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Abstract:

Helium implantations are experimentally performed in order to observe the formation of vacancy
defects in tungsten crystals. Characterizations with nuclear reaction analysis (NRA) and positron
annihilation spectroscopy (DB-PAS) allow respectively to quantify the 3He retention and to
determine the nature of the vacancy defects formed during the process. Two types of defects are
observed as a function of the impinging fluence: vacancies filled with He (HenV and HenVms1)
below 2.5x10%° He.m and small voids above. The influence of kinetic energy of the impinging
He atoms and of the substrate temperature during the implantation is studied. Molecular dynamic
simulations of the implantations are performed to further understand the formation mechanisms
of the initial HenV defects. A good agreement is found between results obtained by simulation
and experimentally. The implantation depth of the He atoms and the mobilities of He and W are

identified as the main features governing the vacancy formation.
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1. Introduction

In future fusion reactors, tungsten (W) used as a target of the divertor will be exposed to severe
conditions: high heat loads and light particles bombardment [1,2]. Study of the W behavior when
exposed to these fluxes is necessary to estimate the lifetime of these fusion reactor components.
Experiments involving exposition of W surfaces to high fluxes and high fluences of helium (He)
in dedicated reactors like NAGDIS and PISCES have been performed [3,4]. These studies
showed that the W surface morphology is modified even for kinetic energies of impinging ions
below the displacement threshold of W lattice atoms [5,6]. It has been shown that under
corresponding ion fluxes, He/W interaction could lead to the formation of holes, blisters, fuzz etc.
and finally to flaking [7—11]. These structures are thought to be the consequences of the initial

formation of vacancies and point defects into the W lattice [12].

In our previous work the mechanisms involved in the defect formation due to the retention of He
in the W lattice have been investigated through experiments and MD simulations [13]. It has been
shown that for kinetic energy of 300 eV, above a fluence of 2.5x10%° He.m, the amount of
implanted He atoms saturates. This corresponds to the limit of the accumulation of He atoms
within W vacancies (He-vacancy complexes) and the beginning of the formation of large He free
voids in the W lattice due to the emptying of the large He clusters through the surface (or cluster
rupture events). These voids extend to a few nanometers beneath the surface when He*

implantation energy is 300 eV.



The present study aims to observe the influence of the He ion kinetic energy and of the W lattice
temperature on the first steps of the vacancy-type defects formation in W crystal. The conditions
are defined to only study the effect of He accumulation inside the W lattice. That means the
kinetic energy of the He ions ranges from 100 to 500 eV, transferring a maximum of energy
ranging from 8.33 to 41.65 eV through any elastic collisions with a W atom. Those values are
below the displacement threshold of a W atom by an impinging He atom which equals 90 eV
[5,6,14]. The W substrate temperature was set between 173 and 873 K. Implantations were
performed both experimentally in a homemade ICP plasma source and by molecular dynamics
simulations. Polycrystalline W samples were analyzed before and after implantation by means of
nuclear reaction analysis (NRA) and positron annihilation spectroscopy (DB-PAS) to determine
the He retention and to qualify the vacancy defects, respectively. Simulation data were treated to
bring out the total calculated implanted fluence (retention), the He concentration profiles and to

observe the formation of initials Hen-V clusters.

2. Experiments and model
2.1. Experimental conditions of implantations and material analysis techniques

2.1.1. Sample preparation and He implantation

Polycrystalline W samples are 7 x 7 x 0.3 mm? pieces of 99.95% purity. The samples were
prepared in order to remove at best the initial defects. The complete preparation procedure is
detailed in reference [14]. After the preparation, the samples exhibit large size grains (hundreds

of um?2), minimizing the surface of grain boundaries.



A dedicated Radio-Frequency Inductively Coupled Plasma source was developed at GREMI to
perform He implantations. For a complete description and characterization of the source please
refer to [14]. The W substrates are placed in a reactor initially pumped down to 10 Pa. They are
then exposed to He ions with a kinetic energy ranging from 100 to 500 eV depending on the DC
bias voltage applied to the substrate holder (voltage supply: Midec SK 600V-0,5A max); the
fluxes ranged from 10% to 10%® He.m s, Typically in those conditions, kinetic energy of the
ions is supposed to be equivalent to the difference between the plasma and the surface potentials
(Vp-Vb), since the ions are accelerated from the plasma through the sheath forming at the surface
of the substrate. In the present study, the plasma potential V; is measured to range between +10
and +20 V and the surface bias Vy is set negatively to 100, 300 or 500 V depending on the
implantation experiment. However, we have shown from measurements performed with an
energy analyzer that the energy distribution function of the ions starts from the Vp-V,, values and
that the FWHM can be relatively broad, depending on the discharge coupling regime [14]. This is
not the scope of the present work to study the effect of the real distribution function. Hence to
ease the reading in the following, the implantation conditions will be labelled with the maximum
kinetic energy value, i.e. the potential applied to the substrate surfaces. Implantations were
performed on samples maintained at temperatures ranging from 173 to 873 K. Samples were
fixed on a temperature regulated substrate holder. A liquid nitrogen circulation was used to reach

the lowest temperatures.

The impinging ion fluences were chosen to be below and above 2.5x10%° He.m, fluence limit of
the accumulation of He atoms within W vacancies (He-vacancy complexes) at an implantation
energy of 300 eV [14,15]. The fluence is the total number of impinging ions for a given

bombardment duration; it is calculated from the ion flux obtained from the measurement of the



ionic current at the substrate. *He isotope was chosen instead of “He because it can be quantified

using the nuclear reaction analysis technique (NRA).

