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Abstract

The evolution of Frenkel pairs has been studied experimentally and theoretically in
tungsten, a Body-Centered Cubic metal. We used positron annihilation spectroscopy to
characterize vacancy defects induced by electron irradiation in two sets of polycrystalline
tungsten samples at room temperature. Doppler Broadening spectrometry showed that some
positrons were trapped at pure single vacancies with a lower concentration than expected. At
the same time, positron annihilation lifetime spectroscopy revealed that positrons are
annihilated in unexpected states with a lifetime 1.44-1.64 times shorter than that of single
vacancy (200 ps), namely unidentified (X) defects. Secondary ions mass spectrometry detected
a significant concentration of oxygen in these samples, of the same order of magnitude as
electron-induced single vacancy. In addition, Cluster dynamics simulated defect behaviors
under experimental conditions, and Two-component density functional theory was used to

calculate defect annihilation characteristics that are difficult to obtain in experiments. Finally,
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by combining the theoretical data, we simulated the positron signals and compared them with
the experimental data. This enabled us to elucidate the interactions between oxygen and Frenkel
Pairs. The X defects were identified as oxygen-vacancy complexes formed during irradiation,
as oxygen is mobile in tungsten at room temperature, and can be trapped in a vacancy, while its
binding to self-ion atoms leads to their immobilization thus reducing defect recombination.
Therefore, we anticipate oxygen to play an important role in the evolution of tungsten

microstructure under irradiation.

1. Introduction

Refractory metals are essential in future nuclear industrial infrastructure, thanks to their
high melting point, high thermal conductivity, and low sputtering rate. For instance, tungsten
and its alloys [1-5] are the most mentioned candidates as plasma-facing components and
divertor in fusion applications [3,4,6]. In future fusion power plants, they will be exposed to
high fluxes of Hydrogen (H) and Helium atoms and will have to withstand intense neutron
irradiation. Such extreme conditions modify the crystal structure, displacing atoms from their
initial lattice sites, and creating Frenkel pairs (FPs) i.e. a displaced self-interstitial atom (SIA),
leaving a vacant site (single vacancy, V1i). The diffusion and interaction of FPs induce other
defects (voids, dislocation loops, vacancy complexes, etc.), at the origin of microstructure
evolution [7], which is harmful to materials [8-11], degrades their properties [8,12], and then
limits reactor performance [13-15]. Hence, understanding microstructural evolution is a
preliminary step towards improving, adapting materials, and extending the active service life
of future fusion power plants.

Electron irradiation is an efficient method to induce isolated FPs in metallic materials and
can be used to study defect properties in detail. Was and Allen claimed that the FP production
rate is near 100 % in nickel (Ni) with 1 MeV electron [16]. Numerous resistivity recovery (RR)

experiments on electron-irradiated metals were realized in the 70s-80s [17-19], revealing the
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different defect evolution stages, in which Stage | was attributed to the migration of SIAs. In
iron, Body-Centered Cubic (BCC) metal, Takaki et al. [20] isolated two sub-stages of Stage I,
I.e. Ip2, and Ig, corresponding to the recombination of correlated and uncorrelated FPs. Twenty
years later, Fu et al.[21] have obtained similar results by performing simulations based on
kinetic Monte Carlo. For Face-Centered Cubic (FCC) metals, RR experiments in electron-
irradiated platinum showed a recombination fraction of 63 % for non-correlated FPs [22]. In
tungsten, due to the high mobility of SIAs, a non-negligible population of electron-induced FPs
should be recombined. However, the recombination rate (Rc) in this material is still an unsolved
ISSue.

Furthermore, light-element impurities (LEs) may play an important role on the defect
evolution. Lu et al. [23,24] summarized numerous theoretical works and showed that vacancy-
oxygen (O) and carbon (C) complexes can bind with hydrogen (H) atoms and act as H-trapping
sites. These complexes can be germs for clustering of H which is considered as the origin of

the blisters observed in tungsten [25,26].

Experimentally, we also demonstrated that LEs act on the evolution of vacancy-type
defects in self-ion irradiated tungsten [27]. While the effect of C [28,29] has been addressed in
numerous works, the effect of O on the behavior of defects in tungsten has yet to be studied,
particularly with experimental methods. In vanadium, Zhang et al.[30] argued that the
hardening induced by dislocation accumulation is not sufficient to explain their experimental
data suggesting that the missing strain hardening component is due to oxygen-vacancy
complexes and conclude that detection of such defects is very challenging.

Positron annihilation spectroscopy (PAS) was demonstrated to be a well-adapted technique
to characterize vacancy-type defects [31,32]. The complementarity of Doppler Broadening and
lifetime spectroscopies makes it possible to quantify the vacancy defects and access their nature

using simulation [33-35]. Accordingly, in the present work, we have combined theoretical and
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experimental studies to better understand the properties of defects and the impact of O on the
PAS signals and defect recombination. We investigated the behavior of FPs in a typical BCC
metal, i.e. tungsten, using 2.5 MeV electron irradiation at room temperature (RT) to introduce
a quantifiable fraction of FPs. We employed PAS and, as a complement, transmission electron
microscopy (TEM) to characterize damaged samples. In addition, secondary ion mass
spectrometry (SIMS) was used to quantify the LEs in our samples. In terms of theory, we chose
Cluster dynamics (CD) which has proven to be an appropriate and accurate method for
simulating the evolution of simple homogeneously dispersed defects in metals [36] such as
those induced by electron irradiation. Furthermore, referring to the promising findings that have
been discovered for vacancies in tungsten[37], we have used Two Component Density
Functional Theory (TCDFT), to calculate the positron annihilation characteristics -lifetime and
Doppler broadening spectrum- for various vacancy-oxygen complexes. Finally, we applied the
positron trapping model [31,38] to calculate positron annihilation signals in irradiated samples
using CD and TCDFT data. The comparison of calculations with experimental results

highlighted the effect of O on the evolution of defects during irradiation.

2. Methods

2.1 Material and irradiation conditions

High purity (HP, 99.95 wt.%) tungsten samples (7 x 7 x 0.3 mm? plates, and @3 mm discs)
were purchased from Neyco (Nc) and Goodfellow (GF) companies. The Nc samples were
mechanically polished and annealed at 1600 °C for 1 hour under high vacuum (~ 10" mbar) to
eliminate the native and polishing-induced defects. However, this temperature was insufficient
to eliminate all the defects for the sample recently purchased from Goodfellow (GF series). The
annealing temperature was subsequently raised to 1700 °C, and the duration was extended to 3
h. After the annealing, a few discs were electropolished to create thin areas in the center, using

Tenupol-5 with a double jet of NaOH solution (0.05 mol. L, 20 °C, and a voltage of 15 V) for
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10 min. The configuration of the samples i.e. plates and thinned discs was adapted to the

characterization techniques i.e. PAS and TEM, respectively.
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Fig.1: Calculated damage profile of 2.5 MeV electrons in tungsten using POLY ET SMOTT program for two fluences LF: 1
x 102 m2 and HF: 2 x 10% m™2

2.5 MeV electron irradiations were performed using the SIRIUS accelerator [39] at
Laboratoire des Solides Irradiés (LSI). The tungsten samples (plate: Nc, disc: GF) were
damaged with an electron flux of ~5.5 x 101" m. s’ at about 50 °C for 2.5 and 5 days, to obtain
two fluences, namely a low fluence (LF: 1 x 102® m) and a fluence twice as high, the high
fluence (HF: 2 x 102 m™), respectively. The damage dose was calculated using the POLY et
SMOTT program [38-40] with a threshold displacement energy of 55.3 eV [43]. The estimated
damage profiles, i.e. displacement per atom (dpa) as a function of depth are plotted in Fig.1.
For both fluences, the damage dose decreases linearly until 150 um and becomes negligible
beyond 220 pum. Within the maximum slow positron penetrated region (~700 nm in tungsten
[44]), the damage dose can be considered approximately constant, corresponding to an average
value of about 8.33 x 10 dpa for HF, and 4.16 x 10 dpa for LF with the same standard

deviation of about 1 x 10 dpa.

