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Co-deposition of wall material and ions from plasmas occurs on material surfaces in fusion de-
vices. In this study, we focus on tungsten (W) deposition layer in helium (He) plasmas (He-W
co-deposition) formed at surface temperatures of 473-773 K. Usually, He irradiation at the surface
temperature below 1000 K does not lead significant morphology changes; we will show from transmis-
sion electron microscope observations that the roughness of the co-deposition layer has a significant
temperature dependence even when the temperature is less than 800 K. We conducted deuterium
plasma irradiation to the He-W co-deposition layer. It was found that the deuterium retention on
the He-W co-deposition layer increased significantly with increasing the formation temperature of
the co-deposition layer.

I. INTRODUCTION

Tungsten (W) is one of the leading candidates of
plasma facing components in fusion devices. They are
subjected to ions of mainly hydrogen isotopes (D and T)
and the nuclear reaction product of helium (He) in fu-
sion devices. The behaviors of D/T and He are quite
different; exposures to hydrogen isotopes leads to blis-
ters [1, 2], while exposures to He causes various mor-
phology changes accompanied by He bubble growth [3].
The most significant one is likely to be the growth of
fiberform nanostructures (fuzz) [4].

Concerning the fuzz growth, because of its importance
in fusion devices, the formation condition [5, 6], mecha-
nism, and influence on the fusion reactor including en-
hanced erosion [7], dust formation, and initiation of arc-
ing [8] have been discussed. Also, the growth rate has
been well investigated including the fluence and temper-
ature dependence [6, 9, 10], the effects of annealing [11–
13], sputtering [14–16], and transients [17, 18]. A growth
model including pulses of edge localized modes (ELMs)
has been developed by De Temmerman et al. [19, 20].
It was shown that the fuzz layer thickness strongly de-
pended on the ELM heat load and the base temperature,
and the thickness would be ∼1.5 µm when the base tem-
perature was 1200 K and the ELM heat load was less
than 0.2 MJm−2 assuming that the ELM frequency was
30 Hz.

However, we think that there are still several not well-
known factors for the He irradiation effects. Recently,
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under RF conditions [21] or with a small amount of im-
purity (argon, neon, or nitrogen) [22], isolated structures
called nano-tendril bundles (NTBs) were found. Sput-
tering from the surface was suggested to be important
for the NTB growth [23]. Moreover, when supplemen-
tal W source was added near a W substrate during He
plasma exposure, mm-thick large-scale fiberform nanos-
tructures (LFNs) were grown [24, 25]. In fusion devices,
small amount of impurity is used as a radiator, and sput-
tering and re-deposition occur especially during ELMs
[26]. Thus, investigation of He irradiation effects with
under environments with redeposition are of importance.

Until now, several investigations about co-deposition
layer using magnetron sputtering devices have been re-
ported, and effects on the morphology changes and deu-
terium (D) retention have been discussed. Helium plasma
irradiation has been conducted to a deposition layer
formed under He and argon mixture plasmas [27]. Pro-
trusions were found after the He plasma irradiation at
1500 K even though the He fluence (3.6× 1023 m−2) was
an order of magnitude lower than the incubation fluence
for the fuzz growth [9]. Tang et al. formed co-deposition
layers in a mixed atmosphere of D, He, and argon (Ar)
[28]; they have found that amount of retained He had sig-
nificant impact on the surface morphology, crystal struc-
ture, and D retention. De Temmerman and Doerner fab-
ricated W co-deposition layers under D and Ar mixture
conditions [29]. Many blisters were formed when the D
fraction increased, and they discussed the relation be-
tween the D retention and the incident ion energy / sur-
face temperature.

In this study, we formed W deposition layers in He
plasmas at surface temperatures lower than the fuzz
growth temperature of ≈1000 K. The temperature range
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used in this study was lower than the one previously in-
vestigated for the growth of LFNs [24]. The He flux was
in the range of 2.8-6.9×1021 m−2s−1, which was much
greater than those in magnetron sputtering devices. In
addition to detailed observation using transmission elec-
tron microscope (TEM), the co-deposition layer was ex-
posed to deuterium plasmas and retention was investi-
gated using thermal desorption spectroscopy (TDS).

W sample

Sputtering wire

~1 cm

FIG. 1. A schematic of the experimental setup of the He
plasma irradiation in the Co-NAGDIS device.