2.1.2. NRA measurements

The total amount of 3He retained in the samples was measured by NRA in a dedicated apparatus
DIADDHEM at the CEMHTI [16] laboratory, Orléans. The nuclear reaction used to quantify the
He content is *He(d,*H)a. [17-20]. A 900 keV deuterium beam is used to induce the nuclear
reaction with *He atoms present in the W substrate. The nuclear reaction products are a “He (o
particle) and a *H (proton) with energies of 2-3 and 15 MeV, respectively. The concentration of
retained 3He is determined by counting the emitted protons for a given deuterium beam charge.
The total proton number is normalized by the beam charge and compared to the one measured
with the same analysis conditions in a standard sample containing 10%° 3He.m2. The cross section
of the *He(d,*H)a nuclear reaction for 900 keV incident deuterons in W is quasi-constant (relative
standard deviation of 5%) up to a depth of 300 nm. In regard to the low implantation depth of He
ions (20 nm for 500 eV), the 3He concentration is determined using a simple proportionality

relation.

2.1.3. Positron Annihilation Spectroscopy

In order to qualify the vacancy defects present before and formed after the implantation process,
the positron annihilation spectroscopy was used. This technique is based on the analysis of the
Doppler broadening of the gamma ray emitted at 511 keV during the positron annihilation

process (DB-PAS). The annihilation y ray undergoes a Doppler broadening due to the various
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kinetic momentum of annihilated electron-positron pairs. It is then possible to get an image of the
kinetic momentum distribution of the electrons of the sample and thus to probe the electronic
density encountered by the positron in the sample. Also, when implanted into the sample and due
to their positive charge, positrons are preferentially trapped by vacancy-type defects. Thus the
technique is particularly sensitive to the nature and concentration of vacancy defects in the

sample. More details on DB-PAS could be found in [15,21].

At the CEMHTI laboratory, the DB-PAS is implemented with a slow positron beam which
enables to implant monoenergetic positrons in the samples with variable energy E ranging from
300 eV to 25 keV [22]. It allows probing the annihilation characteristics of the sample as a
function of the depth from 0.4 to 700 nm [23]. The positron-electron pair momentum distribution
is measured at 300 K by recording the Doppler broadening of the 511-keV annihilation line with
a Ge detector. A spectrum of approximately 10° events is collected at each positron energy value.
In order to follow the evolution of the annihilation peak as the function of the positron energy,
two shape parameters are extracted from the spectrum. The low momentum parameter S is the
fraction of annihilations taking place in the low momentum range i.e. a window close to 511 keV
and corresponds to annihilation with valance electrons. The high-momentum parameter W, in the
windows at the wings, corresponds to the fraction of annihilations taking place with core

electrons in the momentum range close to 506 and 516 keV [21].

It is important to note that each annihilation states (i.e. defect, bulk, surface...) is characterized
with specific S and W, values and when a material contains vacancy defects S increases and W,
decreases. However, in the case of He implantation in matter, a decrease of the S parameter and
an increase of the W, parameter could be observed [24,25]. It is linked to the filling of the

vacancies, also called decoration of the vacancies, by the He atoms that change the electron



momentum distribution into defects. As W, parameter always behaves in the opposite way of S

parameter, we will only present S(E) curves in this paper.

Also, most of our interpretations of DB-PAS data are made from the analysis of the evolution of
the S parameter from the initial state of the prepared sample to its implanted state. To clarify
some evolutions and to quantify the difference between the initial and the implanted states, AS/S
parameter will be used. It is defined as the relative difference between the mean values of S
(Stinal-Sinitia1)/ Sinitiar) in the positron kinetic energy range of 2 keV - 4 keV, corresponding to the

near surface of W (up to 35 nm thickness) where He implantation is expected to take place.

The positronium fraction (Ps) can also be used as a proof of the presence of defects into the
sample. In case of dense metals, Ps is formed with backscattered or reemitted positrons from the
surface and a free electron. It is furthered when positrons are not efficiently trapped inside the
sample and are thus able to diffuse back to the surface. The fraction of emitted positronium is
consequently a kind of signature of the trapping rate of positrons inside the material, which is
related to the concentration of defects. As an example, the positronium fraction evolution with
the positron energy is given in figure 1 for a W sample before and after preparation. Below 2
keV, surface acts as a strong positron trap and very low energy positrons can easily diffuse back
and be reemitted to form positronium, hence the high values in this range are not interpreted.
Between 2 and 10 keV, the positronium fraction is low in the as received sample whereas it is
still high in the prepared sample. This high value indicates that the number of trapping sites (i.e.
vacancy defects) is low, and thus that the preparation procedure was efficient to remove initial

vacancy defects.



In this work the parameter APs/Ps, defined as the mean value in the energy range 2 to 4 keV of
the ratio (Psfinai-PSinitia1)/PSinitial Will be calculated to evaluate the magnitude of the modification

between initial and implanted states.

2.2. Molecular dynamic simulation model

To investigate the phenomena occurring during the implantation of He into W, molecular
dynamic simulations are carried out on an Alineos quadriprocessor 8 cores high performance
computer using LAMMPS [26]. Complete description of the model and of the data treatment

could be found in reference [13], we only give here the most important points of the simulation.