2.2 Experimental characterizations

2.2.1 Positron annihilation spectroscopies
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When a positron penetrates the solid, under interaction with the host atoms, it is thermalized
and diffuses into the lattice. During the diffusion phase, the positron encounters an electron,
and the electron-positron (e—e™) pair is then annihilated by emitting gamma rays. In a perfect
lattice, a positron annihilates in a delocalized state called “lattice state™. If a positron finds open
volumes along its diffusion path, it has a high probability of being trapped [31,32] in such
vacancy-type defects, where it experiences relatively weak coulomb repulsion from the nucleus.
Once the positron is trapped, it annihilates in this localized state, the vacancy defect-related
state. The electronic density is different in each annihilation state (lattice or different types of
vacancy defects). Therefore, the annihilation characteristics vary from one defect to another.
This makes PAS a sensitive and widely used technique for probing vacancy-type defects in
materials [31,32]. For this reason, Slow Positron Beam Doppler Broadening Spectroscopy
(SPB-DBS) and Positron Annihilation Lifetime Spectroscopy (PALS) measurements were
employed to characterize the electron-induced defects in tungsten.

A Doppler Broadening spectrometer is coupled to a slow positron accelerator at the
CEMHTI laboratory [45]. This instrument provides a variable monoenergetic positron beam,
with energies ranging from 0.5 to 25 keV. The positron beam has a diameter of 1 mm and moves
over a 3 mm spot as its energy increases from 0.5 to 25 keV. The penetration depth of slow
positrons can be estimated by the Makhovian model [46]. For the highest energy (25 keV), the
positron reaches a maximum of ~700 nm in tungsten [44]. In the SPB-DBS measurement,
Doppler Broadening - or emitted gamma rays - spectra, corresponding to the momentum
distribution of annihilated e-e* pairs, are recorded using a high-purity germanium detector as a
function of positron energy E. The dead time of the spectrometer is about 10 % and the energy
resolution of ~1.25 keV (full width at half maximum, FWHM), equivalent to a momentum
resolution of 4.89 x 102 mec (mo: electron mass, c: light speed). Gamma-ray detection

efficiency is higher than 25 % at 1.33 MeV. From each DB spectrum, the low momentum S
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and high momentum W annihilation fractions or parameters can be extracted. They are the ratio
of the count number in defined momentum ranges over the total count in the spectrum. The
momentum ranges are between 0 - |2.64| x 10 moc for S, and (]9.80] - |24.88|) x 10 moc for
W, respectively. To further investigate the defect distribution in the sample, the VEPFIT
program [47,48] is used to model the sample as several homogenous layers and convert S and
W measured as a function of positron energy i.e. S(E) and W(E) into a depth profile i.e. S(z)
and W(z). Each layer has specific annihilation characteristics i.e. S, W, and an effective
diffusion length L., which is physically linked to the defect concentration, and the intrinsic

diffusion coefficient of positrons.

Compared to DB measurement, PALS is more quantitative, in particular for determining the
nature of the defects. For this study, a fast positron-emitting source was fabricated by deposing
22NaCl on 6 pm-thick aluminum foil. The encapsulated source is a square of about 4x4 mm?.
and the ?2Na enriched NaCl salt deposit has a maximum diameter of 3 mm at the center. The
source was sandwiched between two equivalent samples (7 x 7 mm?). By detecting the gamma
photons emitted simultaneously to the birth (1.274 MeV), and the annihilation (~511 keV) of
the positron, using two fast detectors in coincidence. The spectrometer resolution is a Gaussian
function with a Full Width at Half Maximum (FWHM) of about 212 ps. The lifetime spectrum
is a convolution of the spectrometer resolution with a sum of decreasing exponential functions,
reflecting the different annihilation states experienced by positrons. The contribution of
positrons annihilated in the ??Na source is taken into account in the data processing. Each
experimental spectrum contains more than 5 x 10° counts, which ensures a correct
decomposition of the spectra. It is important to note that a fraction of the positrons annihilate
in the source. ANAPC program was employed to deconvolve the lifetime spectra. As is
generally done, three main contributions from the source are subtracted from the experimental

lifetime spectrum [49,50]. These contributions depend on the quality of the source and the
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nature of the samples. In this study, the source contributions were determined from the
experimental spectra of a pair of extra-high purity W samples (Plansee 99.9999 wt.%) annealed
at 1700 °C for 3h. The first source contribution (C1) has been identified as coming from the
source wrapping foil and has a lifetime of 230 ps and an intensity of 23.59%. Its intensity is
calculated using the Bertolaccini formula given in [51]. The second component (C>)
corresponds to the annihilations in the NaCl salt itself and or at the surface of the wrapping foil.
The corresponding lifetime is 450 ps. The third one (Cs), generally weak, is due to annihilations
of positronium probably formed on the surface of the samples or in the air between them [49,50].
The corresponding lifetime is 1500 ps. The intensities of the two longest correction sources are
estimated at (1.3 = 0.3) % and (0.35 = 0.05) %, respectively. Apart from these source

contributions, a single compound of the Lattice was revealed of about 103 ps.

The measured annihilation parameters (lifetime and S, W) depend on the specific
annihilation characteristics of the lattice, Xy, and traps i detected by the positron Xi (where X is
given for S, W or lifetime), and on the trapping rate ki being the product of their respective
concentrations C; by their specific trapping coefficient pi. The relationship between measured
annihilation parameters (lifetime and S, W) and k; can be formulated using trapping models
[38].

2.2.2 SIMS

In our previous works, we demonstrated that the LES probably interplay with vacancy-type
defects, leading to variation on the SPB-DBS signals [15,80]. DFT predicted very low
migration energy for O (0.17 eV) and high interactions with vacancy-type defects in tungsten
[24,52-54]. Hence, we employed SIMS to quantify O in some samples using a CAMECA IMS
7f available at Groupe d'Etude de la Matiere Condensée (GEMaC). The cations and anions were
collected in ultra-high vacuum (~10° mbar) by Cs* (15 kV, 40 nA, 23° respect to surface normal)

and O2"ions (5 kV, 100 nA, 45° respect to surface normal), respectively. The beams scanned
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the sample surface over a square area of about 150 x 150 um?, and secondary ion collection
was carried out in a smaller circular area (@ 33 um) to avoid edge effects. The mass resolution
M/AM was 400. The %0 signal is measured together with W ones as a function of time. To
evaluate the oxygen concentration, we applied the relative sensitivity factors (RSF) method [55]
determined in oxygen-implanted W samples. A profilometer (DEKTAK 8) was used to measure
the depth of the craters, allowing us to determine the sputtering rate, and to convert time profile
into depth. In addition, the error bar on the oxygen concentration determination is estimated to
be about 28 %.

