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We investigated the microstructural evolution of W(111) single crystals under high-energy self-ion irradiation at
290 K and 800 K, using complementary characterization techniques, including Scanning electron microscopy
(SEM), Transmission electron microscopy (TEM), Rutherford backscattering spectrometry in channelling regime
SEM (RBS-C), Positron annihilation spectroscopy (PAS), and Nuclear reaction analysis (NRA). Irradiation with MeV W
TEM ions allowed for controlled defect formation, with dose and temperature significantly affecting defect type and
PAS distribution. At 290 K, interstitial defects evolved from dislocation loops at low doses (0.02 dpa) to dislocation
networks at higher doses (0.2 dpa). In contrast, at 800 K, lower dislocation densities were observed, with nm-
sized dots and isolated lines forming at 0.02 dpa and developing into longer dislocation lines (~30 nm) at 0.2
dpa. RBS-C spectra support these findings, showing a trend of increasing dislocation density with dose but
decreasing with temperature. PAS analyses revealed mono-vacancies and small vacancy clusters (Vo-V4) at 290
K, coalescing into larger clusters (Va5-V50) at 800 K. NRA measurements indicated greater deuterium retention at
290 K than at 800 K, consistent with lower vacancy mobility at the lower temperature. Combined TEM, RBS-C,
PAS, and NRA observations highlight increased vacancy mobility and defect recombination with temperature,
forming larger vacancy clusters at 800 K. This comprehensive study provides quantitative insights into defect
formation and evolution in W single crystals, presenting a comparative analysis of defect distributions across
multiple techniques and revealing temperature-dependent mechanisms of microstructural change.

1. Introduction

Tungsten (W) has been selected as the primary material candidate for
plasma-facing components in future fusion reactors due to its high
melting point, excellent thermal conductivity, and low intrinsic
hydrogen isotope (HI) retention. However, in the environment of a
future fusion reactor, the 14 MeV neutrons generated from the deuter-
ium-tritium fusion reaction will induce the formation of defects within
the W crystal, altering its physical properties. Moreover, tungsten must
withstand challenging reactor conditions, where damage formation at

elevated temperatures, helium accumulation, and hydrogen retention
will interact and mutually influence each other.

The displacement damage caused by neutrons can be well-replicated
by high-energy ion irradiation, such as MeV W ions [1,2], but without
transmutation, helium production and, most importantly, activation of
the material. Neutron irradiation typically involves an initial impact on
a W atom, creating a primary knock-on atom (PKA), which is then dis-
placed with significant energy. The displaced W ion subsequently causes
further displacement damage, accounting for the majority of the damage
produced by neutron impact, and for which the W ion irradiation is a
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good proxy. In the context of heavy ion or neutron irradiation,
displacement damage refers to the displacement of lattice atoms from
their equilibrium positions, leading to the creation of lattice defects such
as vacancies, self-interstitials, vacancy clusters, voids, and dislocation
lines or loops. Open-volume defects act as trapping sites with high de-
trapping energy for hydrogen isotopes [3], which can increase fuel
retention within the materials in future fusion reactors [4].

Given the significant impact of irradiation-induced defects on ma-
terial properties, precise analytical methodologies are essential for
studying these changes under varying irradiation conditions. Numerous
studies have focused on defect creation in tungsten, examining how
these defects evolve with temperature and under different irradiation
conditions [4-6]. Experimental evidence suggests that the saturation of
radiation-induced defects occurs at approximately 0.1-0.2 dpa, as
determined by techniques such as hydrogen isotope retention [5-71],
Transmission Electron Microscopy (TEM), Positron Annihilation Spec-
troscopy (PAS) [7-9], and by thermal diffusivity measurements using
transient grating spectroscopy [10]. These findings are further sup-
ported by theoretical work employing Molecular Dynamics (MD) sim-
ulations based on the creation-relaxation algorithm (CRA) [10,11]. A
recent comprehensive experimental investigation conducted by Wang
et al. [7] showed that microstructure damage asymptotically reaches a
steady-state and is expressed by a constant density and size of defects.
Furthermore, above 0.1 dpa, the hardness no longer increases, and the
deuterium retention saturates.

However, most of these studies have been conducted under room
temperature irradiation conditions. In future fusion reactors, the 14 MeV
neutron irradiation will occur at elevated temperatures, where the exact
temperature depends on the cooling scenario and is estimated to be
between 600 and 800 K [4,12,13]. Experiments at elevated tempera-
tures, such as by Schwarz-Selinger [14], have studied damage dose
dependence at 300 K and 800 K by deuterium retention and TEM
microstructure analysis [15]. The studies of deuterium retention in
samples irradiated at different elevated temperatures show that fewer
defects are created when irradiations are performed at elevated tem-
peratures [6,16,17] compared to when irradiation is conducted at room
temperature, followed by annealing. On this topic, Yi et al. provided a
detailed analysis of loop size as a function of the irradiation temperature
(ranging from RT to 1073 K) and damage dose [18-20]. Further, Hu
et al. [21] performed a TEM study of microstructure and the generation
of open volume defects via PAS on samples irradiated at RT, 773 K, and
973 K. Their findings show that irradiation at room temperature pre-
dominantly results in single vacancies as detected by PAS. In contrast,
irradiation at high temperatures leads to the formation of larger vacancy
clusters, detectable by both PAS and TEM. Similarly, Jiang et al. [22]
studied the effects of dose rate in self-ion irradiated monocrystalline and
polycrystalline tungsten at 900 K up to 1 dpa using Rutherford Back-
scattering Spectrometry in Channelling mode (RBS-C). RBS-C enables
the quantification of crystal structure disorder, which includes struc-
tural imperfections such as point defects, extended defects, distortions,
etc., by measuring changes in the backscattered particle yield along a
specific crystallographic direction [23]. Their study demonstrates that
the dose rate influences the damage creation at 900 K.

The theoretical and modelling approaches are currently capable of
simulating displacement-damaged tungsten [11,24,25]. However, the
predictions are only valid for low-temperature irradiation conditions,
typically below 500 K for tungsten, where vacancies are not mobile. In
our previous study [26], we demonstrated how modelling results can be
qualitatively compared with experimental results using microstructure
outputs from molecular dynamics (MD) simulations of overlapping
cascades as inputs for modelling RBS-C spectra using the RBSADEC code
[27]. It was found that RBS-C is particularly sensitive to dislocation-type
defects [27,28], and utilising different probing beam energies can pro-
vide additional and complementary information about defect structures
that cannot be accessed through single-energy RBS-C measurements
[26]. This method showed good agreement with samples irradiated at
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room temperature, but its validity at elevated temperatures is yet
unknown.

The motivation for the current study is to investigate the influence of
exposure temperature on defect formation in tungsten (W) single crys-
tals using multiple analytical techniques. We analysed crystal lattice
modifications induced by high-energy W ion irradiation at 290 and 800
K. Structural changes were assessed by electron microscopy, RBS-C [26],
PAS, and deuterium retention using nuclear reaction analysis (NRA)
[29]; the main experimental parameters are summarised in Table 1.
Each technique provides complementary insights into the microstruc-
ture evolution: electron microscopy, with its high spatial resolution,
enables visualisation of micro- and nanoscale defects; PAS is sensitive to
single vacancies and vacancy clusters; and RBS-C allows for quantitative
depth profiling of induced defects within the crystal lattice. Since
hydrogen isotopes are trapped in W at open-volume defects, deuterium
depth profiling by NRA can be used to determine both the depth dis-
tribution and total concentration of these defects. In combination with
thermal desorption spectroscopy (TDS) and macroscopic rate equation
modelling, we obtained information on the binding energies of
hydrogen to specific defects and their concentrations [30].

Although RBS-C and NRA are generally considered non-destructive,
precautions must be taken to minimize potential sample alterations.
Specifically, excessive He implantation during analysis can introduce
unintended damage or He as impurity. In our experiments, the ion flu-
ence was carefully controlled to remain below the threshold for
detectable damage, and the analysis positions were systematically
shifting across the sample to prevent localized accumulation of irradi-
ation effects. In the case of RBS-C, the applied He beam energy was high
to ensure that most of the energy deposition occurred beyond the region
containing irradiation-induced defects. For NRA, extensive deuterium
depth profiling has demonstrated that up to two measurements can be
performed on W-irradiated samples without any observable effect on D
retention behaviour, and for repeated analyses shifting to a new mea-
surement location on the sample is needed. It is important to note that
the potential impact of multiple NRA analyses may vary for different
materials, but such considerations fall beyond the scope of this study.

The investigation aims to understand the creation of defects and their
interaction with hydrogen isotopes, in order to develop predictive
models that can guide the design of materials with optimised properties
for high-temperature, radiation-intensive environments. By extending
our analysis to elevated temp eratures, we aim to explain how the defect
landscape in tungsten evolves under conditions that more closely mimic
those expected in future fusion reactors. Combining analysis methods
capable of detecting different length scales offers a unique perspective
by probing the material structure alterations resulting from high-energy
ion irradiation.

2. Materials and methods
2.1. Analytical techniques

2.1.1. Electron microscopy
Micron-scale observation analyses were performed on a scanning

Table 1
Comparison of the applied research techniques in this study.

