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a b s t r a c t

Effects of radiation damage on the behavior of hydrogen trapped in tungsten were investigated using a
mixed hydrogen–carbon ion beam and deuterium ion beam. Radiation damage was produced by 300
and 700 keV negative hydrogen ion beams. The number density of blisters formed on the radiation-dam-
aged samples was less than an undamaged sample. SIMS measurements showed that post-implanted
deuterium was mainly trapped at radiation damage sites. These results suggest that hydrogen accumu-
lation at the grain boundaries is greatly decreased due to significant trapping of hydrogen isotopes at
radiation damage sites.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten is a promising candidate for plasma facing materials
(PFMs) for future fusion devices. In D–T fusion reactors, the PFMs
are irradiated with energetic deuterium and tritium ions. There-
fore, studies on hydrogen isotope irradiation were performed using
ion beam irradiation devices or plasma simulators. These studies
clarified hydrogen behavior in tungsten such as surface morphol-
ogy, hydrogen isotope retention and release, and depth distribu-
tion of hydrogen isotopes [1–4]. Moreover, the effects of carbon
impurities on the hydrogen isotope behavior in tungsten were also
investigated by pre-irradiation or simultaneous irradiation of a car-
bon ion beam [5–7]. However, these results did not include the
influence of radiation damage.

The PFMs are also irradiated with 14 MeV neutrons, which pro-
duce radiation damage. Thus, it is important to investigate the
behavioral characteristics of hydrogen isotopes, which include sur-
face morphology, retention, and distribution in radiation-damaged
PFMs for safe and stable operations. Hydrogen isotope retention in
radiation-damaged tungsten was investigated in previous studies
[8,9]. Haasz et al. showed that deuterium retention in tungsten in-
creased with cumulative fluences [8]. Deuterium retention and re-
lease from 800 MeV proton irradiated and annealed tungsten were
investigated by Oliver et al. [9]. He reported that post-irradiated
deuterium was trapped in 1.4 eV traps. However, the surface mor-
phology and deuterium distribution in radiation-damaged tung-
sten are not clear.
ll rights reserved.

9; fax: +81 6 6879 7867.
(M. Fukumoto).
In this study, the effects of radiation damage on the surface
morphology and deuterium distribution in radiation-damaged
tungsten were investigated using a mixed hydrogen–carbon and
deuterium ion beam. The radiation damage was produced by a
high-energy negative hydrogen ion beam.
2. Experimental

Polycrystalline tungsten sheets with a purity of 99.99 at.% fab-
ricated by A.L.M.T Corp. were used in this study. To relieve internal
stresses, the tungsten sheets were annealed at 1173 K for 0.5 h in a
hydrogen atmosphere after being hot rolled to 1 mm thickness.
Tungsten samples (20 � 10 mm) were cut from these sheets. The
sample surfaces were mirror-polished mechanically to a roughness
of less than 0.1 lm.

Radiation damage was produced by a high-energy negative
hydrogen ion beam in the MeV Test Facility [10] at the Japan Atom-
ic Energy Agency. The ion beam energies were 300 and 700 keV. In
the case of the 300 keV H� beams, since the mean depth of radia-
tion damage and the depth of the first grain boundaries are compa-
rable, some first grain boundaries exist in the radiation-damaged
zone, but others do not. In the case of the 700 keV H� beams, how-
ever, most first grain boundaries exist in the radiation-damaged
zone. To reduce oxygen impurities in the ion beam, a cesium oven
in the ion source was heated. The tungsten samples were fixed to a
water-cooled calorimeter using a sample holder made of copper.
Carbon sheets were inserted between the samples and the sample
holder to increase the heat conductivity and prevent temperature
increases during high-energy H– beam irradiation. To prevent
radiation damage from recovering, ion beam irradiation was
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performed repeatedly for �1 s every 60 s, and the sample temper-
ature, which was measured by a pyrometer, was maintained below
473 K.

