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 A B S T R A C T

Retention of hydrogen isotopes in plasma-facing materials is a key challenge for safety and fuel efficiency of 
nuclear fusion reactors. In realistic reactor environments, simultaneous processes, such as erosion, redeposition, 
implantation and outgassing, can alter surface compositions and may affect hydrogen isotope retention. In 
this study, we investigate how thin redeposited layers of tungsten and EUROFER97 influence retention and 
release of previously implanted deuterium. Using a combination of Elastic Recoil Detection Analysis and 
Rutherford Backscattering Spectrometry, we quantify deuterium retention during in-situ annealing up to 
600 ◦C. Comparisons between coated and uncoated samples show that redeposited tungsten can act as partial 
diffusion barrier, preventing deuterium from outgassing. In contrast, redeposited EUROFER97 layers show no 
such effect and appear virtually transparent to deuterium diffusion. These findings emphasize the critical role 
of redeposited layers on fuel retention and have implications for wall lifetime estimates and fuel inventory 
control in fusion devices.
1. Introduction

Hydrogen isotope retention in the first wall of nuclear fusion devices 
has crucial implications. Firstly, the capture of fusion fuel directly 
limits the reactor efficiency [1,2]. Secondly, when using tritium (T) 
as fusion fuel, trapping in the plasma-facing material (PFM) raises 
important safety concerns due to its radioactivity [3,4]. Additionally, 
hydrogen isotope retention can lead to chemically assisted sputtering, 
as observed for the case of beryllium (Be) [5] and tungsten (W) [6]. 
While macroscopic retention in operational devices can be quantified 
using post-mortem analysis [7] or global gas balance [8], laboratory 
experiments remain essential to understand the underlying microscopic 
mechanisms [9–11] and to investigate how fundamental properties [12,
13], different production techniques or pretreatment [14–16] influence 
retention.

In addition to its fundamental relevance, retention must also be con-
sidered in the context of the highly dynamic plasma-wall-interaction 
processes, occurring in fusion reactor environments. Particle impinge-
ment in a reactor environment can lead to damage in material layers, 
affecting its properties [17–21]. In operating devices, PFMs are subject 
to continuous erosion and redeposition, in parallel with implantation 
and outgassing. These processes can furthermore lead to the formation 
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of complex, layered structures. Redeposited layers may substantially 
modify the retention behavior compared to pristine surfaces. Investi-
gations of the full interplay of all processes are solely feasible within 
a reactor device. However, to enable predictions as well as to allow 
improved design solutions for future machines, it is necessary to in-
vestigate and disentangle potential synergistic effects within laboratory 
experiments. Thus, this study aims to investigate the possible interplay 
between redeposition of thin material layers and retention of fusion 
fuel.

The primary candidates for armor and structural material in DEMO 
are W and EUROFER97 [22,23], which is why we investigated these 
two plasma facing material candidates and furthermore used deuterium 
(D) as representative projectile species for the retention studies. Re-
deposited layers were grown ex-situ via magnetron sputter deposition. 
Using Ion Beam Analysis (IBA) techniques, we quantified the amount of 
D retained in different W and EUROFER97 layer systems during in-situ 
annealing. Bare D-loaded layers without additional coating were also 
studied as reference samples. By comparing the outgassing characteris-
tics of D-implanted bare materials to D-implanted coated layer systems, 
we simulate possible redeposition scenarios and assess their impact on 
D retention and release behavior in a reactor environment.
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Fig. 1. Visualization of the measurement procedure containing individual 
steps: Implantation, coating and annealing. This series of measurement steps 
was conducted twice: for the case of A = W and B = EUROFER97 and for the 
inverted case of A = EUROFER97 and B = W.

