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Abstract
Future fusion reactors use a D–T plasma mixture as fuel. A fraction of hydrogen species can
escape the plasma confinement and hit the first wall. Hydrogen isotope exchange, a process in
which trapped T atoms are replaced with lighter hydrogen isotopes D or H, is a potential method
to minimize radioactive T retention in the wall materials. The present work extends our
systematic research on isotope exchange by reversing the process, i.e. by implanting H ions into
tungsten followed by subsequent annealing at different constant temperatures in D2 atmosphere.
Elastic Recoil Detection Analysis was used to determine the H and D concentrations. The results
show that the isotope exchange process takes place regardless of the mass of the active hydrogen
isotope. This indicates that the isotope exchange is a statistical phenomenon in which the
abundance of the neighboring hydrogen near the trapped hydrogen isotope defines the efficiency
of the process.
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1. Introduction

In future fusion reactors a fuel mixture of deuterium (D) and
tritium (T) plasma is planned to be used. T can be trapped to
the plasma-facing components (PFCs) of the reactor chamber.
As T is radioactive its retention in fusion devices must be
limited for operational and safety reasons. The problem of
how to reduce unwanted T retention in the PFCs is being
extensively studied. One way is to choose a PFC material
which does not retain T excessively. Currently tungsten (W)
is the material considered to be used but other materials are
under research as well. Another way to minimize the accu-
mulated T retention in the PFCs is to find ways on how to
remove it efficiently in between operational periods. A widely
studied removal method is based on baking of the PFCs at
elevated temperatures. An alternative approach is the utili-
zation of the isotope exchange process.

In a typical isotope exchange process an isotope trapped
in the bulk of the material is being replaced with a lighter
isotope of the same species. In case of PFCs it can be used to

remove radioactive T by replacing it with protium (H) or D.
Isotope exchange can be used as a supplementary method to
decrease T inventory more efficiently than just by annealing
in vacuum. To achieve efficient isotope exchange an excess
amount of the added replacing isotope must be as solute in the
system. Once an atom of the retained species is detrapped, it
leaves a vacant trap site behind and a solute excess isotope
introduced in the material can be trapped in it hence replacing
the initial atom at that trap site. Combined with material
annealing, the probability of atom detrapping is higher and
the flux of the excess isotopes from surface to bulk is
increased and therefore the likelihood of another isotope
being trapped in the vacancy increases. Eventually, the
detrapped atom diffuses out of the retention region and only
the excess isotope remains in the vacancies of the material. In
laboratory experiments, for safety reasons, D is usually used
as a substitute for T.

Even though there have been some experiments and
simulations related to isotope exchange, its underlying
mechanism is still somewhat unclear.
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Conventionally the isotope exchange research focuses on
the replacement process of heavy hydrogen isotopes with its
lighter isotopes. This effect has been previously studied with
plasma exposure experiments [1–5], neutral gases [6] and with
ion beams followed by exposure to hydrogen gas [7]. In [6] it
was shown that isotope exchange process can be reversed, i.e.
lighter hydrogen isotopes are replaced with heavier isotopes.

In our earlier work we studied isotope exchange rate by
implanting D into polycrystalline W followed by subsequent
annealing in H2 gas at elevated constant temperatures [7]. The
results indicated that isotope exchange occurs efficiently at
temperatures above 250 °C. The present study focuses on the
reversed isotope exchange process and the effect of H
implantation in W followed by annealing at different constant
temperatures under D2 atmosphere. The experimental para-
meters, such as implantation fluence, annealing temperatures
and times, were chosen based on the previous experiments.
The present results support well the common assumptions on
the underlying physics of the isotope exchange mechanism
and highlight the statistical nature of the process.

2. Experimental

2.1. Sample preparation

The material used was 99.95% high purity polycrystalline
1 mm thick W sheet produced by Goodfellow. The samples
were polished with diamond suspension with different grain
sizes down to 0.25 μm. After mechanical polishing the sam-
ples were cleaned with acetone in an ultrasonic washer.
Samples were also flushed with ion-exchanged water and
acetone afterwards until there were no particles visible with
an optical microscope.

After washing the samples were polished electrochemically
up to 4min with 25 kgm−3 (2.5 wt%) sodium hydroxide
(NaOH) solution. Solution was stirred during the polishing
process for steady flow over sample surface. Sample to cathode
distance was 50mm and a voltage of 30V was used resulting in
1A current. After electropolishing, the samples were washed
with ion-exchanged water.

