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Effect of the re-deposition layers formed on plasma-exposed stainless steel type 316L (SS316L) in QUEST
on the retention and depth profile of tritium has been studied by both methods of tritium exposure experiments and
numerical analyses of X-ray spectra observed by the β-ray-induced X-ray spectrometry (BIXS). Both samples
of plasma-exposed and non-exposed SS316L were exposed to tritium gas under given temperature, time and
pressure conditions. Surface of the former sample was covered with re-deposition layers after exposing to the
plasma experiments. After tritium exposure, X-ray spectra induced by β-rays emitted from tritium atoms retained
in the surface layers and/or dissolved into the bulk were measured using an ultra-low energy X-ray detector
consisting of pure Ge semiconductor, and numerical analysis of the observed spectrum was conducted to estimate
a tritium depth profile in the sample. As a result, it was found that the amount of tritium in surface layers of the
plasma-exposed sample was about five times larger than that of the non-exposed sample, and the tritium depth
profile for the plasma-exposed sample was about half depth in comparison with that for the non-exposed sample
although the degassing temperature and tritium exposure conditions were the same for both samples. It was
suggested, therefore, that the re-deposition layers played a role of diffusion barrier of tritium atoms formed on
the sample surface.
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1. Introduction
Reduction of fuel particles in the plasma-facing mate-

rials (PFMs) of the future fusion plants is one of the crucial
issues from viewpoint of steady-state operation. In partic-
ular, tritium retention in PFMs is one of important issues
from viewpoints of safety and economy as well as a site
limitation of tritium. It is well known that original surface
characteristics of PFMs change by bombardment of high
energy particles such as neutron and fuel particles, by sur-
face erosion due to physical and chemical sputtering, and
by formation of re-deposition layers during a long opera-
tion [1]. Therefore, tritium retention in the PFMs should
be strongly affected by various phenomena. Especially,
the re-deposition layers formed on the surface of PFMs
directly influence to adsorption/desorption behavior of tri-
tium as was reported by previous papers [2, 3]. Namely,
physical and chemical properties of original surfaces of
PFMs are changed by the re-deposition layers, and new
surface characteristics will appear. It is foreseen, therefore,
that tritium retention in surface layers changes depending
on a state of plasma and vacuum conditions of the fusion
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devices. The diffusion behavior of tritium in the PFMs will
be similarly affected by the formation of re-deposition lay-
ers.

Matsuyama et al. reported the effects of plasma ex-
posure on tritium retention in a stainless steel type 316L
(SS316L) [4, 5]. The samples used in this study were ex-
posed to plasmas of the Large Helical Device (LHD) in
National Institute for Fusion Research and of the Q-shu
University Experiment with Steady-State Spherical Toka-
mak (QUEST) [5]. The device of QUEST was established
in the Research Institute for Applied Mechanics (RIAM) of
Kyushu University. Non-exposed SS316L (described here-
after as “bare SS316L”) samples were also used in these
studies to examine tritium retention behavior in detail. The
amount of tritium retained in the plasma-exposed SS316L
samples was rather large in comparison with that in the
bare SS316L samples, when the samples were exposed to
tritium gas at 393 K after degassing at the same tempera-
ture. This may be due to the effect of re-deposition layers
formed by plasma exposure.

On the other hand, the tritium retention in surface lay-
ers of specimens increased with increasing both tempera-
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tures of degassing and tritium exposure [5]. When a de-
gassing temperature was above 573 K, significant increase
in tritium retention appeared even if tritium exposure tem-
perature was low. Similar tendency of tritium retention was
observed for the bare SS316L samples. Namely, this indi-
cates that the surface state of SS316L plays an important
role for tritium retention. Analyses by X-ray photoelectron
spectroscopy (XPS) indicated that changes in the chem-
ical states of SS316L surface at high temperatures were
strongly related to tritium retention behavior. It was con-
cluded, therefore, that the tritium retention in PFMs was
significantly affected by history of the evacuation condi-
tions along with re-deposition layers formed by exposing
to plasmas. In addition to such a heating effect, distribu-
tion of tritium near surface of a specimen is of an important
issue to discuss about recycling of fuel particles in PFMs.

