Significant growth of vacancy-type defects by post-irradiation annealing
in neon ion-irradiated tungsten probed by a slow positron beam

A. Yabuuchi*, M. Tanaka, A. Kinomura

Institute for Integrated Radiation and Nuclear Science, Kyoto University, Kumatori, Osaka 590-0494, Japan

Abstract

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 characterizing 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 aggregation survived even after annealing at 900°C.
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1. Introduction

Since tungsten (W) is expected to be a plasma-facing
wall material for fusion reactors [1, 2, 3, 4], irradiation
damage to tungsten induced by protons or helium ion-
irradiation (HeT-irradiation) has been widely studied. Re-
cently, intentional injection of neon (Ne) and/or argon
(Ar) gases into the fusion plasma were studied to de-
crease the heat load on the tungsten wall [5, 6, 7]. 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 va-
cancies 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 irradia-
tion [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 ma-
terials [10, 11, 12], and several defect studies in proton-
or HeT-irradiated tungsten have been performed using
positrons [13, 14, 15, 16]. However, few studies on the de-
fects in noble gas ion-irradiated tungsten using positrons
have been reported [17, 18], except for Het-irradiation. Ir-
radiation of the other noble gases which represent heavier
particles can cause more significant damage to tungsten.
In addition, the annealing behavior of irradiation-induced
defects may also be different because the binding energies
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between vacancy (V) and gas atom in V-Ne or V-Ar are
much larger than that in V-He [19]. The difference in
defect structure will also affect the tritium retention capa-
bility of tungsten. In this study, the annealing behavior of
vacancy-type defects in Het and NeT-irradiated tungsten
was probed using a slow positron beam.

2. Experimental method

High-purity sintered tungsten samples (99.999%) were
cut into 15 x 15 x 0.8 mm? 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 elimi-
nate initial defects. The annealed tungsten samples were
irradiated with helium or neon ions with an energy of
50 keV. The total irradiation doses of He™ and Ne™ were
2.5 x 1016 He™ /em? and 4.2 x 10'° Ne™ /em?, respectively.
The irradiation energy of the ion beams (50 keV) is the
maximum energy of the ion implanter used in this study.
In order to make the projected range of He' the same
as that of 50 keV Net, He™ must 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 He' was increased to make the concentration of the
implanted gas atoms comparable since the projected range
of He™ is deeper than that of Ne™ for the same irradiation
energy. In the original experimental design was intended
to make the He and Ne atom concentrations equal in the
positron-probed region of both samples. However, due to
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an unintentional error in calculating the irradiation con-
ditions, the concentration of implanted gas atoms in both
samples differed by two times as described later. The ion
beam flux was approximately 7 x 10'? ions/cm?-s for both
He™ and Net, and the sample during irradiation was kept
at room temperature.

The ion and vacancy distributions in tungsten were cal-
culated with a displacement threshold energy of 90 eV [17,
21] using the SRIM-2013 code [22, 23]. The incident
positron distributions P(z) were calculated by using a for-
mula called the Makhovian distribution [24],
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where z, p, and E are the depth in nm, target density in
g/cm?, and incident positron energy in keV, respectively.
A is a constant, and the unit of A/p is nm/keV™. The
mean positron implantation depth in nm is denoted by Z.
In this study, calculations were carried out for A = 40,
m=1.9, and n = 1.6.

The samples irradiated with He™ or Net and an unir-
radiated sample were probed by a reactor-based slow
positron beam constructed at Kyoto University Research
Reactor (KUR) [25, 26, 27, 28], and the Doppler broad-
ening of annihilation radiation (DBAR) spectra were ac-
quired using a high-purity germanium detector. The en-
ergy of the positron annihilation radiation reflects the mo-
mentum 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 annihilated 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 510.23-511.77 keV (501.71-507.90 keV
and 514.10-520.29 keV) divided by the total number of
events in the energy range of 501.71-520.29 keV. The ob-
served S- and W-parameters are given by
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where A\¢ and kq are the positron annihilation rate of
free-state positrons (i.e., delocalized positrons) and the
positron trapping rate into defects, respectively. The

ka/(Af + kq) denotes the fraction of positrons trapped
at defects, and Sy (Wy) and Sq (Wq) are S-parameters
(W-parameters) given by free-state positrons and defect-
trapped positrons, respectively. The values of S and W
increase and decrease, respectively, when positrons are
trapped at vacancy-type defects. Vacancy-type defects
having different sizes give unique Sq and Wy values de-
pending on the defect size. Thus, Eqgs. (4) and (5) in-
dicate that S and W 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, HeT-irradiated, and
NeT-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 S-W correla-
tions 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 probed with positron energy of 20 keV were de-
fined as Sr and W7, respectively.