2. Experimental procedure and characterization

2.1. Measurement procedure

To investigate possible synergistic effects between retention and re-
deposition, we employed a systematic measurement procedure, which 
is presented in this section. Fig.  1 shows an illustration of the performed 
procedure. As sketched in Fig.  1, the primary material layer, labeled 
A, was initially irradiated by D ions. This implantation step was per-
formed on a single sample, which was subsequently separated into two 
sample halves with the same nominally implanted fluence. The sample 
separation was realized by manually braking the sample into two parts. 
The sample consisted of the coating layer on top of a gold (Au) coated 
silicon dioxide (SiO2) substrate of 0.3 mm in thickness (further details 
on the composition of the coating and the sample sandwich structure 
are given in Sections 2.2 and 2.4). Due to the low sample thickness and 
the resulting fragility and comparably easy breakability, we consider 
influences caused by breaking, such as significant local heating, to be 
unlikely. One sample half was subsequently coated ex-situ with a thin 
material layer, labeled B in Fig.  1. The other sample piece remained 
uncoated but underwent the same ex-situ handling in order to ensure 
comparable conditions between the two sample pieces. Finally, both 
sample halves were subjected to individual annealing ramps up to 
approximately 600 ◦C. During annealing in-situ IBA techniques, specif-
ically Rutherford Backscattering Spectrometry (RBS) and simultaneous 
Elastic Recoil Detection Analysis (ERDA) were performed to quantify 
the D content in the sample. These measurement steps were performed 
twice: once with W as base (layer A) and EUROFER97 as top layer 
(layer B), and once with EUROFER97 as base (layer A) and W as top 
layer (layer B), essentially representing inverted layer structures.

Each experimental step, i.e. sample preparation and pre-
characterization, implantation, coating and annealing are described in 
more detail, in the following subsections.

2.2. Sample preparation and pre-characterization

The initial layers (labeled A in Fig.  1) were created using a mag-
netron sputter device [24]. The base pressure was in the range of 
2 
4 × 10−7 mbar and depositions were carried out in Ar atmosphere using 
a gas flow rate of 10 standard cubic centimeter per minute, Ar pressure 
of 5.5 × 10−3 mbar, and a DC power of 50 W. The growth of the W 
layer was achieved by simply installing a W target into the magnetron 
sputtering device, while a previously successfully developed procedure 
enabled us to deposit layers from EUROFER97 with comparable com-
position [25]. Layers of 150–300 nm in thickness were grown on Au 
coated SiO2 substrates. Reference layers for characterization purposes 
were created in the same growth run on Si substrates.

Prior to further measurements, the purity of the grown reference 
layers on Si was investigated ex-situ by Time-of-Flight Elastic Recoil 
Detection Analysis (ToF-ERDA) using 36 MeV I8+ ions for the probing 
beam [26]. The elemental profiles obtained by the ToF-ERDA mea-
surements are shown in Fig.  2. Panel (a) shows the W layer, while 
the EUROFER97 coating is shown in Fig.  2 (b). In both cases, surface 
contamination by mainly oxygen (O), was observed, with higher levels 
for EUROFER97 (b), compared to W (a). However, this surface contam-
ination decreased rapidly within the subsequent material depth. The 
bulk composition showed high purity in the W case. The EUROFER97 
coating, consisting of mainly iron (Fe) and additional alloy components 
including chromium (Cr) and W, was confirmed to have comparable 
composition to bulk EUROFER97 [25]. For reference, an additional 𝑥-
axis, shown on top of the plots, indicates the physical depth in nm. 
This is an estimated depth, when assuming W or Fe bulk density for W 
and EUROFER97, respectively. The measured quantity in 1015 at/cm2

is shown on the bottom 𝑥-axis.

2.3. Implantation

D implantation was performed by using a Prevac IS40 ion source, 
capable of producing and accelerating D ions. We used an accelera-
tion voltage of 1 keV, yielding 93% 1 keV D+

2  ions and 7% 1 keV D+

ions [27], and irradiated the sample at normal incidence. It can be 
stated that molecular ions dissociate into atomic particles upon surface 
impact. The two D particles then perform individual collision cascades 
within the material. Each D atom is assumed to carry half of the 
initial energy, i.e. 500 eV, since the chemical binding energy of the D2
molecule is negligible compared to the kinetic energy of 1 keV [28]. To 
estimate the implantation depth of both 1 keV D and 500 eV D particles, 
the collision was simulated using the binary-collision-approximation 
code SDTrimSP [29], employing a user-friendly graphical user in-
terface [30]. The calculated implantation profiles, shown in Fig.  3, 
indicate shallow implantation depths, below approximately 30 nm, for 
both W and EUROFER97.