A (100) body-centered cubic W crystal box consisting of 17 x 17 x 204 unit cells is built, for
which dimensions are then 53.8 x 53.8 x 645.7 A. Periodic boundaries conditions are set in the x
[100] and y [010] directions, and free motion is allowed along z [001] to figure the surface of a
monocrystal. The bottom of the box is composed of a fixed layer of 6 unit cells (20.5 A) which
mimics the unperturbed bulk. The speed of the remaining W atoms is selected randomly from a
Maxwell-Boltzmann distribution corresponding to the thermal energy at the investigated
temperature which is maintained thanks to a Berendsen thermostat [27]. The thermostat is used
because the fluxes of impinging atoms used in MD simulations are unphysically high as
compared to the experiments. High fluxes are used in order to reduce the calculation durations
taking properly into account He interactions with W and with He already present in W [13].
Substrate thickness is chosen in order to limit to 0.5% the implanted He atoms crossing the

substrate through the fixed W atom bottom layers.



He ions are treated as atoms, as they are neutralized at the W surface, so classical MD
simulations are applicable. He atoms are injected one by one and in a direction normal to the
surface. They carry a fixed kinetic energy corresponding to the mean value expected in the
experiments. The frequency of the He atom injection is set to 5 He.ps™. Such impingement
frequency allows no lateral interaction between induced perturbations in the W crystal during the
dissipation time, due to the large enough substrate width. The lattice displacement threshold for a
W atom is of 90 eV, and the maximum energy transferred Ei from a He atom to a W atom is
obtained from the elastic collision energy transfer formula: Ex / Ei = 4mimy/ (m1+m2)? [28] it
ranges from 1.66 to 41.65 eV for incident energies ranging from 20 to 500 eV. The number of He
atoms impinging the W surface ranges from 2000 to 10000 for a surface of 53.8 x 53.8 A2, This

corresponds to the fluences ranging from 10'®to 10%* He.m™.

Handling molecular dynamics requires the knowledge of inter-atomic potentials and a set of
initial conditions. We use the Juslin and Wirth potentials [29]: W-W interactions are described by
a modified Ackland-Therford potential and W-He interactions are modelled from DFT study.
Finally, He-He interactions in the substrate are described by Beck's potential [30], which allows
He cluster growth. Implantation conditions were chosen to match at the best with experiments:
the temperature of the W simulation box was varied between 173 and 873 K and the incident He

atom kinetic energy between 100 and 500 eV at normal incidence.

The data extracted from the simulations are frames presenting the successive positions of each
atoms (He and W) every 2 ps, i.e. after each the injection of 10 He atoms in the simulation box.
Those are treated with the VMD software [31] which allows observation of the trajectories and

the measurements of radial distribution functions of the atoms (RDF). Also a home-made



program especially written to count the number of He clusters and determine their content of He

over the successive frames or time steps.

3. Results and discussion

3.1. Detailed study of the formation of He-vacancy complexes

The initial Hen-V clusters are studied from a statistical point of view. The He, clusters are groups
of He atoms defined by an interatomic distance low compared to the W crystal lattice parameter
(a=3.1652 A). These clusters form as soon as two He atoms meet in the W lattice and migrate
together until being reached by new He atoms. At some point, the cluster formed stops migrating
into the lattice since its volume does not allow interstitial movements between the W atoms
anymore. The mean distance (rc) between the aggregated Hen atoms is determined from the radial
distribution function (RDF). The figure 2 presents the various RDFs obtained in each conditions
of kinetic energies (from 20 to 500 eV) and temperatures (from 173 to 873 K) at the end of the

simulations.

The RDF curves present a distribution ranging from 1 to 5 A. In each case a maximum is
observed for a distance rc of 1.75 A. However, the distribution of interatomic He-He distances
indicates that some atoms can be further away from each other within a distance of 5 A. Either
those He atoms are second neighbors or the thermal agitation induces a wider distribution of the
distances between He. Hence, in order to calculate the number of clusters and the number of He
they contains, multiples of the distance are defined as rc. 4 various calculations are performed
with 1, 1.5, 2 and 3*rc. The histograms obtained for each frames in the case of 20 eV and 300 K

implantation is presented in figure 3.
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These histograms allow following the growth of Hen clusters along the simulation as the number
of implanted He atoms increases. From the intensity of the color scale obtained in each
histogram, the optimum rc value to use can be determined in order to get the most information as
possible from the calculations. Indeed, if rc is limited to 1.75 A, clusters with He atoms parting
due to the thermal agitation are not considered and statistically absent from the clusters, even if
they are actually present in the simulated lattice. Therefore, the histograms compared for the
various implantation conditions are the ones calculated with a value of 1.5*rc, which includes

most of the first neighbors without overlapping to many clusters.

