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ARTICLE INFO ABSTRACT

Keywords: Nuclear reaction analysis (NRA-C) together with Rutherford backscattering spectrometry (RBS-C), both in a
Tungsten channeling configuration were used to study the location of deuterium (D) in irradiation-induced defects in
Defects‘ tungsten (W) using a *He probe beam. The defects were created by W ion irradiation at two different damage
]();;::.e:;ﬁ?g doses of 0.02 and 0.2 dpa and two temperatures of 290 K and 800 K. Angular scans over the (100) axial channel
RBS.C showed that for both 800 K irradiated samples the NRA yield peaks in the centre of the channel, where the RBS is
NRA-C at its minimum. For the room-temperature-irradiated samples this is only true for the low dose. For the high dose

sample hardly any peak is observed. 2D channeling maps were recorded for the samples damaged to 0.02 dpa at
290 K and 0.2 dpa at 800 K. They show in addition to the maximum D signal in the (100) axial channel increased
intensity in a (110) planar channel where the RBS intensities are low. The software algorithm RBSADEC was
used to investigate the location of the D in the lattice. A first comparison of simulation and experiment suggests

Displacement damage hydrogen lattice location

that D is located close to tetrahedral sites.

Introduction

Understanding the interaction of hydrogen with the host lattice of
both plasma-facing (PF) and structural materials is crucial for fusion
research, since low hydrogen isotope (HI) retention is a stringent
requirement for a fusion reactor. Existing experiments and state-of-the-
art theory and modelling cannot satisfactorily describe the interaction of
hydrogen with large structural defects that will be created by 14 MeV
neutron irradiation, nor can they yet account for the possible synergistic
effects of the presence of HIs on defect evolution. In future fusion re-
actors, one of the main material candidates for the plasma-facing surface
is tungsten (W), because of its favourable properties such as high melting
temperature, high thermal conductivity and low intrinsic retention of
HIs. However, in a future fusion environment, the 14 MeV neutrons from
the D-T fusion reaction will create defects in the crystal lattice,
degrading, e.g., thermal conductivity and increasing fuel retention.

In this work, we show first results of the development of an advanced
characterisation technique. By combining different ion beam techniques
in the channeling configuration, the influence of structural defects on HI
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retention and vice versa is studied. To characterize the generated defects
in the tungsten sample, we use Rutherford backscattering spectrometry
in the channeling configuration (RBS-C). It is a well-established method
to study the crystal structure of materials, in particular the lattice dis-
order and defect evolution induced by ion irradiation. To quantify the
disorder, the change in the ion yield of the backscattered ions along a
specific crystallographic direction is measured [1,2]. To detect light
elements in the matrix, nuclear reaction analysis is often used. Here, we
combine NRA in the channeling configuration (NRA-C) in conjunction
with RBS-C to provide information on the location of light elements in
the host material [1]. In our case, we use the 3He nuclear reaction with
deuterium to study the location of deuterium in the tungsten lattice.
Pioneering studies on the location of deuterium in several single crystals
(W, Cr, Fe, Ni and W) were carried out in the 1980 s by Picraux and
Myers at Sandia National Laboratories (SNL) using a combination of
NRA-C and RBS-C [3,4,5]. As recently shown [6] by re-evaluation of
their measurements [4], the location of deuterium in tungsten in this
early work was influenced by the creation of defects with the 30 keV D
ion implantation and by the presence of the analysing helium in the
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lattice. In this work, we apply also NRA-C and RBS-C but with a different
experimental approach: First, we do not apply it to pristine tungsten
crystals but to displacement-damaged tungsten. Second, the ambiguities
of the original works are avoided by using low energy D to decorate the
displacement damage. In addition, the simulation of C-RBS and C-NRA
spectra with the state-of-the-art code RBSADEC [7] and comparison
with the measured spectra will allow to investigate the influence of
different structural defects on deuterium location and retention. The
present manuscript reports on the experimental strategy and first
experimental results about the location of D in displacement-damaged
tungsten to reflect the status as presented at the 21st International
Conference on Fusion Reactor Materials (ICFRM-21). At present, a
combined C-RBS and C-NRA experiment is being set up at Jozef Stefan
Institute (JSI), Ljubljana, Slovenia in a refined fashion and the appli-
cation of the presented methodology on displacement-damaged tung-
sten is the focus of our future work.

