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Abstract

Trapping and diffusion of tritium implanted into tungsten at room temperature were examined by B-ray-induced
X-ray spectrometry. One of two thin tungsten plates used was previously irradiated with He ions. After the tritium
irradiation, X-ray spectra from a W sample were measured in an argon atmosphere, and changes in the X-ray spectra
with time were followed for five months at room temperature. The observed X-ray spectra consisted of three char-
acteristic X-ray peaks and a bremsstrahlung X-ray peak. For the W sample without He pre-irradiation all characteristic
X-ray intensities decreased with time, while those for the sample with He pre-irradiation were almost constant, indi-
cating that the He irradiation strongly affects the migration of tritium. Furthermore, the X-ray spectra were analyzed by
computer simulation to estimate a tritium depth profile. From those results, the diffusion coefficient of tritium at room
temperature and effects of He pre-irradiation on trapping of tritium were evaluated.

© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

High-Z materials, especially tungsten and its alloys,
are promising candidates for plasma facing components
in the International Thermonuclear Experimental Re-
actor (ITER) as well as other future magnetic fusion
devices. These materials have advantages of very high
melting temperature, low vapor pressure, and very low
sputtering erosion yield. The behavior of deuterium
implanted into metals and high-Z materials has been
reviewed by Myers et al. [1] and Yoshida [2]. How-
ever, there is still a lack of database of solubility, diffu-
sivity and trapping of hydrogen isotopes in tungsten.
Then it is of great importance to investigate in detail
the retention and migration of tritium implanted into
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high-Z materials from the viewpoints of fuel control and
safety.

The present study focused the attention to effects of
helium irradiation on the retention of tritium embedded
in tungsten. The effects were examined by using a re-
cently developed nondestructive measuring method, i.e.,
B-ray-induced X-ray spectrometry (BIXS). The new
method has been applied so far to measure tritium on/in
graphite [3], Pd and Zr [4,5], and the validity of this
method has been confirmed. The main advantage of
BIXS is that BIXS spectra can be observed without
destroying samples. A BIXS spectrum is usually com-
posed of two or more peaks of characteristic and
bremsstrahlung X-rays. The intensity and shape of
X-ray peaks depend not only on the amount of tritium
captured on the surface and in subsurface layers but also
on the depth profile of tritium in the bulk. Therefore, the
amount and the depth profile can be determined with the
aid of computer simulation.

This paper describes the dynamic behavior of trap-
ping and migration of tritium ions implanted in tungsten
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with the energy of 1 keV by BIXS measurements.
Two different tungsten samples, with and without He
pre-irradiation, were examined to compare the dynamic
behavior of implanted tritium at room temperature.

2. Experimental
2.1. Materials

Two tungsten samples of 10 x 10 x 0.02 mm?® pre-
pared from thin polycrystalline tungsten plates (99.95%
in purity) fabricated by powder metallurgy. One of the
samples was applied to tritium irradiation at room
temperature without any further treatments except for
chemical cleaning (denoted as W(as-received)), and the
other was irradiated with He ions at room temperature
prior to tritium irradiation (denoted as W(He)). The
diameter of the tritium irradiation spot was 6 mm. En-
ergy and fluence of He ions were 8 keV and 5 x 10%! ions
m~2, respectively. The He irradiation spot was an ellipse
of 5 x 3.5 mm?.

An isotropic graphite plate was also used to monitor
the tritium irradiation dose in each irradiation. The type
and size of the graphite plate was IG-430U (Toyo Tanso
Co.) and 15 x 15 x 0.5 mm?, respectively. Tritium used
in the present study was diluted with deuterium, and the
tritium concentration was about 0.8%. The purities of
deuterium and argon were 99.6% and 99.999%, respec-
tively.

2.2. Tritium irradiation device

Tungsten samples containing tritium were prepared
by using a tritium irradiation device. A schematic
drawing of the tritium irradiation device is shown in Fig.
1. The apparatus consisted of three parts: an ultra-high
vacuum part, a gas storage-supply part, and an ion
implantation part. The first one was constructed by
conventional vacuum pumps, and the residual pressure
was routinely below 7 x 1077 Pa. The second part con-
sisted of two tritium containers, a deuterium container,
an argon cylinder, and a measuring device of tritium
concentration by B-ray-induced X-ray counting in each
implantation. One of the two tritium containers was
subjected to supply and storage of tritium, and the other
was used for recovery of tritium during the irradiation.
Each container was loaded with a given amount of
ZrgNiy; alloy powder. The third part consisted of a
sample holder fixed by a linear motion feedthrough, an
ion gun (IG), a cold cathode gauge for the residual
pressure measurements, and a quadruple mass spec-
trometer for residual gas analysis. The sample holder
was equipped with an inner heater, and the holder was
separable from the IG by use of a gate valve. A sputter
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Fig. 1. Schematic of the tritium irradiation device.

ion pump (SIP) was used to minimize the release of re-
sidual tritium in the irradiation device.