For the unirradiated sample, the DBAR spectra were
also acquired by varying the incident positron energy in the
range of 1-30 keV. In the incident positron energy depen-
dence measurement of the unirradiated sample, the DBAR
spectra were acquired with about 6 x 10* total events at
each positron energy. The irradiated samples were an-
nealed for 15 min in vacuum at a temperature range of
200°C-900°C after measuring the as-irradiated state. The
DBAR spectra were acquired after annealing at each tem-
perature. About 6 x 10° total events were acquired for the
DBAR spectra in the unirradiated, Het-irradiated, and
NeT-irradiated samples measured at 20 keV, 8.5 keV, and
6 keV, respectively. Details will be described in the next
section, actually, the HeT-irradiated sample prepared in
this study should have been probed with a 15 keV positron
beam. However, there was an unintentional error in cal-
culating the irradiation conditions, and unfortunately, we
noticed the error after conducting the positron annihila-
tion experiments at the reactor-based slow positron beam
facility. Thus, in this study, the HeT-irradiated sample
was probed with non-optimal energy positrons (8.5 keV)
determined based on the miscalculated He™ implantation
profile. After the positron annihilation experiments, the
implantation profiles were recalculated, and the experi-
mental results were interpreted based on the correct im-
plantation profiles.

3. Results and discussion

Figure 1 shows the calculated ion, displacement per
atom (DPA), and positron distributions. The ion and
DPA distributions were calculated by using the SRIM
code. Sputtering of the target by the ion irradiation is
negligible in the distributions. Positron distributions for
the He™- and NeT-irradiated samples are calculated with
positron energies of 8.5 keV and 6 keV, respectively. For
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Figure 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 Het- and Net-irradiated samples, respectively.

the NeT-irradiated sample, the incident distribution of
6 keV positrons almost agrees with the Net implantation
distribution. For the He'-irradiated sample, the incident
distribution of 8.5 keV positrons unintentionally deviates
from the He™ implantation distribution. From the cor-
rect recalculated result of the He™ implantation profile
performed after the positron annihilation experiments, a
positron incident profile was confirmed to almost agree
with the Het implantation profile when a 15 keV positron
beam was used. However, the HeT-irradiated sample pre-
pared in this study was probed by a positron beam with
a non-optimal energy of 8.5 keV.

The ratio of implanted ions to tungsten atoms and the
DPA for the He™- and Ne'-irradiated samples are summa-
rized 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 average in the range probed by
positrons. While the average ratio of implanted ions to
tungsten atoms in the Ne'-irradiated sample was half that
of the Het-irradiated sample, the average DPA of the Ne™-
irradiated sample was derived to be more than four times
that of the Het-irradiated sample, according to SRIM cal-
culations. However, most of the initially-formed Frenkel
pairs annihilate due to recombination. In the case of ion
irradiation into tungsten, the number of residual Frenkel

Table 1: Irradiation dose of each ion, the ratio of implanted ions to
tungsten atoms, and DPA, for the Het- and Net-irradiated tung-
sten samples. The implanted ion ratio and the DPA for the He™-
and Net-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 Het Net
Irradiation Dose (ions/cm?) 2.5 x 101 4.2 x 101°
Ratio of Ions/W-Atoms 1.5x 1072 75x1073
Displacement Per Atom 4.9 %1071 2.1 x 10°

Mean Implantation Depth (nm)
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Figure 2: S-parameters as a function of incident positron energy
obtained from the unirradiated sample. All S-parameters are nor-
malized to that obtained with positron energy of 20 keV. The upper
horizontal axis denotes the mean positron implantation depth corre-
sponding to the incident positron energy.

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) exceeds
10 keV [29, 30].

Figure 2 shows normalized S-parameters for the unir-
radiated sample as a function of incident positron energy.
In the sample annealed at 2200°C, only the positron life-
time of 104 ps was detected, corresponding to the positron
lifetime of the defect-free tungsten lattice [27]. For inci-
dent positron energy over 20 keV, the S-parameters reach
a nearly constant value, which corresponds to the intrin-
sic S-parameter of the sample. By contrast, at incident
positron energies below 20 keV, the S-parameter increases
with decreasing positron energy, which is attributable to
positron annihilation events at the surface being mixed in
the DBAR spectra since positrons stop at a depth at which
they can diffuse back to the surface. Since the positron dif-
fusion length becomes longer in annealed, defect-free sam-
ples, the surface effect appears in the DBAR spectrum
until the incident positron energy reaches nearly 20 keV.
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Figure 3: S-W correlations obtained from the Het- and Ne™-
irradiated samples measured after annealing at each temperature.
The numbers in the upper right of each plot indicate the annealing
temperature in °C. The (S, W) = (1,1) 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. S-W plots obtained from the unirradiated sam-
ple probed with positron energies of 1-10 keV, including the positron
annihilation component at the surface, are depicted as open circles.
Four straight lines having representative slopes Do—D3 are also de-
picted in light gray.