Finally, the samples were pre-annealed in vacuum of
10−5 Pa at 1000 °C for 1.5 h to remove impurities and to
decrease the amount of defects.

2.2. Ion implantations

In this paper we compare the present results to our earlier
experiments in which implanted D in W was replaced by H from
the gaseous phase [7]. In these experiments, D ions were
implanted with 60 keV/D2 to a fluence of 5.8×1020 D m−2.
The implantation created defects in the bulk W, which acted as
efficient trapping sites for the implanted D [8]. In the current
experiments, the H implantation energy was 30 keV/H2 in order
to improve the depth resolution for H in Elastic Recoil Detection
Analysis (ERDA) by implanting the ions closer to surface.
However, due to the lower mass of H compared to the mass of
D, and due to the lower energy used, the implantations with H

ions produce less vacancies than the previous implantations with
D ions. Hence, additional vacancies must be produced to reach
the comparable total amount of defects. To produce additional
defects in the H-implanted samples the samples were pre-irra-
diated with argon (Ar) ions to achieve identical distribution of
vacancies compared to 60 keV/D2 implantations. The distribu-
tions of the implantation-induced vacancies are shown in
figure 1 as obtained with SRIM simulations using full damage
cascades option and with W displacement energy of 90 eV. The
vacancy types are not exactly identical due to the mass differ-
ence of Ar and D ions: we can expect more vacancy clusters
being created with Ar irradiation [9].

Implantations were done using a 500 kV implanter at the
University of Helsinki. Two sets of samples were produced:
one with and one without Ar+ pre-irradiation. Otherwise the
samples received the same treatment. Ar irradiations were
done with an Ar+ beam of 400 keV with a flux of 2.1×
1015 Ar m–2 s–1 to the fluence of 1.0×1018 Ar m−2.

H was implanted into the samples with a flux of 6.2×
1016 Hm−2 s−1 to the fluence of 1.0×1021 H m−2. The
beam was raster scanned over the samples to assure homo-
geneous distributions. Particle flux was sufficiently low to
avoid sample heating. The implantations were done at room
temperature.

2.3. Sample annealing

The implanted samples were annealed for 4 h in a quartz tube
furnace at different constant temperatures between 200 °C and
350 °C. The samples were placed next to a K-type thermocouple
for temperature monitoring. The samples were annealed in
10−5 Pa vacuum or in 105 Pa D2 atmosphere. In the D2

Figure 1. Vacancy depth distributions resulting from 30 keV D−1,
15 keV H−1, and 400 keV Ar−1 implantations used in this work as
calculated with SRIM. Also shown is the cumulative effect of H and
Ar co-implantation. The total vacancy distribution induced by H and
Ar is close to the vacancy distribution induced by a D beam used in
previous experiments of [7].
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annealings the D2 gas was introduced as a constant flow to flush
the quartz tube. One sample at a time was annealed and a dif-
ferent sample was used for every temperature.

2.4. Elastic recoil detection analysis

ERDA was performed with a 25MeV 35Cl beam at the 5 MV
tandem accelerator of University of Helsinki. Cl5+ ions were
chosen to maximize the depth resolution and to separate the
recoil energies of H and D. ERDA geometry was horizontal and
the scattering angle of 42° with incident angle of 22° and with
exit angle of 20° was used. A 4μm Havar foil was used as a
stopper foil to exclude the scattered Cl beam as well as heavy
impurities such as carbon and oxygen originating from sample
surface. The detector is reported to have a nominal energy
resolution of 15 keV. The detector was placed 53mm from the
sample and a collimator with aperture of 2mm in width and
7mm in height with a solid angle of 5.0 msr was used to improve
energy resolution. With the setup H and D can be separated and
analyzed up to 300 nm in depth. Data was collected in list mode
to observe desorption and any possible changes in the depth
distribution during the measurement. Error due to statistical
uncertainty in the measurements was less than 1% and their error
bars are within the symbol sizes in figures 2 and 3.

3. Results

3.1. Hydrogen implantation without Ar pre-irradiation

The ERDA results for the H-only implanted samples show
very little evidence of isotope exchange as shown in figure 2.