223 TEM

The irradiated thin foil was observed using a JEOL ARMZ200F cold field emission gun
electron microscope operating at 200 kV and equipped with double spherical aberration
correctors. The observations were carried out in the zone axis [001] at different magnifications
from 50 to 600 kx, in various regions of the thin part of the sample. The dislocation structure
was characterized by weak-beam imaging mode using various diffraction beams, i.e. g (200),
(020), and (110), which were used to distinguish the two types of dislocation loops expected in
tungsten, those with ¥%2a<111> and <100> Burgers vectors (b) due to the extinction rule g-b=0
[56].

2.3 Simulation methods
2.3.1 Density Functional Theory

In parallel to the experiments, density functional theory (DFT) calculations were performed
with the Vienna Ab initio Simulation Package (VASP) [57] with the projector augmented wave
(PAW) [58] method. We utilized the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof exchange-correlation functional [59] for the electron exchange and
correlation potential. The 4 x 4 x 4 supercells with 4 x 4 x 4 T"-centered k-point mesh was used

to investigate tungsten. The plane-wave cutoff energy was set to 520 eV for all calculations.
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The structures of oxygen-vacancy complexes, OpV1 (p = 1-6) were built by referring You et al.
[53]. The 5p°5d*6s? and 2s?2p* electrons were treated as valence states for tungsten and O,
respectively. The criterion of convergence for the electronic loop was 10 eV. For ionic
relaxation, the force tolerance was 0.01 eV/A.

After calculating the electron densities with the standard DFT, the positron densities were
calculated using TCDFT in the relaxed structures. The TCDFT implementation used in this
work was developed by Makkonen et al. [60] based on VASP and the details can be found in
[60,61]. The Boronski-Nieminen local density approximation (LDA) [62] was used for
electron-positron correlation and enhancement factor. The positron was approximated to not
affect the average electron density, and the zero-positron-density limit was used [62]. This is
the so-called conventional scheme. It has been shown that this scheme provides results that
agree well with more self-consistent modeling due to certain compensation and feedback effects
[63]. The vacancy-type defects were fully relaxed by taking into account the repulsive forces
on ions induced by positron [60]. The momentum distribution of annihilated electron-positron
pairs was calculated with the state-dependent scheme [64] and PAW method [58,60]. The
computed Doppler spectra were convoluted with a Gaussian function with a FWHM
corresponding to the experimental resolution (4.89 x 10~ moc) and theoretical S and W values
were extracted using the same momentum windows as in experiments.

2.3.2 Cluster dynamics

To simulate the kinetic evolution of small vacancy-O and SIA-O clusters, we used a mean
field cluster dynamics approach as implemented in the CRESCENDO code [65]. Equations of
cluster concentrations are solved as a function of time. Physical phenomena taken into account
are: the production of defects (SIAs and vacancies) by electron irradiation, absorption of
migrating clusters by other clusters and by grain boundaries, and thermal dissociation of clusters.

Migration is assumed to be exclusively thermally activated, except for vacancies for which

10
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electron-induced diffusion is also considered [66,67]. The effect of grain boundaries is taken
into account through sink strengths, which also take into account the transition from 1D to 3D
mobility [66]. Parameters of the model are shown in Tab. 1.

The parametrization of pure vacancy and SIA clusters closely follows the OKMC
parametrization proposed by Becquart et al. [68]. In particular, we consider 3D mobility for
vacancies and vacancy clusters, 1D mobility for SIA clusters, and mixed 1D-3D mobility for
SIAs. Reaction rates for this latter case can be found in references [69,70].

We then assume that O is the only impurity acting on the clustering process, due to its
rather high mobility and its strong binding with vacancies [54]. The exact concentration of O
dissolved in the matrix is not precisely known experimentally. O may form oxides and migrate
to grain boundaries, leading to a much lower concentration in the matrix than the one measured
by SIMS. Taking into account the formation of oxides and the interaction of O with grain
boundaries is beyond the scope of the present study. Instead, we perform a parametric study of
the role of O, by varying its concentration as dissolved in the matrix from 0 to 220 appm.
Accordingly, grain boundaries are considered only when the O concentration is zero.

In our model, Vacancy-O clusters are 3D objects that can contain up to 6 O atoms. This
assumption is probably more valid for small vacancy clusters. We will see in the next section
that Vacancy-O clusters indeed remain small in the present experimental conditions. These
clusters are also assumed to be immobile. The binding energies of vacancies and O atoms to
these clusters are deduced from formation energies calculated by DFT for OpV1 clusters [54].
For other cluster sizes, we determine the vacancy binding energy as the maximum of the value
given by a capillary law (assuming that vacancies will essentially bind together) and the binding
of a vacancy with an O atom (assuming that a vacancy will preferentially bind with an O atom).

No formation of pure O clusters is permitted, as their diffusion behavior is unknown.

11
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SIA-O clusters may also form in our model, under the form of dislocation loops trapped on

O impuirities. Such clusters are thus assumed to be immobile, unlike pure SIA clusters which

migrate very quickly along their glide cylinder. Binding energies of O are given by an analytical

model fitted to DFT results [29], whereas no effect of O on the binding energies of SIAs and

vacancies to loops is considered. It is assumed that an interstitial loop cannot host more than

one O atom every 2b along the dislocation line, where b is the norm of the Burgers vector of

the loop.

Tab. 1: Parameters for the cluster dynamics simulations.

Parameter Value Reference
Temperature 323K EXP
Electron energy 2.5 MeV EXP
Electron flux/damage rate 55x107m?2s1/2.3x10°dpas? EXP
Grain size 10 pm EXP
Lattice parameter ao 0.316 nm -
Norm of the Burgers vector of interstitial loops 0.274 nm -
Diffusion prefactor of va (n=1, ..., 3) 4 x 10 /(10%)™1 m?s!
[68,71]

Migration energy of va (n=1, ..., 3) 1.66 eV [54]
Diffusion prefactor of O 3.75 x 108 m?%s? [72]
Migration energy of O 0.17 eV [54]
Diffusion prefactor of In(n=1, ..., 10) 1.5 x 10¥/n¥2 m?%s™! [68]
Migration energy of In(n=1, ..., 10) 0.013 eV [68]
Rotation frequency of a crowdion (i1) 6.59 x 102 Hz [72]
Rotation energy of a crowdion 0.38 eV [72]
Formation energy of vacancies and vacancy clusters Vn ~ DFT values forn <8 [65,68]

Capillary model for larger sizes
Binding energies of OpVn clusters (1 <p < 6) DFT values for OpV1 (p < 6)

See text for other cluster sizes 3]
Formation energy of SIAs and SIA clusters In DFT values for n < 12, discrete-continuum model 73]

for larger sizes
Binding energies of Opln clusters DFT values and analytical model for the binding

of O

[69]

Recombination distance of SIAs and vacancies
Absorption efficiency of SIAs by loops Zi

No influence of O for the binding of SIAs and
vacancies

2a0=0.632 nm

11
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3. Results

3.1 SPB-DBS

Fig.2a shows the S parameter as a function of the positron energy E of pristine and electron-
irradiated samples. For the pristine sample (Nc#6), within the energy range from 0.5 to 25
keV, S decreases progressively with increasing positron energy E. S-W plot in Fig.2b shows
that annihilation characteristics of the bulk tend toward the ones of the tungsten Lattice (S. =
0.367, WL = 0.0844) which have been identified for GF samples in [74]. By operating the
VEPFIT program, the S(E) and W(E) curves of the pristine sample were fitted by a single-layer
model. The S (0.366 (3)), and W (0.0855(3)) of the fitted layer are close to the tungsten Lattice
values, and an effective diffusion length of about 121 (4) nm indicates a low defect
concentration, which can be roughly estimated below the detection limit of the SPB-DBS
measurement (~10% m=3[74]).

