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A B S T R A C T

We have studied the retention of deuterium in beryllium, implanted with an energy of 500 eV/D, using a
combination of thermal desorption spectroscopy, elastic recoil detection analysis and elastic backscattering
spectroscopy. The parallel use of these techniques allowed us to directly quantify the absolute deuterium
content reduction of the sample for specific desorption peaks observed during thermal annealing. In addition,
the presence of a beryllium oxide surface layer was observed, despite sputter-cleaning of the sample was
initially conducted in-situ. A main result was that ∼85 % of the retained deuterium got released during the
primary desorption peak at 400 K. A smaller, secondary desorption peak was identified at 540 K. All deuterium
could be removed from the Be sample by heating it to a temperature of 800 K.
1. Introduction

Retention of hydrogen isotopes in first wall materials of nuclear
fusion devices is an important scientific topic, since the capture of fuel
atoms from the plasma affects both the efficiency and the safety of
future fusion reactors. On the one hand, the hydrogen isotope tritium
is very rare and needs to be harvested from breeding blankets and
recycled on-site with high technological efforts [1–3]. Thus, it would
be detrimental if a large fraction of these rare fuel atoms is retained
in the wall of a reactor. On the other hand, also an enhanced erosion
due to chemically assisted sputtering was observed, e.g., for beryl-
lium (Be) Plasma-Facing-Components (PFCs) with retained hydrogen
isotopes [4]. Furthermore, the retention of tritium is also of concern
for confinement of radioactive inventory, especially if tritium diffuses
through the first wall materials into the cooling medium [5–8]. Also
the retention within nanoscale dust particles eroded from first wall
materials forms a safety issue, since this radioactive dust can cause
severe harm to the environment and humans, if emitted, e.g., in the
event of a large reactor malfunction or maintenance [9,10]. Despite
large efforts taken in this field, comprehensive studies on hydrogen iso-
tope retention in first wall materials remain of interest, to successfully
predict the properties of possible first wall materials during application
in future fusion reactors.

Since tritium is rare and radioactive, laboratory studies often utilise
non-radioactive hydrogen isotopes like deuterium (D) for retention
experiments. A large number of studies considering both experiments
and numerical approaches was performed for the retention of D in
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tungsten (W), which is the most promising material foreseen for the
divertor region of a nuclear fusion reactor [11]. Beyond the W diver-
tor, Be is foreseen as a main vessel material [12,13] and also as a
neutron multiplier within the tritium breeding blankets [14] in ITER,
currently under construction in France. Be migration from the main
chamber towards the divertor can be expected, which also causes co-
deposition of fuel atoms and therefore contributes significantly to the
overall fuel retention [15,16]. In addition, the Be components in the
reactor vessel may also be directly exposed to high particle fluxes from
the plasma, especially during transient events like an Edge Localised
Mode (ELM) [17,18]. Similar to the comprehensive number of studies
already found in literature [19–25] on this topic, the investigation of D
retention in Be due to direct ion implantation is therefore also a main
motivation for this work.

In the last decades, experimental investigation of hydrogen iso-
tope retention in materials was mostly obtained by two distinctive
experimental methods: Temperature Desorption Spectroscopy (TDS),
sometimes also referred to as Temperature Programmed Desorption
(TPD), or Ion Beam Analysis (IBA). For the former, a specimen is
continuously heated, while the time-dependent signal from a Residual
Gas Analyser (RGA) for certain gas species within the experimental
chamber is inspected [26]. This method allows, e.g., to identify TDS
peaks from pre-implanted samples at certain temperatures, which cor-
respond to specific binding energies of retained atoms in a trapping
site. Alternatively, probing ion beams with MeV kinetic energy can be
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Fig. 1. Depth profile of a Be sample obtained by ToF-E ERDA, conducted ex-situ prior
the TDS experiment. The relative atomic abundance is plotted against the depth in the
sample from the surface.

used in IBA to quantify total abundances of retained hydrogen isotopes
in relevant plasma facing materials [27].