2.3. X-ray measuring device

After tritium irradiation, the tritium-containing
sample was moved to a separate X-ray measuring device
equipped with an ultra-low energy X-ray detector. The
detector was surrounded by two thick lead blocks (5 cm
in thickness) to reduce the background level owing to
natural radioactivity. During the measurement of an
X-ray spectrum, the space between the sample and the
detector (5 mm) was filled with a flow of argon to assay
tritium retained on the surface and in surface layers
as well as tritium implanted into the bulk. The details
of an arrangement of the X-ray measuring device are
described elsewhere [6].

2.4. Preparation of W samples containing tritium

The implantation of tritium ions in a W sample was
carried out as follows. After the W sample was set at the
sample holder equipped with the tritium irradiation
device, it was heated in vacuum at 673 K for 1 h. The
sample was irradiated with tritium ions for 15 min under
a constant tritium pressure of 4 Pa. During irradiation,
the ion current was measured by applying the bias of
+18 V to the sample to reduce emission of secondary
electrons. The observed ion current was kept constant at
about 1 pA. Prior to takeout of the irradiated sample
from the tritium irradiation device, the irradiation de-
vice was evacuated by a SIP for about one week to
minimize the release of tritium adsorbed on the inner
wall surface. After the evacuation, the device was de-
contaminated by employing a conventional tritium de-
contamination device, and then the irradiated sample
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was taken out and kept in an ambient atmosphere at
room temperature (300 +2) K except for a period of
measurements.

3. Results and discussion
3.1. An example of X-ray spectra observed

The maximum energy of B-rays of tritium atoms is
18.6 keV. It is enough to excite electrons in an atom. Fig.
2 shows an example of X-ray spectra observed for the W
sample (as-received). Two kinds of X-ray peaks ap-
peared: one are characteristic X-rays of Ar(Ka), W(Lo)
and W(Ma), and the other are bremsstrahlung X-rays
which were generated by interactions between [-rays
and tungsten atoms. The intensity of the Ar(Ko) peak
reflects the amount of tritium retained on the surface
and in subsurface layers; subsurface means the range of
the escape depth of B-rays in tungsten. The intensities
of W(La) and W(Ma) strongly varies with the amount
of tritium, but the ratio between them depends on the
depth profile of tritium because of the difference in
penetration power of each X-rays. On the other hand,
the intensity of the broad bremsstrahlung X-ray peak is
affected by the total amount of tritium in the bulk. In
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Fig. 2. Typical X-ray spectrum observed for tungsten sample
containing tritium.

addition, the peak shape mainly depends on a tritium
depth profile because the attenuation fraction of X-rays
in a material is strongly dependent on the distance from
the surface to the generation point of X-rays as well as
the energy of X-rays. Therefore, changes in intensity of
characteristic X-rays and in shape of bremsstrahlung
X-rays give information about the dynamic behavior
of tritium in tungsten.

3.2. Changes in intensity of characteristic X-ray peaks for
W(as-received) and W(He) samples

Information on trititum concentration in a certain
depth is reflected to the intensities of each characteristic
X-rays. For example, the X-rays of Ar(Ka) are mainly
induced by direct interactions with B-rays emitted from
the surface and/or subsurface layers of tungsten. Namely,
the intensity of Ar(Ka) gives information about the con-
centration of tritium existing within the average escape
depth (=50 nm) of B-rays in tungsten. On the other
hand, the penetration depth of W(La) and W(Ma)
X-rays is far larger than that of B-rays. The intensities of
those X-rays, therefore, provide information up to a
deep region of an order of micrometer. The intensity of
W(Ma) X-rays depends on the amount of tritium up to
a depth of about 1 um, while that of W(La) X-rays
depends on a depth of about 10 um. Attenuation pro-
files of characteristic X-rays and B-rays in tungsten are
shown in Fig. 3. The attenuation coefficients of X-rays
were cited from the literature [7], and that of B-rays was
determined from other experiments.

Figs. 4 and 5 show changes in the intensity of each
characteristic X-ray peak observed for W(as-received)
and W(He) samples, respectively. Two fairly different
features appeared in both samples: namely, one is the
initial intensity of each X-rays, and the other is an in-
tensity change with time. Although the tritium fluence in
each irradiation was almost the same for both samples,
the initial X-ray intensities for the W(as-received) sam-
ple were several times lower than those for the W(He)
sample. This indicates that the amount of tritium in-
creased by He pre-irradiation. This increase should be
due to the change in trapping energy of tritium on/in
tungsten, because a variety of defects such as disloca-
tions, vacancies and helium bubbles can be produced by
He pre-irradiation. The increase in the tritium inventory
in tungsten is a severe problem for controlling fuel bal-
ance and tritium safety. Furthermore, the change in the
intensity ratio of W(Lo) to W(Ma) with time was quite
different. A gradual increase of the ratio appeared in
the W(as-received) sample, whereas in the W(He) sample
the ratio was almost constant within the experimental
period. The increase in the ratio indicates that the tri-
tium depth profile just after irradiation gradually chan-
ged with time by diffusion of tritium atoms into the
bulk.
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3.3. Analysis of X-ray spectra by computer simulation