Experiment
Sample preparation

All preparation steps such as sample polishing, annealing, W irradi-
ation and D loading were performed at the Max-Planck-Institut fiir Plas-
maphysik (IPP), Garching, Germany. Tungsten (W) single crystal (SC)
samples with surface orientation (1 00) and dimensions of 1x10x10 mm?
from MaTecK were used. The crystals had a purity of 99.999 % and a
surface normal orientation with an accuracy of < 0.1°. The top surface
was polished to an average roughness Ra < 10 nm. Initial scanning
electron microscopy (SEM) characterisation of the as-received samples
revealed surface distortions, such as surface scratches and grooves,
resulting from mechanical polishing. Therefore, an additional chemo-
mechanical vibration-polishing process was applied. The quality of the
final samples was assessed by characterization of the surface by classical
SEM and in addition by SEM-based electron channeling contrast imaging
(ECCI), which produces a Kikuchi-like pattern that is strongly dependent
on the crystal structure of the single crystal sample. While the samples did
not show any pattern in their as-delivered state, after vibration-polishing,
clear channeling patterns demonstrated that the surface had been prop-
erly prepared. After the polishing, the samples were high-temperature
annealed by electron beam heating for 5 min at 2350 K with a slow
cooling ramp at a pressure < 5-10° mbar.

In order to study the defects and trapping of deuterium by RBS-C
and NRA-C, four tungsten (100) single crystals were irradiated with
10.8 MeV W37 ions at two different W fluences of 5.8 x 10'® m™2 and
5.8 x 1017 m~2, respectively, and at two different temperatures of 290 K
and 800 K. The W beam was scanned vertically and horizontally with
about 1 kHz (beam dimensions of 2.5 mm, full width at half maximum).
The average damage rate was 2 x 10 dpa/sec. Peak damage rate was
100 times larger. The “Ion Distribution and Quick Calculation of
Damage” calculation option of the SRIM 2008.04 code [8] was used to
calculate the depth profile of the primary damage. A displacement
energy of 90 eV [9] was used and the “vacancy.txt” output was evalu-
ated. The damaged zone extends down to 1.3 pm, with a peak damage of
0.02 or 0.2 dpa at 0.6 pm for the W fluences stated above. W ion irra-
diation was performed with a 7° tilt and 6° rotation to minimize un-
wanted ion channelling during irradiation. The aim was to create
specific microstructural defects in the tungsten SC, with either single
vacancies or small or large vacancy clusters dominating the material
[10]. Such open volume defects are known to act as trapping sites with
high de-trapping energy for hydrogen isotopes [3]. In [10] they mainly
focused on the characterization of vacancy-type defects; however, as
shown in [11,12], self-interstitial-type defects such as dislocation loops
and lines are also present in the samples after W irradiation. At low dpa
irradiation conditions, dislocation loops are expected to be dominant in
the material [11,12], whereas at high dpa it has been shown in [9] that
numerous dislocation lines are formed, replacing dislocation loops as the
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dominant visible defect. This was confirmed in our recent study on W
(111) SC samples prepared in the same way as described above [13].
One sample was left unirradiated to have a pristine reference.

The W ion irradiated tungsten SC samples were additionally exposed
to a plasma at 370 K with a D ion energy of 5 eV/D and a D ion flux of
6 x 10'° D/m?s for 48 h, resulting in a D ion fluence of 1 x 10%° D/m?
From previous experience, this fluence was sufficient to populate the
defects with deuterium throughout the whole damage depth [14].