An in-situ combination of D implantation, followed by immediate
TDS and IBA within the same experiment is favourable, to avoid prob-
lems caused by hydrogen isotope exchange or oxidation due to sample
transport at atmosphere [27]. Such a combination was, e.g., recently
demonstrated in a study on D retention in W [28]. A main aspect of our
current work was therefore to conduct such an experimental approach
also for studying D retention in polycrystalline Be. The key goal was to
quantify the respective amount of D released during certain TDS peaks,
which allows to directly assess the contribution of individual trapping
site types to the overall retention capacity.

2. Materials and methods

Polycrystalline Be samples were used in this study as samples for
the D retention experiments. The dimensions of the square-shaped
platelets were 10 × 10 × 1 mm3. Before the experiments, these samples
were cleaned in an ultrasonic bath with isopropanol to remove surface
contaminations. Afterwards, the samples were characterised by means
of ToF-E ERDA, using a probing ion beam of 36 MeV I8+ [29]. Besides a
small O content within the first 10 nm from the surface and very small
traces of C, the samples were found to consist of practically pure Be
(see Fig. 1).

For the D retention experiments in this study, the SIGMA setup at
Uppsala University was utilised [30], which is connected to a 5-MV
NEC-15SDH-2 Tandem accelerator [31]. It incorporates many options
for sample preparation and modification under Ultra High Vacuum
(UHV) conditions and further in-situ investigations with various IBA
based techniques, e.g., EBS, Particle Induced X-ray Emission (PIXE)
or Elastic Recoil Detection Analysis (ERDA). In addition, annealing of
samples with an e--beam heating system (temperature increase rates
down to 0.1 K/s) and simultaneous residual gas analysis allow to
conduct TDS measurements. Also, a combination of IBA with TDS is
possible and was recently demonstrated in a study on D retention
in polycrystalline W samples [28]. As a first step, the Be samples
were fixed on transferable sample holders and loaded in the load-lock
chamber in the SIGMA setup. To ensure homogeneous heat distribution
during annealing and to reduce noise at the detectors caused by light
emission from the e--beam heater filament, a sufficiently large W foil
with approximately 100 μ m thickness was mounted between sample
holder and Be sample. To monitor the temperature during annealing,
a K-type thermocouple was attached directly to the sample, which
2

was furthermore cross-checked by a pyrometer (PV 11-Keller HCW) at
1000 ◦C. For the TDS measurements, a Pfeiffer QMG 250 F1 PrismaPro
RGA was used. The signal for D2, being the main gas species of interest,
was also calibrated with a Pfeiffer PKR 361 pressure gauge.

Prior to the D implantation, a Prevac IS40 ion source was used to
sputter-clean the sample with 1 keV Ar+ ions under 60◦ incidence angle
for at least 45 min (∼20 nm erosion), to remove surface contaminants.
Afterwards, the sample was exposed to a D ion beam with 1 keV under
7◦ incidence angle (to prevent eventual channelling effects) from the
same ion source for a desired time (see schematic sketch in Fig. 2 left).
The ion beam size was approximately 1 cm2, while the stability of
the ion current impinging on the sample could be monitored during
irradiation [32]. The average D ion current was 5.7 μA and therefore,
a flux of about 3.5 × 1013 ions/cm2/s was determined. In agreement
to previous studies with the SIGMA setup, the ion beam was assumed
to consist of a mixture with 7 % D+ and 93 % D2

+ ions [28,33].
Simulations with the Binary Collision Approximation (BCA) code

SDTrimSP [34], employing a user-friendly GUI [35], allowed to assess
the implantation range of the D+ and D2

+ ions in Be (see Fig. 2 right).
Here, it was assumed that the 1000 eV D2

+ ions dissociate into atomic
D with 500 eV kinetic energy upon impact, causing individual collision
cascades. While the 1000 eV D+ ions have a substantially larger range
up to 500 Å, their relative contribution is small, compared to the
range of the dominant (dissociated) 500 eV D+ projectiles. Since most
ions were stopped within the first 400 Å, it can be assumed that this
range is the relevant implantation zone (see Fig. 2). SDTrimSP also
calculated a reflection coefficient of 7.3 %. In addition, D outgassing
from the sample during implantation cannot be prevented. Therefore,
all D implantation fluences declared in this manuscript correspond to
nominal doses.