Limiting the study to the first 200 frames shows the formation of the primary He, clusters. The
figure 4 presents the histogram for the case simulated with He Kinetic energy set at 300 eV and W
substrate temperature set at 300 K. This histogram presents a leveling which corresponds to the
formation of clusters containing 7 He atoms. The trajectories of He atoms contained in such
clusters observed with the visualization software shows that they are immobile in the lattice. The
Hey7 clusters do not have the possibility to move and pushes a W atom away from its lattice
location. This information is correlated to the “self-trapping” i.e. the formation of a Frenkel pair
(a vacancy and a self-interstitial), Hez — He7-V + | with V being a W vacancy and | a self-
interstitial of W (S1A) [32,33]. Below this number, the Hen<7 clusters are mobile in the lattice and
migrate interstitially. Above this number, Hens7 clusters are considered as larger complexes or
bubbles (HenVm) which form through trap mutation, i.e. the insertion of He atoms into a large
clusters surpressurizing it and leading to the formation of a new vacancy and a new W interstitial

(HEan + He — Hen+1Vm+1 + |)

From the histogram, it is also possible to follow the growth of a cluster by observing the main

lines of the graph as a function of the frame, such as pointed out by the blue arrows on the figure
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4. Indeed, the speed of growth could be determined for the main clusters. However these rates are
not constant over time since the growth takes place along different ways. The lowest speed rates
corresponds to the addition of singles He atoms to the clusters while the highest speed rates, i.e.
arrows with high slope, are due to the merging of clusters containing a large number of He. The
disappearance of clusters of a high number of He is then due to either their merging with another
cluster or, in the case of low energy implantations (20 and 100 eV), to their desorption from the

substrate as will be described in the next section.

The number of He necessary to form a Frenkel pair is given for each implantation conditions in
the tables 1.a and b. For the He kinetic energy influence study, the W substrate temperature is
fixed at 300 K, and for the W substrate temperature influence study, the incident kinetic energy

of the He is fixed at 300 eV.

For each simulations, the number of He necessary to form a Frenkel pair is roughly equivalent.
Note that for the 300 eV / 873 K case, the determination of the number of He was not possible
due to the absence of plateau and the low number of clusters over the simulation before the

rupture of the substrate due to a single massive cluster close to the surface.

In those simulations, the formation of Frenkel pairs is not influenced by the kinetic energy of the
incident He. Indeed, in this range of energies, the accumulation is the only way He can induce the
displacement of W atoms in the lattice. However, one could expect a newly implanted He atoms
depositing its kinetic energy directly in a cluster could bring enough energy to form a vacancy. In
this series of simulations, such event was not observed and was not evidenced statistically. In the
case of the substrate temperature influence study, the same results are obtained. The increased
mobility of the W atoms does not influence the formation of the initial Frenkel pairs for the
temperatures ranging from 173 to 873 K.

12



As soon as the initial HenVV complex is formed, the lattice reorganizes itself in order to place the
SIA of W in a lattice position. The SIA is typically ejected along the (111) direction since the
potential used for these simulations proposes the lowest energy (9.55 eV) for this type of
displacement [29]. Subsequently the whole row of W atoms are pushed to reorganize the lattice
along the (111) direction toward energy “sinks” i.e. the surface or an already formed bubbles.
The movement of the W atoms along the 111 row are called “loop-punching”. Those events have
been evidenced in MD simulations by many authors [34-36] and are favored by the potentials

used for these MD simulations.

The “loop-punching” events were observed individually on the simulated implantations
performed at energies ranging from 20 to 500 eV at 300 K and the ones performed at
temperatures ranging from 173 to 300 K with an incident kinetic energy of the He ions of 300 eV.
On the one hand, the kinetic energy of the incident He atoms has not shown any influence on
these displacements in the range of energies used for those simulations. On the other hand, the
study of the substrate temperature influence has not shown any influence on this type of defect
formation between 173 and 300 K. However, for the simulations of implantation performed at
higher temperature of substrates (473 to 873 K), a disorder is rapidly generated in the W layers
close to the surface as shown on the snapshots of the figure 12.a. For these higher temperatures,
this disorder does not allow anymore the observation of the W movements along any crystalline
direction. Hence no conclusion on the influence of the substrate temperature on the mechanisms
of “loop-punching” are drawn from the simulations performed at temperatures ranging from 473

to 873 K.

3.2. Comparisons of experimental and simulation results
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3.2.1. Characteristics of He implantation in W at Kinetic energy of 300 eV

Such as described in the previous paragraphs and in our previous work, the course of a typical
implantation run has been followed for 300 eV He atom kinetic energy and a W substrate
temperature of 300 K by MD simulations [13]. Three steps have been evidenced when the

number of implanted He atoms increases inside the W lattice:
- He penetrates the substrate and diffuses interstitially, until it encounters another He atom.

- Two He atoms form a cluster which becomes a trap site for other incoming He atoms. When the
number of aggregated He atoms exceeds 6, the cluster stops migrating and form a HenV cluster
such as was described in the previous paragraphs. The stratification observed on the calculated
depth profiles is due to the formation of clusters at different depths which prevents the migration

deeper in the thickness.

- Formed He,V clusters grow and coalesce into HenVm complexes beneath W substrate surface

until He concentration becomes high enough to lead to W flaking.

Very good agreement was found between experiments and MD simulations, and a saturation of
the number of He atoms incorporated inside the W substrate was evidenced by both approaches.
This saturation phenomenon of the retention rate occurs at an impinging atom number of 2x10%°
He.m2; the maximum reached He retention being 5x10*° He.m™. This behavior was explained by

the release of He atoms by cluster rupture and diffusion towards the surface [13].

The evolution of the S DB-PAS parameter as function of the positron kinetic energy is given in
figure 5. In the kinetic range 2 to 5 keV, a clear change in the S behavior is observed. Below an
impinging fluence of 10?! He.m, the S parameter is lower than the value measured on the non-

implanted sample, whereas it becomes higher after 2.5x10%! He.m™. The corresponding AS/S
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parameter evolution with respect to the impinging fluence is presented together with the He

retention obtained by NRA in figure 6.