Order of Technique Information depth Likehood of
experimentation range destructive or not
1 SEM / ECP ~1pm @ 30 kV Non destructive
Only locally
2 TEM (FIB) ~ 15 pm destructive
3 PALS ~ 30 pm Non destructive
4 PAS-DB ~ 0.5 pm Non destructive
5 RBS-C ~ 4 pm Non destructive
6 NRA ~ 7 pm Non destructive
7 TDS Whole sample Destructive
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electron microscope (SEM, Prisma-E, Thermo Fisher Scientific) oper-
ating at variable accelerating voltages in the range of 5-30 kV in high-
vacuum mode (< 6 x 107* Pa), installed at Jozef Stefan Institute
(JSI), Ljubljana, Slovenia. The backscattered electrons were collected by
a lens-mounted solid-state annular segmented Directional Backscatter
Detector (DBS, Thermo Fisher Scientific). Nano-scale observations and
analyses were performed using a transmission electron microscope (S/
TEM, ARM-200CF, JEOL Inc.) operating at 200 kV. The micrographs in
scanning TEM mode were recorded by a dedicated bright-field (BF-
STEM) detector. Thin samples for TEM analyses were produced
following the site-specific focused ion beam method (FIB, Helios
Nanolab 650i, Thermo Fisher Scientific) using Ga* ions. The sample
surface was first protected by Pt deposit, followed by initial 30 keV ion
milling with subsequent ion beam current reduction until electron
transparency of the samples was achieved. Additional final polishing to
reduce Ga' surface damage was done at 5 keV. The available informa-
tion depth from such prepared samples is ~ 4 pm.

2.1.2. Positron annihilation spectroscopy — Lifetime and Doppler
broadening

Positron annihilation spectroscopy is a non-destructive technique for
investigation of atomic-sized open-volume defects in crystalline solids
[31,32]. The implanted positrons lose kinetic energy very quickly (a few
picoseconds) when entering the matrix by electron and phonon scat-
tering. The annihilation process with electrons exhibits a specific life-
time, which depends on the electron density. Two y phonons are then
emitted in opposite directions with the energy of 511 + AE keV, where
AE is the Doppler shifting from 511 keV due to the electron momentum.
The reduction of electron density at open-volume vacancy defects results
in less probability of positron annihilation with high momentum core
electrons than in the defect-free state. In this research, both positron
annihilation lifetime spectroscopy (PALS) and positron annihilation
Doppler broadening spectroscopy (PAS-DB) have been used to measure
the as-annealed single crystal and post-irradiated samples.

PALS was performed at the University of Helsinki [33] with a digital
coincidence lifetime spectrometer with a time resolution function of
155 ps (FWHM) [34]. A positron source (**>Na wrapped in 1.5 pm thick
Al foil) was sandwiched between single crystal tungsten annealed at
2325 K and another sample with different irradiation conditions. In
total, two million events are collected for each lifetime spectrum to
guarantee the statistic. The lifetime spectrum was analysed as a sum of
exponential decay components n(t) = > Liexp(t/7;) (with Y ,; = 1)
convoluted with the Gaussian resolution function of the spectrometer.
To proceed the component analysis of positron lifetimes in the irradiated
sample, we firstly subtracted the annihilations in the source as 210 ps
(10.41 %) and 400 ps (4.0 %). The background contribution as 1500 ps
(~0.1 %) has been corrected as well. Additionally, we made a third
correction from the spectra with 108 ps (42.5 %), which represents the
annihilation signals in the annealed reference of sandwich by “half”.

The PAS-DB measurements of positron annihilation radiation were
performed on the reference and irradiated samples with a variable
monoenergetic slow positron beam at the Institute of High Energy
Physics (IHEP, CAS, China). Positron implantation energies varied from
0.2 to 20 keV, corresponding to a mean penetration depth of up to 0.27
pm (maximum information depth ~ 0.5 pm), which were estimated by
the empirical formula Z(E) = 40E'®2/p, with the density p =
19.35g/cm®. A high-resolution Doppler broadening spectrometer
coupled with a high-purity germanium (HPGe) detector (energy reso-
lution of 1.25 keV at 511 keV) was utilised for the Doppler broadening
recordings. The line-shape parameters, S and W, are integrated from the
Doppler spectrum with the windows for electron momentum of the
annihilating electron-positron pair. S represents to the fraction of posi-
tron annihilated with low momentum electrons (with momenta range |
P| < 0.4 a.u.). W is associated with the annihilation occurs between
positrons and high momentum electrons (in the momentum range 2.1 a.
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u. < |Py| < 4.14 a.u). More methodological details have been expressed
in supplementary materials.

2.1.3. Rutherford backscattering spectrometry in channelling configuration
(RBS-C)

RBS-C experiments were performed at the standard multipurpose
line at the Centre for Micro Analysis of Materials (CMAM, UAM, Spain),
with four “He beam energies [35]. The experimental chamber is
equipped with a 3-axis rotation and variable height goniometer (Pan-
mure Instruments, UK), allowing the precise orientation of the samples
for RBS-C experiments (Fig. 1) with a maximum angle of 360° Phi, + 75°
Theta and + 30° tilt with precision better than 0.01°. The goniometer is
mounted on a table, allowing vertical movement (lift) up to 22 mm. The
cylindrical sample holder is placed in the centre of the goniometer (in
Fig. 1, a circular hole surrounded by the direction of phi rotation). The
beam direction is along the X-axis, as shown in Fig. 1.

The experimental chamber is equipped with two silicon detectors
(Ortec BU-012-050-500) for the detection of charged particles. One is
fixed, and the other is mounted on a carousel, which allows for the
variation of the scattering angle and installation of absorbent filters
(Fig. 1). For our experiments, the fixed and mobile silicon detectors were
used. The fixed detector was positioned at 170° relative to the incoming
beam with a solid angle of (4.1 + 0.1) x 1073 sr. The mobile detector
was placed at 150° for complementary spectra verification.

2.1.4. Nuclear reaction analysis (NRA)

The experiment was performed at the 2 MV Tandetron accelerator in
the INSIBA chamber [24,28] at Jozef Stefan Institute (JSI). The experi-
mental set-up is schematically shown in [24]. The 3He ion beam was
oriented perpendicularly to the sample surface. Particles produced by
the nuclear reaction are detected by a thick silicon detector (referred to
as an NRA detector) with a depletion thickness of 1.5 mm. The detector
has a circular aperture with a diameter of 19.54 mm and is positioned
104 mm from the target. The geometrical solid angle of the detector is
26.69 msr + 0.12 msr. To stop the backscattered *He beam, a 24 pm
thick Al absorber foil was placed in front of the NRA detector. The de-
tector was positioned at a 160° angle relative to the incoming beam. The
size of the beam spot on the target was defined by a circular orifice
positioned in the beam line. We also employed another silicon detector
for backscattered particles, the so-called Rutherford backscattering
spectroscopy (RBS) detector, with a depletion thickness of 300 pm,
located 135 mm from the target at 165° angle relative to the incoming
beam, covering a geometrical solid angle of 0.7 msr + 0.02 msr. The
beam current was measured by an ion mesh charge collector with a
tungsten mesh with 77.4 % geometrical transmission and bias on sur-
rounding electrodes of —600 V [29]. To prevent channelling during the
D depth profile analysis, the samples were tilted by 3 degrees and
rotated by 6 degrees relative to the incoming ion beam. The D(*He,p)*He
nuclear reaction [36] was used to analyse the retained deuterium with
six different He energies ranging from 730 keV to 4.3 MeV, with a 2 mm
3He beam size. Absolute quantitative local information on the D con-
centration down to 7.2 pm was obtained by deconvoluting all measured
proton energy spectra simultaneously using the software NRADC [37]
and SIMNRA 6.02 [38]. For the 0.2 dpa/290 K sample, a single >He
energy of 2.5 MeV was used to obtain the D depth profile, and the proton
spectrum was then fitted using the SIMNRA program.

2.1.5. Thermal desorption spectroscopy (TDS)

The D desorption spectra from the samples were measured two
months after the NRA analysis using thermal desorption spectroscopy
(TDS), keeping the samples in a desiccator. The TDS measurement was
performed in a quartz tube of the TESS set-up at IPP [39,40] using a
tubular furnace. A 3 K/min linear heating ramp up to 1010 K and a > 30
min hold at the highest temperature was applied. The desorbed gases
were measured with a Pfeiffer/Inficon DMM 422 quadrupole mass
spectrometer (QMS). The 15 mass channels were recorded: m/z =1, 2, 3,
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Fig. 1. (left) Picture of the goniometer with 3-axis of rotation (Theta, Tilt, Phi) and height (Lift) variable at the beam line. (right) Interior of the chamber: (a)
entrance of the ion beam, (b) Si detector fixed at a scattering angle of 170°, (c) mobile Si detector, (d) gamma detector (Ge), (e) 3-axis goniometer, (f) light.

4, 12, 14, 16, 17, 18, 19, 20, 28, 32, 40, and 44. For the quantitative
analysis, the QMS signal for D, was calibrated after each temperature
ramp with a leak bottle from Laco Technologies with a flow of 1.22 x
10'* Dy/s and a stated accuracy of 4.6 %. The calibration factor for HD
was determined by flowing HD through an orifice of known size from a
calibrated volume of known absolute pressure (measured with a
capacitance manometer and spinning rotor gauge) into the mass spec-
troscopy vessel. Based on the pressure recording of a calibrated spinning
rotor gauge, the calibration factor for HD molecules per measured QMS
count was 62 % of the one derived for D,. To determine the amount of D
desorbed during the measurement, masses 3 amu/q and 4 amu/q, cor-
responding to HD and D5 molecules, respectively, were summed up.

2.2. Sample preparation

Single-crystal tungsten (W) samples with (111) orientation (purity
99.999 %) were obtained from Surface Preparation Laboratory B.V. The
top surface was polished by the provider to a roughness Ra < 30 nm
using chemical mechanical polishing (CMP) with colloidal silica with

particles just below 100 nm in size. The residual subsurface deformation
was monitored by Laue diffraction using 25 keV X-rays (white light with
a 2D detector) and the samples were processed until no deformation-
induced diffuse background and peak broadening was detectable.

