is not negligible: 0.20 eV, and in a previous work, it was shown that
H binds also very strongly with He clusters [16], in agreement with
the experimental findings that He pre-irradiation of metals effi-
ciently enhances the retention of hydrogen isotopes in the pene-
trated region [17,18].



Fig. 3. Evolution of the number of defects (pd + He nbr) in the OKMC box versus
annealing temperature. The black squares ((R-R0)/(R-R1)) represent the experimen-
tal resistivity recovery of Soltan et al. [11] (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).
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Mo does not appear to establish any interactions with vacan-
cies, contrarily to Re whose binding energy with the vacancy is
around 0.2 eV. Both Mo and Re establish strong interactions with
the self interstitial atoms as can be seen from Table 3 and their
most stable configuration in the vicinity of a dumbbell is as a
mixed dumbbell. Mixed dumbbells in metals can be very mobile
and transport solute atoms throughout the tungsten matrix. Our
results indicate that Re establishes attractive interactions with
both vacancies and self interstitials. These results are in very good
agreement with the general finding that under irradiation, radia-
tion induced precipitation of WRe alloys are observed [19–22]
a

b

Fig. 4. Species evolution (a) total number of
even if it needs to be comforted by the determination of the corre-
sponding migration energies.

3.3. Self interstitial atoms and self interstitial atom cluster migration

The SIA migration energy is also quite a debated question. In-
deed stage I of the isochronal annealing resistivity recovery of irra-
diated tungsten, which is attributed to the motion of SIAs, is
composed of many peaks: 8 intrinsic recovery stages are men-
tioned by Dausinger [23], 6+1 by Di Carlo [24] while 5 sub-stages
were observed by Coltman et al. [25] and Maury and coworkers
[26]. These peaks evolve or not with dose or with the amount of
impurities and the migration energy deduced by the different
authors varies from 0.08 [9] to 0.54 eV [27]; More recently, Tanim-
oto [28] even proposed that the SIA is mobile below 1.5 K. Recent
[29] molecular dynamics simulations of SIA and SIA cluster motion
in tungsten using an interatomic potential derived from ab initio
calculations indicate that the SIA indeed moves very quickly, with
a migration energy of 0.013 eV. The SIA being a h111i crowdion
[13,29] it moves along h111i directions in a 1D type motion. SIA
clusters were found to be also very mobile. These results were used
in our model: the SIA moves along h111i directions, changes direc-
tion with a rotation energy of 0.38 eV as was determined in [29].
The SIA clusters also move with the migration energy of 0.013 eV
along a h111i direction, but they cannot change directions. The lin-
ear dependence of the diffusion coefficient with temperature dem-
onstrated in [30] has not been included in the model.

3.4. Object kinetic monte carlo simulation of helium desorption

Using the parameters described above, a kinetic Monte Carlo
simulation of He desorption was done, in the conditions of the
point defects and He atoms (b) clusters.
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experiment performed by Soltan et al.[11]. In this experiment,
12 appm of 3 keV He were implanted at 5 K in thin films of W,
which were subsequently isochronally annealed. According to
Marlowe calculations adjusted on the cascade database produced
by Seidman [31], a 3 keV He leads to the formation of 3.3 Frenkel
Pairs (FP) on average. In the OKMC box, 12 ppm of He as well as
the corresponding number of FP and 100 ppm of traps having the
binding energy of C (Table 3) were introduced. PBC were applied
in two of the three directions, simulating a thin foil of tungsten,
63 nm thick. An isochronal annealing of the whole box was then
simulated by increasing the temperature by steps of 2 K every
60 s. The results are presented in Figs. 3 and 4. The decrease in
the number of defects appearing before 10 K corresponds to the
motion of SIAs which eliminate some vacancies, form clusters, be-
come trapped or leave the simulation box through the surfaces.
Around 25 K, the He atoms start moving, form small clusters, or
bind with SIAs. A few of them bind with some of the remaining
vacancies. After 200 K, the interstitials captured in the C traps are
released, more mono-vacancies are thus annihilated and the num-
ber of SIA clusters increases slightly, but the overall number of de-
fect decreases. At 500 K the microstructure consists of mono-
vacancies (a little less than half the initial number), 15 vacancies
in He.v clusters containing at the most 6 He atoms and SIAs clus-
tered with He atoms (93% of the SIAs have left the simulation
box) containing at the most 7 He atoms. At 1500 K, all the remain-
ing vacancies are bound to He atoms, as He.v or 2He.v clusters; the
2% of SIAs remaining are also bound to He atoms forming slightly
larger size He.SIA clusters. The overall evolution of the number of
defects in the box (blue line in Fig. 3) versus temperature is quite
close to the experimental data (black squares) indicating that our
model reproduces correctly He desorption under these conditions.
The model should of course be tested under different conditions
and this will be our next objective.

4. Conclusions

The Object Kinetic Monte Carlo code LAKIMOCA was improved
to take into account He. In tungsten, He atoms bind with self inter-
stitial atoms, vacancies, impurities, hydrogen and with other He
atoms. The ab initio based parameterization is capable of reproduc-
ing correctly the evolution of the defect population during an He
desorption experiment in tungsten.
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