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Abstract 

In continuation of earlier work on 3 MeV proton-damaged tungsten and reduced-activation steels we present new results on 
Eurofer97, Beryllium and W-5%Re sintered alloy irradiated <400 K. Methodical improvements result in largely reduced 
uncertainties. Beryllium is loaded using a 5 kV D2

+ ion-source to 6.3*1021 D/m² at 300 K. Eurofer97 and W-5Re are loaded 
in PSI-2 to 3*1025 D/m². Irradiation and D-loading are conducted at ~400 K. The D retention is measured by 3He µ-NRA. An 
exponential saturation fits the W-5Re D-retention data with R²=0.99 . The retention increases by a factor 10.3 in W-5Re, 
similar as in W, but on 10 times lower level. Retention in Eurofer97 proves to be independent of displacement damage up to 
6.3 DPA (±25%). Beryllium shows increased retention by a factor 3 up to the maximum of 0.08 DPA. The retention in 
beryllium starts saturating, but the limited DPA range allows fitting the data with exponentials and power-laws. 

Keywords: nuclear fusion, radiation damage, accelerator technology, hydrogen retention, plasma-facing materials, ion beam 
analysis 

 

1. Introduction 

Hydrogen isotope retention in fusion relevant materials 
potentially induces risks for nuclear safety and tritium self-
sufficiency of future fusion power reactors. The safety aspect 
is in particular relevant for ITER, since retention potentially 
limits ITER operation due to legal limits on the radioactive 
inventory [1]. Power reactors such as DEMO will further push 
the material damage with rates of ~5 displacements per atom 
(DPA) per year and ~500 ppm Re/year in W [2], resulting, 
with expected 10 year lifetimes, in 50 DPA and 5% Re.  

For testing these altered materials, the materials can be 
damaged by neutrons and ions [3]. 3 MeV protons offer the 
advantages of non-active handling and high DPA rates, at the 
expense of only affecting the first few 10 µm and grains at the 
material surface [4]. While 3 MeV protons induce fewer 
displacements per ion (DPI) compared to heavy ion 

irradiation, this physical disadvantage is compensated by 
technical aspects resulting in largely higher beam currents and 
smaller beam spots achievable with protons. TEM 
observations with similar proton irradiated materials showed 
increasing defect density with DPA up to a saturation limit 
around 0.2 DPA in tungsten from where on mostly the loop 
defect size increased with constant loop density [5]. Also [6] 
found saturation effects in the 0.2 DPA region with a factor 
5.5 increase in retention at 300 K, but by using heavy ions with 
1 µm damage range. Protons with ~15 µm range showed a 
significantly higher factor of ~13 increase for D retention in 
W [4]. In spite of the different increase factors, saturation 
concentrations in the order of 1-2 at.% were seen regardless of 
the irradiation method. D-retention is typically seen to be 
largest in the first µm of the exposed surface, a situation 
probably reducing the increase factor of D-retention 
differently for the comparable range of heavy ions compared 
to the >10 times larger range of protons, but also the concept 
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of a universal behaviour of different material grades at high 
DPA levels remains an open question.. A clustering of 
normally solute Re in W to Re enriched phases was observed 
under irradiation [7], potentially imposing a difference 
between D-retention in pristine W-Re alloys, the displacement 
damage, and the transmuted W-Re compound. 

For steels the situation is more difficult. The retention is in 
any case lower compared to W, often at the detection limits of 
the typical methods such as nuclear reaction analysis (NRA) 
and near the natural D background due to the presence of H. 
After 20 MeV W-ion irradiation of Eurofer97 (Eu97) up to 
1.13 DPA near room temperature, a slight increase up to a few 
0.1 at.% D was observed in [8], but it remains unclear whether 
this relates to the implanted W ions or the lattice damage. The 
study of CLF-1, a RAFM steel similar to Eu97, revealed slight 
increases in the order of a few 10% up to about 4 DPA of Fe 
ion damage at ~340 K [9]. In [10] similarly no significant 
increase in retention was found for different steels at 460 K 
and higher, although at room temperature increases of a factor 
10 were observed. Higher retention and a remarkable increase 
with DPA was reported in our former study for the purely 
ferritic and precipitate hardened HiperFer [4] at 400 K. These 
results indicate the importance of phase structure and 
composition for damage accumulation and retention in steels. 
Furthermore, it seems that a critical temperature in the range 
of 400-600 K exists, at least for Eurofer and structurally 
similar steels, above which the retention becomes independent 
of displacement damage. 