Calculations show that for the W (100) SC a clear difference in the
NRA-C signal is expected when deuterium is close to the octahedral
interstitial sites (OIS) or tetrahedral interstitial sites (TIS) [15]. It is
important to note, there is hardly any difference visible in the NRA-C
yield for W (111) SC [1,15] used in our previous study [13] and for
this reason we changed for this study to the W (100). However, the
created defects in the samples are the same, no matter the surface
orientation.

Positron annihilation lifetime spectroscopy (PALS) was performed at
University of Helsinki, Finland on W SC samples with surface orientation
(111), prepared in the same way [13] than the above described W (100)
SC samples but without decorating them with D. For this purpose, a
digital coincidence lifetime spectrometer, which has a time resolution of
220 ps (FWHM), was used. A positron source (*Na wrapped in 1.5 pm
thick Al foil) was sandwiched between a pristine (2325 K annealed) and
W-irradiated tungsten single crystal samples. The results can be used
here to characterize the open volume defects created by the W
irradiation.

Experimental set-up

Tungsten SC samples decorated with D plasma were analysed with
RBS-C and NRA-C at the multi-detector RBS system at Helmholtz-
Zentrum Dresden-Rossendorf (HZDR), Rossendorf, Germany, the so-
called Hedgehog system. This set-up is attached to the ion beam cen-
ter’s 3 MV tandetron accelerator. It basically consists of 76 individual Si
detectors arranged in 5 concentric rings around the sample. These 5
rings contain 6, 12, 16, 20 and 22 detectors, respectively. All detectors
within a ring have the same scattering angle of 165°, 150°, 135°, 120°
and 105°, respectively. Each detector has a solid angle of 8.9 msr so that
in total a solid angle of 676 msr is covered. Fig. 1 shows a schematic
sketch and a photo of the set-up.

As each detector is connected to its own spectroscopic electronics
(pre-amplifier, spectroscopic amplifier, analogue-to-digital converter
(ADC) and multi-channel analyser (MCA)), the entire system can operate
at a count rate of up to 8 mega counts per second without significant
pile-up effects. For channelling experiments, the target chamber of the
setup is equipped with a high-precision 5-axis goniometer. It allows the
sample to be tilted in the horizontal (angle tilt) and vertical (angle theta)
direction by +/-8° with an accuracy of 0.01°. The large solid angle al-
lows the acquisition of 2D channeling maps on a time scale of minutes,
even at low ion beam intensities below 1 nA.

The first set of measurements was performed with a 2.5 MeV “He
beam to find the (100) axial channel and other planar channels by RBS-
C. Later, to make NRA-C, we switched to a >He beam to employ the D
(3He,p)4He nuclear reaction. Using a 800 keV SHe beam, we were able to
resolve the signal from the backscattered >He on tungsten and the proton
and alpha signal from the nuclear reaction with the same detectors
previously used for RBS. According to SRIM, the maximum range of the
800 keV ®He ions in an amorphous W target is 1.06 um. For this primary
SHe energy the maximum in the D(3He,p)4He cross section is reached at
a depth of 270 nm (600 keV energy) [16]. In this respect one needs to be
aware that the ions are in a channeling configuration meaning that the
actual ion range is larger [17] than the SRIM calculation. As the damage
depth of the 10.8 Me W ions is much larger than this depth (1.3 um
compared to 270 nm) NRA can be applied but quantification of the
depth scale will be affected by channeling. Fig. 2 shows the ion yield
collected with the detectors at 165 and 135°, obtained with a 800 keV
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Fig. 1. A) schematic sketch of the detector set-up and b) the detector set-up mounted on the experimental chamber. c) photograph of the detector set-up.
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Fig. 2. Spectra measured with a 800 keV *He beam on the 0.2 dpa / 290 K
sample for two different scattering angles of 165° and 135°. The ROIs for RBS
and NRA are marked. The left shoulder is due to backscattered *He ions, the
signals to the right stem from the alphas and the protons from the nu-
clear reaction.