Ion fluxes during implantation were approximately 1017 ions/m2/s. 
The implantation steps were performed for approximately 20h, result-
ing in a nominally implanted fluence of approximately 1022 ions/m2. 
No intentional heating was performed and the temperature of the 
sample was neither controlled nor monitored during the implantation 
step.

2.4. Coating

The coating step was again performed via magnetron sputtering. 
No intentional heating was performed and sample temperatures during 
the coating step were neither controlled nor monitored. The initial 
layers (labeled A in Fig.  1) were coated with a coating layer (layer 
B in Fig.  1) resulting in a final sample sandwich: layer B on layer A 
on Au coated SiO2 substrate. Reference layers of layer B were again 
grown on Si substrates for characterization purpose. For this coating 
procedure, the samples were handled ex-situ for a few hours. In order 
to reach comparable conditions between the coated and the non-coated 
samples, the non-coated ones were transported ex-situ as well. The 
grown layers were characterized by ToF-ERDA by using 36 MeV I8+ ions 
for the probing beam. To approximate redeposition layers that could 
potentially form under reactor-relevant conditions, we aimed for layer 
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Fig. 2. Composition depth profiles of (a) the as-deposited W layer and (b) the as-deposited EUROFER97 layer obtained by ToF-ERDA. Measured depth values in 
terms of 1015 at/cm2 are given on the bottom 𝑥-axis. The top 𝑥-axis shows the depth in nm when assuming (a) bulk W or (b) bulk Fe density.
Fig. 3. Implantation profiles of 1 keV D and 500 eV D particles in (a) W and (b) EUROFER97. A weighted average of the two contributions, i.e. 93% 500 eV D 
and 7% 1 keV D is shown by the dashed magenta colored line. Simulated depth values in nm are given on the top 𝑥-axis. The bottom 𝑥-axis shows the depth in 
1015 at/cm2 when assuming (a) bulk W or (b) bulk Fe density.
thicknesses in the order of a few 10 nm [32]. Since ToF-ERDA reaches 
its resolution limits within this thickness regime, we additionally per-
formed RBS on the final sandwich structure to accurately quantify the 
layer thicknesses. The obtained depth profiles from ToF-ERDA as well 
as the RBS spectra are visualized in Fig.  4. It should be noted that 
the ToF-ERDA measurements were performed on the reference coatings 
on Si substrates. Furthermore, it should be noted that for the W case, 
an additional slightly thicker layer was grown (same parameters but 
longer deposition time) in order to enable investigation of the bulk 
purity. Figs.  4 (a) and (b) show the ToF-ERDA profiles of the slightly 
thicker W and the EUROFER97 layer on Si substrates, respectively. Figs. 
4 (c) and (d) show the obtained RBS spectra from the final sandwich 
structure, i.e. layer B on layer A on Au coated SiO2 substrates.