The quality of the as-received SC(111) samples surface was evalu-
ated by SEM with diffraction imaging at a zero-degree tilt, i.e. electron
channelling pattern (ECP) imaging. The W samples were oriented par-
allel to the incoming electron beam at a working distance of 40 mm, and
the ECP patterns were slow-scan recorded by solid state annular back-
scattered (BS) lens-mounted directional detector capable of detection
of electrons emitted at different angles. The channelling pattern is
characteristic of the crystal lattice as the observed contrast originates
from the interaction of the incident beam with lattice planes that are
within a few degrees of the optical axis [41]. When the optical axis
coincides with the direction of the local surface normal, the generated
pattern represents the true orientation of the specimen, and the crystal
orientation can be determined as the EC pattern is arising from known
crystallographic planes.

The ECP patterns obtained on as-received SC(111) samples appeared

Fig. 2. (a) BSE channelling patterns of W single crystals (SC) in reference (100) and (110) orientation (arrows point to sub-grain boundaries, few black dust particles
and fibres are seen attached on the surface), and as-received W sample in (111) orientation; back-scattered electron micrographs acquired at 30 kV, working distance
40 mm. (b) Simulated channelling patterns, with corresponding pole figures marked {010} green, {001} blue, and {100} red, and simulation of atom arrangement on
the observed surface; unit cell marked blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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more diffused than expected. For comparison and to establish a baseline,
we mounted additional W(100) and W(110) single crystals in the same
SEM stage. These reference samples were previously confirmed to have a
well-ordered crystal structure and surface quality [42]. Under identical
imaging conditions, the side-by-side comparison of all three samples
allowed qualitative assessment of near-surface crystal structure damage
(Fig. 2).

To assess the near-surface region, an accelerating voltage of 10 kV
was used. According to Monte Carlo calculation, the penetration of
primary electrons into W at 10 kV is up to 300 nm, with majority of the
electrons stopping at <100 nm [43]. At these conditions, the ECP
pattern for W(100) is well-formed and easily correlated with the simu-
lated pattern. In the case of W(110), the pattern is partially disturbed by
multiple low-angle grain boundaries, but still, we can clearly distinguish
the main pattern features. For as-received W(111) sample, only a weak
EC pattern was visible under the same conditions, indicating near-
surface alterations of the crystal structure, reducing the electron chan-
nelling efficiency [41,44]. This plastically deformed layer can extend to
a depth of 1-2 pm [45], potentially affecting ion channelling during the
implantation process.

As original polishing procedure was not sufficient to obtain a defect-
free microstructure, further surface treatment was necessary and the
distorted layer was removed by chemo-mechanical vibration polishing
at Max Planck Institute for Plasma Physics, Garching, Germany (IPP-
Garching) by following procedure: grind up to P4000, polish for 1 h with
1 pm diamond suspension, follow with 1 h of 0.25 pm diamond sus-
pension, with final polish with oxide polishing suspension (OPU Vibro,
further details are summarised in Supplementary Information File). Af-
terwards, samples were annealed for 5 min at 2350 K in an ultra-high
vacuum (p < 5 x 1078 mbar) by electron beam heating, with slow
ramps of less than 10 s/K for heat up and cool down to avoid defect
creation by strain evolution or quenching. After polishing and anneal-
ing, the W single crystal samples showed a well-formed EC pattern,
conforming to a well-ordered crystal structure without subgrains or
other defects, as discussed below. Such samples were used in W ion
irradiation experiments.

2.2.1. Heavy-ion irradiation experiment

After the surface preparation and annealing, the samples were irra-
diated with 10.8 MeV W** in the irradiation beam line at the 3 MV
tandetron at IPP-Garching. Details of the setup and the sample holders
for room temperature and high-temperature irradiation can be found in
[14]. Samples were irradiated with a 7° tilt and rotated by 11° w.r.t the
incoming beam. These angles were chosen in order to avoid channelling
during irradiation and are based on the simulation calculations for mean
ion range of 10 MeV W ions in W single crystal, shown in Fig. 3. The

Mean ion range of 10 MeV W ions on W by angle|| Rmean(A)
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calculation is following the principles presented in [46]. The plot shows
the mean projected ion range as a function of the polar and azimuthal
incoming angle of the ion beam, with red and orange colours showing
strong channelling, and blue negligible. While the calculation was
conducted at a slightly different energy than in the experiments (10 MeV
vs. 10.8 MeV), the angular dependence of channelling is expected to
remain essentially the same. The calculation shows that we have strong
axial channelling at (111), (001), (011), some at (311), and planar
channelling between these directions. The channel widths are roughly 2
degrees for <001>, <011>, <311>, and roughly 3 degrees for <111>.
The ion flux was continuously measured during the irradiation using
Faraday cups located at four corners of a copper diaphragm in front of
the sample holder. A focussed ion beam (2 mm FWHM) was raster
scanned (1 kHz) across a square area, including the Faraday cups. The
acquired ion fluence was determined from the size of the Faraday cups
and the measured current over time.

Two irradiation temperatures (290 K and 800 K) and two damage
doses (0.02 dpa and 0.2 dpa) were applied with the objective of creating
four distinct types of dominant defects. The primary displacement-
damaged zone in the W samples was simulated by SRIM 2008.04 code
[47] using the ‘Quick calculation of damage’ option. A displacement
energy of 90 eV and a surface binding energy of 0 eV was used. Results of
SRIM simulation are shown in Fig. 3 for W fluence of 5.8 x 102 W/cm?
and predict a displacement-damaged zone in W extending down to 1.3
pm. We show the displacement depth profile in displacement per atom
(dpa), the calculated displacements by recoils, direct ions and their sum,
and the concentration of the implanted W ions. The “dpa” values were
calculated by adding the “recoil” and “ion” displacements from the
“vacancy.txt” output file and converting the sum by multiplying it with
the ion fluence and dividing by the tungsten density. By this we get a
depth profile of the number of displaced target atoms named as calcu-
lated displacements in “dpa”. For the applied fluence of 5.8 x 10'2 W/
cm?, the SRIM calculated number of displacements per ion and depth
convert to a peak dose of 0.02 dpa at a depth of 0.6 pm (samples 78g/78c
and 78h/78d) (Fig. 3). For ten-times-higher fluence, the peak damage
dose is 0.2 dpa (samples 78f/78b, and 78a/78e). It should be noted that
for irradiations at 800 K, SRIM damage depth profile calculation cannot
be taken as a merit since vacancies become mobile in tungsten.

Irradiation temperatures of 290 and 800 K were selected, one being
well below and one well above the temperature of 550 K, where va-
cancies in tungsten become mobile [33]. A low damage dose of 0.02 dpa
was chosen in one case, being in the linear damaging regime. As the
second damage dose, 0.2 dpa was selected, which is in the so-called
high-damage limit where damage is known to saturate at low temper-
atures [11]. An overview of the damaging parameters and expected
dominant damage type is given in Table 2.

SRIM 2008, quick calculation of damage option
0.025

r20

T T T T T T T 5 0
5.8x10'2 W/cm? with 10.8 MeV W on W
sum
- ions
— — recoils 3.5
3.0

45

4.0

25
2.0
0.5
1.0

F0.5

calculated displacements (per ion and A)
T
5
W concentration (ppm)

00

T T T T T T 0.0
00 02 04 06 08 10 12 14
depth (1m)
3 Ep=90eV

Fig. 3. (left) Calculation of the channelling map for 10 MeV W ions on tungsten single crystal. (right) SRIM calculated primary displacements created by the 10.8
MeV W ions, the W recoils and their sum (green axis and lines), the corresponding damage dose profile (red axis and line) and the concentration profile of the
implanted W ions (blue axis and line) for the case of a W fluence of 5.8 x 10'2 W/cm?.
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Table 2
Sample classification.

Sample ID

1) 78f/78a
2)  78b/78e
3)  78g/78h
4)  78c/78d

Damage dose/temperature Expected defects

0.2 dpa / 290 K
0.2 dpa / 800 K
0.02 dpa / 290 K
0.02 dpa / 800 K

‘Heavily damaged’ [40,48]
‘Big vacancy clusters’ [22]
‘Single vacancies’ [21]
‘Small vacancy clusters’ [21]

Two identical sets of samples were prepared: one for electron and ion
beam analysis using RBS-C (78b,c,f,g) and the other for PALS, DB-PAS
and D retention analysis (78a,d,e,h). The prediction of open volume
defect formation is based on previous studies [21], where single va-
cancies were found to form at low doses during room temperature W ion
irradiation, while small [21] or large [22] vacancy clusters dominated at
different damage doses during W ion irradiation at 800 K. For samples
78g/78h (0.02 dpa), the average damage rate was 1.0 x 10~* dpa/s, and
for samples 78f/78a (0.2 dpa) 1.2 x 10~* dpa/s, with peak damage rates
being two orders of magnitude higher. To create an internal standard,
sample 78 g was partially covered during W ion irradiation to preserve a
defect-free crystal structure.

The second set of W-ion irradiated tungsten single crystal samples
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were, after the PAS analysis, 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? The exposure was
performed on a PLaQ plasma device at IPP-Garching. From previous
experience, this fluence is sufficient to populate the defects with
deuterium throughout the whole damage depth [5]. These samples were
then used to analyse the D depth profile using He NRA.

3. Results and discussion
3.1. Electron microscopy analyses (SEM, TEM)

3.1.1. Qualitative observation of the irradiation-induced structural damage
by SEM

For crystalline materials, the BSE contrast is modulated by a
dependence of the backscattered electron intensity on the orientation of
the crystal lattice with respect to the primary beam direction [49]. When
the incident electron beam satisfies the Bragg condition, the intensity of
backscattered electrons (BSE) decreases, producing a distinct pattern
that reflects changes in the beam’s incidence direction [50,51].