3He beam on the 0.2 dpa / 290 K sample. One can observe a shoulder on
the left side which is due to backscattered *He ions (RBS signal). The
peaks on the right are due to protons and alphas from the nuclear re-
action (NRA). The RBS signal is orders of magnitude larger than the NRA
but they are well separated for this *He energy. It is important to note
that the high-energy protons (12-13 MeV) from the nuclear reaction
deposit only a part of their energy in the about 350 um thick silicon
detectors. Therefore, the primary He energy has to be chosen carefully to
be able to separate the NRA signal from the RBS signal in the same de-
tector. For instance, at 1.2 MeV >He energy the RBS pile-up signal was
already interfering with the NRA signal and the two signals could not be
resolved. Identification of the peaks was done by the help of spectra
simulation by the SIMNRA program [18] introducing the proper de-
tector thickness and scattering data. When plotting intensity maps for
RBS-C and NRA-C, for instance angular scans or 2D channeling maps, we
plot the integrated signal from a certain region of interest (ROI). For
RBS-C and NRA-C we chose different ROL The region of interest for NRA
was chosen based on a measurement of a deuterium standard which was
in our case a thin amorphous deuterated carbon (a-C:D) layer deposited

on a silicon wafer [19] and rechecked on the 0.2 dpa / 290 K sample. In
Fig. 2 the respective ROIs are shown. The signal from the alpha particles
is shifting depending on the angle and gets close to the RBS signal. For
this reason, the NRA ROI was selected to be in the energy region where
mainly protons from the nuclear reaction were detected. For RBS, we
integrated over 150 energy channels, between energy channel 150 and
300. For each measurement where a 2D map was performed, the sample
was moved varying theta and tilt angles. At each theta and tilt, the
spectra were collected and the integral under the selected ROI, for each
spectrum, was added, normalized to the current and plotted as an in-
tensity in the 2D plot. After each measurement set the sample was
moved to a different lateral position. The measurement of the signal was
made such that for each point the time the goniometer spent in an in-
dividual angle step was constant. The signal obtained in that time was
then normalized to the average beam current. It is important to note that
with this set-up it is not possible to determine the absolute D concen-
tration and the D depth profiles since the protons from the nuclear re-
action deposit only part of their energy in the detector. In order to derive
absolute quantities and D depth profiles one needs to stop the protons
completely and the energy distribution of the proton spectra is analysed
[20]. In addition, spectra with different *He energies need to be
collected as demonstrated in [20] which could not be performed at
HZDR. For this reason, for a standard D depth profile measurement,
samples were additionally analysed at IPP, Garching using nine *He
energies [14]. Samples were rotated by 14° in theta and 15° in phi for
this measurement to minimize axial and planar channeling.

Simulation

To gain insight into the location of deuterium within the lattice of the
irradiated W samples, the RBS-C and NRA-C experiments were simulated
using the RBSADEC (RBS from Arbitrary DEfected Crystals) code [7,21].
This code allows the generation of RBS-C spectra from targets containing
arbitrary atomic structures, generated from molecular dynamics simu-
lations [13].

Recently, the RBSADEC code has been upgraded to simulate not only
RBS-C but also NRA-C spectra [6]. For the NRA-C simulations presented
here, 3He ions were used to probe the tungsten target along the (001)
direction. In all the simulations, the detector was located at 135 degrees
to detect the emitted protons from the nuclear reaction D(3He,p)4He.
The differential cross section from [16] was used. For incident beam
divergence, the angular distribution of incoming ions was set to follow a
Gaussian distribution with a standard deviation of 0.06 degree.
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Results and discussion