II. METHODS

A. Irradiation experiments

Figure 1 shows a schematic of the experimental setup
of the He plasma irradiation with W deposition. Helium
plasma irradiation was conducted in the linear plasma de-
vice Co-NAGDIS [30], where steady state plasmas with
the density of the order of 1018 m−3 can be produced by
a direct current arc discharge. The background pressure
was ≈ 10−4 Pa, and the gas pressure was in the range of
2.0-2.8 Pa. Two serpent shaped lantern hexaboride are
heated by a Joule heating and used for the cathode. A 0.1
or 0.2-mm-thick W sheet was installed to an air-cooled
sample holder, which has a thermocouple to measure the
sample temperature, Ts. The sample is polycrystal W
(Plansee, 99.97%) without being recrystallized. Surface
was polished to a mirror finish, and, then, an ultrasonic
cleaning was performed. The temperature gradient can-
not be formed in the codeposition layer even if the ther-
mal conductivity is lower than the bulk in steady state
conditions, though the pulse response can be altered de-
pending on the pulse width [31]. Also, the temperature
difference between the top and rear surfaces is negligi-
ble under steady state conditions, because the sample is
thin. The temperature can be controlled by changing
the air flow of the holder. The ion flux to the sample
was measured from the current to the sample, and the
incident ion energy, Ei, was measured from the potential
difference between the potential of the sample, which was
biased negatively, and the space potential deduced from
a reciprocating electrostatic probe near the target.

A 1-mm-diameter W wire, which is referred to as sput-
tering wire in this study, was installed approximately 10
mm from the sample. The sputtering wire was biased
negatively to -300 V to initiate sputtering. Thus, the
sample was subjected to W particles in addition to He
ions. The ionization mean free path of W atoms from the
sputtering wire can be calculated using a typical density
of 1×1018 m−3, the ionization rate coefficient of 8×10−13

m3/s at 5 eV [32], and the mean energy of sputtered
atom (5.8 eV) at the incident ion energy of 300 eV [33].
The mean free path is calculated to be ≈3 mm, which is
shorter than the distance to the substrate; most of the
sputtered atoms should be ionized before reaching the
sample surface.
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FIG. 2. (a) An SEM micrograph and (b,c) cross sectional
TEM micrographs of W3 sample, which is W deposition layer
at 773 K exposed to the He plasma.

B. Samples

Table I shows the details of the samples used in this
study. Six co-deposition samples, He-W1–6, were pre-
pared at three different temperatures, i.e. 471/473, 573,
and 773 K, using W sheets for substrates. The irradi-
ation time, ti, was 3600 s, and Ei was in the range of
61-63 eV, and the He ion fluence, ΦHe, was in the range
of 1.0-2.5×1025 m−2. Pairs of odd and even numbered
samples (He-W1 and He-W2, He-W3 and He-W4, and
He-W5 and He-W6) had almost identical He plasma ir-
radiation condition. The odd numbered He-W samples
were used for TEM observation, and the samples with
even numbers were exposed to D plasmas after the He
plasma exposure and analyzed with TDS. We optimized
the spectrum width of high resolution quadrupole mass
spectrometer for TDS and confirmed that there was no
overlap between the D2 and He spectra at the peak posi-
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tions, where we used the values for desorption data. The
both values were calibrated using tracer gas leak stan-
dards. The thicknesses of the deposition layer on He-W1,
He-W3, and He-W5 measured from the TEM cross sec-
tional images were 100, 200, and 460 nm, respectively.
The thickness of the sample should be caused from the
differences in the particle (W) flux to the sample if the
porosity of the deposition layer was the same. The thick-
ness of He-W5 was greater than that of He-W3, mainly
because of the difference in the He flux, i.e. the density
of the plasma. Another factor is the configuration of the
sputtering wire to the target. We should admit that a
slight difference in the position could have been influ-
enced the thickness of the layer and sometimes formed
non-uniformity.

