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Abstract

The behavior of helium in *He implanted tungsten has been studied using Nuclear Reaction Analysis as a
function of the post-implantation annealing temperature. Two different implantation conditions have
been investigated : medium energy (60 keV), and low energy (0.3 keV), which exhibit drastically different
helium release behavior. In the case of medium energy implantation, desorption starts from 1550 K and
seems to be due to the dissodiation of single helium-vacancy complexes (He-V, ). At 1873 K the released
fraction reaches 75% that suggests the presence of a second type of helium trapping site. In the case of low
energy implantation, desorption is observed from 400 K (slightly above room temperature) and indicates
the presence of shallow helium traps the nature of which is discussed. The released fraction of helium
saturates at ~60% at the temperature of 1473 K which could be due to helium trapping at single He-

V; complexes.

1. Introduction

Tungsten has been selected as a potential Plasma Facing Material
(PFM) in the future nuclear fusion reactors. Its low sputtering yield
and its high melting temperature make tungsten the best candidate
to withstand the extremely severe conditions encountered in fusion
reactors. PFM suffer strong bombardment of the plasma particles
such as helium, with energies in the range from few tens of eV to
several keV. Moreover, the neutron irradiation produced by the
fusion reaction induces helium introduction by nuclear transmuta-
tion and defects creation in the first-wall material. That is why, in
the field of materials for fusion, many studies dealing with the
behavior of helium implanted in tungsten over a large range of
energy have already been carried out [ 1-3].In particular, the behav-
ior of helium implanted in tungsten by mean of plasma process or
ion accelerator has been widely investigated by several authors
[4,5). Recently a study of the desorption behavior of 500 keV *He
implanted ions in tungsten has shown that no helium desorption
occurs after post-implantation annealing up to 1773 K [6].

The aim of the present study is to explore different implantation
conditions of energy and fluence and to examine their consequences
on the desorption of helium after post-implantation thermal treat-
ment. Precisely two implantation conditions are investigated. In the
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present paper, the implantation energies of *He ions - 0.3 keV and
60 keV - are respectively below and above the required energy to
produce displacements of W atoms. Thus the influence of implanta-
tion-induced defects is also discussed.

2. Experimental
2.1. Material

Samples used in the present work are polycrystalline tungsten
cut out from cold-rolled 150 pm thick commercial foils with a high
purity of 99.95wt%. The samples have been submitted to a
thermal treatment in order to reduce the large concentration of
rolling/polishing-induced defects [6,7]. Annealings were performed
at 1873 K for 1 h under high vacuum (10~7-10~° mbar). A positron
annihilation study reveals that such type of thermal treatment
leads to a quasi-complete defect recovery since the corresponding
positron annihilation characteristics are very close to the tungsten
lattice ones.

2.2, He implantation

The helium implantations are carried out with two different
conditions of energy and fluence: 60 keV *He at the fluence of
210" cm™ and 0.3 keV *He at the fluence of 6 x 10" cm™,
For convenience the two cases will be respectively denominated
as Medium Energy (ME) and Low Energy (LE) conditions in the text
hereafter.



The Medium Energy implantations were performed with the
400 kV electrostatic accelerator of the IPN-Lyon. During the
implantations, the temperature of the sample holder was main-
tained below 330K. The maximum transmittable energy from
the incident ions to the tungsten lattice atoms is higher than Eg,
displacement threshold energy for the tungsten: 90 eV [8]. The
theoretical helium and damage profiles have been calculated with
SRIM [9]. The maximum of helium concentration is located at
~132 nm and reaches 2 x 1072 at.%. The average damage level over
the whole cascade region is estimated to 2 x 10~* dpa.

The Low Energy implantations were carried out by a low pres-
sure plasma process. The sample was immersed in the periphery
of a RF Inductively Coupled *He plasma (2 x 10~ mbar, 50 W).
In the ICP plasma, the electron energy is low and we can assume
that only mono-charged helium ions are created. A bias voltage
of —300 V was applied to the sample holder in order to accelerate
the *He ions through the sheath. Taking into account the plasma
potential (Vj, = 20 V), the corresponding ion energy is 320 eV. The
samples have been immersed in the plasma during 3600s under
a mean ion flux of 2.5 x 10'* ion/cm?/s. The surface homogeneity
of the helium introduction has been checked and the lateral fluctu-
ations of the measured helium level were below 10% over the
whole surface of the sample holder. Temperature was checked at
the backside of the sample holder which is made of a well heat
conducting material. A good thermal contact between the samples
and the sample holder was ensured (silver paste) and no significant
heating was evidenced. For implantation the sample holder was lo-
cated at the plasma edge, and the interaction of low energy *He* at
the reported dose is not expected to induce heating of the surface.
Indeed the temperature of the sample was followed and remained
in the range between 292 K and 303 K. It must be noted that the
maximum transmittable energy from a 0.3 keV *He ion to a tung-
sten atom is of the order of 19 eV which is below the displacement
threshold of tungsten (90 eV). This is why no creation of Frenkel
pair by direct collision with incident ion - hence no dpa - is ex-
pected with these implantation conditions. The maximum of the
theoretical implantation profile is located in the first ten nanome-
ters below the surface.