Studies of neutron irradiated Be mostly focus on tritium 
production in pebbles [11] or mechanical properties[12]. The 
retention after 40 DPA fission neutron irradiation and T2-gas 
loading increased by a factor 10 over the unirradiated case to 
about 0.1 at% [13] and by a factor 15-43 and up to 0.125 at.% 
[14] at 1.6 DPA with T loading temperatures up to 1100 K in 
both cases. Very recently the first study on oxygen ion 
irradiated and subsequently plasma exposed beryllium was 
published [15], showing an 18% decrease in D-retention in 
beryllium at 370 K and 573 K plasma exposures damaged to 
≥0.1 DPA, an open research question arises from this 
counterintuitive result [16].  

This work continues the investigation of the deuterium 
retention with irradiated polished W-5Re, Eu-97, and Be after 
different levels of displacement damage induced by 1.45 to 
2.96 MeV protons at ~400 K. Methodical improvements will 
be presented resulting in largely reduced uncertainties. The 
data interpretation focusses on scalings and increase factors to 
mitigate the impact of material properties (impurities, defect 
density…) and storage time (outgassing, isotope exchange, 
annealing…), which largely vary between studies, on the 
outcome. 

2. Experimental setup 

Polished (Ra ≤ 20 nm) 10x10x5 mm³ samples with a 1 mm 
step for clamping are made from hot-pressed high purity 
powders of W and Re (compositional data in the appendix) 
and Eu-97 steel sheet metal. The Beryllium sample is made 
from polycrystalline 99.5% purity (mostly Fe and O) material 
in a shape of 10x10x0.45 mm³. The W-5Re material features 
grain sizes in the order of ~100 µm and a scarce porosity with 
~1 µm diameter pores. Only thin (<100 nm) damage layers 
due to polishing were observed by FIB/SEM analysis in 
similar samples before. No pre-outgassing of residual 
hydrogen is conducted. The sample irradiation is done in a 1.7 
MV tandem DC accelerator in combination with a triple-
quadrupole focus magnet and a chamber usually used for ion 
beam analysis (IBA). The chamber provides a pressure of 
8±2*10-8 mbar during irradiation. 

The radiation protection aspects of this irradiation method 
were discussed in [4]. Two new elements have to be 
considered in this study, rhenium and beryllium. Beryllium 
itself can only produce long-term activation via 9Be(p, t)7Be 
with a threshold at 13.4 MeV. The zero threshold reaction 
produce only stable products and fast ions. The reaction 9Be(p, 
n) results in 9B, which decays into a proton and two α particles, 
but it generates massive neutron radiation dose rates above its 
threshold of 2.05 MeV. The 9Be(p, pn) reactions have even 
slightly lower thresholds down to 1.75 MeV. For mechanical 
reasons beryllium metal typically contains a few 100 ppm of 
iron, resulting in the production of Co isotopes, and uranium 
as main mining related impurity. For iron, the same 
considerations as for steels apply. Due to this and the low 
concentration, no relevant activity is observed. For Re, the 
reaction 185Re(p, n)185Os produces the 185Os isotope with 93.8 
days half-life and relevant γ-emission. Calculations predict an 
activity of 0.2 mBq at the given irradiation doses and Re 
concentration, way below any detection or release limits and 
the activity produced from the tungsten part of the sample. In 
conclusion, the methodology can be applied to W-Re alloys 
without any changes and to Be with energies <2 MeV. 
Interestingly, avoiding nuclear problems results in similar 
proton ranges in the order of 30 µm for all 3 metals, in spite 
of their largely different nuclear masses. 
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Figure 1: Exemplary camera image of the irradiation spot 
scintillation light intensity with coordinates in pixel (1 Pixel =2.1 
µm). The spot features a Gaussian peak profile with a FWHM width 
of 109±3 pixel. Units are pixels and digital levels. 