We performed 2D channeling maps on a pristine W (1 00) SC sample
and on the W (100) SC samples irradiated under different conditions, by
changing theta and tilt angles. Fig. 3a shows the 2D RBS-C channeling
map obtained on a pristine W SC sample with a 2.5 MeV “He ion beam
while varying the theta and tilt angle by =+ 2°. The signal of all detectors
was summed in this and in all other cases later. A broad circular mini-
mum RBS signal at theta = 0.8° and tilt = 1° is visible and saddles going
radially outward from the deep valley. The shift in the theta and tilt from
0° gives the sample surface misalignment w.r.t. the (1 00) plane. Fig. 3b
shows RBSADEC simulations of the RBS-C yield obtained with 2.5 MeV
“He ions to probe the tungsten target along the (001) direction. The
detector resolution for the RBS-C simulations is 15 keV. Comparing the
RBS intensities, we were able to determine that the deep valley is the
axial channel in the (100) direction and the observed saddles are the
(110) and (100) planar channels, as marked in Fig. 3. The agreement
between the experiment and the simulation is excellent. The RBS yield
minima and saddles are well reproduced.
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Fig. 3. Measured (a ) and simulated (b ) RBS-C 2D maps of the RBS yield as a function of theta and tilt angle on a pristine, non-damaged (1 00) W single crystal.
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Fig. 4 shows two 2D RBS channeling maps with a 2.5 Me *He beam
obtained on W-irradiated W (1 00) SC samples. The map for the 0.2 dpa
/ 290 K sample is shown in Fig. 4a. The map for the 0.2 dpa / 800 K
sample is shown in Fig. 4b. In the case of W-irradiated samples, we have
varied the theta and tilt by + 2.5°. For the 0.2 dpa / 290 K sample the
axial channel and the planar channels are not as deep and wide as
compared with the pristine W SC (Fig. 3). This is in line with the larger
damage created in the sample that leads to dechanneling. The 0.2 dpa /
800 K sample showed clearer and wider channels in the RBS yield
compared with the 0.2 dpa / 290 K sample, even though the damage
dose is the same. This suggests that fewer defects are created in the
0.2 dpa / 800 K sample due to the higher irradiation temperature. This is
in line with deuterium retention results for similar damaging conditions
[22,23] and to the retention measurements shown later and can be
explained by the fact that vacancies can move and annihilate with other
defects at 800 K [24]. A more detailed analysis of the RBS-C measured
spectra together with simulations using the RBSADEC code was
performed on W (111) SC samples irradiated at 290 K to 0.02 dpa and
0.2 dpa in [13]. There molecular dynamics (MD) simulations of
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Fig. 4. C-RBS 2D maps measured with a 2.5 MeV “He beam of the 0.2 dpa irradiated W (100) SC samples W-irradiated at 290 K a) and at 800 K b).
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overlapping cascades were used as input.

As mentioned before, in order to study the location of deuterium in
W-irradiated samples, we performed NRA-C measurements with a >He
beam at 800 keV energy. The NRA-C spectra were measured simulta-
neously with the RBS-C yield. The scanning area was shifted so that the
(100) axial channel was in the centre. The shift angle for tilt and theta
were obtained from the 2D scans using the 2.5 MeV “He beam. The
signal of all detectors was summed for the 2D maps and angular scans.
Figs. 5 and 6 show 2D RBS-C and NRA-C maps measured on the 0.2 dpa /
800 K and 0.02 dpa / 290 K samples, respectively. In the case of RBS-C,
the 2D channelings maps are very similar to that obtained with the
2.5 MeV “He beam shown in Fig. 4. In contrast to the RBS-C spectra,
where we got a decrease of the RBS signal in the axial and planar di-
rections, we obtained an increased NRA signal in the (100) axial
channel and along the (11 0) planar channels for both samples studied.
Due to the limited beam time, 2D maps for the other two samples
(0.2 dpa / 290 K and 0.02 dpa / 800 K) could not be measured.

