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a b s t r a c t

Irradiation damage and its evolution in noble gas ion-irradiated tungsten have not been investigated in
detail other than in the case of helium ion irradiation. In this study, irradiation-induced vacancy-type
defects in helium ion- and neon ion-irradiated tungsten were investigated by using a slow positron
beam, and their annealing behavior in the temperature range of 20+C-900+C was compared by charac-
terizing the Doppler broadening of positron annihilation radiation spectra. In helium ion-irradiated
tungsten, slight aggregation of irradiation-induced vacancy-type defects was observed upon annealing,
but eventually, a large portion of the vacancy clusters was eliminated after annealing at 900+C. In
contrast, in neon ion-irradiated tungsten, irradiation-induced vacancy-type defects were observed to
aggregate significantly at 300+C and 600+C. In addition, the large vacancy clusters formed by the ag-
gregation survived even after annealing at 900+C.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Since tungsten (W) is expected to be a plasma-facing wall ma-
terial for fusion reactors [1e4], irradiation damage to tungsten
induced by protons or helium ion-irradiation (Heþ-irradiation) has
been widely studied. Recently, intentional injection of neon (Ne)
and/or argon (Ar) gases into the fusion plasma were studied to
decrease the heat load on the tungsten wall [5e7]. In addition,
noble gas plasma irradiation has been known to form fuzz-like
nanostructures on the tungsten surface [8], which is considered
to be related to the aggregation of vacancies and/or gas atoms. The
fuzz-like nanostructures have been reported to be not formed by
Ne or Ar plasma exposure even under the irradiation condition
where the nanostructures are readily formed by He plasma irra-
diation [9]. Thus, it is necessary to understand irradiation defects
formed by irradiating noble gases into tungsten.

Positron annihilation spectroscopy is a powerful probe for
investigating vacancy-type defects in crystalline materials [10e12],
and several defect studies in proton- or Heþ-irradiated tungsten
uuchi).
have been performed using positrons [13e16]. However, few
studies on the defects in noble gas ion-irradiated tungsten using
positrons have been reported [17,18], except for Heþ-irradiation.
Irradiation of the other noble gases which represent heavier par-
ticles can cause more significant damage to tungsten. In addition,
the annealing behavior of irradiation-induced defects may also be
different because the binding energies between vacancy (V) and gas
atom in VeNe or VeAr are much larger than that in VeHe [19]. The
difference in defect structure will also affect the tritium retention
capability of tungsten. In this study, the annealing behavior of
vacancy-type defects in Heþ and Neþ-irradiated tungsten was
probed using a slow positron beam.
2. Experimental method

High-purity sintered tungsten samples (99.999%) were cut into
15� 15� 0:8 mm3 pieces. After mechanical and electrochemical
polishing, all samples were annealed in vacuum for 15 min at
approximately 2200+C by using an electron-bombardment heating
technique [20] to eliminate initial defects. The annealed tungsten
samples were irradiated with helium or neon ions with an energy
of 50 keV. The total irradiation doses of Heþ and Neþ were
2:5� 1016 Heþ/cm2 and 4:2� 1015 Neþ/cm2, respectively. The
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irradiation energy of the ion beams (50 keV) is the maximum en-
ergy of the ion implanter used in this study. In order to make the
projected range of Heþ the same as that of 50 keV Neþ, Heþmust be
irradiated at about 10 keV. However, it was difficult for the ion
implanter to extract 10 keV ions with sufficient beam current. Thus,
both ion species were irradiated at 50 keV. The irradiation dose of
Heþ was increased to make the concentration of the implanted gas
atoms comparable since the projected range of Heþ is deeper than
that of Neþ for the same irradiation energy. The original experi-
mental design was intended to make the He and Ne atom con-
centrations equal in the positron-probed region of both samples.
However, due to an unintentional error in calculating the irradia-
tion conditions, the concentration of implanted gas atoms in both
samples differed by two times as described later. The ion beam flux
was approximately 7� 1012 ions/cm,2s for both Heþ and Neþ, and
the sample during irradiation was kept at room temperature.