 
Figure 2: The matrix spot irradiation scheme aligned by a visual 
reference at the sample edge. The irradiation starts at the lower left 
point (green) with low doses allowing the sample to heat up before 
reaching higher doses. The figure shows the total doses of each spot. 
For practical reasons a 2 mm spacing was applied together with larger 
spots for the beryllium sample. 

Figure 1 illustrates the typical spot-size measurement using 
a LiAlO2 single crystal with a reduced beam current of ~30 nA 
(reduction of the stripper gas density). We find a 400 µm (W-
5Re, Eu97) and 900 µm (Be) total diameter spot, respectively, 
with a Gaussian current distribution. Taking the FWHM size 
of the spots results in 230±7 µm and 518±15µm, respectively. 
The 76% of the total current hits the FWHM spot. The sample 
temperature is measured via a type-K thermocouple attached 
to the sample back during irradiation to 333 K (W-5Re and 
Eu97) and 300 K (Be), respectively. The temperature 
stabilises after about 1 minute as would be expected from the 
sample heat capacities and the beam power. Consequently, a 
non-constant temperature can be expected only for the first 
irradiation spot, see Figure 2. The heat flux of the focussed ion 
beam increases the surface temperature in the spot by 
additional 30 K (W-5Re, Be) and 104 K (Eu97 irradiation 

temperature = 437±10 K), respectively, as finite element 
simulations predict. Since the sub-mm beam spot sits in a 10 
mm sized sample without any contacts or coolants we consider 
the simulations accurate. 

Inspired by the earlier study, this study implements more 
low DPA points and a systematic software controlled 
irradiation spot matrix pattern for reduced relative 
uncertainties in the post-analysis and more information in the 
region <0.2 DPA. W-5Re and Eurofer are irradiated on 9 spots 
in a quadratic 1 mm spacing grid as shown in Figure 2. The 
same grid applies to Be but with 2 mm spacing. The highest 
irradiation doses of 10 mC could not be achieved due to limits 
of the working shifts. Instead, the Eu-97 sample received a 
dose of 9.727 mC, W-5Re of 9.366 mC and Be of 1.33 mC in 
the upper-right spot, see Figure 2. 

For DPA calculation in beryllium the SRIM 2013 code in 
the Quick Calculation of Damage mode is used according to 
agreed standards [17], [18] in a similar fashion as described in 
[4]. Beryllium features only a scarce data situation, but [19] 
states a displacement threshold of 21 eV resulting in 14.6 
displacements per ion (DPI) within a range of 29.2 µm for 1.45 
MeV protons. The homogeneous range corresponding to an 
increase of the DPI per length of 20% above the surface value 
is 17 µm with 2.4 DPI. Due to the different DPI every material 
receives different DPA levels within the relevant depth with 
the given ion doses. The low DPI values and the requirements 
of larger spots for post analysis strongly limited the DPA in 
beryllium. The damage rates are ~10-4 DPA/s in W-5Re and 
Eu97 and 10-5 DPA/s in Be.  

The effects of H implantation were discussed in the former 
study [4] at the example of W and steel. It was shown, that the 
amount of protons deposited within the homogeneous damage 
range remains negligible with implanted fractions between 10-

5 and 10-4. New SRIM calculations confirm ~10-5 for Be and 
~10-4 for W-5Re. The D retention shown later exceeds the 
implanted H concentration by two orders of magnitude for Be 
and W-5Re. For Eu97 the values of H and D are comparable. 
At the terminal proton range an optically visible subsurface 
blister can form due to the massive implantation. The blister 
evolution can be suppressed by irradiating the sample above a 
material-dependent temperature, which is achieved in this 
work for all investigated materials. Consequently, we consider 
the influence of H implantation negligible. 