From the elemental profiles shown in Figs.  4 (a) and (b), surface 
contamination could be identified. This contamination, primarily con-
sisting of O, could have been caused during the layer growth itself or 
the ex-situ handling. Generally, it cannot be ruled out that such con-
tamination may also have influenced the retention behavior. However, 
typical cleaning processes often rely on sample heating or erosion of the 
contamination layers. As heating would interfere with the subsequent 
annealing procedure and the small thickness of the redeposited layers 
investigated in this study (below 20 nm) limited the applicability 
of erosion-based cleaning methods, contamination removal remained 
challenging. In addition, possible oxidation in the reactor itself can-
not be ruled out either, which rationalizes the investigation of the 
retention behavior of the grown layers without additional cleaning 
processes [33].
3 
Furthermore, it should also be noted that the ToF-ERDA data did 
not show step-like elemental profiles. The substrate signal, in this case 
Si, largely overlapped with the signal of the coating layer. This effect 
was more pronounced in (a) the EUROFER97 case than in (b) the 
W case, which is attributable to the thinner EUROFER97 film (below 
20 nm), while the W layer shown in (b) represents a slightly thicker 
layer. Such overlap between substrate and coating signals can give 
a misleading impression of the data. In addition to the fact that the 
depth resolution of ToF-ERDA is generally limited for our case, dual 
or multiple scattering effects, which can lead to systematic errors in 
the measurement methodology, can play a role. Such effects may lead 
to an apparent but nonphysical overlap of the signals as demonstrated 
by Pitthan et al. [34]. In contrast to the ToF-ERDA data, the RBS data 
shown in (c) and (d) do not indicate such an overlap. The measured 
RBS spectra could be reproduced by simulating the experiment via 
the simulation program SimNRA [31] and by utilizing an input layer 
structure as visualized in the plot inserts. Contributions of individ-
ual elements are shown, the sum of which corresponds well with 
the experimental spectrum. Thus, RBS provided accurate information 
on layer thicknesses, while ToF-ERDA allowed for the assessment of 
contamination and layer purity.

2.5. Annealing

During the annealing step, the retained amount of D inside the 
sample was monitored in real-time via IBA techniques. Additionally, 
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Fig. 4. Characterization of the coating layer: Elemental profiles of (a) the EUROFER97 coating layer and (b) the W coating layer, obtained by ToF-ERDA. (a) and 
(b) show data obtained from twin sample layers on Si substrates (not the sandwich structure). Measured depth values in terms of 1015 at/cm2 are given on the 
bottom 𝑥-axis. The top 𝑥-axis shows the depth in nm assuming (a) bulk Fe or (b) bulk W density. RBS data of the full sandwich structure are visualized in panel 
(c) for the W + EUROFER97 structure and panel (d) for the EUROFER97 + W structure. Besides experimental spectra, panels (c) and (d) also show simulated 
RBS spectra (obtained via the simulation program SimNRA [31]) with contributions from different elements shown individually. The simulation input structure 
together with the thickness values is sketched via an insert on the top right of panels (c) and (d).
the content was monitored prior to the annealing phase and after the 
annealing phase. These measurements were performed analogously to 
the measurements during annealing but with higher statistical accuracy 
and will in the following be referred to as pre- and post-annealing 
phase.

The annealing measurements were performed under vacuum con-
ditions of approximately 10−7 mbar (during annealing) to 10−8 mbar 
(pre- and post-annealing) at the Setup for In-Situ Growth, Material 
Modification and Analysis (SIGMA) at Uppsala University [27], which 
is connected to a 5-MV NEC-15SDH-2 Tandem accelerator [35]. A 
sketch of the setup, including the features that were utilized during this 
study, is shown in Fig.  5. The sketch visualizes the arrangement of the 
IBA detectors, i.e. the RBS detector, located at 170 ◦ scattering angle 
and the ERDA detector located at 30 ◦ scattering angle with respect to 
the primary beam direction. The primary beam of 2.13 MeV helium 
ions (He+), is visualized as red arrow. In addition, the ion source (IS), 
which was used during the implantation step, described in Section 2.3, 
is shown. It should be noted that the D ion irradiation was performed 
perpendicular to the surface, meaning that the sample was rotated 
differently for the implantation step compared to the annealing step, 
which is indicated by the two different rotation angles of the sample 
in the sketch. During the annealing, the impinging ions were directed 
onto the sample under 65 ◦ incidence angle with respect to the surface 
normal to allow both detectors, ERDA and RBS, being used simulta-
neously. Furthermore, the visualization in Fig.  5 schematically shows 
the electron beam heating filament (EBHF), placed behind the sample, 
enabling the heating ramp. To achieve uniform heat distribution during 
4 
annealing and to minimize detector noise from light emitted by the 
EBHF, a W foil of approximately 100  μm thickness, was placed between 
the sample holder, incorporating the EBHF, and the sample. However, 
despite this precaution, noise especially in lower channels could not be 
fully prevented.