For electron-irradiated samples with two fluences (LF: Nc#1 & 3 (1 x 102 m2) and HF:
Nc# 4, & 5 (2 x 102 m™?)), S(E) curves were plotted with downward and upward triangle,
respectively, in Fig.2 a. S increases with the fluence at all energies higher than 2 keV. Above 2
keV, the annihilation fraction at the surface decreases quickly, due to more annihilation at the
defects, S differs from the pristine sample value, and this deviation increases with positron
energy. Comparable evolution is observed for the samples irradiated together at the same
fluence (LF: Nc#1 & 5 and HF: Nc#3 & 4). It confirms a homogenous fluence on the surface
of the samples. However, the S(E) value dispersion reveals a heterogeneous distribution of
defects in the Nc samples. S decreases until 25 keV for samples irradiated at low fluence (LF:
Nc#l & 5), while it only decreases up to 18 keV and then plateaus for samples irradiated at
high fluence (HF: Nc#3 & 4). Because of this heterogeneous distribution, the homogeneous
multi-layer model used in the VEPFIT program is inappropriate to fit the defect distribution in

irradiated samples. Moreover, Fig.2 a shows the S(E) curve measured in B05, a GF disc

13
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irradiated at HF at the same time with Nc#3 & 4 plates. The S values are less dispersed in B05
compared to other samples. When the positron energy increases from 0 to 5 keV, the S
parameter decreases. Within the energy range from 5 to 25 keV, the S values fluctuate in BO5
with a mean value of 0.3981 (16), in contrast to the declining trend in other samples. The S
plateau value is higher than those measured in the same energy range for the irradiated Nc
samples. Furthermore, Fig.2 b shows the S-W plot, for both fluences. S-W points are located
close to the line L1, which was identified as the characteristic line of annihilation at V1 with the
saturated point (Svi, Wv1) [75]. These results suggest that the positrons annihilated mainly at V1
with a more or less heterogeneous distribution in Nc samples. Their concentration is greater in
samples after longer irradiation. The highest concentration was found in the GF B05 sample

but still did not reach the saturation signal of the single vacancy (V1 point in Fig.2) in tungsten

[75].
042| Pristine © Nc#6 — VEPFIT i ' ' ' lo.a2
LF v Nc#l Nc#5
041 HF A Nc#3 Ne#wd a BO5 | Vi 10.41
& 0.40 |& 10.40 5
£ =
0.39 10.39
n 0.38 10.38 nn
I—l
0.37 10.37
0.36 - b Lattice {0.36
0 5 10 15 20 25 0.06 0.07 0.08 0.09
Positron energy (keV) W Parameter

Fig.2: Annihilation characteristics of pristine sample (Neyco, square) in comparison with 2.5 MeV electron-irradiated ones at
two fluences, LF 1 x 102 (downward triangle) and HF 2 x 10%® m2 (upward triangle) at RT, a: low momentum parameter S as
a function of the positron energy E, and b: S versus W, fitted value (using VEPFIT) for pristine (Nc#6), mean values in the 5-
25keV range for B05, and value at 25 keV for damaged Nc samples, with the standard deviation as the error bars.

3.2 PALS
According to the damage profile in Fig.1, 2.5 MeV electrons induce damage until about
220 um. To complement the SPB-DBS measurements in the surface region (~700 nm), PALS

was used to obtain more information on the induced defects in the in-depth bulk (the first 50
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pm). Fig.2a shows processed PALS spectra (after source corrections, and deduction of
background noise) of the pristine and irradiated samples: the LF pair (Nc#1 & 5) and the HF

pair (Nc#3 & 4). Obviously, after irradiation, the spectra contain longer-lifetime components.

Tab. 2: Lifetime components deconvoluted from experimental spectra using the ANAPC program for pristine and electron-

irradiated sample pairs at 2.5 MeV, taking into account 3 components, the third being fixed at 200 ps.

Component 1 Component 2 Component 3
Fluence Taw T, I T, I T3 I3 ™
(x10®cm?  (ps) (ps) (%) (ps) (%) (ps) (%) (ps)
0 105 105+ 0.3 100 - - - - -
1 135 11+ 0.1 I1+£3 122 +£2 56 +£2 200 33+1 62
2 147 12+ 0.2 72 135 +£2 63+1 200 30+ 1 84

Using ANAPC to fit the spectra, a 105 ps lifetime component was extracted for the pristine
samples. This value lies within the lifetime range of the tungsten Lattice, from 100-110 ps [76—
79]. For irradiated samples, we have first tested a 2-component fit. The results showed a long
lifetime of 187 + 2 and 197 + 4 ps for High and Low electron fluence respectively and an
intensity of 53 and 40% respectively. These lifetimes are close to those expected for a single
vacancy. Meanwhile, a short lifetime with a value (102 ps and 127 ps respectively) close to that
of the perfect Lattice in tungsten was also found for both fluences. It’s noteworthy that when
positrons annihilate in more than one state, for example in a deep trap (defect with no detrapping)
and the lattice (delocalized state), the short lifetime indicating the time that positrons spend in
the lattice before being trapped or annihilated, this lifetime should be shorter than the lifetime
of the perfect Lattice. Furthermore, the T™ estimated with eq.1 was 135 and 148 ps respectively,
i.e. larger than that of the Lattice. This indicates at least a second trap (X defect) exists apart
from the single vacancy. Hence, a 3-component fit was attempted, but the number of free
parameters and the close values of the lifetime components prevented the fit. It should be noted
that in these analyses, vacancy clusters larger than the single vacancy were not considered, as
they are not expected to form in electron irradiation at RT: (1) due to the low energy of PKA,

the local density of displacements is low and no cascade is expected; and (2) because single
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vacancies are not mobile at RT, their migration energy is high i.e. Ey* = 1.66 eV [80]. To fit the
data with three components, the lifetime component t3 was fixed to 200 ps a value previously
identified for the single vacancy, i.e. 193-199 ps reported by theoretical works [82—84], and