After irradiation, the Eu97 and W-5Re samples are loaded 
by D2 plasma in PSI-2[20] with identical settings as in [4]. The 
samples are exposed on the axial manipulator using a Mo 
mask. The sample temperatures are kept at 400±30 K. The 
plasma provides a peak flux density of 1.6±0.5*1021 D/m²s at 
an electron temperature of ~8 eV for 5.25 h resulting in a 
fluence of 3±0.8*1025 D/m². A bias of 65 V is applied to the 
sample holder resulting in ~45 eV ion impact energy. The 
Beryllium sample is loaded by a SPECS IQE 12/38 ion source 
with 5 kV acceleration potential and 45° impact angle with 
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respect to the surface normal. The implantation spot has a 
mostly circular form of 6.5mm radius. The source delivers a 
current of 1 µA for 24 h onto this spot resulting in a total 
fluence of 6.3*1021 D/m² and a beam heat load of 5 mW. The 
sample remains at about 300 K during ion implantation with 
only ~1 K increase due to the beam loading. This source type 
provides >93% of D2

+ ions, resulting in 2.5 keV impact energy 
per D ion. The remainder of 7% is mostly D+ ions. For 2.5 keV 
D SRIM calculations show an average implantation depth of 
44 nm with a broad distribution of 20 nm FWHM. The sputter 
yield remains at 0 for 105 histories, but in the range down to 
70 nm 6.2 displacements are induced on average per ion, 
dominating over the damage induced by the high energy 
protons in this depth range. The chamber features a 
background pressure of 5*10-9 mbar during implantation. 

After D exposure, the retention is analysed via 2.96 MeV 
3He+ ion-beam analysis in the µNRA device [21]. The beam is 
focused to a spot size of 120-150 µm (W-5Re) and 200 µm 
(Be), respectively, about half the irradiation spot FWHM 
diameter. The irradiation spots are invisible in the positioning 
camera, hence reference markings and the spot matrix 
irradiation pattern are used for positioning. In a 50 µm 
window, the exact position of highest measured D retention is 
selected for aligning the matrix. The spot matrix scheme 
reduces the relative alignment uncertainties to negligible 20 
nm, but a systematic misalignment of all spots (a matrix 
offset) in the order of 50 µm remains possible. Together with 
irradiation spot size we end up with a 15% systematic 
uncertainty in the given DPA levels, depending where the 
analysis spot sits inside the FWHM zone (centre vs. edge). 
Consequently, we do not expect an impact on the trend of 
analysis of Retention vs. DPA, since this relative uncertainty 
is negligible. The spectra are analysed via SimNRA 7.03 [1] 
with D(3He, p)4He cross-section from [22]. The Particle*Sr 
value is determined using the RBS part and constant ion dose 
of 4 µC is applied on all analysed spots. The measurement of 
the Eu97 and the W-5Re samples is executed about 9 month 
after exposure with storage mostly in vacuum and 4 days after 
exposure for the beryllium sample. Statistical measurement 
uncertainties due to counting, geometry, and Particle*Sr sum 
up to 5-15% with D(3He, p)4He counts between 100 and 1000 
for Be and W-5Re. In the case of Eu97 low counting statistics 
of ~20 counts increase this uncertainty to 25%.  

3. Results 

 The exposures resulted in no visible surface modifications. 
Electron microscopy (SEM) and focussed ion-beam cross-
sectioning (FIB) revealed the formation of <20 nm thick 
blister volumes at ~130 nm depth and with ~100 nm diameter 
in the W-5Re sample, see Figure 3. These blisters occur 
preferentially on certain grains, independent of the irradiation. 
No surface modifications are observed on the Eu97 sample. 
The Be sample could not be analysed by SEM for safety 

reasons. Interestingly the proton irradiation spots are not 
visible in the SEM pictures, but only the 3He NRA analysis 
spots can be seen as darker regions, see Figure 4. From this 
the spot size is determined to ~137 µm rectangles on the W-
5Re sample, confirming the analysis spot size claimed above. 
The electron backscatter diffraction (EBSD) mapping of the 
highest DPA spot on the W-5Re sample revealed no clear 
changes in grain structure due to the irradiation, see Figure 5. 

 
Figure 3: SEM image of a FIB cut showing the blister volumes in the 
W-5Re sample (arrow) 

 
Figure 4: SEM image showing the NRA analysis spots as darker 
regions. The arrow indicates one of the spots. 
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Figure 5: EBSD map of the highest DPA spot on the W-5Re 
sample. The dotted box shows the proton irradiation spot, but no 
clear structural change can be observed. The EBSD evaluation 
failed in the white spots. 