2.3. NRA and post-implantation thermal treatment

The helium content of the samples was measured by Nuclear
Reaction Analysis (NRA). The implementation of this technique is
based on the *He (d, o) 'H nuclear reaction. The protons emitted
during the nuclear reaction and transmitted through the samples
are detected at 0° from the incident deuteron beam. Details about
the technique can be found elsewhere [10]. In the case of in situ
desorption curve measurement, the sample was heated and the
remaining helium content was measured as a function of temper-
ature, All those experiments were carried out on a dedicated appa-
ratus DIADDHEM at the CEMHTI-Cyclotron, Orleans [11,12]. In
order to look at any influence of the analyzing ion beam on helium
desorption measurements, the evolution of the proton signal has
been followed during 8 h. For the reference sample (as-implanted)
of the ME implantation set, the signal remained constant over the
entire analysis duration, which underlines that the observed he-
lium release cannot be attributed to the probe beam. The influence
of the probe beam has also been checked for the reference sample
(not submitted to any post-implantation thermal treatment) of the
LE implantation conditions. It appears that the probe beam actually
induces a slight release of helium. Nonetheless the desorption in-
duced by the analysis beam does not exceed 15% during a record-
ing of 4 h. As a consequence, this phenomenon should be taken
into account in the interpretation of the desorption behavior in
the case of LE implantation. However, as it will be shown later, it

cannot explain the whole desorption trend observed on this set
of samples.

Afterimplantation the samples of the ME implantation set were
annealed during 1 h under vacuum or under Ar-H, atmosphere at
different temperatures in the range from 1473 K to 1873 K. The
samples implanted in LE conditions have been heated in situ under
vacuum, from 300K to 1473 K with a temperature ramp of
~0.7Ks %

3. Results and discussion
3.1. Post-implantation helium content

First of all, the total helium content just after implantation is
determined by NRA. Within the ME conditions the effective im-
planted fluence is (1.89+0.3)x10"™ cm™2 This value is nearly
equal to the implanted amount of helium and points out that the
helium has not diffused to the surface and is most likely trapped
during implantation.

In the case of LE implantation a huge discrepancy is observed
between the expected implanted amount of helium and the value
which is effectively measured after implantation. Indeed, the theo-
retical expected level of implanted helium as regard of the
recorded fluence is of the order of 3.9 < 10'" cm™, whereas the
actual amount of implanted helium measured by NRA is
6 = 10" cm ™. The backscattering probability calculated by SRIM
(~45%) and the uncertainty about the fluence measurement
(~10%) cannot explain the difference. Such a wide gap between
the expected and the actual fluence is still not clearly understood.
Nevertheless some explanations can be suggested. At first we can
note that because of the low concentration of pre-existing defects,
a substantial fraction of helium is inserted in interstitial site.
Therefore they can migrate and reach the surface of the sample
without being trapped. This statement is supported by the very
low energy of interstitial migration for helium in tungsten which
is below 0.25 eV [13-15]. The ejection and release of inserted he-
lium could also be enhanced by the bombardment of the plasma
particles itself. Moreover it must be noted that helium implanted
at energy below the required energy to displace tungsten atom still
induce the formation of vacancy-traps resulting from the “trap
mutation” phenomenon [16]. The stress field generated by a grow-
ing He interstitial cluster can be relaxed by ejecting a self-intersti-
tial atom (SIA) [14]. The created He,~V, complex can continue to
grow with increasing He filling. Thus it has been suggested by
other authors [17] that the saturation of helium retention in simi-
lar implantation conditions (0.5 keV *He* 10'7-10'? em~2) might
be due to the creation of a dense array of helium-vacancy com-
plexes within the ~-20 nm under the surface. The expansion of such
He,~V, complexes would be blocked by the stress field of adjacent
complexes, hence the saturation of He retention. The phenomenon
of retention saturation is also consistent with the formation of
bubbles which could be expected in such samples. Indeed growing
bubbles which penetrate the top surface would induce a large
release of helium and thus would largely reduce the retention rate.
One can also say that the grain boundaries are not suppose to play
a role in the desorption of helium since they are assumed to be
preferential trapping site for helium [18]. Moreover, the mean
grain size after annealing was found to be of the order of 20 um,
thus the ratio of the grain boundary surface on the bulk grain vol-
ume is rather low. Nevertheless, some Scanning Electron Micros-
copy observations were performed and no obvious evidence of
the presence of bubbles penetrating the surface was found. More-
over Transmission Electron Microscopy experiments are currently
in progress to get an unambiguous response on the presence of
helium bubbles on the near surface.
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Fig. 1. Helium desorption curve obtained by NRA from 60 keV "He implanted
tungsten at the fluence of 2 x 107 em 2 and ex-situ annealing during 1h at
different temperatures.