195-200 ps obtained experimentally [75,84]. The fitted results are reported in

Tab. 2. The intensity of the third component 3 (fixed at 200 ps) was of approximately 30 %
was for both fluences. Meanwhile, a component with a very short lifetime t1 of about 10 ps with
a quite low intensity of about 10%, was also extracted. This component corresponds to the
‘reduced lattice’ lifetime, i.e. the time that positrons spend in the lattice before being trapped or
annihilated. Its value is very short compared to the lifetime of the perfect Lattice because most
positrons are trapped before annihilation. This indicates a minor fraction of positrons
annihilated in the Lattice. Such a short lifetime probably means that the limit of the
deconvolution was reached. This short component was taken into account because the
decomposition with three components shows the best variance compared to the two-component
decomposition. In addition, a component with an intermediate lifetime t2 of about 122, and 135
ps was deconvoluted from the spectra of samples damaged with both fluences, i.e. LF and HF,
respectively. Its intensity is about 56 % for LF and increases to 63 % for the HF. As a result,
the average lifetime has increased from 135 to 144 ps (Fig.3 b), when the electron fluence has
doubled, from 1 x 10% to 2 x 102 m. This result suggests that, in addition to the Lattice and
V1, one or more new positron traps (X defect) were created in electron irradiation at RT.
Furthermore, according to the trapping model [31], if 100 % of the positrons annihilated in the
identified states i in the experiments, the sum 1/tm of the ratio between the intensity I and the

lifetime 7; of each component should be equal to the reciprocal of the Lattice lifetime, i.e.7;,4¢zice-

(eq.1)
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However, the 7,,value obtained for both fluences is shorter than the tungsten Lattice

lifetime (

Tab. 2), suggesting that the positrons annihilate at more than three states.
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Fig.3: a) Processed experimental lifetime spectra without source correction nor background noise of the pristine and 2.5 MeV
electron irradiated samples Nc#l & 5 for low fluence and Nc#3 & 4 for high fluence, and b) the deconvoluted lifetime
components (lifetime and corresponding intensity) and average lifetime extracted from the lifetime spectra using the ANAPC
program versus irradiation fluence. The quality of the fit was checked by calculating the residual standard deviation between
the experimental and fitted spectra which is £3 over the entire time scale.

3.3 SIMS

Fig.4 a and b show the secondary anions and cations collected in Nc#3 within a mass range
from 0 to 250 a.m.u with Cs™ and O;" as the primary ions, respectively. Not surprisingly, the
tungsten isotopes appear with the highest intensity. Moreover, O appears as a major impurity
in spectra acquired with Cs* sputtering. In addition, it should be noticed that significant
intensities are detected at around 200, 216, and 232 a.m.u. respectively, which probably
correspond to O tungsten molecules (WOy) for several tungsten isotopes. It should be noted
that O cations collected with primary O2" ions cannot be used as an argument for the presence

of O in the samples, as is possible for anions collected after sputtering with Cs*.
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Then, the analysis was focused on the quantification of O, in the pristine (Nc#6) and
irradiated samples (Nc#3, B05). Fig.4 ¢ shows the O profiles collected by SIMS at three random
positions with primary Cs* ions. The O profiles are both comparable for Nc#3 and Nc#6,
suggesting that there was no significant introduction of O during irradiation. O concentration is
high at the surface and decreases rapidly, probably merely due to a native oxidized layer [85].
Beyond 200 nm, the profiles fluctuate down to 1.5 um depth, and the concentration varies from
30 to 250 appm, depending on the craters for a sputtered area of 150 x 150 um?. After reducing
the sputtered area to 100 x 100 um?, no obvious change in the O profile is observed in Nc#6 (at
~1250 nm), while there is a decrease for one crater in Nc#3 (at ~900 nm). We emphasized that
the O concentration returns to the value of a larger sputtered area between 900 and 2000 nm.
These results indicate that oxygen concentration is nonhomogeneous in the Nc samples. It
changes not only with depth but also with the characterized area

In contrast, O profiles obtained from the HF-damaged B05 sample are rather ‘clean’:
concentrations from three craters are comparable. A plateau is obtained from 200 to 1500 nm.
A clear decrease in O concentration was revealed after reducing the sputtering area, leading to
anew plateau with a lower concentration of about 25 appm. These results suggest that the SIMS
detection limit (<25 appm) of O was reached in BO5, and its distribution is homogeneous.

To summarize, a heterogeneous distribution of O concentration was revealed in Nc#3 and
Nc#6 (30 to 250 appm). The highest values are probably due to the presence of a significant
fraction of oxide nanoparticles. The lowest values revealed that O atoms could be dissolved in
the matrix with a concentration between 30 to 80 appm, as already observed in [86], in contrast,

the oxygen concentration is homogeneous and less than or equal to 25 appm in the B05.
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Fig.4: Mass spectra ranging from 0 to 250 a.m.u. of the secondary particles sputtered from the sample Nc#3 (2 x 102 m™), a)
collected anions with Cs* primary ions, and b) collected cations by using Oz* primary ions. ¢) O profiles of pristine (Nc#6,
yellow), and electron-damaged —HF- (Nc#3, green), and B05 (blue) for three random positions (Crater 1 to 3) plotted using
different line types.

34 TEM

During irradiation experiments, one tungsten-thinned disc (GF, 99.95 wt.%) was also
damaged at the HF (i.e. 2 x 10%® m™) simultaneously with thick samples. No dislocation loops
nor any black dots were observed (Fig.5) in the images indicating that no defects with a size
greater or equal to 1 nm were created during irradiation. This size is the minimum size for which
the diffuse contrast can be distinguished in TEM [87]. The thickness of the observed region
was estimated using EFTEM (Energy Filtered Transmission Electron Microscopy)
measurements and measures about 30 nm. Several zones over the thin region were observed for
a total surface of 3 x 102" m?. It follows that if some defects larger than 1 nm exist, their

maximum concentration should be about 1 x 10 m™,
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Fig. 5: bright field TEM images acquired using different g-vectors (g=(110), g=(200) and g=(020)) in a tungsten foil
irradiated with 2.5 MeV electrons at RT with a fluence of 2.10%° cm-2.

3.5 TCDFT

Since SIMS analysis shows an O concentration of the same order of magnitude as that of
induced V1, we focused our TCDFT calculations on the interaction between O atoms and V1.
Tab. 3 contains the total binding energy of oxygen-vacancy complexes and positron lifetimes
calculated for OpV1 complexes. Our binding energy values are in good agreement with the
values in [53]. The calculated positron lifetimes for annihilation in the tungsten Lattice and as
trapped in V1 are 101 ps and 195 ps respectively as already reported in [37]. These values
calculated based on TCDFT are comparable with the experimental ones found in the present
work.