Figure 6 shows the retention and damage values investigated 
in the irradiated and the unirradiated reference cases (0 DPA). 
NRA shows minor surface contamination by C and O. D depth 
profiles measured in all samples with a depth resolution of 2 
µm show the retention limits to <=2 µm depth. This is in 
contrast to the former study on pure W, where D was also 
found down to 4 µm [4]. Better-resolved depth profiles could 
not be obtained. Consequently, the NRA analysis catches all 
of the D in the samples.  
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Figure 6: Plot of the relation between NRA retention (~2 µm) and 
DPA together with fits in two different magnifications. The new 
data (stars) are plotted together with data from [4]. For beryllium, 
the exponential fit (dotted) is compared to a square-root fit 
(dashed), showing large deviations in the extrapolation region in 
spite of similar R²=0.9. Relative uncertainties are within the marker 
sizes except for the new data “Eurofer 2021”. The absolute 
uncertainty is larger with 15% in both axes. 

At low DPA, the D retention increases strongly with 
damage in both W-5Re and beryllium. This increase saturates 
in W5-Re at ~0.2 DPA. The lines drawn in Figure 6 represent 
this with a good agreement to an exponential decay function 
with offset with the resulting fit of W-5Re shown in equation 
1. An exponential saturation fits the W-5Re D-retention data 
with a coefficient of determination of R²=0.99, when 
neglecting the two outliers <0.01 DPA. The saturation 
retention level lies in W a factor 10.3 above the un-irradiated 
W-5Re compared to a value of 13-20 for pure W found in [4]. 
For beryllium a factor 3±0.3 increase is found for the highest 
level of 0.08 DPA. Considering the limited range of D 
diffusion into the materials at the given exposure 
temperatures, a saturation of the available traps is expected for 
all samples within the first 2 µm. 
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �
1019𝐷𝐷
𝑚𝑚2 � = 65 ± 2.3− 55.6 ± 2.5 ∗ 𝑅𝑅− 𝐷𝐷𝐷𝐷𝐷𝐷

0.51±0.01 (1) 

4. Conclusions 

Technical improvements of focused proton beam 
irradiation allowed increasing the amount of maximum DPA 
by an order of magnitude, the amount of DPA steps by a factor 
2 and the relative accuracy by a factor 5 with respect to the 
earlier study. The investigation of irradiated samples benefits 
from focused proton irradiation by identical plasma exposure 
and bulk material properties, high throughput and identical 
storage and surface conditions for all irradiation levels. As 
drawbacks different irradiation temperatures can occur 
depending on the beam current stability (~1% for modern 
accelerators) and the irradiation spots potentially hit only a 
single grain, inducing systematic differences in the material 
properties between different DPA levels, if grain and spot size 
are of similar order. In general, we expect this method to 
minimize the level of systematic uncertainties against non-
focussed irradiation approaches. This resulted in an 
exceptional reproducibility of the retention results, in 
particular for an irradiation damage study. This enabled 
extending the former dataset on retention after 3 MeV proton 
irradiation to two additional fusion relevant materials and 
results in more robust inter- and extrapolations.  

In W-5Re we see a clear trend similar to pure W with a 
saturation onset at ~0.2 DPA and a factor 10.3 increase in 
retention. The overall level of retention in W in the former 
study exceeded the new values of W-5Re by a factor ~5. While 
the lower retention in W-5Re compared to W qualitatively 
agrees to literature findings, the reduction factor found here is 
significantly higher. The 0.06 wt.% impurity content in the 
used W-5Re appears to be negligible for the D retention, since 
its value is 20x higher than the measured impurities in the W 
used in the former study and more impurities should not 
decrease the D retention (see analysis results in the appendix). 
The W was rolled during manufacturing while the W-5Re was 
only hot pressed with some remaining porosity and the 
materials also show different grain sizes. This indicates 
defects dominate the long-term retention in both W and W-
5Re and potentially also influence the annealing and defect 
agglomeration dynamics responsible for D trapping alongside 
the Re content. Consequently, the data suggest a negligible 
direct impact of the transmutation elements in W in a DEMO 
reactor, but we have to understand the dynamics of point 
defects for realistic predictions of retention under combined 
irradiation damage. The shallower penetration depth of D in 
W-5Re indicated a possible further contribution to lower 
retention in W-5Re in this study through limited D penetration 
and increased outgassing during loading compared to the 

former study. The observed formation of subsurface nano-
bubbles may have an impact on total retention, but as the SEM 
analyses shows, the bubbles occur independent of the 
irradiation. Furthermore, even at the highest DPA levels no 
change of grain structure or amorphisation is visible through 
EBSD analysis. In conclusion, the results suggest only little 
influence of porosity, impurities, and Re content on the 
hydrogen retention in W. No further increase of retention in 
W is expected from our data for higher displacement damage 
levels and the correlated built-up of Re and other 
transmutation elements and porosity in a fusion power reactor. 