The ion and vacancy distributions in tungsten were calculated
withadisplacement thresholdenergyof90eV[17,21]using theSRIM-
2013 code [22,23]. The incident positron distributions PðzÞ were
calculated by using a formula called theMakhovian distribution [24],

PðzÞ¼mzm�1
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where z, r, and E are the depth in nm, target density in g/cm3, and
incident positron energy in keV, respectively. A is a constant, and
the unit of A=r is nm/keVn. The mean positron implantation depth
in nm is denoted by z. In this study, calculations were carried out for
A ¼ 40, m ¼ 1:9, and n ¼ 1:6.

The samples irradiated with Heþ or Neþ and an unirradiated
sample were probed by a reactor-based slow positron beam con-
structed at Kyoto University Research Reactor (KUR) [25e28], and
the Doppler broadening of annihilation radiation (DBAR) spectra
were acquired using a high-purity germanium detector. The energy
of the positron annihilation radiation reflects themomentum of the
annihilated electron and is Doppler-shifted from 511 keV. Thus, the
shape of its spectrum becomes broad. However, when positrons are
trapped at vacancy-type defects, the fraction of positrons annihi-
lated with valence electrons increases. Since the momentum of the
valence electrons is lower than that of the core electrons, the shape
of the DBAR spectrum becomes sharp when positrons are trapped
at vacancy-type defects. The shape of the acquired DBAR spectra
was characterized in terms of S- and W-parameters, corresponding
to the annihilation with low and high momentum electrons,
respectively. S (W) was defined as the number of annihilation
events over the energy range of 510.23e511.77 keV
(501.71e507.90 keV and 514.10e520.29 keV) divided by the total
number of events in the energy range of 501.71e520.29 keV. The
observed S- and W-parameters are given by

S¼ lf
lf þ kd

Sf þ
kd

lf þ kd
Sd; (4)

W ¼ lf
lf þ kd

Wf þ
kd

lf þ kd
Wd; (5)

where lf and kd are the positron annihilation rate of free-state
positrons (i.e., delocalized positrons) and the positron trapping
rate into defects, respectively. The kd=ðlf þkdÞ denotes the fraction
of positrons trapped at defects, and Sf (Wf ) and Sd (Wd) are S-pa-
rameters (W-parameters) given by free-state positrons and defect-
trapped positrons, respectively. The values of S andW increase and
decrease, respectively, when positrons are trapped at vacancy-type
defects. Vacancy-type defects having different sizes give unique Sd
and Wd values depending on the defect size. Thus, Eqs. (4) and (5)
indicate that S andW depend on both the defect size and the defect
concentration. In this study, the DBAR spectra were acquired with
positron energies of 20 keV, 8.5 keV, and 6 keV for unirradiated,
Heþ-irradiated, and Neþ-irradiated samples, respectively. All the S-
and W-parameters were normalized to those obtained from the
unirradiated sample probed with positron energy of 20 keV. For the
same defect species, the SeW correlations are plotted on the same
straight line regardless of the defect concentration. In this study,
the S- and W-parameters obtained from the unirradiated (defect-
free) sample probedwith positron energy of 20 keVwere defined as
Sf and Wf , respectively.

For the unirradiated sample, the DBAR spectra were also ac-
quired by varying the incident positron energy in the range of
1e30 keV. In the incident positron energy dependence measure-
ment of the unirradiated sample, the DBAR spectra were acquired
with about 6� 104 total events at each positron energy. The irra-
diated samples were annealed for 15 min in vacuum at a temper-
ature range of 200+C-900+C after measuring the as-irradiated state.
The DBAR spectra were acquired after annealing at each tempera-
ture. About 6� 106 total events were acquired for the DBAR spectra
in the unirradiated, Heþ-irradiated, and Neþ-irradiated samples
measured at 20 keV, 8.5 keV, and 6 keV, respectively. Details will be
described in the next section, actually, the Heþ-irradiated sample
prepared in this study should have been probed with a 15 keV
positron beam. However, there was an unintended error in the
calculation of irradiation conditions, which was noticed after the
positron annihilation and annealing experiments. Thus, in this
study, the Heþ-irradiated sample was probed with non-optimal
energy positrons (8.5 keV) determined based on the mis-
calculated Heþ implantation profile. After the positron annihilation
experiments, the implantation profiles were recalculated, and the
experimental results were interpreted based on the correct im-
plantation profiles.