During the linear increase of the retention, before the saturation step, the AS/S ratio remains
negative. As mentioned before, a negative AS/S value is specific of He insertion in vacancy
defects. It is characteristic of the filling of the W vacancies by He [15,24,25]. Thus the observed
evolution with increasing fluence below the saturation step indicates that accumulation of He
inside the W lattice induces the displacement of W atoms to form vacancies where He is trapped.
The involved mechanism is the self trapping and the trap mutation described in the previous

section.

When the saturation point is reached, the AS/S ratio becomes positive revealing the presence of
large free volumes. This behavior means that after the filling of first formed W vacancies (HenV
and HenVm), when the He fluence increases, larger HenVVm complexes are formed, through further
loop punching and trap mutation events, those are able to reach the surface and empty themselves

through it leaving voids into the W lattice.

The trends obtained by measurements and MD simulations are similar. A retention saturation is
reached above 2x10%° He.m. Below this fluence, W vacancies are created and progressively
filled by incoming He atoms; above there is a clear modification in the He insertion regime:
larger free volumes are present and the accumulation of He at the near W surface (because of the
low kinetic energy of He ions) seems to lead to the release of He through the surface (by flaking)
which causes the saturation of He retention. To go further into the understanding of such

behaviors, numerical and experimental implantations have been performed by varying parameters
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expected to drive the implantation process: kinetic energy of the incoming ions and W substrate

temperature.

3.2.2. Helium ion Kinetic energy effect

Implantations were carried out at three kinetic energies below or close to the displacement
threshold of W by He ions, which is around 500 eV, in order to investigate the effect of He

accumulation.

From the snapshots illustrating He implanted into W at a retention of 1.3x10'° He.m for various
kinetic energies shown in figure 7.a, and the corresponding concentration profiles (figure 7.b), it
is clearly seen that He atoms are able to diffuse deeper when the kinetic energy rises. This is
easily understandable and has already been reported [37—39]. For 20 eV and 100 eV the diffusion
depth is similar, of the order of 5 nm, and it reaches 20 nm at 500 eV. Dispersion of implanted He

over a larger depth, of course, promotes the retention inside the W.

He atoms being dispersed over a shallower depth at low kinetic energies (see the narrow profiles
of figure 7.b as compared to high energies), the size of He clusters is larger. At 20 eV and 100
eV, bubbles are clearly present very close to the surface. The pressure inside these bubbles could
become very high and lead to local rupture of the superficial W layer. This mechanisms of cluster
rupture is observed for both kinetic energies and causes the release of He from the W lattice

[34,40,41].

To evidence such mechanisms, the retention rate has been plotted versus calculation time, i.e. for

increasing impinging He atom number (figure 8).
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At 20 eV and 100 eV numerous abrupt falls are observed on the curves. They are due to
successive cluster emptying events. Hence after the local release of He, another cluster grows in
size and reaches the critical He amount or/and pressure to break. This phenomenon limits the
total incorporation of He and is clearly the cause of the saturation behavior of the fluence. At 300
eV, a single rupture is observed. Because implantation takes place in a larger depth, the retention
required for a cluster to contain sufficient He amount to break is higher. If the implantation had
lasted longer another rupture would have most probably occurred. For 500 eV, the retention rate

remains constant, indicating that the critical (or saturation fluence) is not reached yet.

Results of NRA analysis are given in figure 9.a for an incoming fluence at (2.5x10%° He.m?) and
above (3.1x102! He.m) the saturation step for 300 eV ions. The retentions calculated from MD
data are also plotted, those values correspond to the maximum He retention obtained for the
highest simulated impinging fluences which are 6.9x10%° He.m for the 20 eV simulation and
2.05x10%° He.m™ for the other kinetic energies. For the simulation performed at a kinetic energy
of 300 eV, the retention reported value corresponds to the state before the substrate rupture that
means at the saturation impinging fluence which is 1.57x10%° He.m. Corresponding snapshots

are presented in figure 9.b.

The results in figure 9.a show that the experimental retention is lower than the simulated one. The
difference is mainly attributed to the release of non-trapped He from the samples. Indeed, MD
gives the number of implanted He atoms at the end of the implantation process but does not take
into account possible evolution after implantation. He is well known to be very mobile in W even
at room temperature [42,43] and it is highly probable that interstitial isolated He atoms and small

clusters are able to migrate and reach the substrate surface to escape. In other words MD
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simulations give the total number of implanted He atoms and NRA the number of retained He

atoms, that means efficiently trapped inside the W lattice.

However, in figure 9 the trends obtained from both experiments and simulation are in very good
agreement: the retention rises when the kinetic energy increases. The value obtained for the
highest incident fluence at 500 eV lies above the maximum retention found at 300 eV (5x10%°

He.m), showing that the retention at saturation is different depending on the kinetic energy.

DB-PAS results (S(E) evolution and AS/S as function of the kinetic energy of He) are given in

figure 10 for two fluences 2.5x10%° He.m™ and 3.1x10?* He.m™.