In Fig. 7, angular scans across the (100) axial channel and along the
(100) planar channel are shown for all four W-irradiated samples. Ac-
cording to [10] the 0.02 dpa / 800 K sample contains mainly small va-
cancy clusters and the 0.2 dpa / 800 K sample mainly large vacancy
clusters. On the other hand, the 0.02 dpa / 290 K sample should contain
mainly single vacancies [10]. The 0.2 dpa / 290 K is expected to contain
both single vacancies and large vacancy clusters according to deuterium
retention analysis [23]. This was confirmed also with positron
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annihilation spectroscopy performed on W (111) SC samples prepared
in identical fashion. It is important to note that a single vacancy can at
room temperature store up to 6 hydrogen atoms [25,26,27], while
different sizes of vacancy clusters can store even more hydrogen atoms
[27]. It was recently shown [6] that for a single hydrogen atom in a
vacancy, it would appear in NRA-C as if the hydrogen would be sitting
close to the OIS. As the hydrogen fill level is increased, the hydrogen
location moves towards the direction of the TIS. For a fill level of 6, the
NRA yield looks like hydrogen atoms are distributed around the
midpoint of the OIS and TIS. To the authors’s knowledge, there was no
such detailed study yet carried out for vacancy clusters. For our exposure
conditions (at 370 K) vacancies should be filled with up to 5 atoms [28].

Fig. 7 shows two data sets for the 0.2 dpa / 800 K sample and for the
0.02 dpa / 290 K sample. The first one is obtained from a single angular
scan over the theta angle, while the second one is extracted from the 2D
maps shown in Figs. 5 and 6. The main difference in the angular scans
between the samples is that the peak for the samples irradiated at 800 K
has a wider and higher NRA signal compared with the 0.02 dpa / 290 K
sample. This could be due to the fact that the vacancy clusters are larger
in size and the deuterium location in these clusters has a broader dis-
tribution, further away from the centre of the cluster. The difference in
the NRA-C yields is probabaly not due to the fill level of D atoms in a
mono-vacancy or in vacancy clusters. Fig. 7 also shows the angular scan
for the 0.2 dpa / 290 K sample, which shows only small peak in the NRA
signal. This can be interpreted as the deuterium being trapped in various
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Fig. 5. 2D maps of the 0.2 dpa / 800 K sample measured with a 0.8 MeV *He beam as a function of theta and tilt angle: a) RBS yield. b) NRA yield. The (100) axial

channel and the (100) and (110) planar channels are marked in the left figure.
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0.2 dpa and 0.02 dpa at 800 K a) and at 290 K b).

defects such as vacancies and vacancy clusters which could smear the
NRA signal. Smearing out of the deuterium signal at large damage doses
was already shown and discussed in the old measurements in the 1980's
[3].

The data shown in Fig. 7 were normalized and the normalization
values reflect the general D retention in these samples. Namely, the
normalization constants for NRA were 19.5 and 10.5 for samples with
0.2 dpa and 0.02 dpa damaged at 290 K and 4.7 and 3 for samples with
0.2 and 0.02 dpa damaged at 800 K, respectively. Due to the very low
signal for NRA, the statistical error bars are of the order of 50-80 %. For
clarity of the image they are not shown. The quantitative D depth pro-
files obtained from these samples at IPP, Garching are shown in Fig. 8.
The D concentration is the highest for the 0.2 dpa / 290 K sample with
1.55 + 0.03 at. % at the maximum. The sample damaged to 0.02 dpa at
290 K shows a lower D concentration of 0.62 + 0.02 at. %. The D con-
centrations for the samples damaged at 800 K are even lower with 0.36
+0.02 at. % and 0.18 + 0.02 at. % for damage doses of 0.2 and 0.02 dpa,
respectively. The increased D concentration is observed down to about
1.5 ym which is in good agreement with the SRIM-calculated damage
depth. Beyond this depth the D concentration steadily decreases below
102 at. % which is a typical level for unirradiated W [14]. The con-
centrations agree very well with similar irradiations of recrystallized
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Fig. 8. D concentration depth profiles as obtained on the different W-irradiated
W (100) SC samples.