In addition to the co-deposition samples, three more
samples (W1-W3) were prepared for comparison; W1
was a W sheet sample exposed to D plasma without He
plasma irradiation, and W2 was a W sheet sample ex-
posed to the He plasma at 773 K and followed by D
plasma irradiation. Concerning W3, W deposition layer
was formed on a W sheet using a magnetron sputtering
device while a substrate was heated at 773 K in Ar gas at-
mosphere (1 Pa); the thickness of the thin film was ≈180
nm. The sample (W3) was exposed to the He plasma and
D plasma. The irradiation condition of the deuterium
plasma irradiation was the same for all the samples (He-
W2, He-W4, He-W6, W1, W2, and W3) and as follows:
Ei=62 eV, ΦD=8.7×1024 m−2, ti=3600 s, and Ts=373
K. TEM samples were fabricated by focused ion beam
(FIB) milling; typically, the thickness of the sample was
100 nm or less. Following two protective layers were put
on the surface before the FIB cut process: 1-µm-thick
carbon deposition layer and 3–5-µm-thick W deposition
layer over the carbon layer.

III. MORPHOLOGY OF CO-DEPOSITION
LAYERS

A. W deposition at 773 K

Before showing He-W co-deposition layers, here we
show He plasma irradiation effects on W deposition layer
(W3 sample) for a reference. Again, the thin film was de-
posited using a magnetron sputtering device with Ar gas
environment at 773 K. Then, the sample was exposed
to the He plasma in the Co-NAGDIS device under the
condition shown in Table I.

Figure 2(a) shows an SEM micrograph of W3 sample.
Many pinholes, the size of which was typically 10 nm,
are found on all over the surface. Moreover, small pro-
trusions and terrace structures can be seen on some loca-
tions. These are typical He irradiation effects observed in
the initial formation process of nanostructures [34]. Fig-
ure 2(b,c) shows cross sectional TEM micrographs of W3
sample in different magnifications. The boundary of the
thin film and substrate can be hardly discerned. There

is a thin layer near the surface (typically 50-nm-thick),
where many He bubbles are identified. On the contrary,
no damages are found below the layer. The size of bub-
bles is from several to 20 nm; the shape of the bubble is
not round but distorted.

B. He-W Co-deposition layer

Figure 3(a,b) shows TEM micrographs of He-W1 sam-
ple in various magnifications. The co-deposition layer,
which has a thickness of 90 nm, has a quite different fea-
ture from the bulk; there are nanometer sized voids and
bubbles all over the layer. Below the co-deposition layer,
He bubbles with several nanometers in diameter can be
found; the thickness of the bubble existing layer below
the co-deposition layer is approximately 20 nm. Those
bubbles were likely formed in the initial irradiation pro-
cess before the co-deposition layer was grown.

50 nm

20 nm 20 nm

(a)

(b) (c)

FIG. 3. (a,b) TEM micrographs of He-W1 sample (He-W co-
deposition formed at 471 K) in different magnifications and
(c) DFI image of He-W1 sample.

Figure 3(c) shows a dark field imaging (DFI) image of
He-W1 sample. In the inset, diffraction pattern is shown,
and a part of the diffraction ring shown with a red circle
was chosen to obtain Fig. 3(c). The diffraction ring is
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TABLE I. Experimental conditions for the preparation of the samples used in this study. Condition of the deuterium plasma
irradiation was the same for all the samples and as follows: Ei=62 eV, ΦD=8.7×1024 m−2, ti=3600 s, and Ts=373 K.

Name Substrate Vsw [V] Ei [eV] Ts [K] ΦHe [m−2] ti [s] Thickness [nm] D irrad. Analysis
He-W1 W sheet -300 62 471 1.0×1025 3600 100 – TEM
He-W2 W sheet -300 62 473 1.0×1025 3600 – ◦ TDS
He-W3 W sheet -300 61 573 1.1×1025 3600 200 – TEM
He-W4 W sheet -300 62 573 1.0×1025 3600 – ◦ TDS
He-W5 W sheet -300 63 773 2.5×1025 3600 460 – TEM
He-W6 W sheet -300 63 773 2.5×1025 3600 – ◦ TDS

W1 W sheet – – – – – – ◦ TDS
W2 W sheet – 63 773 2.5×1025 3600 – ◦ TDS
W3 Deposition – 63 773 2.5×1025 3600 – ◦ TEM/TDS

rather broad, indicating that the size of the crystal grains
is very small. Indeed, from the DFI image, the size of the
grain is found to be several nanometers.
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FIG. 4. SEM micrographs of He-W3 sample from (a) top and
(b) side (cross section) and (c) a cross sectional TEM image
of He-W3 sample.