The maximum damage depth in our W(111) sample, according to
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Fig. 4. (a) Electron channelling pattern (ECP) of sample 78g (0.02 dpa at 290 K), which was half-shielded during irradiation to serve as an internal standard. The
white arrow indicates the boundary between the irradiated and shielded region. Coloured arrows correspond to (b) intensity profiles along diagonal (1—10) and
(01-1) planes, and (c) intensity profiles along the (10—1) direction, showing differences in BSE yield between irradiated and unirradiated regions due to crystal
structure defects. (d) Comparison of ECP intensity profiles from samples irradiated at 290 K and 800 K, for 0.20 and 0.02 dpa doses, showing temperature- and dose-
dependent contrast changes. The intensities were extracted from (f-h) ECPs of samples irradiated to different doses and temperatures, from (10-1) plane. (e)
Schematic projection of the tungsten crystal structure viewed along the [111] zone axis, with marked principal channelling directions.
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SRIM (Fig. 3), is expected at ~0.5 pm. To access this region, we used an
accelerating voltage of 30 kV. According to Monte Carlo simulation
[43], at this voltage the estimated electron channelling information
depth is up to 1 pm, with the majority of electrons stopping at approx-
imately 0.5 pm (calculation in Supporting Information File). After
recording the micrographs, we used the image-correlation method to
measure the intensity of the main BSE bands in the W reference and the
W-ion irradiated samples, where the changes were induced due to dis-
placements in regions of interest [52].

The quantitative comparison of the channelling yield was assessed
from sample 78g (0.02 dpa/290 K), using the non-irradiated half as
internal W reference (Fig. 4a), and from there extracted intensity pro-
files shown in Fig. 4b. The deconvoluted intensity profile showsa ~ 5 %
intensity decrease of the primary central peak, where the channelling
effect is strongest (comparison of red and black intensity profile,
Fig. 4b), and a 2.4 % increase of the (0—11) Kikuchi band width in the
irradiated part of the sample 78g (Fig. 4c). Even without the internal
standard, a decrease in peak intensity and an increase in peak width
between samples irradiated at 290 K and 800 K can be observed due to
different defect populations at a given temperature (Fig. 4d).

3.1.2. Quantitative observation of the irradiation-induced structural
damage by TEM

The samples for scanning TEM analyses were prepared by FIB. In W
monocrystal samples, the surface orientation is fixed to normal (111).
The azimuthal orientation was determined from the EC pattern, and the
lamella was cut parallel to the (010) plane, allowing the observation of
the sample in the [1-10] zone axis. To establish a baseline, reference
sample 78SC was polished and analysed in parallel (Fig. 5).

Bright-field scanning transmission electron microscopy (BF-STEM)
was used to visualise the damage zone and determine the irradiation-
induced defects. The depth of structural damage, i.e. deviation from a
perfect lattice, was estimated from the averaged intensity profile ob-
tained from BF-STEM images (Figs. 6, 7). Several factors may contribute
to the observed contrast change, such as sample thickness, FIB etching
rates, and the overall number of defects. To minimize artefacts affecting
the contrast, the samples were prepared under the same conditions. The
maximum depth of the observed damage zone closely matches the
damage depths predicted by SRIM simulations; the depth primarily de-
pends on the irradiation dose and is less influenced by temperature. For
samples exposed to 0.2 dpa, the damage zone depth is 1.1 pm for both
290 K and 800 K irradiation (Fig. 6), while for 0.02 dpa samples, the
damage zone depth increases from 0.7 pm at 290 K to 0.8 pm at 800 K
(Fig. 7).

We observed a few nanometers thick zone in the near-surface region
with fewer or no visible defects. When the dose increases from 0.02 dpa
to 0.2 dpa, the thickness of this defect-free zone grows by a factor of 4.
However, raising the irradiation temperature from 290 K to 800 K re-
duces the thickness of the zone by about half. For instance, at 290 K, the
thickness increases from 10 nm at 0.02 dpa to 40 nm at 0.2 dpa, while at
800 K, it increases from 6 nm at 0.02 dpa to 25 nm at 0.2 dpa (see
Table 3, and the Supplementary Information File for details).

single crystal reference "

sample 78 SC
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In all samples, the dislocation density (pq) in the first 100 nm section
is lower than in the bulk, which we attribute to surface effects, where
defects are mitigated at the free surface due to the absence of grain
boundaries. For samples irradiated at 290 K, the pq in the first 700 nm is
slowly decreasing, with a constant number of loops and an increasing
number of lines, stabilising at ~500 nm deep (Fig. 8a,b, data after
Ref. [26]). For samples irradiated at 800 K, the pq is almost constant for
low-dose sample 78c¢ (0.02 dpa/800 K) but gradually increases until the
local maximum at 400-500 nm deep for 78b (0.2 dpa/800 K) sample
(Fig. 8c). The number of loops and lines is more descriptive: for both
samples, the number of lines gradually decreases from the surface, with
one local maximum of 500 nm deep, while the number of loops increases
with depth and reaches a maximum at 400 nm for both samples irra-
diated at 800 K (Fig. 8d).

A detailed TEM defect analysis and discussion of the samples irra-
diated at 290 K is summarised in [26]. It shows that under low dpa/290
K irradiation, dislocation loops are the dominant defects visible [7,53],
while at higher dpa, numerous dislocation lines replace the loops as the
primary visible defects [7,48]. For sample 78c, irradiated at 0.02 dpa/
800 K, mainly nm-sized dots and several isolated lines (< 50 nm, in
<111> direction) were observed. However, increasing dpa to 0.2
(sample 78b), dislocation lines form a square polygon with edges in
<111> direction, approx. 30 nm long. The average dislocation density
pg for samples irradiated at 800 K is 1.07 x 10'* m/m® for sample 78b
(0.2 dpa/800 K) and 1.05 x 10'* m/m? for sample 78c (0.02 dpa/800
K). The average dislocation density for samples irradiated at 290 K is
more than a factor of two higher, being 2.21 x 10* m/m? for sample 78f
(0.2 dpa/290 K) and 2.75 x 10** m/m? for sample 78g (0.02 dpa,/290
K), In Table 3 we summarise the dislocation densities obtained on the
studied samples and give a comparison to the literature data. The de-
viations in reported values can be attributed to different sample prep-
aration methods (FIB, FIB+Ar/electropolishing, or electropolishing),
different TEM defect detection techniques (conventional TEM or STEM
[54]), and the non-uniform spatial distribution of defects, which is an
intrinsic limitation of the line-intercept method [26,55]. In our work, we
used the line-length method, and since all samples were prepared in the
same orientation following the same protocol, post-treatment, and
evaluation process, a qualitative comparison is possible.

At high damage doses and high temperatures, the observed dislo-
cation structures can be compared to those reported by Chrominski et al.
[15] and Ferroni et al. [56], where the dislocation structure closely re-
sembles the one seen here for a high damage dose rate of 5 x 1073 dpa/s
in [15]. The dislocation density reported in [15] was 1.5 x 10 m/m3,
which is in good agreement with the 0.2 dpa/800 K sample obtaining
1.07 x 10" m/m®. A detailed analysis of loop size in relation to irra-
diation temperature, ranging from room temperature to 1073 K, and
damage dose was conducted by Yi et al. [18-20]. Similarly, Jiang et al.
[22] studied the microstructure of tungsten samples irradiated at 1 dpa
at 900 K, focusing on the distribution of void sizes. To the best of our
knowledge, only the studies by Yi et al. [18] and Hu et al. [21] have
investigated defects at low damage doses at 773 K, and a comparison of
the dislocation density is given in Table 3.

Fig. 5. (a) conventional TEM micrograph of reference sample 78SC, with marked principal lattice planes and atomic model of the zone axis view. (b) Corresponding
selected-area electron diffraction pattern (SAEDP) indexed for W in [1-10] zone axis; blue square marks unit cell. (¢) Overview BF-STEM micrograph with contrast

intensity profile, and (d) near-surface BF-STEM micrograph.
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Fig. 6. BF-STEM micrographs for 0.2 dpa damaged samples irradiated at 290 K (78f) and 800 K (78b), with the magnified near-surface regions containing defects.
The contrast intensity profile is aligned with the sample surface in the cross-section view; the maximum damage zone is marked with a red line. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. BF-STEM micrographs for 0.02 dpa damaged samples irradiated at 290 K (78g) and 800 K (78c), with close-in on near-surface regions. The maximum damage
zone is marked with a red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Initial TEM observations of the samples showed no signs of voids or
cavities in the peak damage region. Similarly, Ferroni et al. [56] did not
observe voids in tungsten irradiated to 1.5 dpa at 773 K; voids only
became visible after annealing the samples for 1 h at 1073 K, where an
average diameter of 1.5 nm was measured. In contrast, Hu et al. [21]
observed cavities ranging from 0.97 to 1.13 nm in size, with densities
between 1.65 and 1.73 x 10** m~3, in polycrystalline tungsten irradi-
ated at 773 K with a dose of 0.02 dpa, though the damage mode was not
specified. Similarly, Meng et al. [22] showed that for irradiation at 900
K, the average void diameter in single-crystal tungsten was 3.4 nm at a
dose rate of 10~ dpa/s and 2.4 nm at 1073 dpa/s. The average void size
in polycrystalline tungsten was approximately 40 % larger under the
same conditions as in single-crystal W, increasing from 1.5 nm to 1.9
nm.

Considering this, we analysed sample 78b (0.2 dpa/800 K), where
the largest voids were expected. At a depth of 750-1000 nm, below the
peak damage depth of 600 nm (as calculated by SRIM), we found
spherical features resembling voids, ranging in size from 0.25 nm to 1
nm (mean Feret diameter of 0.44 nm) with a density of 5.46 x 10**m™3

(see Supplementary Information file for details). No such features were
observed above or below this region, nor below 1 pm. The observed
features are much smaller, and their density is much larger than re-
ported by Hu et al. [21]. This discrepancy may be due to differences in
damage rate or mode (in terms of depth) or can be related even to the
TEM sample preparation process. In the cited studies, FIB lamellae were
further electrochemically polished to remove residual FIB damage,
potentially affecting void size through etching [57]. In contrast, our
samples were finalised only by low-energy Ga ion milling.