Many studies on a depth profile of tritium in metal-
lic materials such as stainless steels have been reported so
far [6–10]. Most of these papers showed that tritium atoms
absorbed in the materials are trapped in surface layers of
a few micrometers in thickness and that tritium concentra-
tion in this region could be more than two orders of mag-
nitude higher than that in the bulk [7–10]. Therefore, de-
termination of a tritium depth profile in the materials is of
an important factor to consider recycling of tritium in the
surface layers of PFMs even if the total amount of tritium
retained in PFMs is the same. There are no reports about
the effects of re-deposition layers formed by plasma expo-
sure on the retention and depth profile of tritium.

Some techniques are employed for determination of
a depth profile of hydrogen isotope atoms such as H and
D atoms trapped in the metallic materials. For exam-
ple, nuclear reaction analysis such as H(15N, αγ)12C and
D(3He, p)4He is applicable to date as a non-destructive
technique for measurement of a depth profile of hydrogen
isotopes in surface layers of the materials [11–14]. On the
other hand, an etching method of surface layers by acid
solution is principally available for the tritium containing
samples although this technique is destructive and gener-
ates the radioactive liquid waste [7, 8]. As a quite different
method from these techniques, Matsuyama has proposed a
new method for estimation of a tritium depth profile in the
tritium retained specimens [15]. Although the details will
be described later, the new method is a technique using an
X-ray spectrum induced by β-rays which are emitted by
the decay of tritium atoms on the surface and in the bulk
of metallic materials. This technique is non-destructive
method for analysis of a tritium depth profile, and is called
as BIXS (β-ray induced X-ray spectrometry).

From these viewpoints, effect of the re-deposition lay-
ers on the retention and depth profile of tritium has been
examined in this study from both sides of measurements of
X-ray spectra and their reproduction by applying numeri-
cal analyses based on a given depth profile of tritium. The
re-deposition layers were formed on the surface of SS316L
specimen by exposing to plasmas in QUEST.

2. Experimental
2.1 Materials

The sample plates used are stainless steel type 316L,
whose nominal atomic composition (at. %) was as fol-
lows: Fe(65.3), Cr(19.0), Ni(11.9), Mn(1.89), Mo(1.28)
and Si(0.72). Size of a plate was 15 × 15 × 0.5 mm3. It
was polished by a buff and then rinsed with acetone. Two
kinds of SS316L samples were used in this study: one is
a bare SS316L sample and the other is a plasma-exposed
SS316L sample. It was prepared by the following proce-
dures: a bare SS316L sample was fixed by a sample holder
attached at the top of the linear motion feed through, and
it was inserted near inner wall of QUEST. A linear motion
feed through was connected with the MH10 port which is
located at mid-plane of QUEST. The sample was mainly
exposed to hydrogen plasmas during a plasma experiment
campaign (ID No. 450-460) of the spring/summer season
in 2016. After the plasma exposure to a bare SS316L
sample, it was transported from the facility of QUEST
in Kyushu University to the tritium experiment facility of
Hydrogen Isotope Research Center, University of Toyama.
Tritium gas diluted with hydrogen was used for tritium ex-
posure experiments, and the concentration of tritium used
was ca. 5% tritium. Powdered Zr-Ni alloy which is well
known as a hydrogen storage material was used for the
supply/recovery process of tritium gas.

2.2 Procedures
Tritium exposure tests of the plasma-exposed and bare

SS316L samples were conducted under given conditions of
temperature and pressure by using a specially designed tri-
tium exposure device [16]. A given pressure of tritium gas
was supplied to a tritium exposure part by heating Zr-Ni al-
loy powders at a given temperature and it was completely
recovered by using the same Zr-Ni alloy powders after ex-
posure to tritium gas. Temperature and pressure in the tri-
tium exposure tests were set at 623 K and 1.3 kPa, respec-
tively. Tritium gas was exposed a sample for 4 hr in each
run. After the exposure, the sample was quickly cooled
down at room temperature, and the residual tritium gas in
the exposure part was recovered. Subsequently, evacua-
tion of the exposure part by an ion pump was continued
for one night to avoid the tritium contamination of ambi-
ent air when the exposure part was opened to take out the
tritium exposure sample.