Figure 4(a,b) shows SEM micrographs of He-W3 sam-
ple from top and side (cross section), respectively. The
co-deposition layer was formed at Ts of 573 K, which is
≈ 100 K higher than that of He-W1 sample. From the
cross-section image, it is found that many He bubbles
exist in the co-deposition layer, which has the thickness
of 190 nm. Blisters are found on the surface, and exfolia-
tion of the deposition layer from the bulk are seen at some
locations in the boundary beneath the blisters. The re-
sults suggested that the boundary between the bulk and
the co-deposition layer was weak and diffused He could
easily accumulate there. Figure 4(c) shows a cross sec-
tional TEM image of He-W3 sample. The size of crystal
grain is several tens of nanometers, which is greater than
that of He-W1 sample. The boundary of the bulk and
the co-deposition layer is clearly identified. It seems that
there are elongated bubbles above the bulk. The results

suggest that the boundary can be a diffusion barrier; He
atoms migrated were difficult to go to deeper region and
accumulate on the boundary.

1 mm

200 nm

200 nm

50 nm

(a)

(b)

(c)

(d) (e)

50 nm

FIG. 5. (a) An SEM microscope of He-W5 sample, where the
co-deposition layer was formed at 773 K, and cross sectional
TEM (b) BFI image, (c) DFI image, and (d,e) BFI image in
a larger magnification.

Figure 5(a) shows an SEM microscope of He-W5 sam-
ple, where the co-deposition layer was formed at 773 K.
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The surface has a bumpy structure, the scale of which
is ≈100 nm. Figure 5(b,c) shows cross sectional TEM
bright field imaging (BFI) image and DFI image of He-
W5 sample, respectively. The co-deposition layer, which
has a thickness of ≈450 nm, is comprised of ≈100-nm-
sized microcrystals and voids. We can identify large sized
voids near the boundary of the bulk material. Figure
5(d,e) shows cross sectional TEM micrographs in a larger
magnification. The star marks in Fig. 5(d,e) corresponds
to the same location of the sample. Vertically elongated
voids are identified in Fig. 5(e); they could be formed
during the FIB milling. It is seen that there are many
He bubbles (less than several tens of nanometers) inside
the microcrystals.
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FIG. 6. FFT power spectra of W3, He-W1, He-W3, and He-
W5. The FFT analysis was applied to the contrast variations
of TEM images in horizontal direction.

To characterize the scale of He induced damages, fast
Fourier transform (FFT) analysis was applied to the
TEM micrographs. The contrast variation in horizon-
tal direction is used for the analysis. Figure 6 shows
power spectra of W3, He-W1, He-W3, and He-W5. On
W3, the region where no apparent He-induced damages
were identified was chosen; no clear peak is found, and
the power spectrum gradually decreases with the inverse
of characteristic length. The spectrum of He-W1 has
a quite different feature. There is a steep slope from
5×108–109 m−1, which corresponds to 1-2 nm. This in-
dicates that typical size of bubbles and crystal grain are
less than 1-2 nm. Although it is less clear compared to
He-W1, there is a similar slope in 2-5×108 m−1 on He-
W3. No sharp slope is found on He-W5; a power law
relation is identified in the FFT spectrum in the range
less than 3×107 m−1 on He-W5. This could be because
the He bubbles have fractality in the number-size rela-
tion, as was discussed previously on He irradiated metals
(W and tantalum) [35, 36].

Energy-dispersive X-ray spectroscopy (EDS) analysis
was conducted for He-W1, He-W3, and He-W5 samples.
Figure 7(a-c) shows pairs of a TEM micrograph and a
depth profile of normalized W signal intensity to that at
the bulk for the three samples, respectively. The W den-
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FIG. 7. Pairs of a TEM micrograph and a depth profile of
normalized EDS W signal intensity to that at the bulk for (a)
He-W1, (b) He-W3, and (c) He-W5.

sity gradually decreases on the co-deposition layer with
the depth. In particular, it decreases significantly on He-
W1 sample from 0.9 to 0.4 inside the co-deposition layer.
A slight decrease with depth is identified on He-W3 sam-
ple, and a density dip, which was caused by pores above
the bulk, is found on He-W5 sample. The decrease in
the density with the depth suggested that He density in-
creased with the depth. It is likely that there is a He dif-
fusion barrier between the bulk and co-deposition layer,
and diffused He atoms accumulate above the bulk layer,
as was also identified in TEM micrographs. Assuming
that the bulk was not influenced by the He plasma irra-
diation, the relative densities of the co-deposition layer
estimated from the averaged EDS W signal intensity are
60.9±14.3, 67.9±5.8, and 65.6±6.6% for He-W1, He-W3,
and He-W5 samples, respectively; the difference was in
the margin of error.
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FIG. 8. He desorption rate as a function of the temperature
from W2, W3, He-W2, He-W4, and He-W6. The ramping
rate of the temperature was 0.5 K/s.