3. Results and discussion

Fig. 1 shows the calculated ion, displacement per atom (DPA),
and positron distributions.

The ion and DPA distributionswere calculated by using the SRIM
code. Sputtering of the target by the ion irradiation is negligible in
the distributions. Positron distributions for the Heþ- and Neþ-
irradiated samples are calculated with positron energies of 8.5 keV
and 6 keV, respectively. For the Neþ-irradiated sample, the incident
distribution of 6 keV positrons almost agrees with the Neþ im-
plantation distribution. For the Heþ-irradiated sample, the incident
distribution of 8.5 keV positrons unintentionally deviates from the
Heþ implantation distribution. From the correct recalculated result
of the Heþ implantation profile performed after the positron
annihilation experiments, a positron incident profile was
confirmed to almost agree with the Heþ implantation profile when
a 15 keV positron beam was used. However, the Heþ-irradiated
sample prepared in this study was probed by a positron beamwith
a non-optimal energy of 8.5 keV.

The ratio of implanted ions to tungsten atoms and the DPA for
the Heþ- and Neþ-irradiated samples are summarized in Table 1.

These values were calculated by weighted averaging based on
8.5 keV or 6 keV positron distributions shown in Fig. 1, i.e., the



Fig. 1. (a), (b) He or Ne atom distribution (solid line) and DPA distribution (dashed
line) upon irradiation with 50 keV ion beam into tungsten. (c) Stopping profiles of
8.5 keV and 6 keV positrons which probed the Heþ- and Neþ-irradiated samples,
respectively.

Table 1
Irradiation dose of each ion, the ratio of implanted ions to tungsten atoms, and DPA,
for the Heþ- and Neþ-irradiated tungsten samples. The implanted ion ratio and the
DPA for the Heþ- and Neþ-irradiated tungsten samples were calculated by weighted
averaging based on 8.5 keV and 6 keV positron distributions shown in Fig. 1,
respectively.

Irradiated Ion Species Heþ Neþ

Irradiation Dose (ions/cm2) 2:5� 1016 4:2� 1015

Ratio of Ions/W-Atoms 1:5� 10�2 7:5� 10�3

Displacement Per Atom 4:9� 10�1 2:1� 100

Fig. 2. S-parameters as a function of incident positron energy obtained from the un-
irradiated sample. All S-parameters are normalized to that obtained with positron
energy of 20 keV. The upper horizontal axis denotes the mean positron implantation
depth corresponding to the incident positron energy.
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average in the range probed by positrons.While the average ratio of
implanted ions to tungsten atoms in the Neþ-irradiated samplewas
half that of the Heþ-irradiated sample, the average DPA of the Neþ-
irradiated sample was derived to be more than four times that of
the Heþ-irradiated sample, according to SRIM calculations. How-
ever, most of the initially-formed Frenkel pairs annihilate due to
recombination. In the case of ion irradiation into tungsten, the
number of residual Frenkel pairs that eventually survive is reported
to become around 0.2 times that of the initially-formed Frenkel
pairs when the energy of the primary knock-on atoms (PKA) ex-
ceeds 10 keV [29,30].

Fig. 2 shows normalized S-parameters for the unirradiated
sample as a function of incident positron energy.

In the sample annealed at 2200+C, only the positron lifetime of
104 ps was detected, corresponding to the positron lifetime of the
defect-free tungsten lattice [27]. For incident positron energy over
20 keV, the S-parameters reach a nearly constant value, which
corresponds to the intrinsic S-parameter of the sample. By contrast,
at incident positron energies below 20 keV, the S-parameter in-
creases with decreasing positron energy, which is attributable to
positron annihilation events at the surface beingmixed in the DBAR
spectra since positrons stop at a depth at which they can diffuse
back to the surface. Since the positron diffusion length becomes
longer in annealed, defect-free samples, the surface effect appears
in the DBAR spectrum until the incident positron energy reaches
nearly 20 keV.