3.2. Channelling Rutherford backscattering spectroscopy

The samples studied by TEM were also analysed by RBC-C. As pre-
sented in [26], the so-called multi-energy beam analysis method gives
more detailed information about the type of defects and their extension.
It is known that each type of ion-irradiation-produced defect has a
particular influence on the analysing He beam depending on the energy
(i.e., direct backscattering or enhanced dechannelling of the probing
beam) [23,58]. For that purpose, we used four He beam energies: 4.5,
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Table 3

Calculated dislocation density pq (TEM line-length method) compared to refer-
ence values and maximum damage zone depth and thickness of the near-surface
defect-depleted zone.

Sample pa [m/ pa - reference Max. damage Near-surface
m’] values [m/m?] zone depth defect depleted
[nm] zone [nm]
78f 291 x 1.93 x 10"
0.2dpa/ Tov [26] 1100 40
290 K 2.3 x 101 [7]
78b 1.5 x 10
1.07 x  (0.23 dpa) [15]
Oézogpli/ 10 47 x 10" (0.4 1100 %
dpa) [19]
78g 3.19 x 10'*
0.02 2.75 x [26]
dpa/ 10 1.68 x 1014 700 10
290 K (0.05 dpa) [7]
78c¢
0.02 1.05 x 8.3 x 1013
dpa/ 10 (0.01 dpa) [18] 800 6
800 K

4.0, 3.5 and 3.0 MeV, impinging the samples along the <111> direction.
Spectra obtained on all analysed samples at the four “He beam energies
are shown in Fig. 9. The depth scale shown on the top axis is estimated
based on the stopping power from SRIM in amorphous tungsten with
surface energy approximation [59]. The channelling spectrum obtained
on the non-irradiated half of the sample 78g is called “Pristine”. The
“Random” spectrum was obtained by adding 100 spectra collected for a

——DL density (p,) 78f (0.2 dpa/290K)
——DL density (p,) 78g (0.02 dpa/290K)
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combination of theta, tilt positions within a circle of a 3° angle radius
around the <111> direction. The yield for the random orientation is the
highest compared to the samples oriented in any channelling direction
since it is considered as a non-aligned material with a considerable
quantity of scattering centres. The pristine sample shows the lowest
yield for the channelling direction; both spectra are shown in [26]. The
samples W-irradiated at different damage doses and temperatures show
an increase in the backscattered yield with the damage dose. For higher
irradiation temperature, the yield is lower. The lowest yield is obtained
on the sample 78c (0.02 dpa / 800 K), followed by samples 78g (0.02
dpa/290 K), 78b (0.2 dpa/800 K), and 78f (0.2 dpa/290 K). In the RBS
spectra, one can also observe a change in the slope. This is the so-called
‘knee point’, where the initial high-energy yield arises from channelled
ions backscattered directly from displaced atoms in the sample. Subse-
quently, the signal changes due to dechannelling, as previously dis-
cussed for the 290 K case in [26]. However, this change in the slope is
barely noticeable on samples irradiated at 800 K. no distinct transition
between the damage and dechannelling region was observed in [22] for
samples irradiated at 900 K to 1 dpa. In the case of 290 K samples we
previously discussed in [26] that the knee point depth is approximately
1.2 pm and 0.8 pm for 0.2 and 0.02 dpa damaged samples, respectively,
showing good agreement with the TEM results. For the 800 K samples,
however, this correlation is less straightforward. In the spectrum ob-
tained with a 4 MeV He beam on sample 78b (0.2 dpa/800 K), a slight
change in the slope is observed around 1.3 pm. However, no slope
change is seen for sample 78c (0.02 dpa/800 K). Interestingly, for
sample 78b (0.2 dpa / 800 K), the backscattering yield is lower at
shallower depths compared to sample 78g (0.02 dpa/290 K), but at a
depth of about 1.2 pm, the backscattering yield becomes higher. The
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Fig. 8. Depth distribution of the dislocation density (pq) for samples irradiated at 290 K (a) 78f (0.2 dpa/290 K) and 78g (0.02 dpa/290 K), and (b) p4 for 800 K
irradiates samples 78b (0.2 dpa/800 K) and 78c¢ (0.02 dpa/290 K). In parallel, the depth distribution of the total number of defects (#, loops and lines) for the same
sets of samples at (c) 290 K and (d) 800 K irradiated samples.



J. Zavasnik et al.

25 20 0.5 0.0

Materials Characterization 224 (2025) 115050

Depth [um

]
24 20 1.6 1.2 0.8 04 0.0

4000 —r — 5000 —— .
J | RBS-C,4.5MeV He, Q=12.C RBS/C, 4.0 MeV He| Q= 12| .C
Random | 4000 i
3000 | 4
3 3
S s 3000 - -
he]
s 2000 - %
s > 2000 4 int" i
1000 {002, i
) 1000 E
Pristind (759 : 2, 800 12 2
S 1 .
04— e - = 0 —— — = .
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000
Energy (keV) Energy (keV)
Depth (um) Depth [um]
20 1.6 1.2 0.8 0.4 0.0 2.0 16 1.2 0.8 0.0
7000 ; 7000 ,
1! RBS-C, 3.5 MeV He, Q= 10 uC e RBS-C, 3 MeV He, Q=7 uC
6000 - B b
~ 5000 H Random i 1
0 3 T T T - T T T ——
1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000
Energy (keV) Energy (keV)

Fig. 9. RBS-C spectra in <111> channelling direction obtained with *He at 4.5, 4.0, 3.5 and 3.0 MeV at 170° scattering angle. The upper scale was derived by
assuming SRIM stopping in amorphous material with surface energy approximation. “Pristine” is the channelling spectrum obtained on the non-irradiated sample,
and “Random” spectrum was obtained by adding 100 spectra collected for a combination of theta, tilt positions around the <111> direction. On upper right graph we

mark the “Knee point” position.

RBS-C spectra for the 0.02 dpa/800 K sample closely resemble the
pristine spectra within the first 200 nm from the surface, suggesting
minimal defect presence. This observation is also partially visible on the
STEM micrographs (Fig. 7), where the grey structure within this region
appears similar to the structure beyond a depth of 0.8 pm.

To estimate the irradiation-induced defects, we can calculate the
relative disorder factor, fj, by comparing the yield of each modified
sample to that of the random and pristine samples. The f; is calculated
according to Eq. (1), where y, is the spectrum yield for each irradiated
sample, y, is the spectrum yield for the pristine sample, and y; is the
spectrum yield for the random sample:

fi _Ya= W

(@]
Yr=Xp

The values of relative disorder for the W-irradiated samples
measured at the different beam energies are plotted in Fig. 10. They are
calculated at a depth of 0.6 pm, where the damage peak maximum is
located according to the SRIM calculation. According to the theory [23],
the response of the induced structural damage signal versus analysing
energy provides relevant information about the extension of the defects.
The response is evaluated considering the slope of the curve “disorder
factor vs beam energy”. When the slope is negative, the material con-
tains uncorrelated displaced lattice atoms (interstitials, vacancies or
amorphous clusters). If the slope is zero, the material comprises
extended defects (dislocation loops or dislocation lines), but they are not
dominant. If the slope is positive, the predominant defects are extended
defects (dislocation loops or dislocation lines).

We can observe that sample 78f (0.2 dpa/290 K, red data) has a
positive slope. The sample 78g (0.02 dpa/290 K, green data), the sample
78b (0.2 dpa/800 K, brown data), and the sample 78¢ (0.02 dpa/800 K,
purple data) show no slope. Considering the theory, the sample 78f (0.2
dpa/290 K, red data) with a positive slope would present extended

10

= 78f 0.2 dpa/290 K

o 78g 0.02 dpa/290 K
—o0—78b 0.2 dpa/800 K
| —0—78c 0.02 dpa/800 K
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0.3+

Relative disoredr f, at 0.6 pm
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Fig. 10. Relative disorder versus energy for the four modified samples at a
depth of 0.6 pm, where the damage peak maximum is located according to
SRIM simulations. The lines are only to guide the eye.

defects as the predominant defect type.

Besides the relative disorder factor fg, another parameter that can be
measured and compared is the half-angle 1 /5, which defines the width
of the channel. ;2 is defined as the angular half-angle of the yield
profile at the yield value halfway between the minimum yield and the
yield for random incidence [59]. In order to obtain the value experi-
mentally, the backscattering yield is measured for a narrow window of
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200 channels, just after the surface peak, while the sample is moved
along the theta direction. Fig. 11 represents the theta scans for the
pristine sample at four different He beam energies (4.5, 4, 3.5, and 3
MeV) around the <111> axial channel. The yield for the random inci-
dence was normalised to 1 for comparison of the spectra. As it is ex-
pected from the equations described below, the dependence of y;,2 with
beam energy is inversely proportional to the square root of the energy.
The values obtained from the graph are listed in Table 4.