IV. ANNEALING EXPERIMENTS

A. He desorption and TEM observation

Figure 8 shows He desorption rate as a function of
the temperature from W2, W3, He-W2, He-W4, and He-
W6. The ramping rate of the temperature was 0.5 K/s.
From W2 and W3 samples, after small peak at 350 K,
another peak appears around 800 K; a small wide peak
exists around 1300 K on W2. The He desorption from
He-W co-deposition samples is quite different from those.
The peak temperatures are similar, i.e., below 400 K and
around 800 K, but the amount of desorption is much
greater than those from W2 and W3. From He-W2 sam-
ple, one peak appears below 400 K, and the desorption
continues to at ∼ 700 K. The peak from He-W4 becomes
broader and the desorption continues up to 900 K. When
it comes to He-W6, three peaks are identified at ∼400,
800 and 1400 K, and the desorption is much greater than
those at lower temperatures, i.e., He-W2 and He-W4.

Figure 9(a) and (b-i) shows TEM micrographs of cross
section of He-W5 sample before and after annealing, re-
spectively. The annealing was conducted for three min-
utes before taking images at (b) 600, (c) 700, (d) 800,
(e) 900, (f) 1000, (g) 1100, (h) 1200, and (i) 1273 K in
Fig. 9. It is noted that there are significant TDS des-
orption of He below 600 K, in the range of 700-900 K,
and above 1200 K, as shown in Fig. 8. We call these
peak A, B, and C, i.e., peak A (< 600 K), peak B (700-
900 K), and peak C (>1200 K) in this study. In this
magnification, no significant changes are identified below
the annealing temperature of 1100 K. At 1200 and 1273
K, shown in Fig. 9(g,h), the size of voids apparently
increases. Figure 10(a-i) shows TEM micrographs in a
larger magnification; the difference becomes notable in
this magnification. Before annealing (Fig. 10(a)), there
are many He bubbles in various scales. Comparing be-
tween Fig. 9(a) and (b), there are no significant changes.
Thus, He desorption at peak A likely correspond to des-

orption from weak trapping sites such as distorted lattice
in the vicinity of He bubbles, as was discussed previously
for W exposed to He plasmas [37].

Around peak B (700-900 K), small bubbles less than
10 nm near the surface disappeared. Below 700 K, dis-
locations and distortion, which were presented as black
lines, gradually decrease with increasing the temperature
above 800 K. At 1200 K, which corresponds to peak C, a
large void was formed in the bottom region of the TEM
image. Almost all the distortion, presented as black lines,
were diminished in this temperature range. Even at 1273
K, He bubbles less than 20 nm in diameter existed. In
this temperature range, we have to bear in mind the fact
that He atoms can be released from the side surfaces of
the sample, because the thickness of the TEM sample
was thinner than that of the deposition layer. Therefore,
in real situations, He bubble growth would occur more
significantly compared with the thin sample cases shown
in Fig. 10.

B. D retention

Figure 11(a,b) shows D desorption rate from six sam-
ples: W1, W2, and W3 in Fig. 11(a) and He-W2, He-W4,
and He-W6 in 11(b). On W1, which was not exposed to
the He plasma, the desorption starts around 400 K and
continued to 800 K. However, from W2 and W3, strong
desorption peaks are identified just after increasing the
temperature around 350 K with much greater desorption
rate, while the desorption is terminated at a lower tem-
perature of ∼500 K. The results suggested that D atoms
were trapped more weakly on W2 and W3 samples com-
pared to W1. In addition, it was suggested that the D
atoms only existed near the surface on W2 and W3, while
D atoms were diffused to deeper region on W1. Concern-
ing co-deposition samples (He-W2, He-W4, and He-W6),
there is also a peak below 400 K with higher desorption
peak than that of W1. In particular, on He-W6 sample,
the desorption is much greater than those from the other
sample. There was no significant D desorption above 700-
800 K on all the samples. Thus, it can be said that D can
be released from all the samples including the ones with a
co-deposition layer when the temperature is higher than
700-800 K.