Tab. 3: Binding energy El‘fi;;'{;lg, and position lifetime T calculated using TCDFT-LDA for OpV1 (p=1-6) complexes, and
estimated specific trapping coefficient Ho,v, of the complexes. These trapping coefficients were estimated using the value of
V1 in Ta [31] for V1 and reduced by the ratio of the Voronoi volume of OpV1 complexes to that of pure V1 (0.0159 nm3) for
the complexes. *Reference [53], PReference [88]. The error on the values of Ho,v, is calculated from that of py; = (6 +3) x 10

15 3.1 [31]

Number of on: ooy

. A
A R
1 3.0, (3.04%) 170 (170.6°) 4.89 +3.46
2 5.9, (5.96%) 142 (136.8°) 3.91+2.77
3 6.9, (7.299) 143 (129.4°) 3.67 +£2.60
4 8.56,(8.80% 130 (123.6") 2.75+1.94
5 10.06, (10.37%) 124 (121.6°) 242+1.71
6 11.92,(11.21%) 132(128.3°) 2.50+1.76

20



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467
468
469
470

471

Tab. 3 shows that the positron lifetime of OpV1 complexes decreases with the number p of
associated O atoms when p remains inferior or equal to 5. The lifetime of O1V1 is 170 ps, then
drops drastically to near 140 ps for O2V1 and O3V1, and decreases to 130 ps and 124 ps for O4V1
and OsV1, respectively. Interestingly, the positron lifetime rebounds to 132 ps for OsV1, a result
also reported in [88] with different positions of O atoms in the vacancy. These changes are due
to the change in electronic density in V1. Moreover, the positron remains localized in the center
of the complex for all p values (see local positron density in Fig.6) indicating that trapping can be
expected in all the OpV1 complexes. Fig.6 shows the computed S-W plot for OpV1 complexes.
The S-W annihilation fractions are very sensitive to the presence of O atoms in the vacancy. A
clear trend emerges: The S-W points move down to the bottom-right with the increasing number
of O atoms. The calculated S-W points of O2.6V1 deviate from the line segment connecting the
Lattice and V1, called L1 in our experiments, as p increases, while that of the O:V1 complex is

close to the middle of L.
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Fig.6: a-1) Theoretical S-W plot for V1 associated with O atoms in tungsten. The computational results are convoluted with a
Gaussian function with a FWHM of 4.89 x 10-3 moc, which corresponds to the experimental resolution. (-left) 3D structure —-O
atoms (red sphere) location in the vicinity of V1 (gold sphere)- and (right) local positron density are illustrated for V1, O1V1,
02V1, O4V1, and OsV1.

3.6 Cluster dynamics
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Cluster distributions at HF (2 x 10%® e- m), for three different O concentrations in the
matrix, are shown in Fig.7 (a-c). We also represent cluster distributions for x, = 200 appm,
when electron-induced diffusion is turned off (Fig.7 d). By comparing Fig.7 c to Fig.7 d, it can
be seen that electron-induced diffusion plays a marginal role in these experimental conditions.
It slightly promotes vacancy mobility, which results in a small number of clusters containing
two vacancies (n = —2) and some O atoms. Most vacancy defects (more than 99, 99 %) contain
only one vacancy (n = —1) and up to six O atoms (p = 1 — 6), due to the high mobility of O
atoms. As expected, the increasing O concentrations lead to more decorated vacancy clusters,
i.e. the number of clusters with large p values increases. In addition, the number of SIA clusters
(n > 2) increases. They all contain at least one oxygen atom. Given the larger diffusion
coefficient of SIAs with respect to oxygen atoms, the formation of such SIA clusters can be
seen as a heterogeneous nucleation on O impurities. As the loop density increases with O
concentration, the loop size decreases. The maximum number of SIAs in a cluster declines from
around 95 to 30 as O concentration increases from 20 to 200 appm (Fig. 6 a-c). These smaller
dislocation loops are more difficult to detect with TEM. The number of SIAs corresponding to
a loop size of 1 nm, which can be considered as a detection limit in TEM, is shown by a vertical
gray line on the cluster distributions. The density of SIA clusters larger than 1 nm decreases
from 6 x 1022 m™3 to 3 x 102° m~3 as oxygen concentration increases from 20 to 200 appm,
and more than 99.95 % of them are smaller than 2 nm. Apart from the case x, = 20 appm,

loops of size larger than 1 nm are too scarce to be detectable in TEM.
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Fig.7: cluster size distributions at high fluence obtained by cluster dynamics. (a,b,c): Cluster distributions with a concentration
of O in the matrix equal to 20, 60, and 200 appm respectively. (d): same as (c) but without taking into account electron-induced
vacancy mobility. In these graphs, positive values of n refer to the number of SIAs in a cluster, whereas negative values are
used for the number of vacancies (-n) in vacancy clusters. The number of O atoms in a cluster is noted in p. The vertical grey
line corresponds to a loop of size 1 nm.

We also show the concentration of small vacancy-O complexes for low and high fluence
conditions, as a function of the O concentration in the matrix (Fig.8). As expected, populations
of complexes containing more O atoms increase with the concentration of O in the matrix.
However, these populations decrease with the fluence. Indeed, owing to the low mobility of
vacancies, these complexes tend to absorb more SIAs than vacancies. Assuming that the
vacancy-O complexes are immobile at RT like the pure single vacancies, SIA that are highly
mobile at RT can be absorbed by non-mobile oxygen-vacancies complexes. As a consequence,
O atoms are released in the matrix and can freely migrate to dislocation loops or other vacancy
clusters. On the contrary, the vacancy concentration steadily increases with the damage dose

due to the continuous production of vacancies by irradiation and the low mobility of vacancies.
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Fig.8: Concentration of vacancy-O clusters as a function of the atomic fraction of O in the matrix, for the low and high
fluence cases. Clusters with more than one vacancy are not represented, as their concentration is negligible.

4. Discussion

Generally, low-energy electron irradiation generates mainly FPs. In our SPB-DBS
experiments, in the near-surface region (0~700 nm), the presence of V1 was detected by
positrons at both fluences, and their concentration increased with the fluence. PALS results
confirmed the annihilation of positrons as trapped at V1 and, more interestingly, revealed new
positron traps (X defects) with high annihilation probability. These traps have an average
lifetime of about 122, and 135 ps for LF- and HF-damaged samples, respectively. Their nature
is discussed below.

The X defects have a lifetime shorter by a factor of 1.44-1.64 than V1 (195-200 ps), and it
therefore could be related to defects with smaller open volumes than V1. Two types of defects
can be envisaged: (i) dislocation loops or (ii) impurity-vacancy complexes.

From TEM observations, no defects were detected in the GF disk irradiated at HF,
indicating that the dislocation loop size and concentration were rather low i.e. lower than 1 nm
and ~1x10%* m3, respectively. CD calculations predict a negligible concentration of interstitial
clusters (around 1 x 10 m™®) all smaller than 1 nm in pure tungsten irradiated under
experimental conditions, which is well below the experimental detection limits. Arakawa et