Fig. 3 shows SeW correlations for the Heþ- and Neþ-irradiated
samples after annealing at each temperature and those for the
unirradiated sample probed with positron energies of 1e10 keV.

The ðS;WÞ ¼ ð1;1Þ point shown in Fig. 3 represents the values
for the unirradiated sample probed with positron energy of 20 keV,
thus corresponding to S- and W-parameters given by free-state
positrons (i.e., positron annihilation in a defect-free lattice). The
observed S and W vary depending on the fraction of positrons
trapped at defects, but those are given by the linear combination of
Sf -Sd orWf-Wd as shown in Eqs. (4) and (5), respectively. Therefore,
when only one defect species is present, SeW correlations are
plotted in the same straight line regardless of the defect
concentration.

In the unirradiated sample, a portion of the positrons annihi-
lates at the surface when the positrons are implanted with energies
of 1e10 keV, as shown in Fig. 2. The S and W show maximum and
minimum values, respectively, because the fraction of positrons
annihilating at the surface is highest when positrons are implanted
with an energy of 1 keV; however, SeW correlations obtained from
the unirradiated sample probedwith positron energies of 1e10 keV
are plotted on almost the same straight line except for the 5 keV
data. That is, the straight line having this slope D0 corresponds to
positron annihilation at the surface.

In the case of the irradiated samples, the SeW correlations for
both samples are plotted on the same straight line having the slope
D1, in the as-irradiated state; i.e., defect species (defect size) con-
tained in both samples are the same or similar at the initial stage.
The plot of the Neþ-irradiated sample being located lower right that
of the Heþ-irradiated one in the as-irradiated state means that the
Neþ-irradiated sample has a higher defect concentration than the
Heþ-irradiated one; this is also consistent with the SRIM calcula-
tions shown in Table 1. The SeW correlations of the Heþ-irradiated
sample deviate slightly toward larger S values than the D1 straight
line upon annealing. Eventually, the SeW is plotted on the D0
straight line after annealing at 900+C. This shows that irradiation-
induced vacancy-type defects aggregate, but eventually, a large
part of those defects are annealed out. By contrast, SeW



Fig. 3. SeW correlations obtained from the Heþ- and Neþ-irradiated samples
measured after annealing at each temperature. The numbers in the upper right of each
plot indicate the annealing temperature in +C. The ðS;WÞ ¼ ð1;1Þ point indicates the
values obtained from the unirradiated sample probed with positron energy of 20 keV,
i.e., the values corresponding to positron annihilation in a defect-free lattice. SeW plots
obtained from the unirradiated sample probed with positron energies of 1e10 keV,
including the positron annihilation component at the surface, are depicted as open
circles. Four straight lines having representative slopes D0eD3 are also depicted in
light gray.
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correlations of the Neþ-irradiated sample, for which the as-
irradiated state is plotted on the same straight line as that of the
Heþ-irradiated one, are plotted on other straight lines having
different slopes with increasing annealing temperature. The SeW
correlations for the Neþ-irradiated sample are plotted on the D2
and D3 straight lines after annealing at 300+C and 600+C, respec-
tively. This deviation of the SeW correlations indicates that the
vacancy-type defects in the Neþ-irradiated sample aggregate and
become larger vacancy clusters at 300+C and 600+C [15]. After
annealing at 900+C, the SeW correlation of the Neþ-irradiated
sample is plotted on the D3 straight line, thus indicating that the
larger vacancy clusters still survive.