Besides the location of the detectors, the sketch visualizes that the 
detectors were equipped with absorber-foils of a certain thickness. On 
the one hand, this additionally reduces noise in the detectors caused 
by light emitted from filaments. On the other hand, the thickness of 
the foil in front of the ERDA detector was chosen such that primary He 
particles are fully stopped within the foil and only lighter elements than 
He can penetrate through the foil. Thus, the resulting ERDA spectra 
consists solely of contributions from hydrogen (H) and D. Cutting off 
the scattered primary particles, however, poses a problem for quan-
tification, making additional measurements necessary. To circumvent 
this problem, the RBS signal was used as a measure for the amount of 
incoming particles, which was utilized for quantification of the ERDA 
signal. All RBS and ERDA spectra were analyzed using the simulation 
program SimNRA [31].

The energy of the primary particles was chosen to utilize resonant 
cross section for the scattering of He on D. The resonant peak lies at 
2.13 MeV with an approximate full width at half maximum (FWHM) 
of 70 keV [36]. Taking into account the stopping power of the primary 
2.13 MeV He projectiles in W or Fe and the incidence angle of 65 ◦, 
70 keV translates to an approximate thickness of around 50 nm, which 
allows for a probing depth comparable to the initial implantation depth. 
Nevertheless, we want to stress that due to this resonant peak the cross 
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Fig. 5. Sketch of the utilized features of the SIGMA chamber at Uppsala 
University [27]: The primary beam of 2.13 MeV He+ ions, a detector for 
Rutherford Backscattering Spectrometry (RBS), a detector for Elastic Recoil 
Detection Analysis (ERDA), an ion source (IS) and an Electron Beam Heating 
Filament (EBHF).

Fig. 6. Temperature ramps for each sample, monitored with two different 
pyrometers with different working temperatures, as shown by the dashed and 
solid lines.

section varies largely around the maximal value at the resonant energy. 
Thus, slight deviations from the resonance energy may drastically affect 
signal quantification due to the narrow FWHM (≈ 70 keV) of the cross 
section. This aspect will be addressed in more detail in the discussion 
of the results.

Each sample was heated to a maximum temperature of approxi-
mately 600 ◦C, as shown in Fig.  6. The temperature was monitored 
via two pyrometers with different operating temperatures. The data is 
marked with solid lines for the low temperature pyrometer and dashed 
lines for the high temperature pyrometer. At a temperature interval 
of approximately 200 ◦C–400 ◦C both pyrometers could be operated 
and showed good agreement. The temperature ramps were realized 
by manually increasing the applied voltage on the EBHF. Additionally, 
different filaments were used during the course of this study, which is 
why the individual ramps differentiate from each other. It cannot be 
excluded that the slightly different heating rates and different duration 
at maximum temperature, which resulted from technical limitations, 
influenced the retention behavior.
5 
3. Results and discussion

Initial insight into the retention behavior can be obtained by com-
paring ERDA spectra acquired before and after annealing. These spectra 
are shown in Fig.  7 and consisted of two distinct peaks, corresponding 
to contributions of H and D. Heavier particles were stopped within the 
employed foils, as mentioned in Section 2.5.

Intensities of the peaks are directly related to the density of the 
scatterer. The energy of the recoils depends not only on the scatterer, 
but also on the depth, where the scattering process happens, due to 
attenuation in the material, and the energy loss of recoils in the foils 
in front of the detector. Thus, depth scales for both H and D are 
indicated in Fig.  7. The scale was set to 0 at the surface for each 
sample case. In the case of the layered structures EUROFER97 + W and 
W + EUROFER97 the depth values were counted individually for the 
different material layers starting from zero at both the surface and the 
interface. The material is indicated schematically in the depth scale bar 
by the respective colors (yellow representing W, orange representing 
EUROFER97).