For Eu97, the former data were confirmed showing no 
statistically significant increase in retention due to irradiation, 
within the 25% uncertainty margin, in agreement with 
literature of RAFM steels. The retention levels are anyways 
low in Eu97, but the increased DPA levels and NRA detection 
limits, compared to our former study, made no difference. The 
outgassing during the 9 month storage between exposure and 
analysis and the different material batches could be factors for 
the generally ~2x lower retention observed here compared to 
the former study. Possibly the induced traps already outgas or 
even anneal at 400 K or within the 9 month storage at room 
temperature in Eu97, limiting the total retention but also its 
increase with DPA. This finding agrees with literature, 
narrowing down the temperature where the radiation induced 
defects anneal in a way that the D-retention remains 
independent of DPA to the range of ~360-437 K.  

Anyways, from a practical point of view our results 
recommend Eu97 in comparison to all other tested materials 
for situations where high radiation damage levels are expected 
and hydrogen retention is critical, since a complete outgassing 
within ≤9 month or above 400 K will anyways strongly limit 
the retention in a fusion reactor. 

For the first time the method of MeV proton irradiation 
damage testing was successfully applied to Beryllium. The 
beam on-radiation represents a technical problem, but we 
showed similar damage ranges as for the other materials can 
be obtained with practically zero beam-on radiation or 
activation when using 1.45 MeV protons. A factor 3 increase 
and saturating behaviour was found here already <0.1 DPA. 
Interestingly, we see already 25% of the increase seen at 1.6 
DPA in the literature within <0.1 DPA. The square-root fit of 
our data (Figure 3) matches our data to the increase factor for 
the higher DPA levels investigated in the literature. Our 
findings oppose the findings of the only similar study [15]. 
Anyways, the methodological differences hardly allow for any 
credible comparisons and data are scarce, demanding further 
detailed experimental investigation, which are now possible 
with our newly established methodology for beryllium. For 
plasma facing materials this increase in retention and our 
observed limited depth penetration suggest still a negligible 
contribution compared to the expected retention in co-
deposited Be layers. For other Be components, e.g. for T 
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breeding, our data predict a significant increase of the 
retention with irradiation. 

Our spot matrix method enables further increased point 
density of several 100 points to be fitted onto a single sample. 
A new setup with improved beam power handling capabilities 
is currently being installed for increasing the beam current and 
adding active temperature control up to 1200 K. With these 
additions we aim at inducing a fine grid of data-points over 5 
orders of magnitude of DPA up to fusion relevant material 
service-lifetimes of about 50 DPA in tungsten in future 
studies. Furthermore, TEM analysis and post-mortem 
annealing of the samples together with re-loading in PSI-2 will 
enable addressing the fundamental dynamics of defects in the 
investigated materials. 
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Appendix  

 
Figure 7: Manufacturer ICP-OES purity analysis of the used W-5Re. 
The data reveal an impurity content of about 400 weight ppm. 

Element Manufacturer's 
Specifications [µg/g] 

As determined 
by ICP [µg/g] 

Al 15 < 3 
Fe 30 7.1 
Si 20  

H 5 0.0001 
Cd 5 0.01 
Cr 20 3.18 
K 10 < 30 

Mo 100 6 
N 5 0.0004 

Hg 1 < 2 
Cu 10 < 0.7 
Ni 20 < 10 
C 30 0,0012 
O 20 0,0004 
Pb 5 < 0.008 
Re 0 < 0.5 
Ta 0 < 2 
S 0 <0.0013 

Figure 8: Purity analysis of the Plansee W used in [4]. The analysis 
revealed a purity exceeding the specification by one order of 
magnitude with about 20 weight ppm of impurities compared to the 
specified 99.97% purity. 
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