During the implantation process, the temperature of the SIGMA
setup was slightly increased to about 60 ◦C to mitigate adsorbate cover-
age on the inner chamber walls. This rise was achieved by soft baking
of the whole setup, which therefore also led to a corresponding rise
of the Be sample temperature during implantation. After the desired
implantation time, the irradiated sample was transferred to the storage
section in the load-lock chamber without breaking the vacuum. Then,
the goniometer head in the experimental section was pre-annealed
to about 100 ◦C for 1 h to further reduce adsorbates. This should
prevent unfavourable contributions to the TDS spectrum during sample
annealing. No D2 outgassing could be observed by our RGA during this
pre-annealing step.

After the pre-annealing, the D irradiated sample was again moved
to the experimental section of SIGMA and oriented for the simultaneous
IBA and TDS investigation (see schematic sketch in Fig. 2 left). A
dwell time of approximately 1.5 h passed between implantation and
the actual start of measurements. An energy of 3.037 MeV was selected
for the probing 4He+ ion beam in this study, which had a spot size of
about 2 mm2. The reason for this particular energy will be explained
below. With respect to the incoming beam direction, the sample was
rotated towards an incidence angle of 70◦. This allowed to use in total
three Passivated Implanted Planar Silicon (PIPS) detectors: two indi-
vidual ERDA detectors for investigating H and D contents and spectra
normalisation, and an EBS detector for investigating the O content. The
primary ERDA detector (named here as ERDA-1, with a solid angle
of 3.46 × 10-3 sr) was located at a scattering angle of 30◦ and the
secondary one (named as ERDA-2, with a solid angle of 3.78 × 10-3 sr)
at a scattering angle of 40◦. The former was equipped with an Al-foil
(thickness 10.3 μm) to prevent detection of scattered 4He+ or recoiled
Be or O atoms. This detector therefore only received H or D recoil atoms
from the sample. Since fluctuations of the primary 4He+ ion beam
were possible, also a method for normalisation of the recorded spectra
was required for further data analysis. In similar studies focusing on
samples consisting of heavier elements like tungsten, an option was to
use the signal from a PIXE detector to monitor any primary ion beam
current variations [28]. However, the much lighter Be atoms in our

sample excluded utilisation of X-ray based techniques. Also approaches
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Fig. 2. Left: Schematic sketch of the setup geometry. The grey configuration was used during 1 keV D+/D2
+ implantation with the ion source (IS). The black configuration was

used during the parallel IBA and TDS measurements with the 3.037 MeV 4He+ beam. Right: D ion ranges simulated by SDTrimSP [34] for 500 eV (blue) and 1000 eV (red) on
pure Be under 7◦ incidence angle, assuming static conditions. Also, the total profile for the assumed mixture of D+ and D2

+ emitted from the ion source is plotted (magenta).
For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
ased on classic Rutherford backscattering were difficult due to the
ery low backscattering energy of primary 4He+ projectiles, which led
o the choice of a secondary ERDA detector as normalisation option.
his detector was equipped with a thinner Al-foil (6.61 μm) causing
he detected spectrum to originate mostly from scattered He projectiles.
ince this signal was proportional to the current of the primary 4He+

on beam, which was measured prior and after each measurement by
eans of a Faraday Cup, this data allowed to monitor current fluctu-