Calculation of the half-angle has been performed considering the
following equations, where Barrett’s treatment is considered [59], and
the expression for the half-angle can be written in degrees as:

V1, = 0.8Frs(€)y, @

where the value of Frg(¢) is obtained from Fig. 8.9 in [59], and y is the
characteristic angle, given by Eq. (3):

v, = 0.307(Z,2,/Ed) @)

Here, Z; and Z; are the atomic numbers for the projectile and target
atoms, respectively (Z1(He) = 2 and Zy(W) = 74), E is the beam energy in
MeV and d is the interatomic spacing along <111> axial direction which
is 2.74 A for W [59]. The value for the normalised distance ¢, is given by
the following expression where u; is the one-dimensional root mean
square thermal amplitude (0.050 A at 293 K for Ww):

_ 1.2u1
 a

¢ 4

For our condition ¢ equals 0.6, which then gives Frg(é) of 1.0. The
Thomas-Fermi screening radius a is described by the following Eq. (5),
where qg is the Bohr radius, ap = 0.528 10\, and

;2
a = 0.8853a, [\/z—1 + zz] 3 )

The calculated values for different *He beam energies, as summar-
ised in Table 4, are consistently slightly lower than the experimental
results across all beam energies. For the higher “He energies, the
calculated and experimental values agree within the error bars. How-
ever, at the two lowest “He energies, the experimental values are larger
than the theoretical predictions.

For comparison, the linear scan along the <111> axial channel on
the pristine sample has been simulated using the RBSADEC code [26,27]
for a 4 MeV He beam and compared with the experimental RBS-C scan
(see Supporting Information File). The agreement of the data shows the
power of the RBSADEC code to simulate the RBS-C signal.

1.5 T T T T T T T T T T v

Normalized yield

Theta []

Fig. 11. Evolution of the channel width with the He bean energy for the
pristine W(111) sample in <111> channelling direction.
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Table 4
Values of experimental and calculated half angle v /5 for 4.5, 4, 3.5 and 3 MeV
“He beam in <111> pristine tungsten.

E (MeV) (llll/z)expmmenml ) W1/2) cateutated (°)
4.5 0.89 £ 0.05 0.85
4 0.96 + 0.05 0.90
3.5 1.21 +£0.05 0.96
3 1.21 +£0.05 1.04

The evolution of the induced defects in the crystal lattice, influenced
by the implantation conditions, can also be analysed through linear
scans along the axial channel. The presence of defects in the crystal
lattice influences the trajectory of ions travelling along the channel.
When the presence of defects is sufficient, a part of the ions that initially
travelled “channelled” will experience a process called “dechannelling”
that will end with the collisions of ions with the host atoms. When the
scattering angle of these collisions is big enough, it may end up causing
backscattered ions. This increase in the number of backscattering ions
due to the presence of defects is measured as an increase in the minimum
yield at the bottom of the linear scan of the axial channel. Fig. 12 shows
the linear scans around theta angle measured on the different samples.
One can compare the yield at the minimum for the samples irradiated at
different conditions. As can be observed, the yield at the minimum
changes with the increase in damage. The pristine sample presents a
minimum yield close to zero. It has a square-like shape, which is char-
acteristic of good crystallinity. In the case of samples irradiated to 0.02
dpa/800 K (purple) and 0.02 dpa/290 K (green), even having the same
implantation dose, show different yields at the minimum, being smaller
for the 800 K case. The higher irradiation temperature results in fewer
defects due to the higher recombination probability between defects
since vacancies are mobile at these temperatures [33]. The same trend is
observed for samples irradiated at 0.2 dpa, where the sample irradiated
at 290 K shows the highest yield at the minimum, and the sample irra-
diated at 800 K is below the yield obtained on the samples irradiated at
290 K. The samples irradiated at 800 K show very similar yields. In
addition, when looking at the spectra in Fig. 9, the signals are just at the
surface very close to each other, and they start to deviate from each
other, getting a higher yield for 0.2 dpa/800 K sample only at depths
below 0.5 pm. This increase of the yield at the minimum is in agreement
with the displacement damage observed by TEM, where the highest
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Fig. 12. Comparison of the ion yield for the linear scans along the axial channel
<111> at 4 MeV “He energy for the pristine and the samples irradiated with W
at two doses and two temperatures.
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density of defects is observed on samples irradiated at 290 K to 0.2 dpa.

3.3. Positron annihilation lifetime spectroscopy

Positron annihilation lifetime measurements were performed by
sandwiching the positrons source between a well-annealed reference
and the W-irradiated sample of interest. The positron lifetime spectra are
shown in Fig. 13 after subtracting source and background contributions
and the 50 % of data produced by the reference. The single-component
positron lifetime obtained in the reference samples (using two pieces of
reference material) is shown as the black dashed line in the plot. All the
spectra obtained in irradiated samples clearly show longer lifetime
components than in the reference due to the irradiation-induced open-
volume defects. Clearly, the effect of irradiation temperature is stronger
than the effect of irradiation dose. The results of the detailed component
analysis are shown in Table 5.

In the reference sample (single crystal sample annealed at 2325 K),
one single component 75 = 108 ps was found. This is consistent with
reported values of positron annihilation lifetime in defect-free tungsten
(100-110 ps) [9]. Two-component analyses were performed on positron
lifetime spectra measured in irradiated samples. Compared to the bulk
value observed in the reference sample, the increase in the average
positron lifetime indicates the accumulation of open-volume defects
produced by self-ion irradiation. The analysed values of the longer
component (73) contain size information of irradiation-induced vacancy-
type defects in the samples. Earlier studies report that the positron
lifetime value in a mono-vacancy in tungsten ranges between 160 and
200 ps [9,33]. Here, the lowest value of 7, = 224 + 30 ps in 78g (0.02
dpa/290 K) irradiated sample suggests vacancy defects larger than a
mono-vacancy to be dominantly produced in the irradiated samples. The
increase in the value of 75 up to 265(8) ps with improved uncertainty
and relative increase of intensity (Iz) in sample 78f (0.2 dpa/290 K)
compared to 78g (0.02 dpa/290 K) indicate an increase of average va-
cancy size with more irradiation damage accumulation. Based on
theoretical calculations [9] the lifetime of 265 ps corresponds to small
vacancy clusters of a size Vo - V4. For the high-temperature (800 K)
irradiation process, the values of 7, increase above 400 ps regardless of
the irradiation dose. The absolute values directly indicate that large
vacancy clusters were produced with an estimated size of more than 25
missing atoms in the vacancy cluster, which implies a very different
microstructure evolution mechanism when increasing the irradiation
temperature from room temperature to 800 K. The reduced lifetime
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Fig. 13. Comparison of normalised positron lifetime spectra measured from
well-annealed single crystal tungsten (111) and as-irradiated samples. All
spectra have been modified with source and background subtraction.
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Table 5

Single-component (average lifetime t,,.) and two-component (lifetimes 7, and
T,) exponential decay analysis of lifetime spectra measured in well-annealed and
as-irradiated samples. (Tave (PS): T1 (PS) T2 (PS) Iz (%)). The reduced chi-square
values (y2) for each fitting are shown in the table.

Sample Irradiation Tave 7 2 (ps) L2 (%)

D conditions 7 (ps) (ps)
2325 - 1.035 108 108 - -

K_ref. (€9)]

78g 0.02 dpa / 290 K 0.969 116 110 224 5.2

@ (30) (2.5)

78f 0.2 dpa / 290 K 1.061 135 114 265 14.2

@ ® 1.3)

78¢c 0.02 dpa / 800 K 1.045 169 102 429 20.4

@ )] 0.9

78b 0.2 dpa / 800 K 1.083 193 106 453 24.9

@ ©)] 0.3)

component (71) analysed as 110-114 ps in 290 K irradiated samples and
as 102-106 ps in 800 K irradiated samples is comparable with the bulk
value (108 ps). The results are expected as 10.8 MeV self-ion irradiation
produces damage in the first couple of micrometres in the near-surface
layer, with roughly 75-80 % of the positrons expected to annihilate in
the undamaged region deeper in the samples depends on the exponential
stopping profile of energetic positrons emitted by the radioactive (")
source in tungsten. [31] This strongly suggests that the positron trapping
is in saturation to the vacancy clusters in the damaged region in the
samples 78c and 78b irradiated at 800 K.

3.4. Positron annihilation spectroscopy - Doppler broadening

The S parameters as a function of positron implantation energy (E)
measured in 2325 K annealed and as-irradiated single crystals tungsten
are shown in Fig. 14. The top X-axis shows the mean positron penetra-
tion depth in tungsten. All irradiated samples show higher S parameters,
which indicates open-volume defect accumulation at the near-surface
region (0 ~ 500 nm). A depth of 500 nm is the maximum depth detec-
ted by slow positrons. A clear dose effect is observed for the samples
irradiated under the same temperature. Compared to the S parameters at
a low dose (0.02 dpa), the relative increase at a high dose (0.2 dpa)
indicates additional accumulation of vacancies either larger in size,
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Fig. 14. S parameters measured as a function of implanted positron energy.
The statistical errors are on the same scale as the data points.
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concentration, or both. Similarly as in the case of lifetime experiments,
the temperature effect on the S parameters is stronger than the dose
effect.

We present (S, W) data points from selected depths in the S-W plot in
Fig. 15. For the well-annealed reference sample, we only show data
points from the highest positron implantation energies 18-20 keV,
which shows the experimental (S, W) parameters closest to the values
obtained for positron annihilation in defect-free tungsten. For the
measurement data of irradiated samples, we extracted the (S, W) points
measured by positrons with implantation energy of 5, 10, 15 and 20 keV.
The relative (S, W) distribution and evolution with depth show that the
vacancy defects are smaller in size but higher in concentration closer to
the surface. This is evident from the behaviour of the (S, W) parameters.