To form blisters, the mixed H+–C+ beam was post-irradiated
using a High Flux Irradiation Test device (HiFIT) [7,11,12]. Post-
irradiation was performed under the ITER-FEAT first wall condi-
tions. The beam energy, flux, and sample temperature were
1.0 keV, �2.2 � 1020 H+/m2s, and 473 K, respectively. The hydrogen
atom species ratios irradiated on samples were 70%, 10%, and 20%
for 0.3, 0.5, and 1.0 keV H, respectively. According to Behrisch et al.
[13], the first walls were irradiated with the charge-exchange neu-
trals and ions with energies of �600 and �300 eV (3kTe + 2kTi),
respectively. The total flux of these particles was on the order of
1019–1020 atoms/m2s. During operation, since blanket modules
are cooled by water at a temperature of 373–423 K [14], the tem-
perature of the first wall would be higher than that of the cooling
water. Therefore, the experimental conditions match well with the
ITER-FEAT first wall conditions. The fluence was �7.5 � 1024 H+/
m2. In order to generate blisters even at low fluences, carbon
ions were simultaneously irradiated on the samples. The carbon
ion concentration in the hydrogen ion beam was �0.8%. Accord-
ing to a previous study [7], carbon impurities of about 1.0% in
the H+ beam produce a WC layer on a sample surface. This layer re-
duces the hydrogen recombination rate on the surface, which helps
to prevent implanted hydrogen from escaping from the surface.

To obtain the effects of radiation damage on hydrogen isotope
trapping, D+ beam was post-implanted to radiation-damaged sam-
ples. The beam energy, flux, fluence, and sample temperature were
1.0 keV, �1.6 � 1020 D+/m2s, �5.0 � 1023 D+/m2, and 473 K, respec-
tively. Deuterium atom species ratios irradiated on samples were
50%, 30%, and 20% for 0.3, 0.5, and 1.0 keV D, respectively.

The surface morphology of post-irradiated samples was ob-
served using a scanning electron microscope (SEM). The cross-sec-
tions of blisters formed on samples were obtained using focused
ion beam (FIB) devices with a 30 keV gallium ion beam. Depth pro-
files of post-implanted deuterium were analyzed by secondary ion
mass spectroscopy (SIMS) with the primary ion beam of Cs+ at an
incident angle of 60� from the surface normal. The beam energy
and current of the primary ion beam were 11 keV and 200 nA,
respectively. To obtain secondary ions (D�) from a flat crater, a
focused Cs+ beam was scanned over a 300 � 300 lm2 area. The
D� signal was detected from the center of 6% of the sputtered
crater. The depth of the sputtered crater was determined using a
surface profilometer.
Fig. 1. Surface morphology of samples post-irradiated by mixed H+–C+ beam: (a)
undamaged sample, (b) sample damaged by 300 keV H� to 3.7 dpa and (c) sample
damaged by 700 keV H� to 3.5 dpa.
3. Results and Discussion

Fig. 1 shows the surface morphology of (a) an undamaged sam-
ple, (b) a sample damaged by 300 keV H� to 3.7 dpa and (c) a sam-
ple damaged by 700 keV H� to 3.5 dpa. The value of dpa was
defined as that at the maximum value. The undamaged sample
was not pre-irradiated by the high-energy H� beam. As shown in
Fig. 1(a), small blisters of a few micrometer in diameter were
formed on the undamaged sample. For the 300 keV H� damaged
sample (Fig. 1(b)), small blisters of a few micrometer in diameter
were still formed, although the number of blisters was decreased.
In the case of the 700 keV H� damaged sample (Fig. 1(c)), almost all
of the small blisters disappeared.

Fig. 2 shows the number density of blisters formed on the three
samples (Fig. 1). As shown in Fig. 2, blisters with 20 lm in diameter
were formed primarily on the undamaged sample. The 300 keV H�

damaged sample still had blisters with diameters less than 20 lm,
although there were fewer than on the undamaged sample. In the
case of the 700 keV H� damaged sample, blisters with diameters
less than 20 lm disappeared.
Fig. 3 shows the depth profiles of post-implanted deuterium in
three samples: (a) top surface and (b) sub surface. The damage dis-
tributions estimated by TRIM-88 [15] are also shown in Fig. 3(c). As
shown in Fig. 3(a), all three samples had a peak around the range of
0.3 keV for deuterium ions (�5 nm). At the sub surface, the deute-
rium concentration in the undamaged sample was very low, and its
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Fig. 2. Blister size distribution with damage energy as a parameter.
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Fig. 3. Depth profiles of post-implanted deuterium analyzed by SIMS: (a) top
surface, (b) sub surface, and (c) damage distributions estimated by TRIM-88 [15].
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distribution was constant within the observed area. In the case of
the samples damaged by 300 and 700 keV H� beams, the deute-
rium concentration had a peak around �0.2 lm deep. Beyond
�0.2 lm, the deuterium concentration decreased in both samples.
It was shown that the accumulation of post-implanted deuterium
in the radiation-damaged zone was more significant than in the
undamaged sample. Beyond the radiation-damaged zone, the
deuterium concentration of the radiation-damaged samples was
similar to that of the undamaged sample. From these observations,
it was found that the post-implanted deuterium diffused in the
tungsten samples and was trapped in the radiation-damaged zone.