Figure 3 shows S-W correlations for the He™- and
Net-irradiated samples after annealing at each temper-
ature and those for the unirradiated sample probed with
positron energies of 1-10 keV. The (S, W) = (1,1) point
shown in Fig. 3 represents the values for the unirradiated
sample probed with positron energy of 20 keV, thus cor-
responding to S- and W-parameters given by free-state
positrons (i.e., positron annihilation in a defect-free lat-
tice). The observed S and W vary depending on the frac-
tion of positrons trapped at defects, but those are given
by the linear combination of S¢-Syq or W-Wy4 as shown in
Egs. (4) and (5), respectively. Therefore, when only one
defect species is present, S-W correlations are plotted in
the same straight line regardless of the defect concentra-
tion.

In the unirradiated sample, a portion of the positrons
annihilates at the surface when the positrons are implanted
with energies of 1-10 keV, as shown in Fig. 2. The S and
W show maximum and minimum values, respectively, be-
cause the fraction of positrons annihilating at the surface
is highest when positrons are implanted with an energy of
1 keV; however, S-W correlations obtained from the unir-
radiated sample probed with positron energies of 1-10 keV
are plotted on almost the same straight line except for the
5 keV data. That is, the straight line having this slope Dg
corresponds to positron annihilation at the surface.

In the case of the irradiated samples, the S-W corre-

lations for both samples are plotted on the same straight
line having the slope Dq, in the as-irradiated state; i.e.,
defect species (defect size) contained in both samples are
the same or similar at the initial stage. The plot of the
NeT-irradiated sample being located lower right that of the
HeT-irradiated one in the as-irradiated state means that
the Net-irradiated sample has a higher defect concentra-
tion than the Het-irradiated one; this is also consistent
with the SRIM calculations shown in Table 1. The S-W
correlations of the HeT-irradiated sample deviate slightly
toward larger S values than the D, straight line upon an-
nealing. Eventually, the S-W is plotted on the Dy 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,
S-W correlations of the Net-irradiated sample, for which
the as-irradiated state is plotted on the same straight line
as that of the Het-irradiated one, are plotted on other
straight lines having different slopes with increasing an-
nealing temperature. The S-W correlations for the Ne™-
irradiated sample are plotted on the Dy and Dj3 straight
lines after annealing at 300°C and 600°C, respectively.
This deviation of the S-W correlations indicates that the
vacancy-type defects in the NeT-irradiated sample aggre-
gate and become larger vacancy clusters at 300°C and
600°C [15]. After annealing at 900°C, the S-W correlation
of the NeT-irradiated sample is plotted on the Ds straight
line, thus indicating that the larger vacancy clusters still
survive.

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

4m1m2

E max — El’ (6)
p; (m1+m2)2

where mg is the mass of the target atom [31]. Based on
Eq. 6, the E}, max for the He™- and Ne'-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 NeT-irradiated sample than in the Het-irradiated
one. FEven in large collision cascades, the DBAR spec-
tra 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 molec-
ular 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 Ne™-
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 NeT-irradiated sample is
larger than that formed in the HeT-irradiated one. A large
number of vacancy-type defects contained in the large cas-



cade developed into large vacancy clusters during anneal-
ing, 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 clus-
ters were formed during annealing and eventually annealed
out at 900°C.

Other possible factors are the difference in the DPA or
the difference in the concentration of the implanted noble
gas atoms. As shown in Table 1, in the positron-probed
region, the NeT-irradiated sample was irradiated with four
times higher DPA compared with the HeT-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 He™-
irradiated sample in the positron-probed region was twice
higher than that of the Net-irradiated one. The binding
energy between monovacancy in tungsten and He or Ne
atom has been reported to be considerably large (~4.7 eV
for V-He and ~8.5 eV for V-Ne) [19]. Such a differ-
ence 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 which 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 ef-
ficiency 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]. There-
fore, it may be necessary to prepare samples with the same
residual Frenkel pair concentration in consideration of the
difference of residual efficiency, rather than preparing the
same DPA samples. In addition, beam-based positron an-
nihilation lifetime measurements will also be helpful to ob-
serve the clustering behavior of vacancy-type defects in
future studies.

4. Conclusion

In this study, He™- and Net-irradiated tungsten sam-
ples were probed by a slow positron beam after anneal-
ing in the temperature range of 20°C-900°C. The an-
nealing behavior of irradiation-induced vacancy-type de-
fects in both samples were observed by characterizing the
DBAR spectra with S- and W-parameters. A slight de-
viation of the S-W correlations was observed in the He™-
irradiated sample, suggesting the aggregation of vacancy-
type defects with increasing annealing temperature. How-
ever, eventually, a large portion of these vacancy clus-
ters was eliminated after annealing at 900°C. By contrast,
the S-W correlations of the Net-irradiated sample clearly
showed that the irradiation-induced vacancy-type defects
aggregate and become larger after annealing at 300°C and
600°C. Moreover, it was also shown that the vacancy clus-
ters still survive in the NeT-irradiated sample after anneal-
ing 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 region 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 inves-
tigating samples with the same DPA, the same residual
Frenkel pair concentration, or the same noble gas atom
concentration.
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