As shown in Fig. 15, we have plotted several dashed lines (L; — L4) to
interpret the evolution of the size and concentration distribution of
vacancy clusters with irradiation dose and temperature. All the lines
originate from the bulk point of (S, W), and the relative change of line
slope implies the growing of clusters in size [9,21,60]. The mono-
vacancy (Sy; = 0.447(4), Wy1 = 0.012(1)) data point has been esti-
mated by ratio the experimental data (Sg =0.412(1)), Wg =0.0170(3))
measured in well-annealed reference with normalization of (S,s =
1.0864, W,,s = 0.71) [60]. The L, line represents the (S, W) parameter
behaviour of positron annihilation in mono-vacancy since the calculated
relative (Sy;, Wy1) parameter for mono-vacancy is well located on this
line [21]. The location of (S, W) points on L, line represents small va-
cancy clusters with at most 2-4 missing atoms. The location of (S, W)
points on Lz and L4 lines represent positron annihilation in larger va-
cancy clusters (n > 25, possibly up to 50 missing atoms) with respect to
the positron lifetime analysis [60]. All these observations are in line with
the positron lifetime data. The evolution with increasing probing depth
(shown with arrows) indicates that the vacancy clusters are slightly
larger deeper in the sample than close to the surface. At the same time,
the concentration of these vacancy clusters is slightly lower deeper in
the sample, as seen from the (S, W) drawn closer to the bulk reference
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Fig. 15. The S-W plot of well-annealed and as-irradiated single crystal W (111)
samples. For the reference sample, the (S, W) points with positron energy of
(18-20) keV were extracted from well-annealed sample data, presented by cross
marks. For the irradiated samples, the selected data points with positron energy
of 5, 10, 15, and 20 keV have been shown to represent the irradiation-induced
defect characteristics at different depth layers. The mono-vacancy point is ob-
tained from Ref. [9, 60]. The dashed lines L; — L, indicate positron annihilation
at different defect types: L; single vacancies, L, small vacancy clusters (V- V4),
L3 medium-size vacancy clusters, L, large vacancy clusters. The arrows indicate
the variations of the measurement data from the near-surface to the bulk with
the increment of detection energy.

13

Materials Characterization 224 (2025) 115050

point. For the 78g (0.02 dpa/290 K) sample, we determined mono-
vacancy produced at the near-surface layer (~30 nm), while the varia-
tion of vacancy type has been observed in deeper layers. With the mean
detection depth of 265 nm, small vacancy clusters (2 < n < 4) have been
determined. For the 78f (0.2 dpa/290 K) sample, it turned out to be a di-
vacancies accumulation close to the surface with a higher concentration
than the low dose sample. There is less defect size variation in this
sample from the surface to the bulk, and there small vacancy clusters n
= 4 (V4) prevail. From these observations, we can infer that the structure
is similar to a low-dose sample, while small cluster accumulation takes
place by increasing the irradiation dose. For the 800 K irradiated sam-
ples, the distribution of selected (S, W) points clearly shifted to larger
vacancy cluster lines (L3 and L4) compared to the samples irradiated at
290 K, which is also consistent with the PALS results. For the 78c (0.02
dpa/800 K) sample, we speculate vacancy clusters of size about 25 (Vy5)
to be produced at the near-surface layer, while the increment of cluster
size number has been determined in deeper layer. With the maximum
mean detection depth of slow positrons, larger vacancy clusters of the
size of around 50 could be estimated. For the 78b (0.2 dpa/800 K)
sample, we also observe similar variation phenomenon that relatively
smaller-sized vacancy clusters (~ Vss) are distributed in the near-surface
layers, while the size of defect cluster increased up to ~ Vs¢ in deeper
layers due to the shifting of (S, W) points from L3 to Ls4. The upper-left
shifting of (S, W) points of 78b compared to 78c suggests larger va-
cancy clusters formation due to the damage dose accumulation at 800 K.
The fact that a concentration effect can be interpreted in the evolution
suggests that the positron trapping is not fully in saturation. Hence, we
conclude, comparing to the interpretation of the lifetime experiments,
that the positron trapping in the 800 K samples is very close to the
saturation limit. Assuming a value of sy, = 1 x 10 57! for the trapping
coefficient at large vacancy clusters and applying the atomic constant
number N, = 6.34 x 10%%at./m~3 of tungsten, we can estimate the
irradiation-induced vacancy cluster concentration as low-to-mid 10%*
m ™ in the damaged region of the samples irradiated at 800 K. This
corresponds to a mono-vacancy concentration in the 10®m3 range. We
note that estimating the concentrations of the irradiation-induced va-
cancy defects is challenging as the positron lifetime experiments with
fast positrons probe in large part the non-damaged region, and as the
non-uniform defect profile seen in the (S, E) data prevents performing
trustworthy analysis of the positron diffusion length in the irradiated
samples. However, by combining the observations from both positron
lifetime and the Doppler broadening data, we can make a tentative es-
timate of the vacancy defect concentration as described above in the
800 K irradiated samples. In the case of the samples irradiated at 290 K,
lifetime data show a clearly smaller fraction of positrons annihilating at
irradiation-induced vacancy defects than in the 800 K samples. This is
most likely due to the shallower damage profile in the 290 K irradiated
samples, as in the 800 K irradiated samples the mobility and clustering
of the vacancy defects is expected to widen the distribution towards
deeper in the sample [33,60]. The significant increase in the intensity Iy
of 7o when increasing the damage dose from 0.02 dpa to 0.2 dpa (78 g vs.
78f) suggests that in the 0.02 dpa sample the positron trapping is not in
saturation in the damaged region. On the other hand, the fact that the (S,
W) data in Fig. 15 are beyond the monovacancy point for the 0.02 dpa
sample suggests that the trapping is not far from saturation to the small
vacancy clusters. At these low damage levels at 290 K, we expect the
concentration of the irradiation-induced vacancies to follow the damage
dose roughly linearly due to the immobility of the vacancy defects.
Assuming that for small vacancy clusters (N < 10) the positron trapping
coefficient behaves as uy = N, where y,, = 10'° 571, our tentative

estimate for the concentration of the small vacancy clusters (2 < n < 4) is
low 10%* m~2 in the 0.02 dpa sample and low-10%°> m~2 in the 0.2 dpa
sample.
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3.5. Nuclear reaction analysis (NRA) deuterium depth profile
measurements and thermal desorption spectroscopy (TDS)

The samples evaluated by PAS were afterwards exposed to D plasma
and analysed by NRA using a >He beam at different energies to obtain
quantitative D depth profiles (Fig. 16). D concentration of unirradiated
W at the depth below 1.5 pm reaches values below 10~ at. %, which is a
typical level for non-irradiated W [5] under this D loading conditions
and is close to the sensitivity limit. In contrast, for all W-irradiated
samples, the amount of retained D is substantially increased in all
samples due to the defects present in the microstructure. The increased
D concentration is observed down to about 1.5 pm, which is in good
agreement with the SRIM-calculated damage depth profile, also shown
in Fig. 16 for the low damage dose. For the samples irradiated at 800 K,
the increased D concentration extends down to 2 pm. The D concen-
tration is the highest for the 78a (0.2 dpa/290 K) sample with 2 4+ 0.08
at.% at the maximum. The sample 78h (0.02 dpa/290 K) shows about
half that concentration with 0.98 + 0.04 at.% at the maximum. The D
concentrations for the samples damaged at 800 K are 0.38 + 0.02 at.%
for 78e (0.2 dpa/800 K) and 0.28 + 0.03 at.% for 78d (0.02 dpa/800 K).
We can conclude that higher irradiation temperature and lower damage
dose result in smaller D concentration, indicating also fewer open vol-
ume defects.

In the D depth profiles, we observe a gradient of D concentration,
indicating also a gradient of the defect concentration caused by heavy
ion irradiation from the surface down to <0.5 pm. From the PAS analysis
we learned about defect concentration and defect type down to 500 nm;
in this damage region, the D concentrations are 1.85 + 0.07 at. % for 0.2
dpa/290 K sample, 0.63 + 0.05 at. % for 0.02 dpa/290 K sample, giving
a ratio of three between the high and low damage dose. For the 800 K
irradiated samples, the D concentration is 0.38 + 0.02 at. % for 0.2 dpa
and 0.13 + 0.02 at. % for 0.02 dpa, resulting also in a ratio of three.

These samples, that were before analysed by PAS, loaded with
deuterium plasma and analysed by NRA, were subjected to a TDS
analysis using a heating ramp of 3 K/min. The measured deuterium
desorption is shown in Fig. 16 for the four samples studied. The 0.2 dpa/
290 K sample has two peaks, as has already been obtained for such
highly damaged sample at 290 K [5], with the low-temperature peak at
570 K being higher than the high-temperature peak at 780 K. The 0.02
dpa/290 K sample also shows two peaks that are half as large as the 0.2
dpa/290 K sample, with a similar ratio between the low and the high-
temperature peaks. However, both peaks are at a bit lower tempera-
ture as compared to the high damage dose sample, where low-
temperature peak has a maximum at 540 K and the high-temperature
peak at 755 K. It is interesting that in both cases at low and high dpa,
the low temperature peaks are broad with a right shoulder at 630 K,
especially pronounced for 0.02 dpa, indicating that there are probably
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two peaks combined. This is not the case for the 800 K samples, where
the D desorption is lower compared to the 290 K samples, being in
agreement with the NRA analysis and peaks look more symmetric.
Moreover, contrary to the 290 K case, the low and the high-temperature
peaks are of similar heights for the 800 K samples. The D desorption for
the 0.2 dpa/800 K sample is higher than the D desorption of the 0.02
dpa/800 K sample, which is again in agreement with the NRA results.
The desorption temperatures for the low-temperature peaks are at 545 K
and at 530 K and the high-temperature peaks are at 780 K and 808 K, for
samples irradiated at 800 K to 0.2 dpa and 0.02 dpa, respectively. During
the TDS we do not expect evolution of the defects since in an detailed
annealing study in 0.23 dpa /290 K irradiated tungsten pre-filled with
deuterium we found that defects starts to evolve only after the deute-
rium is gone [61].