tions and to normalise the spectra recorded by the other detectors. A
epresentative spectrum obtained from a D implanted Be sample can
e seen in Fig. 3 left. The normalised counts of H and D recoil atoms
re plotted against the detector energy channel. In this plot, it can
e seen that the signals originating from H and D are well separated
n energy and therefore the D signal is not affected by the low, but
nevitable H contamination. Also, depth scales are added to this figure,
o visualise the probing range of the 3.037 MeV 4He+ beam. It has to
e mentioned that the experimental conditions for IBA were primarily
elected to achieve a large overall range, i.e., deeper than 400 nm. With
his, the total D content in the sample can be quantified well beyond the
mplantation zone, despite depth resolution being limited. The selected
nergy furthermore supported the usage of an EBS detector (located
t −10◦ respective the incoming probing beam direction and a solid
ngle of 2.08 × 10-3 sr) for the investigation of the total surface O
mount. The primary 4He+ ion beam energy of 3.037 MeV allowed
avourable resonant elastic scattering with O [36,37]. This enabled
s to significantly increase the oxygen scattering cross-section for the
urface near region (several 10 nm), since the cross-section decreases
ramatically for non-resonant projectile energies (i.e., as 4He+ ions are
ontinuously stopped by transmission through the material). Still, any

contamination of the bulk material would be visible, despite the
ower scattering cross-sections. The EBS detector was also covered by
n absorber-foil (∼139 nm Au on a 44 nm C foil), to reduce noise caused
y light emitted from the e--beam heater during annealing. A represen-
ative spectrum is shown in Fig. 3 right. The experimental spectra from
RDA and EBS detectors could be well reproduced using the software
IMNRA [38], by considering the scattering geometry, stopping power
alues from SRIM [39], and elastic recoil cross sections for 1H(𝛼,p)4He

from SigmaCalc [40] and D(4He,D)4He from Han et al. [41]. For
the non-Rutherford resonant cross section of 16O(𝛼, 𝛼0)16O, again the
SigmaCalc database was used. In addition, besides a pure Be bulk
3

composition, a mixed top layer consisting of H, D and Be with approx-
imately 40 nm thickness was considered for the sample, in agreement
with the implantation range simulated by SDTrimSP. Since a complete
saturation of the implantation process was assumed for the fluence
applied in this study, a uniform distribution of D was approximated
in this layer. Furthermore, also a uniform abundance of O was added
within the first 7 nm from the surface, which we found to reproduce
the width of our experimental EBS spectrum best. By fine-tuning of the
elemental abundances in these top layers, the reconstructed SIMNRA
spectra could be fitted to the experimental data (magenta in Fig. 3),
which in turn allowed to assess the total areal density of these species
in the experimental sample. All IBA detectors recorded continuously
throughout the TDS procedure. By splitting the data into discrete sets
with 100 s measurement time each, changes in the total areal density
for H, D and O over time or sample temperature could be monitored
quantitatively.

3. Results and discussion

For the combined TDS and IBA experiment, the Be sample was first
implanted with 500 eV/D for about 15.5 h to achieve a nominal D flu-
ence of 4.0 × 1018 D/cm2. Initial ERDA measurements revealed a total
areal D content of 8.36 × 1016 D/cm2 in the sample after implantation.
Since the static SDTrimSP simulations predicted an implantation range
of ∼40 nm (compare Fig. 2 right) and no D could be detected in larger
depths (compare Fig. 3 left), it was assumed that only the implantation
zone is relevant for D trapping in our studied case.

By assuming an initially pure Be target in the first 40 nm, the total
areal D content after implantation can be furthermore expressed as a
relative atomic D abundance of up to 14.5 at.% in this region. It must
be mentioned that due to the rather limited depth resolution, no precise
verification of the implantation depth was possible.

For the annealing experiment, all ERDA, EBS detectors and the
RGA were continuously recording throughout TDS up to 800 K. A
temperature increase rate of ∼0.12 K/s was followed. We generally
observed a reappearance of surface O contamination after D implan-
tation, even though sputter-cleaning was performed initially to reduce
O on the surface. It is well known from literature that pure Be acts
as a good oxygen getter material in UHV [42], which probably led to
the formation of a BeO surface layer in-situ, despite reasonable vacuum
conditions (∼1.0 × 10-8 mbar base pressure) during our experiments.
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Fig. 3. Left: Representative normalised spectrum of the primary ERDA detector (ERDA-1, black) measured for a D implanted Be sample. Right: Representative normalised spectrum
of the EBS detector (green) for the same sample. The resonant 16O(𝛼, 𝛼0)16O reaction is very surface sensitive, therefore no depth scale bars are given. For both ERDA and EBS, a
reconstructed spectrum from SIMNRA (magenta) is shown [38]. Similar spectra were obtained for each 100 s time step of the continuous measurements during sample annealing.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
t

Fig. 4. Surface O content measured by EBS on the Be sample during the TDS expe-
riment. The total areal surface content of O is plotted against the sample temperature
up to 800 K.