3.2, Helium desorption behavior

In the case of ME implantations, the helium released fraction in
the tungsten samples that have been submitted to ex-situ isother-
mal annealing up to 1873 K is presented in Fig. 1. Helium is clearly
released when the temperature increases. As shown in Fig. 1,
desorption starts from the temperature of 1500-1600 K. Other
experimental results [19] and several calculations [14,20] report
that this temperature corresponds to the release of helium from
monovacancies (V;). Moreover it has been shown in a previous
study that the implantation-induced defects detected by Positron
Annihilation Spectroscopy in the track region of 800 keV *He ions
are monovacancies [21]. Furthermore in the latter case the median
energy of the primary knock-on atom (PKA) [22] estimated over
the whole damage zone is ~500eV. In the present conditions -
60 keV *He ions - the median energy of the PKA is of the order
of 300 eV along the ion tracks. Thus it is reasonable to consider that
the implantation-induced defects created by 60 keV *He ions are
also monovacancies. In the present work, the estimated concentra-
tion of radiation-induced defects is well higher than the concentra-
tion of helium (see Section 2.2). Thus we can assume that the
probability for a helium atom to meet a monovacancy and so to
be trapped is rather high. Therefore the hypothesis of the forma-
tion of He-V; complexes during implantation is highly plausible.
Those complexes are dissociated at 1500-1600 K triggering the
start of helium release. At 1873 K the helium released fraction
reaches 75%. This result shows that a significant fraction of helium
atom is also trapped in other types of defects which act as deeper
traps for helium, presumably large He,~V,, complexes.

Indeed, as regard to recent ab initio calculations, the binding en-
ergy of a single helium atom with different type of He,-V, com-
plexes was calculated [23]. It was shown that the binding energy
of a single He atom with a He,~V,, complex increases with the total
number of helium atom filling the cluster. In other words the lower
the He to vacancy ratio of a He,-V,, complex, the more trapped the
He atoms are. In particular above 1873 K, helium might be trapped
at He,~V,, complexes with low He to vacancy ratio.

In regard to the LE conditions, the helium desorption behavioris
completely different. Fig. 2 represents the released fraction of
helium from the sample implanted under the LE conditions as a
function of the temperature. The temperature sequence which
has been applied to the sample is also displayed in the Fig. 2
(dotted line).
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Fig. 2. In-situ Helium desorption curve obtained by NRA from 03 keV “He
implanted tungsten at the fluence of 6 x 10" em ? and heated (dotted curve)
under the probe beam up to 1473 K.

Desorption is observed from 400 K, slightly above room temper-
ature. The released fraction rapidly increases to 40% with increasing
temperature up to 660 K in the first 15 min of the experiments. This
important desorption rate is much higher than the contribution of
the analysis beam-induced desorption (see Section 3.1). This trend
suggests the presence of very shallow trapping sites for helium.
Since a moderate increase of temperature above room temperature
is sufficient to trigger the release of helium, we can assume that the
binding energy of helium with such shallow traps in rather low. This
early release step was already reported by Lee et al. [24] by THDS
measurements with similar helium introduction conditions
(500 eV He™ 10'7-10?" cm™). Different shallow trapping sites were
proposed to explain this release step. It could presumably corre-
spond to helium release from interstitial loops [16] or desorption
of helium trapped in the tungsten deformed lattice in the stress field
generated in the vicinity of He,~V,, [25]. From 700 Kto 1473 Kthere-
lease fraction of helium slightly increases with the temperature. The
maximum released fraction reaches ~60% at 1473 K This helium
fraction which remains trapped up to 1473 K was not identified by
previous THDS studies [ 17,24]. This is due to the method of determi-
nation of the total He retention by THDS and to the fact that authors
did not apply temperatures above 1400 K. It suggests that a substan-
tial part of helium (~40%) is located in deeper trapping sites such as
helium-vacancy complexes (He,~V,,) which are not supposed to be
dissociated at 1473 K as discussed above. The influence of probe
beam-induced desorption in the slight increase of the desorption
from 600 K to 1473 K cannot totally be disregarded.

4. Summary

The helium desorption behavior in tungsten is observed by Nu-
clear Reaction Analysis within two different implantation condi-
tions: 60 keV “He at the fluence of 2 x 10" cm™ and 0.3 keV *He
at the fluence of 6 x 10'® cm~2. The two desorption curves exhibit
drastically different trends as a function of the implantation energy
and fluence. In the case of 60 keV *He implantation, desorption
starts from 1500-1600 K. This desorption threshold corresponds
to the release of He from tungsten monovacancies. Furthermore
up to 1873 K the desorbed fraction reaches 75%, suggesting the
trapping of helium atoms at deeper traps which can presumably
be He,~V,, complexes with a high helium to vacancy ratio.

In the case of 0.3 keV *He implantation, the primary knock-on
atom energy is far below the displacement threshold for Frenkel
pair formation. The helium desorption is observed at very low
temperature just above room temperature. The desorption step is



due to the shallow trapping of helium at various trapping sites
which could be interstitial loops or trapping sites of the deformed
tungsten lattice. Nevertheless a substantial fraction of helium re-
mains strongly trapped since the released fraction of helium
reaches 60% at 1473 K. At this temperature, helium can be trapped
at larger He,-V, complexes.
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