al.[89] and Tamino et al.[90] observed an average density of dislocation loops of about 4 x 10?2
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m~3 at 105 K in high-purity polycrystalline tungsten (99.9999 wt.%, JX Nippon Mining &
Metals Co) irradiated with 2 MeV electrons at low temperatures (<290 K) [89,90]. The average
size of the dislocation loops is mentioned to be approximately 3-4 nm [89]. In these
experiments, the fluence (~4 x 10% m™2) and the flux (1 x 10%*[89] and 3.0 x 1022 m2.s71 [90]
respectively) are remarkably higher than those used in current work, by a factor of 200, and 3
to 6 orders of magnitude respectively. In such high flux irradiation conditions, the estimated
damage rate is 1.3 x 10 dpa. s (for 3.0 x 10?2 m2.s?) in [89,90], which is five orders of
magnitude higher than in the present study (2.3 x 10° dpa. s%). These differences give rise to a
much higher local density of SIA in Arakawa’s experiments, leading to a high probability of
cluster formation. SIA interaction is much less likely to be under our irradiation conditions, and
cluster formation remains limited in pure tungsten. Furthermore, CD results predict that an
increase in O concentration promotes small SIA clusters (<1 nm) production for less pure
tungsten, whereas it limits the formation of larger SIA clusters. It is expected that a cluster
including more than 7 SI1As will reach a stable configuration and become an interstitial ¥2<111>
loop [91] with a diameter of approximately 0.7 nm. The concentration of these clusters is
predicted by CD to be at most 1.55 x 10% m= for the O concentration of 60 appm. Could these
TEM-invisible SIA clusters be detected by PAS? Their concentration is close to the PAS
detection limit for V1 (~10% m), but such a low concentration of defects could be detected
only if their positron trapping coefficient, u;,., was higher than that of V1. Despite the u;¢., IS
unknown to date, nevertheless, the positron binding energy E, at an edge dislocation line has
been calculated about -0.28 eV in iron by E. Kuramoto et al. [92]. Like the edge dislocation
line, the interstitial loops have reduced free volume concerning the lattice on the line or at the

loop periphery respectively, so a low EL should also be expected for interstitial loops. This
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suggests that the probability of a positron being trapped in such interstitial loops should be less

probable, at least at RT. Thus, the X defects are unlikely to be dislocation loops.

According to TCDFT results, one V1 can be associated with 1 to 6 O atoms, forming O-
vacancy complexes with a lifetime close to the X defects. CD simulation with 20 to 220 appm
oxygen, predicts that all these O-vacancy complexes coexist. Next, we use the trapping model
to calculate theoretical lifetime spectra PALS(t) for the damage dose of 4.1 x 10* and 8.3 x 10°
4 dpa. In these models, we assume that the positron can annihilate in several states: O1.6V1
complexes, pure Vi, and Lattice. The trapping rate ki for each defect (Vi, O16V1) can be
estimated by multiplying their concentration by their specific trapping coefficient, pi. The
concentration of defects is given by CD simulations. The specific trapping coefficient for pure
Viis pvi = (6 £ 3) x 10" m3.s™ [31], and pp,v, for the OpV1 (with p = 1-6) complexes were
estimated by reducing pv1 by a ratio of the VVoronoi volume of each O complex to that of pure
V1 (Tab. 3). Once the trapping rates k; of each trap (t1 = pure V1 and t2.7 = O1.6V1 complexes)
are determined, the intensity of the lifetime components I;, and the theoretical lifetime spectra
PALS(t) can be calculated, using a trapping model including several annihilation states: Lattice,

pure V1 and O1.6V1 complexes ( eq. 2)

ki _
i = —AL—Ai‘FZki R and IO + Zi Ii =1
t eq.2

R Ic, —TL -t
kPALS(t)zR(t)* ziC—le fz)+2,-(rie Ci)+;—°e % |+ BG
i C]' 0

where defects i could be pure V1, or O16V1complexes, AL, and A; are the annihilation rate at the
lattice and in each trap i respectively i.e. the reciprocal of their lifetime 7, =105 ps for the lattice,
and t; (t; =200 ps for pure V1, and the values of complexes reported in Tab. 3), and I, is the
intensity of the reduced lifetime 7,. 7; and I; are respectively the lifetimes and intensities for
the source corrections. As a result, theoretical lifetime spectra were calculated by applying a

trapping model with the parameters obtained from eq. 2 for various concentrations of O,
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and taking into account the spectrometer resolution (FWHM= 212 ps) and an experimental the
background noise of about 60 counts. Fig.9 a (LF) and b (HF) show the theoretical spectra for

a matrix containing 0 to 220 O appm in comparison with their respective experimental spectrum.

Firstly, in the absence of O, positrons annihilate only in pure V1 and in the Lattice. The
corresponding theoretical lifetime spectrum differs greatly from the experimental one: in the
region between 360 and 1400 ps, the number of counts is higher in the theoretical spectra than
in the experimental ones for both fluences, i.e. LF (Fig.9a.7) and HF (Fig.9b.7) as highlighted
in the residual standard deviation plotted above the lifetime spectra. It confirms that a
component with a lifetime between that of Vi and that of the Lattice is hidden in the
experimental spectra, as extracted in the deconvolution fits of experimental spectra. This
component corresponds to new positron traps X.

Theoretical spectra with O concentration ranging from 20 to 220 appm agree much better
with experimental spectra than those without O. The best agreement corresponds to an O
concentration in the matrix of 140 appm, for HF (Fig.9a.1-4), and 100 appm, LF (Fig.9b.2-6)
shows a relatively lower residual between experimental and theoretical spectra. This
concentration range is comparable to the SIMS results measured with an error bar of 28 %
(Fig.4 c). Residual values can be explained by either experimental error bars or approximations
made in simulations, including CD and TCDFT, and also in estimating the specific trapping
coefficients. Despite all these approximations, these comparisons indicate that the trapping of
positrons in oxygen-vacancy complexes agrees with the experimental results and confirms that

traps X are oxygen-vacancy complexes.
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Fig.9: Comparison of theoretical and experimental lifetime spectra measured in Nc samples a: low fluence (LF). and b: high
fluence (HF). The theoretical spectra were calculated by employing trapping models, with parameters calculated from

2. The residual standard deviation (Residual) and its average absolute value (o) highlight the difference between the two spectra

eg.
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After comparing the lifetime spectra, we calculated the theoretical S-W values still based

on the same two- or three-state trapping model (eq.3) depending on O concentration ranging

from 0 to 220 appm using eg. 3.

fi=

S=SfLtXSif;
W=w,f +ZWi'fi

ki
ALtYk;

, and fL+ZZfi=1

eqg. 3

where f; and f; are the fractions of annihilation in the delocalized state and the localized

state of traps i respectively, determined using (eq. 3). The relative S/S.-W/W. points calculated

for both fluences LF and HF are shown in Fig.10. a.

a b
i THE EXP
=8 BN 1.15- )
Vv, !
1.10 1.10 1 HF <25 at.ppm O
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100{Y 4 & Lo A BOS
Ty 4o i - Psa :
v A 10 Lattice Lattice
180 v Pst5
220
095 0.8 1.0 12 %5 08 10
WIW, WIW,
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Fig.10 a: Theoretical relative ratio to lattice S-W using trapping model in the case of 0 to 220 appm O vs b: Experimental S-W
points, an average of 5-25keV for B05, and at 25 keV for damaged Nc samples (HF: yellow triangle, LF: green triangle with
30-250 appm O, and HF: blue triangle with <25 appm O), the error of SIMS measurement is estimated to 28 %.

For zero O concentration, the S-W points calculated for both fluences LF and HF are located

on line Li. This is still the case when O concentration is low (20 appm). As shown in Fig.8,

increasing O concentration induces a larger population of O1.6V1 complexes. Annihilations at

these complexes shift S-W points to the right-bottom toward the Lattice point and progressively

move away from L. We emphasize that only the relative S/S_-W/W. values can be used for

comparison between theoretical and experimental data [37]. The S/S.-W/W_ points measured

29



617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

in BO5 (HF, <25 O appm) and in the Nc (LF & HF, 30-250 O appm) samples are shown in

Fig.10.