The spectra presented in Fig.  7 compare experimental and simulated 
data for the four investigated cases. In the simulations surface-near 
regions (the topmost ≈40 nm) containing H and D were included to 
replicate the observed signal intensities. These surface-near regions es-
sentially represent the implantation zones (see Fig.  3) and it is expected 
that most of the retained D sits within the surface-near layers. However, 
the observed peak shapes suggested also the presence of sub-surface H 
and D. We estimated these distributions by adding bulk contributions 
of H and D into the modeling. The presence of D in deeper layers may 
be attributed to diffused D originating from the implantation zone. The 
presence of H in both the near-surface region as well as the sub-surface 
region is attributed to residual contamination in the samples and the 
vacuum chamber. Despite the overall good agreement between the 
experimental spectra and the fit, discrepancies remained in the very low 
energy regime. Accurately reproducing this part of the spectrum was 
particularly challenging due to several compounding factors, including 
instrumental noise, potential non-linearity in the detector calibration, 
overlapping signals of H and D from deeper in the sample, surface and 
interface roughness, potential signals from residual primary ions and 
the strong influence of straggling effects on H and D recoil signals at 
these energies.

Qualitatively, both peak intensities, directly related to retained 
amounts of H and D, decreased as a result of the annealing process. 
Additionally, it is visible that in most cases the energy of the peaks 
remained constant before and after annealing, suggesting that H and D 
were released uniformly from the implanted region. An exception was 
observed for the EUROFER97 + W case, shown in Fig.  7 (d), where 
a slight shift in the D and H peak position occured. This shift points 
to changes in the depth distribution of retained D and H, discussed in 
more detail in Section 3.1.

Quantitative data could be derived from the simulated spectra, 
based on the layer configuration that yielded the best fit to the ex-
perimental spectra. The obtained values are shown in Fig.  8. Each bar 
represents the H or D content in the sample before annealing (labeled 
pre) or after the annealing (labeled post) for all investigated cases 
(a)–(d). The data only represent the retained amounts in the surface-
near regions, i.e. the topmost ≈40 nm of the initially implanted layers 
plus the additional coating layer. The contributions from the individual 
layers are indicated by the shade in yellow (representing W) and orange 
(representing EUROFER97). Contributions from the bulk are not shown. 
The layer structure is shown as an insert on the top right of each panel. 
The following conclusions can be drawn from this analysis: The initial H 
content was significantly higher for the layered structures (c) and (d) 
compared to the uncoated cases (a) and (b), which can be attributed 
to the additional interface that was exposed to air for the layered 
structures. Comparing pre- and post- annealing contents, overall a 
decrease was found in each case. The smallest reduction was measured 
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Fig. 7. Pre- and Post-Annealing ERDA spectra shown individually for all investigated layers. Depth scales for the detected recoils, H and D, are included above 
the spectra. The vertical dashed gray line indicates the surface position. Depth values from deeper in the sample were counted for the different material layers 
individually and are indicated by the scale bars and the shade. Total layer thicknesses are included in the color shades above the scale.
Fig. 8. Quantitative data on the retained H and D content before and after the annealing in the topmost ≈40 nm of the initially implanted and the additional 
coating layer. Contributions from the bulk are excluded. H is shown via the left two bars, D is shown via the right two bars in each grouped section representing 
the different sample cases (a)–(d). Contributions from individual layers are indicated by the shade in yellow (W) and orange (EUROFER97).
for H in the non-coated samples (a) and (b), while a significantly larger 
decrease was found for H in the sandwich-samples (c) and (d). This 
indicates that surface-bound H on the surface largely remained. While 
surface H was expected to desorb during annealing, it likely re-adsorbed 
during the subsequent cool-down. In contrast, interface H appeared to 
be effectively removed as a result of the annealing procedure. However, 
it should additionally be noted that isotope exchange processes during 
the ex-situ handling cannot be fully excluded either, but seem not to 
be significant, as the D contribution pre annealing is not substantially 
lower in the coated samples compared to the uncoated samples.

The D content, on the other hand, decreased substantially in both 
coated and non-coated samples as a result of annealing. This can be 
attributed to the lack of D in the environment post-annealing, making 
re-adsorption of D impossible.