At low fluence, whatever the kinetic energy, the S parameter of the implanted state is lower than
that of the initial one (negative AS/S ratio). However the low positronium emission fraction found
for positron energies ranging from 2 keV to 4 keV (APs/Ps around -0.95 for all He kinetic
energies) indicates that positrons are efficiently trapped into the defects. Hence vacancies are
generated during the implantation whatever the incident He ions kinetic energy. Again, this
proves that W vacancies are formed by “self trapping” and filled by He which leads to a decrease
of the S parameter. The S(E) and AS/S, APs/Ps ratios are similar for all the kinetic energies, that

means no difference between implanted states are detected by DB-PAS.

At high fluence, differences are observed depending on the Kinetic energy. The S parameter is
higher than that at low fluence and increases with the energy. The AS/S ratio increases with the
kinetic energy and becomes positive above 100 eV. From all these trends it can be deduced that

larger free voids or larger HenVm complexes are detected at highest He implantation energies.

All these DB-PAS results could appear in contradiction with MD results that suggest a large

difference of defect size (large clusters and, thus, large W vacancies) and in-depth distribution
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depending on the energy. Formation of extended defects is promoted close to the surface at low
kinetic energies, whereas, smaller defects are formed deeper in the depth at kinetic energies

higher than 100 eV (see figure 7.a).

However, one has to keep in mind that area below 5 nm is difficult to probe by DB-PAS because
the vicinity of the surface influences the data. As mentioned above, positrons with energy below
2 keV can easily diffuse back to the surface and be reemitted leading to positronium emission.
This effect prevents positron trapping into defects and the positronium decay can have an
influence on the S measured value. Clearly at 20 and 100 eV, the defects present in the depth
where the implantation mainly takes place may not be efficiently probed by DB-PAS and only
the zone deeper than the He implanted profile is analyzed. The main features of the implanted

sample thus becomes not detectable at low kinetic energies.

This could explain the fact that similar implanted states are detected at low fluence whatever the
kinetic energy, and the following conclusions can be made: 1) He filled vacancies are formed in
the main part of the implanted zone; 2) MD seems to underestimate He diffusion inside the W

lattice since those defects are detected by DB-PAS well below the predicted He implanted depth

at low Kinetic energies.

For higher fluences, the He atoms accumulate in a very limited depth at low kinetic energy
leading to the formation of larger vacancy defects close to the surface which furthers He escape
from the surface and thus limits the retention at saturation. This limited He insertion at low
energy associated to the formation of large defects deeper in the thickness at high energy, leads to
the profiles presented in figure 7.b for a retention of 1.3x10° He.m™. It is clearly visible on the
presented snapshots of figure 7.a and 9.b, that over the depth (5 to 20 nm) correctly probed by

positrons, larger vacancy defects are present when incident He have a kinetic energy of 500 eV
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rather than 300 eV : this is in agreement with DB-PAS results. Further comparison between
experiments and simulations may not be relevant because, as shown on the graph of figure 9.a,
the retention values are much higher in the simulations than experimentally. However trends

deduced from the snapshots remain valid.

Thus both experiments and simulations give the following trends for implantations performed for
increasing kinetic energies: 1) for a given impinging fluence the retention of He is promoted; 2)
He is implanted deeper, consequently the accumulation taking place on an extended area and thus
the rupture of the W surface is delayed; 3) despite the slower vacancy formation rate, He,V
complexes are formed even at low fluences. Those He filled vacancies are certainly more
distributed over the depth than for the low kinetic energy implantations; 4) At high fluences,
larger He-vacancies complexes are formed through trap mutations occurring deeper than at low

incident Kinetic energies.

3.2.3. Substrate temperature effect

Experiments and MD simulations were performed at 173, 300, 473, 673 and 873 K for a kinetic
energy of He ions of 300 eV. The measured and calculated retention levels are presented in figure

11 for a high and a low impinging fluence.

Evolutions evidenced in experiments and simulations are in good agreement and exhibit a
decrease of the retention fluence when the substrate temperature increases. Experimentally, the
measured retention fluence at 173 K deviates from the general trends. We attribute this
phenomenon to the presence at low temperature of a contamination layer on the reactor and

substrate holder surfaces that can prevent He ions from penetrating the lattice and limits the
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formation of the defects. This contaminant layer is due to the presence of water vapor in the

reactor initially pumped down to 10 Pa.
ASIS and APs/Ps ratios are plotted in figure 11 as a function of the substrate temperature.

First at high impinging fluence (figure 11.b), the constant and very low value of APs/Ps indicates
that efficient trapping of the positron into defects occurs at all the temperatures, i.e. defects have
been generated. The AS/S ratio is found to decrease from positive to negative value as the
temperature increases. This is associated to a decrease of the He retention, indicating that the
number and/or size of the vacancy defects diminishes with the temperature. The type of defects is
also affected by the temperature: at high temperature He filled vacancies are mainly formed,
while larger free voids are detected at low temperatures. This is in contradiction with the
literature since the rise of the temperature leads in general to the formation of larger He-vacancy
complexes due to the increased mobility of such defects which merge together [44,45]. This point

will be discussed in the next paragraphs.

At low impinging fluence AS/S values are negative, thus the main detected defects are vacancies
filled with He, as already evidenced in the study of the kinetic energy influence. Except for the
173 K sample, a clear increase of the APs/Ps ratio is observed when the temperature rises. This
proves that the positron trapping efficiency varies i.e. the defect formation depends on the
temperature of the W substrate. It is the opposite of what has been obtained at high impinging
fluence: the quantity of defects formed decreases when the temperature rises. Since the He
retention decreases, this behavior evidences the difficulty of He to be trapped in a heated W
lattice. Indeed the increased mobility of the formed point defects such as SIA or vacancies at

higher temperature can lead to their migration toward sinks e.g. surface or grain boundaries
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[46,47], hence instead of merging and growing in size, most of them are lost to the substrate
surface [44,45]. In other words, the thermal motion of W atoms hinders the He trapping process

while enhancing the motion of the He-vacancies defects toward the surface.