This can be attributed to the fact that the 30 keV/H2

implantation does not have sufficiently energy to create
defects deeper in the bulk which could act as trapping sites for
the implanted H. Values shown in figure 2 are based on the
ERDA data and have been obtained by integrating the ERDA
spectra for H and D.

In figure 2, the amount of remained H decreases at the
same rate regardless the sample being annealed in vacuum or
in D2 atmosphere. The amount of D can be seen gradually
increasing: the highest amount of D was only 1.3×1019 D
m−2 as measured after 300 °C annealing, which was the
highest temperature in these experiments. The fairly low
amount of remained H and D implies that there were not
enough trap sites for these isotopes. SRIM calculation pro-
vides an estimate that with the given fluence and energy, only
4×1020 vac m−2 are produced during the H+ implantation.
This is nearly an order of magnitude less than in our previous
experiment in which about 2.6×1021 vac m−2 were pro-
duced during the D+ implantation [7]. The vacancies pro-
duced by H are also much closer to sample surface, as seen in
figure 1, limiting the ERDA analysis accuracy since implan-
ted H was difficult to differentiate from the H surface
background.

3.2. Hydrogen implantation with Ar pre-irradiation

As discussed in section 2.2, to solve the problem of deficient
number of trap sites for H, we pre-irradiated the samples with Ar
ions. This increased the total amount of vacancies up to 1.7×
1021 vac m−2 according to SRIM simulations (figure 1).

With the Ar-irradiated samples we were able to note
significant isotope exchange to take place (figure 3). By
increasing the amount of vacancies with Ar pre-irradiation

Figure 2. Amount of H and D after annealing at constant
temperatures up to 300 °C in samples without Ar pre-irradiation.

Figure 3. Amount of H and D in Ar pre-irradiated samples.
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and thus increasing the amount of trapped H, efficiency of the
isotope exchange at various temperatures became clearly
visible. At 300 °C, the remained H in Ar-irradiated samples
annealed in vacuum and in D2 atmosphere was measured to
be 14% and only 3%, respectively. The notable difference in
the decrease of retained H at this temperature can be attributed
solely to isotope exchange effect taking place when annealed
at D2 atmosphere. In general, annealing W samples in vacuum
at 300 °C and above, the number of hydrogen trapping defects
varies as the mono-vacancies become mobile, and the
hydrogen detrapping takes place from larger vacancy clusters,
or other energetically deep defects. Therefore, annealing at D2

atmosphere using these higher temperatures may show the
effect of isotope exchange in deep defects. Figure 3 shows
that at 300 °C and above, in case of vacuum-annealed samples
the concentration of retained H decreases, whereas in case of
samples annealed at D2 atmosphere the retained H decreases
more abruptly, and the amount of trapped D increases.

4. Conclusions

The present work scrutinizes the underlying mechanism for
hydrogen isotope exchange by reversing the conventional
process. As a result, it was shown that the isotope exchange
takes place not only when heavy hydrogen isotopes are
replaced with lighter ones, but also when lighter isotopes are
replaced with heavier ones. This is in agreement with
observations noted in other experiments [1, 6], in which the
isotope exchange has been seen to take place more likely
when replacing light isotopes with heavy ones [6]. The
exchange process is statistical in nature; the amount of the
added excess solute isotopes in the bulk near the detrapped
initial isotopes plays a crucial role, and eventually majority of
the vacancies will be filled by the excess isotopes as the
detrapped initial isotopes diffuse out. Temperature is an
essential parameter as it affects the detrapping rates as well as
the flux from surface to bulk during annealing in gas
atmosphere. Annealing at 300 °C in D2 atmosphere resulted
in a very low retained H concentration. On the other hand
annealing in vacuum requires about 100 °C higher tempera-
tures to achieve identical reduction in H retention. At 250 °C
the effectiveness of isotope exchange is not as good; at low
temperatures the flux from the surface to the bulk is reduced
becoming the limiting factor in isotope exchange. This is
because the W surface sites are saturated with D during the
D-atmosphere annealing, and the potential energy barrier for a
D atom from the sample surface to the bulk is assessed to be

not more than 2 eV [10]. The flux of D atoms from the surface
to bulk follows the Arrhenius equation in which the flux
decreases fast as the temperature decreases. The measured
temperature dependence of the isotope exchange process
highlights the importance of the excess solute isotopes in the
process. Through the performed experiments better under-
standing of the processes behind isotope exchange could be
achieved.
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