polycrystalline tungsten samples performed at identical temperatures
and dose [22,14]. The trend of the maximum D concentrations from
these depth profiles agrees with the normalization constants obtained
for the C-NRA linear scans. We can conclude that higher irradiation
temperature and lower damage dose results in smaller D concentration
meaning also less defects. It is important to note that the height of the
central peaks in the linear scans of the NRA-C yield do neither reflect the
expected trend of the damage dose nor the one for the irradiation tem-
perature. For this reason, we believe, that these peaks reflect the local
distribution of D around the open volume defect. In the case of a single
vacancy, the energetically most favorable positions D atoms were found
to be at octahedral sites, on faces of the primary cell [25,6]. This means
they are not dominantly in the channel where the probability for the
nuclear reaction is high. On the other hand, in the case of vacancy
clusters the objects are bigger and according to [27] D atoms are
adsorbed on the surfaces of vacancy clusters or nanovoids. For this
reason, the chance that the D atoms are localized in the channel is larger
and for this reason also higher peaks are visible.

In order to characterize the open volume defects in our samples, we
performed PALS on W (111) SC samples prepared the same way as
samples the W (100) SC samples for the NRA-C study (except for the
final D decoration of defects with D). Compared with the reference
pristine sample, all spectra obtained on these W-irradiated samples
showed clearly longer lifetime components, which are attributed to the
production of irradiation-induced open-volume defects. The exponential
decay analysis was performed on all positron lifetime spectra in order to
quantify the positron annihilation lifetime parameters. The lifetime
spectrum for the pristine single crystal sample could be described with
only one single lifetime component with a bulk value tg = 108.4 ps. This
value is consistent with the values of positron annihilation lifetime in
defect-free tungsten (100 — 110 ps) reported in the past [29,24]. Two-
component analysis was performed on positron lifetime spectra
measured on W-irradiated samples. The analysed values of the longer
lifetime component (t2) unveil the size information of defects in
different samples. In previous publications, the positron annihilation
lifetime value for a mono-vacancy in tungsten was determined to be in
the range 160 — 200 ps [24,29]. For the 0.02 dpa / 290 K irradiated
sample, the lifetime 15 of 224 + 30 ps suggests vacancy defects larger
than a mono-vacancy (V) being dominantly produced. From the results
observed for the 0.2 dpa / 290 K sample, the value of T3 of 265 + 8 ps
suggests even larger increase of the vacancy size. We speculate that
small vacancy clusters were formed with the size V2 - V4 based on the
theoretical data [29]. For the high temperature (800 K) irradiated
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Fig. 9. a) the crystal structure of W SC for the (001) axial orientation. Blue dots are W atoms and white dots are deuterium atoms. b) RBS-C and NRA-C yield as a
function of angle theta, NRA-C scans are calculated for deuterium located at TIS or the OIS location.

samples, the values of Tty were higher than 400 ps regardless of the
irradiation dose, 429 + 8 ps and 453 =+ 3 ps for damage dose of 0.02 and
0.2 dpa respectively, indicating large vacancy clusters with an estimated
size of more than 25 vacancies. This confirms our initial expectations of
producing different microstructures by increasing the irradiation tem-
perature from room temperature to 800 K. The PALS results also confirm
our speculation regarding the possible difference of the D location in the
different samples.

In order to additionally understand the measured 2D NRA-C yield
and angular scans, initial simulations were performed using the RBSA-
DEC code [7,6]. As a first assumption for the simulation of the NRA-C
maps and angular scans, for comparison with the experiment, we
considered two extreme cases: deuterium located at TIS and OIS. At this
stage no defects were added in the simulations. Deuterium was placed
only at specific locations. Fig. 9a shows the crystal structure with W
atoms and D atoms at TIS or OIS in the direction of the (001) axial
channel. The (110) and (001) planar channels are also marked. Fig. 9b
shows the simulated RBS and NRA yields as a function of the theta angle.
The He energy in Fig. 9b was 750 keV and the detector resolution was
set to 16.5 keV. The NRA-C and RBS-C simulations are used to show the
difference of TIS and OIS. The simulation temperature and the Debye
temperature of the tungsten targets were 290 K and 377 K, respectively
[30], which gives a 1D thermal vibration magnitude of tungsten atoms
equal to 4 pm. The 1D thermal vibration magnitude of D atoms was set to
14 pm [1]. The NRA-C simulations in Fig. 10a and 10b are used to
compare with the experimental 2D scans, in which the energy of 3He
ions is 800 keV. In the first case D was placed at TIS (Fig. 10a) and in the