In the following, observations made above will be compared to results of MD simulations
performed at 300 eV. To study He accumulation versus lattice temperature, snapshots and He
concentration profiles are displayed in figure 13 for the same retention of 1.4x10%* He.m™. As
compared to the evolution with the kinetic energy, He implanted profiles appear much less
affected by the lattice temperature. Indeed, implanted He atoms lie below the first 20 nm in all
cases. However, an accurate observation of the He profiles shows that He atoms remain closer to
the surface when the temperature is increased. Indeed, the main peak extends to 10 nm depth for
173 and 273 K, whereas it is limited to the first 5 nm for 673 and 873 K. Thus the general trend is

that the thermal excitation hinders the migration of He far from the surface.

The clearest effect evidenced by MD snapshots is that the W superficial layer is widely affected
by He implantation at highest temperatures: it becomes amorphous. This is unexpected at such
low temperature since experimentally the melting point of W is 3695 K and for a MD simulation
with the potentials used it should correspond to 4100 £ 50 K [29]. Simulations of W maintained
at high temperatures and 873 K without impinging He, did not show amorphization of the top
layers of the model substrate. This means, this disordered layer at the W surface only appears
when He implantation takes place. This can show that W atoms are able to leave their lattice sites
more easily at high temperature and that defects induced by He implantation and accumulation
certainly become mobile. It is well known that vacancies and all defects migrations are furthered
with temperature that will induce large vacancy clusters formation [44,45,48]. However, their

mobility is increased toward the surface where they are lost. For instance, experimentally, Lee et
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al. [49], whose irradiations of W with He are performed at low energy (500 eV) such as in the
present study, determine from thermal desorption spectrometry (TDS) that at 500 K low energy
bounded He clusters at grain boundaries or in the lattice close to dislocation loops desorbs.

Our PAS and NRA results indicate that, at low fluences, the reorganization phenomenon leads to
the reduction of the number of defects that are exclusively He filled mono-vacancies due to the
loss at the surface of the large defects. These results are then well described by our MD
simulation data, which tend to validate the use of this model for He implantation in W. On
snapshots corresponding to 4x10° He.m incoming fluence (figure 12.a), it is seen that, over the
DB-PAS analysis depth, the number of implanted He and formed cluster defects is slightly lower

at high temperature.

At high fluences the number of free voids decreases evidencing the loss of the large defects to the
surface. Again the trend observed on corresponding MD snapshots in figure 12.b is similar. In the
DB-PAS analyzed area the number and size of He clusters decrease as the temperature rises. The
mobility of defects induces the formation of large HenVm clusters close enough to the surface to
provoke “cluster rupture” events (as observed in the simulations at 473 K) or substrate rupture as
observed in the simulations performed at 673 and 873 K, such as in the case of the low kinetic
energies implantation simulations (20 and 100 eV). He clusters are emptied through the surface
and escape, which makes the saturation occur earlier and explains the decrease of the retained He

atom number measured by NRA and predicted by MD as the temperature rises.

4. Conclusion
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We have shown in this work that the correlation between characterizations of experimentally
implanted W samples and MD simulations of the implantation process leads to a better
understanding of the involved elementary mechanisms. DB-PAS and NRA analyses have been
carried out in order to evidence vacancy defect formation and to quantify the amount of He
retained inside the lattice, respectively. From MD simulation data treatment it is possible to
calculate the total amount of implanted He at the end of the implantation process, the He
concentration profiles, and the size of the formed He clusters or bubbles at the beginning of the
implantation, which are related to the presence of W lattice defects. It is also possible to
determine the elementary processes occurring at the atomic level like He diffusion and
aggregation, W lattice displacements and defect creation like He,VV complexes and loop

punching.

A possible limitation of MD is that the implantation process is assumed to take place in a
monocrystal of W. Nevertheless this assumption is not far from the reality of the low kinetic
energy He/W interaction case. Indeed, He being very mobile in W and being implanted at the
very near surface, an implanted atom has little chance to reach a grain boundary. Experimentally,
in the used W polycrystalline samples, the grains measure typically several hundreds of square
micrometers. Thus grain boundaries are not expected to play an important role on the
implantation and retention processes, all grains acting as an isolated single crystal. This fact
could be the reason for the good agreement found in the present work between simulation

predictions and experimental results.

Study depending on the kinetic energy of the impinging ions (in the range 20 to 500 eV, below or
close to the W displacement threshold by He ions) has shown that He diffuses deeply inside the

W thickness as the energy is increased. Consequently, less He atoms are able to migrate toward
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the surface and escape, which leads to a higher amount of trapped He in large clusters. Moreover,
as dispersion of the implanted He takes place over a larger depth, the saturation step is thus

delayed.

An increase of the W temperature during the implantation process, in the investigated range (173
to 873 K), has been shown to only weakly influence the He concentration profiles. However the
thermal excitation of the W lattice impedes the formation and the stability of defects and furthers

their loss to the surface so that less clusters or smaller ones are obtained.