Besides pre- and post-annealing data, the evaluation of retained H 
and D content was also performed during the annealing process. Fig. 
9 combines these in-situ results (middle panel) with the previously 
discussed pre-annealing (left panel) and post-annealing results (right 
panel) for D in each sample (a)–(d). The content from the individual 
layers is again represented by the shades.
6 
While the pre- and post-annealing spectra shown in Fig.  7 allowed 
for depth resolved quantitative data analysis, limited statistical ac-
curacy of the data acquired during annealing introduced challenges 
for the quantification. On the one hand, this limitation resulted in 
significantly larger statistical errors during annealing. On the other 
hand, the limited depth resolution led to ambiguities in reproducing 
the spectra via simulation. Therefore, the during annealing simulations 
were restricted to model only surface-near contributions, while bulk 
contributions were omitted. This simplification can be rationalized by 
the fact that the out-gassing behavior during annealing was primarily 
governed by surface-near contributions. However, this could have lead 
to significant systematic errors due to the following. As mentioned in 
Section 2.5, we chose a primary beam that enabled utilizing a resonant 
cross section as given by Quillet et al. [36]. While enhancing the 
signal at the resonant energy, the cross-section varies largely around 
the resonance. Inaccurate depth profiles in the simulation thus result in 
the usage of incorrect cross-section values, thereby leading to erroneous 
quantitative results. Therefore, we want to stress that the quantita-
tive data presented in Fig.  9 should be interpreted with caution and 
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Fig. 9. Quantitative data on the retained D amount for all structures. The pre-annealing phase is shown in the box on the left, post-annealing data is shown on 
the right. Data obtained during the annealing procedure is shown as function of temperature in the central plot for each sample case (a)–(d). The content from 
the individual layers is represented by the shade. Yellow represents W, orange represents EUROFER97.
primarily serve to enable relative comparisons between the samples 
investigated in this study.

In agreement with previous observations, Fig.  9 shows that D con-
tributions were progressively released with increasing annealing tem-
perature, approaching values close to the detection limit of our system 
around 600 ◦C. Besides the overall trend of decreasing D content as 
function of annealing temperature from approximately 150 ◦C towards 
600 ◦C, it should be noted that individual data points did not fully 
correspond to this decreasing trend. This restriction applied in partic-
ular to data points around 100 ◦C–200 ◦C, which corresponded to the 
temperature, at which high voltage was initially applied to the EBHF. 
This apparent slight increase in D content may have resulted from D 
particles diffusing from deeper regions towards the surface immedi-
ately after the onset of heating, leading to temporary accumulation 
in surface-near layers. The data however suggest that this diffusion 
from the bulk did not appear for the pure W layer (a), while all other 
investigated structures (b)–(d) show a more or less pronounced peak 
at this temperature interval. In addition, systematic errors could also 
have influenced this result. Firstly, the limited depth resolution and 
the resulting potential misestimation of the cross-section, as discussed 
above, may have contributed to this result. Secondly, deviations from 
the used cross-section data would analogously lead to wrong results. 
Additionally, despite the protective W foil that was installed between 
sample holder and sample (explained in Section 2.5), it was observed 
that noise from the EBHF could not be fully prevented. Therefore, 
influences of the initial voltage application on the detectors can also 
not be fully excluded. However, RBS spectra, which were recorded in 
parallel to ERDA did not indicate significant noise at the start of the 
heating ramp.