It is possible to reproduce an observed X-ray spec-
trum by taking account of generation of characteristic
and bremsstrahlung X-rays and attenuation of X-rays in
a tritium containing material. The details of computer
simulation are described elsewhere [8]. Fig. 6 shows a
typical simulation spectrum along with the observed one
for the W(as-received) sample. The observed spectrum
was measured on the 17th day after tritium irradiation.
The enlarged bremsstrahlung X-ray spectrum is shown
in the inset of the figure. The parameter in the simula-
tion process is only a depth profile of tritium. The sim-
ulation spectrum drawn by a solid line in Fig. 6 was
calculated based on the tritium depth profiles as illus-
trated in Fig. 7. The simulation spectrum agreed very
well with the observed spectrum, indicating that the ir-
radiated tritium ions diffused into the bulk. To examine
the effects of He pre-irradiation, the tritium depth profile
for W(He) sample is also illustrated in Fig. 7. These
profiles were obtained from the first measurements of
X-ray spectra after tritium irradiation for both samples.
As for W(He) the tritium depth profile is expected to be
unchanged with time, because little change in the in-
tensity and shape of X-ray spectra for the W(He) sample
was observed during a run. Both profiles in Fig. 7 are
quite different from each other, and for the W(He)
sample it can be understood that most of the implanted
tritium was strongly trapped near a surface region below
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Fig. 6. Comparison of the simulated spectrum with the ob-
served spectrum on the 17th day after tritium irradiation for
W(as-received) sample.

100 nm. This coincides with the formation of He bub-
bles near the surface region under the present He pre-
irradiation conditions.

3.4. Estimation of the diffusion coefficient of tritium in
W (as-received) sample

To estimate the diffusion coefficient of tritium at
room temperature in a W(as-received) sample, the sim-
ulation analysis was carried out for X-ray spectra ob-
served, and then a tritium depth profile at each time was
determined as four lines in Fig. 8. It was seen that the
initial tritium distribution extended to bulk with time.
From the change in these depth profiles, to evaluate the
diffusion coefficient of tritium, tritium depth profiles
expected from a given diffusion coefficient were calcu-
lated, which were shown by the closed circles on each
line. In this calculation, it was assumed that a sample is a
semi-infinite medium, and desorption of tritium from
the surface is negligibly small. The depth profiles de-
termined from the observed X-ray spectra could be re-
produced very well by the diffusion calculation adopting
a considerably small diffusion coefficient, 2.4 x 10"
m?s~!. This value is an effective diffusion coefficient
because the present tungsten sample inherently contains
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Fig. 7. Initial tritium depth profiles estimated by computer
simulation for both samples.

natural traps for hydrogen isotopes [9]. For a W(He)
sample, on account of little change in the X-ray spectra
observed, it was hard to evaluate the change in a tritium
depth profile.

Although the diffusion constant of hydrogen in
tungsten has been measured so far at higher tempera-
tures above 1000 K [10-12], there are no data deter-
mined at low temperatures. Namely, the present value
determined by BIXS is the first result at room temper-
ature. The temperature dependence of the diffusion co-
efficient and the trapping energy of tritium in the W(He)
sample will be reported in the near future.

4. Summary

The dynamic behavior of tritium implanted into two
kinds of tungsten samples, W(as-received) and W(He),
was examined by the newly developed BIXS. The
amount of tritium retained on/in the materials and the
depth profile of tritium could be evaluated by using
BIXS. The changes of the intensity and the shape of an
X-ray spectrum observed in a tungsten sample were
followed for about five months at room temperature.
The results are summarized as follows:
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(1) Two kinds of X-rays appeared in each spectrum:
namely, one are the characteristic X-ray peaks such
as Ar(Ka), W(La) and W(Ma), and the other is a
broad bremsstrahlung X-ray peak.

(2) The intensities of the characteristic X-rays in the
W(as-received) sample decreased with time, and in
addition the ratio W(Mo)/W(La) increased gradu-
ally, indicating that most of the implanted tritium
moved in the bulk with time.

(3) On the contrary, for the W(He) sample the inten-
sities of W(Lo) and W(Ma) X-rays and the ratio
between them changed very little during the mea-
surement. Furthermore, the initial intensities of
characteristic X-ray peaks of the W(He) sample were

several times higher than those for the W(as-
received) sample. These indicate that the implanted
tritium is strongly trapped in the implantation zone
of helium.

(4) The numerical analysis of an X-ray spectrum with
the aid of computer simulation was carried out bas-
ing on a given depth profile of tritium in the W(as-
received) sample. From the depth profiles estimated
by computer simulation, the effective diffusion co-
efficient of tritium was evaluated to be 2.4 x 10~"°
m?s~! at room temperature.
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