A cross-sectional view of a blister formed on tungsten irradiated
with a mixed H+–C+ beam at 673 K is shown in Fig. 4. Using FIB de-
vices, we obtained a cross-section of blisters without plastic defor-
mation. Note that a gallium and tungsten co-deposition layer with
a column structure was formed mainly on the upper side of the gap
surface. It can be seen that a blister with a diameter of �25 lm had
a blister gap at a depth of �5 lm. From other blisters including a
result from Haasz et al. [8], we obtained the relationship between
the blister diameter and the depth of blister gaps, shown in Fig. 5.
The dashed and solid lines show the mean depth of radiation dam-
age produced by the 300 and 700 keV H� beams, respectively. As
shown in Fig. 5, the depth of blister gaps increases with the blister
diameter. The ratio of the blister diameter to the depth of the
blister gaps is in the range of 0.1–0.2. Accordingly, blisters with
diameters of 20 lm or less, which disappeared from the 700 keV
H� damaged sample, had blister gaps within 2–4 lm in depth. This
depth agrees with the mean depth of radiation damage produced
by a 700 keV H� beam (�3.3 lm). These results indicated that
the amount of hydrogen trapped at the grain boundaries may have
decreased in the radiation-damaged zone.

In the case of the 300 keV H� damaged sample, blisters with less
than �20 lm in diameter still formed, although their number de-
creased. The 300 keV H� beam produced radiation damage to
about �1.1 lm, and the sample’s first grain boundaries were with-
in �2 lm. When radiation damage does not reach the first grain
boundaries, post-irradiated hydrogen accumulated at the first
grain boundaries, leading to blister formation. However, when
the radiation damage is produced around the first grain bound-
aries, blister formation was suppressed. This could be also due to
a decrease of the accumulation of hydrogen at grain boundaries
in the radiation-damaged zone.



Fig. 4. Photograph obtained by FIB of a blister gap formed by irradiation of tungsten by a mixed H+–C+ beam at 653 K. Grains with different crystal orientations are indicated
by variations in the brightness.
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Fig. 5. Relationship between the blister diameter and the depth of the gap formed.
The dashed and solid lines show the mean depth of radiation damage produced by
the 300 and 700 keV H– beams, respectively.
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4. Conclusions

The effects of radiation damage on hydrogen trapping in tung-
sten were investigated. The radiation damage was produced by
300 and 700 keV negative hydrogen ion beams. After the damage
creation, a 1 keV mixed hydrogen–carbon and deuterium ion beam
irradiated the samples. The surface morphology of the post-irradi-
ated samples and the cross-sections of blisters were observed by
SEM and FIB, respectively. The deuterium depth distribution in
the post-implanted samples was measured by SIMS.

It was shown that blisters with diameters less than 20 lm did
not appear on the 700 keV H� damaged sample. Blisters with
diameters less than 20 lm had blister gaps within 2–4 lm deep.
According to TRIM calculations, radiation damage was produced
to a depth of about �3.3 lm by the 700 keV H� beam. SIMS anal-
ysis showed that post-implanted deuterium accumulated in this
radiation-damaged zone. These results indicated that trapping of
post-irradiated hydrogen isotopes at grain boundaries decreased
due to trapping at radiation-damaged sites, and consequently blis-
ter formation was suppressed.

For the 300 keV H� damaged sample, it was shown that the blis-
ters with diameters less than 20 lm formed, although they were
fewer than on the undamaged sample. Since the radiation-dam-
aged zone (within �1.1 lm) and the depth of the first grain bound-
aries (within �2 lm) are comparable, some first grain boundaries
exist in the radiation-damaged zone, but others do not. When
the first grain boundaries are positioned beyond the radiation-
damaged zone, small blisters with diameters of 20 lm or less
formed. On the other hand, when the grain boundaries are posi-
tioned within the radiation-damaged zone, small blisters with
diameters of 20 lm or less did not form. Therefore, small blisters
less than 20 lm in diameter were decreased on the 300 keV H�

damaged sample.
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