4. Discussion on comparison between different techniques

In the discussion section, we compare the results obtained by indi-
vidual techniques, keeping in mind that each method offers distinct
insight into the modified crystal structure. We will first compare the
TEM results with the RBS-C measurements, as both are mainly sensitive
to dislocation-type defects. The backscattering yield increases with
damage dose and decreases with temperature. This agrees with the TEM
results, where the largest and most extensive dislocation lines are
observed on the 78f (0.2 dpa/290 K) sample, and then the dislocation
features become smaller and less dense with lower damage dose and
higher temperature (Figs. 6 and 7). Moreover, the relative disorder data
as a function of probing beam energy show a positive slope for 0.2 dpa/
290 K, indicating that extended defects are predominant defects, as
confirmed by TEM analysis, where long dislocation lines have been
observed for this sample. The relative disorder of the data obtained on
other samples shows almost no slope, meaning that the predominant
defect type would be a discontinuous type of defects. As demonstrated
by TEM analysis in Figs. 6 and 7, small dislocation loops have been
observed for the sample 78g (0.02 dpa/290 K), dislocation lines and
black dots for the sample 78b (0.2 dpa/800 K) and loop and isolated
lines for the sample 78c¢ (0.02 dpa/800 K). This comparison allows us to
conclude that the RBS-C and TEM results are consistent in reflecting the
overall trend of defect formation in the samples.

Next, we compare PAS analysis with SEM and TEM. Positron anni-
hilation spectroscopy (PAS) revealed varying concentrations of va-
cancies within the first 30 nm of the near-surface region. As reported in
[71, the distribution of dislocation loops normalise at damage depths
greater than 100 nm. These align with our SEM-ECP observations, where
ECP patterns stabilised at voltages beyond 10 kV, penetrating to a depth
of 0.17 pm, and with defect observations made by BF-STEM analysis,
where the thickness of the defect depleted zone near the surface for
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dislocation-type defects was measured in the order of tens of nanome-
ters. As the irradiation dose increases for W samples irradiated at room
temperature, the primary interstitial-type defects transform from dislo-
cation loops (< 0.1 dpa) into dislocation lines (0.1-0.15 dpa), and
eventually forming dislocation networks (> 0.15 dpa). Finally, a dy-
namic equilibrium of defects is achieved at doses >0.2 dpa, charac-
terised by a stable microstructure where networks and loops coexist [7].
Vacancy clusters in W typically evolve into dislocation loops when they
reach a critical size of about 20 to 50 vacancies [60,62]. However, this
can vary based on irradiation conditions, such as dose rate and tem-
perature, as well as specific microstructural environments. Dislocation
loops in tungsten typically form as (100) or (111) loops. At higher
temperatures, the mobility of vacancies increases, which can lead to the
formation of larger vacancy clusters before they evolve into dislocation
loops. Conversely, at lower temperatures, smaller clusters might be
sufficient to trigger the dislocation loop formation. Higher irradiation
doses lead to a higher concentration of vacancies, which can cause
smaller vacancy clusters to reach the critical size more quickly, leading
to earlier dislocation loops forming in the irradiation process.

Further, we can compare cluster sizes obtained by PAS and TEM.
With PAS analysis we can determine if voids of a detectable size should
appear in TEM, as TEM can identify vacancy clusters above a certain size
threshold, at which point they are classified as voids. According to
[63,64], a void measuring 1.51 nm in diameter corresponds to approx.
113 vacancies. From Ref. [64] and the table within, and using this
relationship between void size (calculation of the void volume) and
vacancy clusters, a 0.94 nm void would equate to a cluster of about 27
vacancies. For the samples irradiated at 290 K, the vacancy clusters are
relatively small, up to about 4 vacancies (V4). In contrast to the 800 K
samples, where PAS detected clusters of around 25 vacancies (Vys5) at
0.02 dpa, increasing to 50 vacancies (Vso) at 0.2 dpa; implying a void
size of approximately 0.92 nm for low-dose irradiation and 1.16 nm for
high-dose irradiation. In the TEM analysis of the sample irradiated at 0.2
dpa/800 K, we observed voids ranging in size from 0.25 nm to 1 nm
(mean ferret of 0.44 nm corresponding to V4), with a density of 5.46 x
10%* m~3, of the same order of magnitude as observed with PAS.
Moreover, the vacancy cluster size detected by PAS agrees with the void
size observed by Hu et al. [21] observing voids between 0.97 and 1.13
nm, depending on the sample purity.

The PAS results were validated by the D retention study using NRA
analysis. The implantation at 290 K led to higher D retention than im-
plantation at 800 K due to the influence of vacancy mobility. PAS
analysis showed that at 0.02 dpa at 290 K, mono-vacancy (Vi) and va-
cancy clusters (Va.p<4) form in the near-surface region. However, as the
damage increases to 0.2 dpa, mono-vacancies begin to coalesce, forming
larger vacancy clusters (V3 to Vs). The molecular dynamics calculations
[65] agree well with the PAS results, showing dominant production of
single and di-vacancies. The D concentration at 0.02 dpa (0.63 at.%) is
half lower than the concentration in the 0.2 dpa / 290 K sample (1.85 at.
%). At 800 K, hydrogen isotopes will be trapped in large vacancy clusters
(> Vas). For the 800 K, the D retention decreases as compared to 290 K
irradiation, reaching 0.38 + 0.02 at.% for the sample damaged to 0.2
dpa and 0.28 + 0.03 at.% at 0.02 dpa damaged sample. With the in-
crease in the irradiation dose, the vacancy cluster size increase from Vog
to Vsg, with concentrations low-to-mid 10** m~3. D retention in
damaged W increases proportionally with irradiation dose, with D
retention nearly twice larger as the dose increases from 0.02 to 0.2 dpa.
This trend is consistent for the 290 K and 800 K irradiated samples.
Further macroscopic rate equation modelling is needed to obtain the
detrapping energies of D in defects and concentrations of the individual
defects from the TDS spectra, which is out of the scope of this paper.

To correlate the D concentrations with the defect concentrations
obtained by PAS (Table 5), one needs to know how many D atoms can be
contained in vacancy clusters of a certain size. In this comparison, the
main assumption is that hydrogen isotopes are trapped in tungsten at
open-volume defects, which are vacancies and vacancy clusters. Density
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functional theory showed that a single vacancy can contain up to 6
deuterium atoms at low temperatures [66], whereas vacancy clusters
can contain even more deuterium atoms, as shown in [67]. The number
of D that can be stored in the defect steadily increases with the size of the
cluster and is dependent on the loading temperature. If we make a
simple calculation for the sample irradiated at 0.02 dpa / 290 K where
di-vacancies are dominant, PAS gives a density of low 10%* m™3,
Assuming these divacancies concentration as single vacancies, multi-
plying the density by two, we get density for single vacancies of mid
10%* m~3. Dividing the volume concentration by W density of 6.34 x
1028 m™3, this result in a vacancy atomic concentration of 1072 at. %.
Multiplying this concentration with 6, assuming 6 D atoms fill a va-
cancy, one gets a D concentration of 0.05 at.%. In the NRA D depth
profile study, we obtained 0.63 at. % in the PAS-DB detection region.
This means we are missing one order of magnitude of defect density
from PAS. Still, one needs to consider that there is a distribution of va-
cancy clusters inside the sample with different number of vacancies, and
PAS gives only the concentration for the defect that is mostly populated.
Namely, when larger vacancy clusters are present in the sample, the
positrons are more attracted to larger vacancy clusters that are most
populated. This implies that, given an equal concentration of small and
large vacancy clusters, the relative sensitivity to detect small vacancy
clusters decreases. This likely contributes to the observed underesti-
mation of D concentration based on vacancy cluster concentration
measurements in PAS-DB. Further information about the concentrations
for individual vacancy clusters in the samples could be extracted from D
depth profiles and the TDS spectra using macroscopic rate equation
modelling, which is out of the scope of this paper.

5. Conclusions

This study aims to compare multiple analytical techniques to inves-
tigate how the influence of exposure temperature and dose affect defect
formation, and to correlate insights gathered from each technique. A
method for advanced surface preparation of tungsten (111) single
crystal was developed, which consists of stepwise vibrational polishing
and additional high-temperature annealing to achieve a defect-free
microstructure. The electron channelling pattern (ECP) in SEM, which
serves as a stereogram of the crystal lattice projected along the optical
axis, was effectively used for assessing surface quality, verifying suc-
cessful irradiation (e.g., detecting possible shadowing), ensuring precise
azimuthal orientation of the samples during oriented sample prepara-
tion, and qualitatively estimating the amount of introduced crystal
structure defects.

Self-ion irradiation of W(111) at temperatures of 290 K and 800 K
was successfully performed to deliberately introduce various types of
defects into the microstructure. Both undamaged and damaged samples
were analysed using multiple analytical techniques to characterise the
types and amounts of defects, including electron microscopy, multi-
energy RBC-C, positron annihilation lifetime and Doppler broadening
spectroscopy (PALS and PAS-DP), nuclear reaction analysis (NRA) for
deuterium (D) depth profiling and thermal desorption spectroscopy
(TDS) for D trapping kinetics. This is the first time these methods have
been applied to tungsten single crystals prepared under the same irra-
diation conditions for two irradiation doses of 0.02 dpa and 0.2 dpa and
two temperatures of 290 K and 800 K.

TEM and RBS-C provided insights into dislocation-type defects,
while PAS and NRA revealed information on open-volume defects, va-
cancies, and vacancy clusters. There is a strong agreement between
these techniques, offering complementary data. For instance, PAS
revealed the dominant size of vacancy clusters across samples, while
NRA quantified the total defect sites that trap hydrogen, and TDS offered
D detrapping kinetics, which could then be linked to specific defects.
This combined information is essential for predicting hydrogen trapping
energy in defects and supports rate equation modelling from ab initio
data. Such data directly validate theoretical models, like molecular
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dynamics simulations, in predicting defect formation, including both
dislocation and vacancy types.
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