After the tritium exposure and evacuation, the sam-
ple was taken out and the amount of tritium retained in
a sample was evaluated by using the technique of BIXS,
where argon was used as a working gas. The X-ray spectra
were measured by an ultra-low energy X-ray detector. In
order to detect low energy X-rays higher than 1 keV, a thin
beryllium plate (ca. 8 µm in thickness) was employed as an
entrance window material of the X-ray detector. Electrical
signal of the X-rays was accumulated for a given time by
a multi-channel analyzer, and energy width (ΔE) in each
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channel was set to ΔE = 32.8 eV.
The amount of tritium retained in surface layers can

be evaluated from the intensity of characteristic X-rays
of Ar(Kα,β), which means the sum of X-ray intensities of
Ar(Kα) and Ar(Kβ). Thickness of the surface layers was
defined as an average escape depth of β-rays in SS316L. It
was estimated to be 0.22 µm for 5.7 keV which is the av-
erage energy of β-rays and 0.07 µm for 3.2 keV which is
the energy of K-shell absorption edge of Ar. On the other
hand, depth profile of tritium in the bulk was estimated
by applying numerical analysis of the X-ray spectrum ob-
served. Shape of bremsstrahlung X-ray spectrum in the ob-
served X-ray spectrum gives important information about
the depth profile of tritium. How to analyze an X-ray spec-
trum is described in detail elsewhere [15].

3. Numerical Analysis of Tritium
Depth Profiles Based on BIXS
β-rays emitted from nuclei of tritium atoms have con-

tinuous energies in the range from 0 to 18.6 keV. When
tritium atoms exist in the bulk of a material, most of kinetic
energy of β-rays is consumed by the interactions with con-
stituent atoms of a material. Consumed energies are partly
converted into characteristic and bremsstrahlung X-rays in
a material. The former X-rays show a line spectrum, while
the latter ones do the continuous spectrum. Although pen-
etration power of the X-rays induced by β-rays is much
greater than that of the β-rays, the produced X-rays are
partly absorbed in a material because these are low energy
X-rays. Therefore, practical intensity of an X-ray spectrum
observed at the surface of a material depends on not only
the number of tritium atoms but also a depth profile of tri-
tium atoms in the material. This is a reason why shape of
a bremsstrahlung spectrum changes with a depth profile of
tritium in materials.

As an example, X-ray spectra obtained by a numeri-
cal calculation method are shown in Fig. 1, assuming that
a given amount of tritium dissolves into a SS316L sample.
Depth profiles of tritium as shown in Fig. 2 were given in
each calculation. In addition, it was assumed that a pen-
etration depth of β-rays in SS316L was 0.22 µm as men-
tioned above. Appearance of the plural characteristic X-
ray peaks and a broad and weak peak was confirmed in
the spectra of Fig. 1. The latter peak is bremsstrahlung X-
rays and the maximum shifts to higher energy side with
extension of a tritium depth profile. Namely, it can be un-
derstood that the shape of bremsstrahlung X-ray spectrum
depends on a depth profile of tritium in a SS316L sample.

Appearance of two peaks around 3 keV is due to a
reason that argon gas (Ar(Kα) = 2.957 and Ar(Kβ) =
3.190 keV) was used as a working gas of BIXS in
the calculation of an X-ray spectrum. The peak of
Ar(Kα) consists of Ar(Kα1) (= 2.9577 keV) and Ar(Kα2)
(= 2.9556 keV) peaks. As the energy difference between
these peaks is very small as 2.07 eV, it is impossible to sep-

Fig. 1 X-ray spectra calculated by basing on the different depth
profiles of tritium in bare SS316L. Tritium depth profiles
from DP1 to DP3 are shown in Fig. 2.

Fig. 2 Example of various depth profiles of tritium assumed for
numerical calculation of X-ray spectra. DP1: exponential
function, DP2: first order function, DP3: uniform distri-
bution.

arate both X-ray peaks by the present X-ray detector. As a
working gas, other gases such as neon, krypton, and xenon
are also applicable to measure tritium retained in the sur-
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Fig. 3 Change in the intensities of characteristic X-rays and in-
tensity ratios among them with depth of tritium distribu-
tion. Figure [A] shows changes in X-ray intensity and
Fig. [B] shows changes in intensity ratio with the depth
of uniform tritium distribution.

face layers, but argon gas is the best among them from
viewpoints of economy and safety. This is a reason why
argon gas was used in this study. By using a working gas, it
is possible to separate tritium retained in the surface layers
from tritium dissolved into the region deeper than 0.2 µm.
One can apply other working gases such as helium, nitro-
gen and oxygen when major purpose is to measure only a
bremsstrahlung X-ray spectrum.