The O content measured by EBS was found to be very stable throughout
the TDS measurement up to high temperatures, as can be seen in Fig. 4.
This supports the hypothesis of BeO formation, as it is a very stable
compound (melting temperature 2823 K [43,44]). This effect was also
reproduced for a Be twin sample with a very similar O content. It is
plausible that such unintended BeO formation can also happen in a
nuclear fusion device, as it also occurred in other experiments reported
in literature [45].

The calibrated RGA data for D2 (4 amu) is plotted in Fig. 5 (top),
hile the corresponding ERDA based data for the total D content is

hown in the plot below, both as a function of increasing sample
emperature. Initially, a short spike in the RGA signal can be seen at

temperature of about 330 K (marked by X). This event coincided
ith activating the high voltage supply of the e--beam heater and had
o detectable effect on the retained D abundance measured by ERDA.
herefore, we discarded this event as an artefact. It also has to be
entioned that a short interruption of the sample heating occurred at

round ∼380 K, since one of the IBA detectors needed to be reseted
ue to noise before the experiment could be continued. To distinguish
hese two heating phases, they are labelled in different colours in the
DS plot in Fig. 5, where the orange and red colours correspond to the
ata before and after interruption, respectively. The first phase already
4

led to a partial emission of the D content. Still, the trends of the orange
and red TDS signals overlap very well and lead to a primary TDS peak
(marked by 1) close to 400 K, which coincided with a rapid drop in the
D content to about 12.5 × 1015 D/cm2 as seen in the ERDA data (Fig. 5
bottom). The interruption caused the height of the primary TDS peak
to appear relatively low. For comparison, another TDS measurement
with a Be twin sample exposed to the same nominal D fluence was
conducted, where a primary peak at almost the same temperature,
but with correspondingly higher amplitude was observed (not shown).
At higher temperatures, our data indicate a correlation of a smaller,
secondary TDS peak at 540 K (marked by 2) with a second drop in the
D content down to 6 × 1015 D/cm2, while the width of this TDS peak is
significantly broader and some fluctuations on the rising slope can be
recognised. Then, a continuous decrease towards even smaller amounts
of retained D is found for increasing temperatures up to 800 K (marked
by 3).

In the following, the results of our experiment are discussed. At first,
a focus is put on the total D areal density obtained after implantation.
By comparing the nominal incident fluence (4.0 × 1018 D/cm2) and
he retained amount of D (8.36 × 1016 D/cm2), it can be estimated

that only 2 % of the impinging D atoms were actually retained. This
observation indicates that the Be sample was irradiated significantly
beyond saturation, in agreement to findings reported in literature [19,
20,25]. Furthermore, the amount of totally retained D areal density
after saturated implantation corresponds well to previous results in
other studies [22,25]. For example, W.R. Wampler observed that during
500 eV/D irradiation, saturation occurred already for incident fluences
above 5 × 1017 D/cm2, where a very similar retained D content of ∼9.0
× 1016 D/cm2 was quantified [24].