Figure 11(b) shows D total retention on the six sam-
ples; W1 had the lowest D retention and was 1.4×1019

m−2. The retention increased by 70% to 2.5×1019 m−2

on W2 sample, and the thin deposited layer sample (W3)
was higher retention than that of bulk material (W2).
Concerning the co-deposition samples, the retention in-
creased with the temperature; He-W6 had 4.9×1020 m−2,
which was more than 30 times greater than that of W1
and ten times greater than the He irradiated thin de-
posited layer sample (W3). Comparing between He-W4
and HeW6, even considering the fact that the deposi-
tion layer on He-W6 was roughly twice thicker than that
of He-W4, the D retention per volume in the deposition
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600 K300 K 700 K 800 K 900 K 1000 K 1100 K 1200 K 1273 K

FIG. 9. TEM micrographs of cross section of He-W5 sample (a) before and (b-i) after annealing. The images were taken after
annealing for three minutes at the temperature of (b) 600, (c) 700, (d) 800, (e) 900, (f) 1000, (g) 1100, (h) 1200, and (i) 1273 K

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

20 nm

600 K300 K 700 K

800 K 900 K 1000 K

1100 K 1200 K 1273 K

FIG. 10. TEM micrographs shown in Fig. 9 in a larger mag-
nification: (a) before annealing, and after annealing for three
minutes at the temperature of (b) 600, (c) 700, (d) 800, (e)
900, (f) 1000, (g) 1100, (h) 1200, and (i) 1273 K.

layer is approximately five times greater on He-W6.

V. SUMMARY AND DISCUSSION

Tungsten was deposited under He plasma environment
in this study, and the property of the formed porous
He-W co-deposition layer was investigated using TEM
observation and TDS analysis. The substrate tempera-
ture during the formation of the co-deposition layer was
changed from 471-773 K; it was found that the morphol-
ogy change significantly alters when changing the sub-
strate temperature. At 471 K, the co-deposition layer
was comprised of small grains including He bubbles with
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FIG. 11. D desorption rate as a function of the temperature
on (a) the samples W1, W2, and W3 and (b) He-W2, He-W4,
and He-W6. (c) D retention for the six samples. The ramping
rate of the temperature was 0.5 K/s.

crystals of less than 1-2 nm. The sizes of He bubbles and
grains increased with the substrate temperature; the size
distribution became broader with increasing the temper-
ature and the maximum size was ≈100 nm at the sub-
strate temperature of 773 K. We conducted EDS anal-
ysis and checked the density of the co-deposition layer.
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Tungsten density of the co-deposition layer was always
lower than the bulk by 35-40% in average. The density
decreases with the depth especially on the co-deposition
layer formed at 471 K; the density was less than 40%
of the bulk just above the bulk layer. Also, on the
co-deposition layer formed at 573 and 773 K, enlarged
He bubbles were frequently observed. The results sug-
gested that He density in the co-deposition layer was
much greater than the bulk. It is likely that there is a dif-
fusion barrier between the bulk and co-deposition layer,
and He atoms tend to accumulate in the co-deposition
layer rather than diffused to bulk region.

Small He bubbles with the size of several nm were
identified even at the substrate temperature of 471 K;
the density of the bubble was much lower than that in
the co-deposition layer. No apparent large-sized bubbles
(>10 nm) were identified even at the substrate temper-
ature of 773 K, though the size of the bubbles in the
co-deposition layer could be ≈100 nm The results sug-
gested that the growth mechanism of He bubbles and
voids in the co-deposition layer are quite different from
that in the bulk. By conventional He plasma irradiation,
such a large He bubbles can only be identified when the
surface temperature is higher than ≈1000 K, which is the
minimum threshold temperature for the fuzz growth [38].

One of the main reasons to cause this difference could
be in the fact that the He atoms were trapped in the layer
together with W atoms. Because many He atoms hit the
surface while the W crystal structures were formed, the
He atoms could be captured in a stronger manner in the
lattice compared with those penetrated and started to
diffuse/migrate in the W matrix. Another factor is the
difference in the crystal structure. Although the detailed
crystal structure analysis could not be conducted in this
study and remains as a future work, diffusion property
of He atoms and clusters in the co-deposition layer could
be different from that in the bulk. The difference in the
diffusion property could lead to the growth rate of He
bubbles.