The intensities of plural characteristic X-ray peaks ob-
tained from numerical calculation for a SS316L sample
and ratios among them give important information to es-
timate qualitatively a tritium depth profile. Figure 3[A]
shows changes in the intensities of Ar(Kα), Cr(Kα), Fe(Kα)
and Ni(Kα) for the uniform depth profile of DP3 in
Fig. 2. And the ratios Cr(Kα)/Ar(Kα), Fe(Kα)/Ar(Kα),
Cr(Kα)/Fe(Kα), and Cr(Kα)/Ni(Kα) were also described
in Fig. 3[B]. It is seen from Fig. 3[A] that intensities of
characteristic X-rays steeply increase with an increase in
depth but those saturate at about 30 µm. This is also ap-
plicable to the ratios among them although increase in the
ratio Cr(Kα)/Fe(Kα) is somewhat moderate in comparison
with other ratios. Such a different increase behavior may
be mainly due to the large mass absorption coefficient of
Fe(Kα) X-rays for chromium atoms.

4. Results and Discussion
Figure 4 shows an example of X-ray spectrum ob-

Fig. 4 X-ray spectrum observed for the bare SS316L sample ex-
posed to tritium gas. Tritium exposure conditions: de-
gassing temperature was 673 K and tritium exposure tem-
perature was 623 K.

Fig. 5 X-ray spectrum observed for the plasma-exposed
SS316L sample. Tritium exposure conditions: degassing
temperature was 673 K and tritium exposure temperature
was 623 K. The inset shows the whole X-ray spectrum
observed in this experiment to compare with the X-ray
spectrum showed in Fig. 4.

served for a bare SS316L sample. This sample was ex-
posed to tritium gas at 623 K for 4 hr after degassing at
673 K in vacuum. As clearly seen from the spectrum, plu-
ral characteristic X-ray peaks such as Ar(Kα,β), Cr(Kα) and
Fe(Kα) and a broad bremsstrahlung X-ray peak of which
maximum was around 5.5 keV were observed, indicating
that much tritium adsorbed on the sample surface and a
part of the adsorbed tritium diffused into bulk during expo-
sure to tritium gas.

On the other hand, Fig. 5 shows the X-ray spectrum
observed for a plasma-exposed sample. A similar X-
ray spectrum was observed, although a peak intensity of
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Fig. 6 Analysis of tritium depth profile for the bare SS316L ex-
posed to tritium gas: [A] is an assumed depth profile, [B]
is the X-ray spectrum calculated by basing on the depth
profile shown in [A].

the X-rays was different from that observed in Fig. 4 as
shown in the inset of Fig. 5. Especially, intensity of the
Ar(Kα,β) peak which is proportional to the amount of tri-
tium retained in surface layers increased by a factor of ca.
5, whereas the intensities of bremsstrahlung, Cr(Kα) and
Fe(Kα) X-rays did not increase significantly. Such ten-
dency indicates that the amount of tritium retained in the
surface layers largely increased but the bulk concentration
was not so high. This indicates that diffusion of tritium
into the re-deposition layers formed on the surface is low.
It is well known that the plasma-exposed sample is cov-
ered with re-deposition layers such as carbon and the ox-
ides of constituent elements of plasma-facing materials [1].
Namely, the re-deposition layers bring about increase in
the amount of tritium in surface layers and at the same time
those prevent diffusion of tritium into the bulk. It is con-
sidered, therefore, that the former effect may give rise to
apparent increase in the recycling ratio of fuel particles on
the surface of PFMs.