The experimental points are located on or near Li. The purest sample BO5 (HF, <25 O
appm) shows the highest S and lowest W values, whereas S decreases and W increases for less
pure samples Nc (LF & HF, 30-250 O appm). The same trend can be observed for the theoretical
values (see Fig.10.a) showing a decrease of S and an increase of W with increasing oxygen
concentration. The agreement between calculated and experimental SW points appears to be
better for O concentrations of 20 and 60 appm. These concentration values are lower than those
for which better agreement was observed for lifetimes. This discrepancy might be due to
several factors: (i) the O distribution in Nc samples is heterogeneous and PALS probes a thick
region (~@ 3 mm x 0.05 mm) whereas, in the SPB-DBS, positrons stopped close to the surface
(~@ 3 mm, and 1% 700 nm); (ii) the errors propagate from approximations either in simulations
or experiments, making it difficult to achieve ideal agreement between experimental and
theoretical DB spectrum. Thus, only the trend on the variation of S and W can be discussed, as

shown by the comparisons made in [34,35].

We now focus on the experimental data for BO5, containing the lowest O concentration. In
this sample, the relative position of the S-W point is close to the theoretical one calculated for
the zero O content. As the O concentration is below the SIMS detection limit (25 + 8 appm),
we can assume that the O1V1 concentration is too low to have a significant annihilation
fraction, while pure V1 should be the dominant trap. The pure V1 concentration can simply be
extracted from the DB measurements by using a one-trap (pure V1) trapping model [31,38],

using the following equation.

C — AL'(XL_X)
V1™ uyy (X—Xy1)

eqg. 4
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where X is S or W annihilation fractions and A, and u,;were already defined above.

The S and W values give a pure V1 concentration of about (2.63 + 1.32) x 10%* m=. This
concentration is much lower than that expected from the damage dose calculated in the region
probed by positrons (700 nm in tungsten, 8.33 x 10 dpa) which should be 5.28 x 102° m™ if
each displacement effectively leads to a vacancy at the end of irradiation. This reduction of V1
concentration reveals a high recombination rate Rc of FPs, which is estimated at around ~95 +
2 %. This value is in excellent agreement with the theoretical results predicted by CD (96 %).
In electron-irradiated pure iron, Takaki et al. [20] found in resistivity recovery experiments that
76 % of recombinations were related to uncorrelated FPs, and 19 % to correlated FPs, for a total
of 95 %. Furthermore, Ortiz et al. [93] calculated that up to 90 % of defects have been
annihilated at 400 K in Fe irradiated with electrons at a damage dose of 10 dpa. In tungsten,
De Backer et al. [94] showed that R increases from 20 to 96 % for *He 800 keV irradiation at
RT with various fluences, ranging from 10!’ to 5 x 102 m?, i.e. a range of damage dose from
1.9x10* to 0.17 dpa (SRIM with Egisp = 55.3 eV, K-P model). In addition, Neely et al. [19]
found about 30 % of resistivity recovery in 99.99 % pure irradiated tungsten at 70 K (2.1 MeV
e, 5 x 102 e=m), and the authors claimed that the recovery rate can be impacted by a non-
negligible concentration of impurities.

In tungsten, at RT, the SIA has very low migration energy (< 0.2 eV [68,95,96]), whereas the
vacancy is immobile. A high recombination rate can be expected. When oxygen or other
impurities that interact strongly with SIA immobilize SIA, the probability of recombination
decreases. In our CD results, the R¢ ratio decreases from 96 to 87% when the O/FP ratio
increases from 0 to 0.53. These results are consistent with the close relative position for

theoretical and experimental S-W point observed for the lowest O content (0 appm HF, in Fig.10

a and B0O5 in Fig.10 b). Despite all the approximations used in this work, agreement between

simulations and experiments confirms that O affects the evolution of vacancy and interstitial
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defects in tungsten irradiated at RT as illustrated in Fig.11. When a fraction of O atoms is
dissolved in the matrix, they can diffuse during irradiation. Electron irradiation induces
vacancies and SIAs. O atoms can be bound to Vi and immobilize the SIA, leading to the
formation of oxygen-vacancy and O-SIA complexes in a proportion that increases with the
Oldpa ratio and the dpa rate. The presence of oxygen can increase the concentration of vacancy
defects by a factor of up to four and of the interstitial clusters by more than two orders of

magnitude depending on the ratio O/dpa, creating a large majority of O-decorated defects.

This effect has already been observed for carbon at high temperatures (>500°C [28]),
whereas the O effect is demonstrated here for the first time. It should be emphasized that this
effect is demonstrated here at RT. In industrial applications such as in fusion reactors, where
tungsten was chosen for the divertor and is envisaged for the first walls, this material will be
subjected to high temperature >500°C irradiation. Under these conditions, the O effect can be
expected to be pronounced. The diffusion coefficient will be higher for O than for C and ac-
cording to the simulations, OpV1 complexes have high binding energies of 3 to 12 eV (Tab. 3)
close to those of CpV1 complexes, and even slightly higher [53]. Competition between C and O
can therefore be expected at higher temperatures when C atoms become mobile. Both elements
will impact the formation of the vacancy clusters and cavities. These O-decorated defects could
also have an impact on the retention of hydrogen in tungsten [23]. Predicting H retention in the
walls of fusion reactors is of major importance for safety, given the use of tritium, a radioactive
isotope of H, as fuel. Ab initio calculations show a strong interaction between O decorated
vacancies and H. Oxygen is one of the major impurities expected in tokamaks and is also diffi-
cult to avoid in tungsten. At least, for the large amount of material required in the reactor.
Accordingly, this work shows that oxygen has to be taken into account in the prediction of the

microstructure evolution of tungsten.
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Fig.11: Schematic diagram of the evolution of the defects in tungsten samples irradiated with electrons in the presence of
oxygen, as in the present work.

5. Conclusion

To summarize, after 2.5 MeV electron irradiation at RT, an unexpected positron
annihilation state (X defect) was revealed by PALS measurement in tungsten. After combining
other characterization techniques (TEM, SIMS) and simulations (TCDFT, CD), we have drawn

the following conclusions regarding the microstructure evolution:

(i) According to CD simulations, the nucleation and growth of SIA clusters depend on the
O atoms' presence in the matrix. This is in agreement with TEM results which show no evidence

of dislocation loops.

(if) Theoretical results (TCDFT, CD, and trapping model) with an O concentration of
approx. 100-140 O appm shows a better match of experimental lifetime spectra (Fig.9), which
is in good agreement with SIMS analysis. Consequently, the hypothesis of heterogeneous O;.
6V1 complexes formation is verified.

(iii) PAS and CD results highlight the interaction between O atoms and V1. In addition, in
the O-free matrix, a very high recombination ratio, R of 95 + 2 % was determined, in excellent
agreement with the CD result (96 %).

(iv) Assoon as the O concentration in the matrix is larger than 20 appm, the total population
of O1.6V1 complexes exceeds that of pure V1. The O effect on the evolution of SIAs and V1 is

therefore demonstrated at RT due to its high mobility and strong binding. This effect should
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also be pronounced in high-temperature applications, and potentially be more important than

that of the other LEs (H, C, and N).
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