In this study, He desorption was investigated by TDS,
and corresponding internal changes were observed on the
co-deposition layer formed at 773 K by TEM while the
sample was annealed. Compared with the He ion beam
case such as in Ref [39], where the ion energy was 5 kV
and significant He desorption peaks appeared at 900 K or
higher temperatures, one of the differences was in the fact
that major He desorption peaks appeared at lower tem-
perature than 900-1000 K. The sample temperature was
increased to ∼1600 K for the TDS analysis; we should
note that trapped He was not completely released from
the sample and peak would appear in higher tempera-
tures, as was discussed previously [37, 40]. We compared
the amount between the samples, though it would be dif-
ficult to assess the trapped He atoms quantitatively. It
was found that the He retention in the co-deposition layer
was much greater than that on bulk material, though the
desorption temperature did not alter so much. Focusing
on the co-deposition layers, though only one peak ap-

peared below 400-500 K from the co-deposition sample
formed at 473 K, the peak became broader on the sample
formed at higher temperatures. From the sample formed
at 773 K, three peaks were identified: below 600 K, in the
range of 700-900 K, and above 1200 K. Below 600 K, He
desorption occurred probably from weak trapping sites
such as distorted lattice in the vicinity of He bubbles.
Around 700-900 K, it was likely that He atoms trapped
in bubbles, dislocation, and distortion were released. He-
lium desorption occurred together with internal structure
changes above 1200 K.

Notable difference was in the amount of He retention;
the He retention on the co-deposition sample was much
greater than that on the bulk. One of the major reasons
to cause the enhancement is the thickness of the He con-
taining layer. The thickness of the bubble existing layer
was ≈50 nm on thin deposited layer sample, while the co-
deposition layer had a thickness of ≈500 nm, which was
an order of magnitude thicker than that in the bulk. The
He atoms trapped in the co-deposition layer was not eas-
ily released during the He plasma irradiation, or rather
they tended to accumulate in the deeper region of the
co-deposition layer.

Finally, the He-W co-deposition layer was exposed to
deuterium plasma at the surface temperature of 373 K,
and the desorption and retention of deuterium were inves-
tigated. A good news from the experiments is that almost
all D atoms are released from all the prepared substrate
at ∼800 K. Different from He atoms, which exhibited
a desorption peak at temperatures higher than 1000 K,
D atoms were released easily by heating the tempera-
ture around 800 K completely even on the co-deposition
surfaces. Desorption from He irradiated samples includ-
ing co-deposition layer samples had a desorption peak at
lower temperature less than 400 K, whereas non-He irra-
diated sample had a broad desorption in the temperature
range of 400-800 K. It was likely that D atoms can be
trapped around or together with He bubbles, and those
D atoms can be released rather easily. The amount of D
retention increased by He plasma irradiation, and the co-
deposition sample formed at 773 K has 30 times greater
retention than that from the sample without exposure to
He plasmas.

As was reviewed by Hammond [41], the relationship
between He bubbles and hydrogen retention in tungsten
has been thought to be complicated. Some studies sug-
gested that He irradiation decreases the retention of hy-
drogen isotopes [42, 43], because He bubbles suppress
their diffusion as forming a diffusion barrier. On the
other hand, others suggested that hydrogen isotope re-
tention increases by He bubbles [44, 45], because He bub-
bles attract hydrogen isotopes. However, it is likely that
the both effects can be understood by treating He bub-
bles as trapping site for hydrogen; the reduction of the
retention could also be caused by trapping hydrogen near
the surface due to high He bubble concentrations rather
than diffuse to deeper region [41, 46].

In this study, He plasma irradiation increased the D
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retention, especially on the co-deposition layer. This was
likely because the co-deposition layer was thick enough
and provided sufficient trapping sites for D atoms. The
reason that the D retention increased on He irradiated
samples in this study could be attributed to the fact
that the irradiation temperature of He and D was dif-
ferent. Because the He irradiation was conducted higher
temperature than that for D irradiation, the He bubble
existing region was deeper, which could lead to form suf-
ficient He bubbles to attract D atoms. Further analysis

of depth profile of D and He densities will be helpful for
further understanding of the He roles on D retention.
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Fusion 57 (2017) 064002.
[46] J. Roth and K. Schmid, Physica Scripta T145 (2011)

014031.