It has been proved in this work that the initial repartition and further mobility of He atoms inside
the W lattice are the driving parameters of the number and of the kind of formed defects, in this
particular implantation regime for which no defects are able to be created by He ion direct

impact.
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prepared sample. Black lines locate the values with which the APs/Ps factor is calculated.
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Figure 2 : a) RDFs of He atoms calculated for implantation simulations performed at 20, 100, 300
and 500 eV and a temperature of 300 K. b) RDFs of He atoms calculated for implantation.
simulations performed at 300 eV and temperatures of 173, 300, 473, 673 and 873 K. Each RDF is
calculated at the end of the simulation.

31



Simulation associated time (ps) Simulation associated time (ps)
0 40 80 120 160 200 240 280 320 360 400 0 40 80 120 160 200 240 280 320 360 400

S Mrc-20ev-300K" AR O isrc-20ev-300K]
28 @ " v 28 g J

26 26

24 24

i S = L TR

T . O e R o el WP e
> @ & w nm - o

Number of He by cluster
>
ML I e e e e e e e e

Number of He by cluster
S
T T T T

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
a) Number of frames b) Number of frames
Simulation associated time (ps) Simulation associated time (ps)
0 40 80 120 160 200 240 280 320 360 400 0 40 80 120 160 200 240 280 320 360 400
3

0 — 30—
28| 277c-20 eV -300K 28| 377C-20 eV - 300K 0

> @ & w N = o

i Pl PR PO e el PO O

i i I L TR

Number of He by cluster
3
R e e AR mE
Number of He by cluster
=
T T T T

o

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
C) Number of frames d) Number of frames

Figure 3: Histograms presenting the number of He atoms by cluster as a function of the frame or
time step of the simulation. The color scale indicates the number of Hen clusters containing the
number n of He atoms. The rc in each graphs is 1.75 A (a), 2.625 A (b), 3.5 A (c) and 5.25 A (d).

32



Simulation associated time (ps)
0 100 200 300 400

_
28 {{ 300 eV - 300 K E

Number of He by cluster

Number of frames

Figure 4: Number of He in the cluster as a function of the frame or time step. The color scale
indicates the number of clusters present in the W lattice. The implantation conditions for this
histogram are 300 eV and 300 K. The red dotted line corresponds to the levelling of the plot for a
number of He per cluster of 7. The blue arrows follow the growth of some representative clusters.
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Figure 5: Evolution of the S parameter with the positron kinetic energy for tungsten samples
implanted at various impinging fluences. The curve for a tungsten sample before implantation
(prepared W) is also provided.
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Figure 6: Evolution of the retention (measured by NRA, red squares) and of the deviation of the S
parameter from the initial state (AS/S) determined by DB-PAS as function of the impinging
fluence (blue triangles).
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Figure 7: Results of MD simulation of He implantation in tungsten at room temperature
depending on the kinetic energy of the incident helium ions for 1.3x10'° He.m™ retention. a)
Snapshots of the implantation simulations. The surface of the W is located at the left side of the
images. The gray dots stand for the W atoms and the blue ones for the He atoms. The red dashed
line stands for the frontier between the depth at which defects are (on the right) and are not (on
the left) detected by DB-PAS. b) He concentration profiles aligned with corresponding snapshots.
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Figure 8: Time dependence of the He retention rate for various kinetic energies of the incident He
atoms for MD simulated implantations at room temperature.
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Figure 9: a) Evolution with the He ion kinetic energy of He retention as measured by NRA at
high (3.1x10%* He.m) and low (2.5x10%° He.m) impinging fluences and as calculated from MD
simulation at the maximum simulated impinging fluences for 20, 100 and 500 eV and at the
saturation step for 300 eV; b) corresponding snapshots. The red dashed line stands for the frontier
between the depth at which defects are (below the line) and are not (above the line) detected by
DB-PAS. Experiments and simulations were performed at room temperature
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Figure 10: Evolution of the S parameter with the positron kinetic energy for various Kinetic
energies of the incident helium ions for two impinging fluences and at room temperature (a and
b). The corresponding evolution of the AS/S parameter is also given (c).
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Figure 11: Evolution of the He retention as measured by NRA as a function of the substrate
temperature during the implantation at low (a : 4.1x10'° He.m) and high (b : 2.5x10?* He.m),
impinging fluences. MD Calculated implanted fluences are presented for equivalent low
impinging fluence 4.1x10'° He.m and for high impinging fluence, the implanted fluence is
given at the step just before the substrate rupture. The He" ion kinetic energy is 300 eV.
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Figure 12: Deviations of S and Ps from the initial state for low (a) and high (b) impinging
fluences and corresponding MD snapshots depending on the substrate temperature at 300 eV He*
kinetic energy. For the high fluence case, the snapshots illustrate the moment at which the
saturation is reached for each simulation.
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Figure 13: Results of MD simulation of He implantation in W at 300 eV depending on the
temperature of the tungsten substrate for a retention of 1.4x10'° He.m™. a) snapshots; b) He

concentration profiles.



Table 1: a) Number of He necessary to form a Hen-V cluster for various incident Kinetic energies
of the He atoms. b) Number of He necessary to form a Hen-V cluster for various W substrate
temperatures.

a) He kinetic energy (eV) \ 20 100 300 500
NHe/cluster ‘ 6 8 7 7

b) W substrate temperature (K) \ 173 300 473 673 873
NHefcluster |68 7 57 57 -
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