When irradiating particles having a mass of m1 to the target
with an energy of E1, the maximum energy Ep;max of PKA is given by

Ep;max ¼ 4m1m2

ðm1 þm2Þ2
E1; (6)

where m2 is the mass of the target atom [31]. Based on Eq. (6), the
Ep;max for the Heþ- and Neþ-irradiated samples are calculated to be
4.2 keV and 17.8 keV, respectively. Thus, the size of each cascade
and the number of vacancy-type defects contained therein are
expected to be larger in the Neþ-irradiated sample than in the Heþ-
irradiated one. Even in large collision cascades, the DBAR spectra
reflect the size of the individual vacancy-type defects contained in
the cascades, as a result, a similar size of vacancy-type defects was
detected from both as-irradiated samples. Past radiation damage
studies based on molecular dynamics simulations have reported
that irradiation-induced vacancy-type defects in tungsten tend to
remain isolated without being clustered [29,30].

One possible factor of the significant growth of vacancy-type
defects by annealing observed in the Neþ-irradiated sample is
speculated to be the difference in the size of the collision cascades
formed in both samples. The size of the cascade formed in the Neþ-
irradiated sample is larger than that formed in the Heþ-irradiated
one. A large number of vacancy-type defects contained in the large
cascade developed into large vacancy clusters during annealing,
and as a result, they survived even after annealing at 900+C. In
contrast, from the small cascade formed in the He-irradiated
sample, only relatively small vacancy clusters were formed during
annealing and eventually annealed out at 900+C.

Other possible factors are the difference in the DPA or the dif-
ference in the concentration of the implanted noble gas atoms. As
shown in Table 1, in the positron-probed region, the Neþ-irradiated
sample was irradiated with four times higher DPA compared with
the Heþ-irradiated one. The highly-concentrated vacancy-type
defects may have led to differences in their clustering behavior. On
the other hand, the noble gas atom concentration of the Heþ-irra-
diated sample in the positron-probed regionwas twice higher than
that of the Neþ-irradiated one. The binding energy between mon-
ovacancy in tungsten and He or Ne atom has been reported to be
considerably large (�4.7 eV for VeHe and �8.5 eV for VeNe) [19].
Such a difference in the concentration of impurity atoms that
strongly bind to vacancies may also affect the clustering behavior of
vacancy-type defects during annealing.

To clarify the factors that caused the difference in clustering
behavior of vacancy-type defects observed in the He- and Ne-
irradiated samples, further investigations are desired by using
samples with the same DPA or the same concentration of noble gas
atoms. However, the residual efficiency of the Frenkel pairs has
been reported to be greatly dependent on PKA energy, especially in
the energy region where the PKA energy is below 10 keV [29,30].
Therefore, it may be necessary to prepare samples with the same
residual Frenkel pair concentration in consideration of the differ-
ence of residual efficiency, rather than preparing the same DPA
samples. In addition, beam-based positron annihilation lifetime
measurements will also be helpful to observe the clustering
behavior of vacancy-type defects in future studies.

4. Conclusion

In this study, Heþ- and Neþ-irradiated tungsten samples were
probed by a slow positron beam after annealing in the temperature
range of 20+C-900+C. The annealing behavior of irradiation-
induced vacancy-type defects in both samples was observed by
characterizing the DBAR spectrawith S- andW-parameters. A slight
deviation of the SeW correlations was observed in the Heþ-irra-
diated sample, suggesting the aggregation of vacancy-type defects
with increasing annealing temperature. However, eventually, a
large portion of these vacancy clusters was eliminated after
annealing at 900+C. By contrast, the SeW correlations of the Neþ-
irradiated sample clearly showed that the irradiation-induced va-
cancy-type defects aggregate and become larger after annealing at
300+C and 600+C. Moreover, it was also shown that the vacancy
clusters still survive in the Neþ-irradiated sample after annealing at
900+C. The difference in the clustering behavior may be attributed
to differences in the cascade size, the DPA, and the concentration of
the implanted noble gas atoms. However, in the present work, the
DPA or noble gas atom concentrations in the positron-probed re-
gion did not agree between the two prepared samples. To clarify
which factor causes the difference in the clustering behavior
observed in this work, further studies are necessary, for example
investigating samples with the same DPA, the same residual Fren-
kel pair concentration, or the same noble gas atom concentration.
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