3.1. W as top layer

A distinct shift of the peak positions of the H and D peaks was 
observed in the ERDA spectra of the EUROFER97 + W sample, as 
shown in Fig.  7 (d). This effect was further analyzed by evaluating 
the H and D content in the different layers individually, shown by 
the shaded areas in Figs.  8 (d) and 9 (d). H data shown in Fig.  8 (d) 
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indicate that the H content was reduced in both layers as a result of 
the annealing process. However, the situation was different for the case 
of D. While the orange shaded areas in Figs.  8 (d) and 9 (d), i.e. D 
retained in the EUROFER97 layer, were indeed decreasing steadily, the 
yellow shaded areas, representing the D content in the W top layer, did 
not show a steady decrease. As a function of temperature, the yellow 
shaded area, in contrast, increased at the beginning of the temperature 
ramp (room temperature to 150 ◦C) and showed a plateau at around 
500 ◦C, before it finally decreased again when approaching 600 ◦C. 
This observation suggests that D initially implanted in EUROFER97, 
started to escape this layer at a certain temperature. However, instead 
of immediate outgassing from the surface, D remained trapped in the 
W layer or at the interface at this intermediate temperature until higher 
temperatures enabled its eventual release close to 600 ◦C. Comparing 
pre- and post-annealing, we observed that D was initially retained in 
the EUROFER97 layer only. The remaining D content after annealing, 
however, was located above the EUROFER97 layer, i.e. in the W layer 
or directly at the interface. This behavior suggests that redeposited 
W layers can function as partial barrier to D outgassing, temporarily 
trapping diffusing D before its eventual release at higher temperatures. 
Notably, this behavior was, however, not observed for the inverted 
layer system, thus suggesting that redeposited EUROFER97 layers did 
not impede D diffusion.

The observation that the layered structure EUROFER97+W shows 
a significantly different retention behavior compared to bare EURO-
FER97, while the inverted structure W+EUROFER97 does not behave 
differently compared to bare W, suggests that the barrier effect arises 
primarily from the intrinsic material properties of W and EUROFER97 
rather than from the presence of an additional interface per se. Liter-
ature studies employing thermal desorption spectroscopy have shown 
that undamaged W exhibits a higher desorption temperature for D [37] 
compared to EUROFER97 [21], related to different diffusivity and 
solubility of hydrogen isotopes or different trapping sites in the two 
materials [11,38,39]. These different material properties may ratio-
nalize why the W top layer yields qualitatively different results. Fur-
thermore, investigations by Möller et al. [20] have shown that D 
retention in W exceeds that in EUROFER97. Similarly, Ogorodnikova 
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and Sugiyama [40] reported higher retention values for damaged W 
compared to damaged EUROFER97 and stated that elevated tempera-
tures are required to release T from W. While these literature reports 
support the trends observed within this study, we want to stress that 
quantitative comparisons with literature values remain challenging due 
to different experimental procedures, including e.g. different implanta-
tion energies and fluences, different implantation temperatures as well 
as different annealing temperatures. To gain a more comprehensive 
understanding of the mechanisms governing the observed barrier effect, 
further investigation through detailed microscopic modeling tailored to 
the specific experimental procedure could provide valuable insight.

4. Summary and conclusion

In this study, we investigated the retained D and H amount in 
different layer systems consisting of EUROFER97 and W. The content 
was quantified by IBA techniques, i.e. a combination of simultaneous 
RBS and ERDA, before, during and after in-situ annealing up to approxi-
mately 600 ◦C. Besides the IBA techniques, our experimental procedure 
consisted of several individual steps: Firstly, W and EUROFER97 layers 
were irradiated by 1 keV D+

2  ions, leading to implantation of D in our 
initial layers. Subsequently, the irradiated layers were separated into 
two individual samples, one of which was coated with an additional 
layer, consisting of either EUROFER97 or W. The second sample part 
was kept uncoated. The final step of the experimental campaign then 
comprised an annealing ramp. During, before and after this annealing 
procedure the H and D content in the sample was monitored via IBA.

By comparing coated and uncoated samples, we found that a thin 
redeposited EUROFER97 layer, approximately 15–20 nm thick was 
practically transparent for D diffusion, resulting in the same qualitative 
behavior for the experimental results obtained from the non-coated W 
sample and the layered W + EUROFER97 structure. In contrast, samples 
with a redeposited W layer of similar thickness on EUROFER97 lead to 
reduced/delayed D outgassing. The different results found for the non-
coated EUROFER97 layer and the layered system of EUROFER97 + W 
suggest that W functioned as outgassing barrier, hindering D diffusion.

These results highlight that simultaneous processes, such as rede-
position and implantation can lead to synergistic effects, effectively 
resulting in different retention behaviors. This example, representing 
one possible scenario that can form under reactor relevant condi-
tions, shows that a complex interplay between individual physical pro-
cesses needs to be taken into account for the design and performance 
prediction of future nuclear fusion devices.
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