Next, a focus is put on the primary TDS peak found in the D2
signal of the RGA (marked by 1). The observed temperature of 400 K is
principally in good agreement with values reported in literature [19–
23]. For instance, M. Eichler also identified TDS peaks close to 400 K for
Be samples if they were irradiated with incident D fluences exceeding
3 × 1017 D/cm2 [25]. Discrepancies of some 10 K are expectable for
independent TDS experiments, since they often rely on thermocouple
measurements, which are prone for some offset errors due to thermal
contact issues. During the event associated with the primary TDS peak,
our ERDA measurements carried out simultaneously with TDS showed
that ∼85 % of the initially retained D was released. Following the
argumentation by Reinelt et al. [20], we interpret this low temperature
TDS peak to originate from D retention in low-energy traps within a
highly amorphised region in the implantation zone, which develops
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Fig. 5. TDS (top, calibrated 4 amu signal) and ERDA (bottom, total D content) data
versus sample temperature during the experiment: The Be sample was initially irradi-
ated with a fluence of 4.0 × 1018 D/cm2, before parallel IBA and TDS was performed
p to 800 K.

eyond a certain fluence. For the secondary TDS peak at 540 K (marked
y 2), an additional, but smaller decrease by another 8 % of the
nitially retained D was found by ERDA. The small fluctuations on the
ising slope of the second TDS peak coincided with incremental power
ncreases of the heating system. This observation suggests that radiative
eating led to desorption of D adsorbates from surrounding parts in
he UHV chamber, therefore contributing to the TDS signal, while
RDA data was not affected yet. Generally, the width and magnitude
f this TDS peak appear similar to the secondary TDS peak found
y Oberkofler et al. [19] in pure Be, while in our case, this signal
as observed already at significantly lower temperature. It has to be
entioned, that a slightly higher D energy (600 eV/D) and a faster
eating ramp (0.7 K/s) were used in [19], which could have affected
he TDS peak position. In literature, the high-temperature TDS peak is
onnected to degassing from local defects in the Be lattice, which can be
resent naturally or by generation during ion bombardment itself [20].
hus, this peak is also expectable in cases with much lower applied
fluence as in our study. At higher temperatures, ERDA shows that

he remaining 7 % were then continuously outgassing, dropping below
.5 × 1015 D/cm2 at 800 K. This decrease of D content corresponds
o a very broad but low plateau in the TDS data (marked by 3 in
he RGA signal), which was similarly found by Oberkofler et al. for a
eO sample [19], therefore suggesting also to be the reason for these
rends in our study. Since the BeO surface layer developed already
5

during the D implantation, it is expected that ion-induced displacement
damage within the BeO layer provided the relevant trapping sites
for this TDS peak, as discussed by Anderl et al. [46]. Since ERDA
did show that practically no D was left in our sample at the highest
temperature of 800 K, the remaining D signals from the RGA at this
temperature are again attributed to D desorption caused by radiative
heating of the vacuum chamber walls. The quantification of the D
content during heating of the sample is therefore a major advantage of
our combined TDS/ERDA approach, in comparison to studies focusing
on TDS exclusively.

4. Summary and conclusion

In the course of this study, IBA and TDS were employed in-situ and
simultaneously for an investigation of D retention in polycrystalline
Be bulk samples. The SIGMA setup enabled D implantation with 500
eV/D energy up to a total incident fluence of 4.0 × 1018 D/cm2, while
RDA showed that only 2 % of this D amount were finally retained
n the sample. Annealing was performed towards a temperature of
00 K. Besides the investigation of the outgassing characteristics with
n RGA, ERDA allowed a direct quantification of the remaining D
ontent in the sample and thus enabled to correlate TDS peak events
ith a certain release of D inventory. In addition, this approach al-

owed to separate TDS contributions which were caused by peripheral
ources. Besides, the surface O content could be monitored by means
f EBS, which revealed an almost constant O abundance near the
ample surface. This observation suggests that formation of a stable BeO
urface layer occurred, despite initial sputter-cleaning of the sample
as performed under UHV conditions. For D2, a dominant TDS peak
as found around 400 K, in good agreement with literature values. The

imultaneous measurements with ERDA showed that the majority of D
ontent (i.e., ∼85 %) was released in this event. A second TDS peak at
40 K led to another small reduction in the total D content, before the
emainder got emitted continuously until 800 K were reached. For the
verall shape of the TDS spectrum, contributions from both the pure Be
ulk and the surface BeO layer are suggested. These results demonstrate
he capabilities of the SIGMA setup for in-situ investigations of retention
echanisms in first wall materials.
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