It is possible to estimate a depth profile of tritium
in the materials by analyzing the observed X-ray spec-
tra as mentioned in the previous section. Namely, one

Fig. 7 Analysis of tritium depth profile for the plasma-exposed
sample: [A] is an assumed depth profile, [B] is the X-ray
spectrum calculated by basing on the depth profile shown
in [A].

can approximately reproduce the observed X-ray spectrum
when a reasonable depth profile is given. Thus X-ray
spectra were repeatedly calculated by assuming various
depth profiles of tritium. Figure 6[A] shows one of tri-
tium depth profiles assumed for the bare SS316L sample,
and Fig. 6[B] describes the X-ray spectrum which was cal-
culated basing on the depth profile described in Fig. 6[A].
Table 1 shows the summary of peak intensities of the char-
acteristic X-rays in the observed and simulated spectra. As
clearly seen from the intensity ratio of both spectra, the ra-
tios were almost 0.5. In addition, intensity ratios of a major
peak in the simulation spectrum were in accord with that
in the observed spectrum within 10%. Namely, these val-
ues mean that the characteristic X-ray peaks observed for
bare SS316L sample were perfectly reproduced by numer-
ical calculation. On the other hand, the shape of a simu-
lated bremsstrahlung X-ray peak also agreed with that of
the observed peak except for a low energy region. It is
seen, therefore, that the tritium depth profile of Fig. 6[A]
was able to reproduce thoroughly the observed X-ray spec-
trum shown in Fig. 4. That is, it was found from the depth
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Table 1 Summary of the peak intensity and ratio in the observed and simulated spectra for bare SS316L sample.

Table 2 Summary of the peak intensity and ratio in the observed and simulated spectra for plasma-exposed SS316L sample.

profile that tritium atoms diffused near the center region in
depth of a bare SS316L sample under the given tempera-
ture conditions.

Similar numerical calculations were applied to esti-
mate a tritium depth profile for the plasma-exposed sam-
ple. The X-ray spectrum was repeatedly calculated in the
same manner by assuming various depth profiles of tritium.
Figure 7[A] shows one of tritium depth profiles assumed
for numerical calculation. Figure 7[B] is the X-ray spec-
trum calculated by assuming the depth profile shown in
Fig. 7[A]. Figure 7[B] which is well coincident with the
observed spectrum was obtained by applying the depth
profile of Fig. 7[A]. Table 2 shows the summary of inten-
sities of the characteristic X-ray peaks in the observed and
simulated spectra. As clearly seen from the intensity ra-
tio of both spectra, the ratio was almost constant as 1.1.
In addition, intensity ratio of a major peak in the simu-
lation spectrum was in accord with that in the observed
spectrum within 10%. Namely, this means that the charac-
teristic X-ray peaks observed for plasma-exposed sample
were reproduced by numerical calculation. On the other
hand, the shape of a simulated bremsstrahlung X-ray peak
also agreed with that of the observed peak except for a low
energy region. As clearly seen from the depth profile of
Fig. 7[A], a region of tritium distribution became narrow
although the exposure temperature conditions of tritium
were the same as the bare SS316L sample, indicating that
diffusion of tritium into bulk of the plasma-exposed sam-
ple was rather disturbed. It is likely that the decline of
the diffusivity of tritium is due to the re-deposition layers
formed on the surface of SS316L by exposure to plasmas.

Namely, re-deposition layers play a role as a diffusion bar-
rier of tritium although they bring about the increase in
tritium retention in the surface layers.

5. Conclusions
Effect of plasma exposure on the retention and depth

profile of tritium in stainless steel type 316L (SS316L) ex-
posed to tritium gas has been examined by both methods
of experiment and numerical calculation. The amount of
tritium retained in surface layers of the plasma-exposed
sample was about five times larger than that of the bare
SS316L sample even if both samples were exposed to tri-
tium gas under the same conditions. However, it was found
from numerical calculation of X-ray spectrum induced by
β-rays of the dissolved tritium that the tritium depth pro-
file estimated from the plasma-exposed SS316L sample
was narrower than that from the bare SS316L sample. It
is likely that this is due to decline of diffusion rate of tri-
tium atoms in the re-deposition layers formed on the sam-
ple surface by plasma exposure. Namely, it was concluded
that re-deposition layers played a role as a diffusion barrier
but those brought about the increase in potential of tritium
retention in surface layers.
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