a) D atoms at TIS

-3-2-10 1 2 3
6 (°)

second case the lattice location of D atoms is determined according to
the position of one D atom in one mono-vacancy, which is close to OIS,
but not exactly at OIS (Fig. 10b). It is displaced by 0.10 A from the OIS
towards the TIS, and has a distance of 0.32 A with the closest vacancy
surface, where the vacancy surfaces here refer to the 6 faces of the unit
cell. One can clearly observe a difference between the NRA yields in the
2D maps for the two cases. A quantitative comparison with the experi-
mental data shown in Fig. 7 is at this stage not yet possible because at
this stage no large defects were added in the simulations. However, it
looks like that the angular scans and 2D maps are more similar to spectra
where the D is located close to TIS.

Conclusion

Four W (100) SC samples were irradiated with 10.8 MeV W ions at
two different damage doses (0.02 dpa and 0.2 dpa) and two tempera-
tures (290 K and 800 K) to create different empty-volume type defects in
the material and to study the trapping of deuterium at such defects. For
this purpose, we have for the first time used NRA-C simultaneously with
RBS-C using a He probe beam to study the location of deuterium in
displacement-damaged W. Maximum signal was obtained in the (100)
axial channel and in the (11 0) planar channel for the samples irradiated
at 0.2 dpa at 800 K and at 0.02 dpa at 290 K. Angular scans over the
(100) axial channel showed that, for both samples irradiated at 800 K,
the NRA yield peaks in the centre of the channel, where the RBS is at its
minimum. For the samples irradiated at 290 K this is only true for the
low dose, while for the high dose sample hardly any peak was observed.
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Fig. 10. 2D NRA maps as a function of theta and tilt for deuterium located at a) TIS and b) at the position as if one D atom would be in one mono-vacancy, which is

close to OIS.
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The integrated NRA signal is reflecting the D concentration in the
damaged region whereas the intensity distribution of the NRA-C yield of
the angular scan gives information about the D location in the lattice
around different defects. Separate additional non-channeling D reten-
tion measurement showed that the highest D concentration was ob-
tained for the sample damaged at 290 K to a damage dose of 0.2 dpa. The
D concentration decreases for lower damage dose and also for higher
irradiation temperature of 800 K, meaning that less defects are created
at lower dose and at higher temperatures. The nature of the defects was
analyzed by PALS showing that for samples irradiated at 290 K mainly
single vacancies and small vacancy clusters up to V4 are present,
whereas for samples irradiated at 800 K large vacancy clusters are
present with more than 25 vacancies. It was also observed that the peak
in the NRA-C yield of the angular scan measurement is broader for
samples irradiated at 800 K, which we suspect is due to the presence of
vacancy clusters. The NRA peak is smaller and narrower for samples
irradiated at 290 K. A first qualitiative comparison was performed with
simulations using the RBSADEC code. At the present stage we cannot yet
simulate the defects populated by D in the lattice but we simply placed D
at certain interstitial positions. Still the first comparison indicates that
NRA yields for the angular scans are similar to the measured ones when
D is positioned at the TIS. For a more detailed comparison, RBSADEC
simulations in combination with density functional theory to study the
location of hydrogen in vacancies and vacancy clusters need to be per-
formed and are planned for the future. We have shown in this paper the
first scoping study whether NRA-C can be applied to study the deuterium
location in materials containing structural defects. Compared to neutron
diffraction (ND), which is an established technique to determine the
location of hydrogen in compounds, e.g. in hydrogen-energy materials
[31], much smaller amounts of hydrogen are needed in the structure
(here from 0.5 to 1.8 at. % within only 1 micrometer compared to about
30 at. % in milimeter size samples for ND). However further studies are
needed to probe NRA-C sensitivity and limitations.
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