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Effect of purity on the vacancy defects induced in selfirradiated tungsten: a combination of PAS and TEM

Keywords: Tungsten, self-irradiation, light-element impurities, vacancy-complexes, Positron annihilation spectroscopy, TEM

Vacancy defects in tungsten induced by self-irradiation were characterized by positron annihilation spectroscopy (PAS) and transmission electron microscopy (TEM). Taking advantage of their complementarity, defects ranging from single vacancies up to vacancy clusters were detected, and the effects of sample purity (99.95 wt.% and 99.9999 wt.%) on their formation and evolution under low damage dose(0.01 to 0.02 dpa)irradiation with 20 and 1.2 MeV-W ions were studied at room temperature (RT), 500 and 700 °C respectively. When irradiation was performed at RT, PAS probed mainly single vacancies. At high irradiation temperatures, larger vacancy clusters were detected by both techniques. Both PAS and TEM revealed larger vacancy clusters in the purest samples after irradiation at 500 and 700 °C. A significant difference in the evolution of vacancy-type defects related to sample purity was observed. In view of the properties (migration, trapping) of some light-element impurities (LEs), present at high concentrations, determined by first-principles calculation, it is reasonable to assign the effect of purity during the irradiation response to the formation of vacancyimpurity complexes, which is critical for the understanding of the behavior of tungsten in the future fusion reactor.

. Its high melting point, efficient thermal conductivity, and low sputtering yield are advantageous for the secure operation of future fusion reactors in which materials will be subjected to extreme conditions.

. As all these irradiation-induced defects negatively affect the performance and reliability of future reactors, it is critical to understand their nature, formation and evolution mechanisms to better predict them and potentially mitigate them.

, indicating that LE (H, C, N, O) are apt to locate at octahedral or tetrahedral interstitial sites in the vicinity of single vacancies in the tungsten matrix. By comparing the migration energy of the single vacancies ( 𝐸 𝑚 𝑉 1 = 1.66 𝑒𝑉 [31]), the lower migration energies 𝐸 𝑚 𝑋 1 of single LE atoms indicates their higher mobility in the tungsten matrix than that of single vacancies. In addition, the strong binding energies between LE

Introduction

Tungsten, the basic material for several components facing the thermonuclear fusion plasma in the ITER (International Thermonuclear Experimental Reactor) experimental tokamak, in particular for the atoms and single vacancies indicate that LEs tend to be trapped at single vacancies. It is possible to trap more than one LE atom in a single vacancy. For instance, a single vacancy can trap as many as 12 hydrogen atoms [START_REF] Sun | Hydrogen behaviors in molybdenum and tungsten and a generic vacancy trapping mechanism for H bubble formation[END_REF], 4 carbon atoms [START_REF] Liu | Interaction of C with vacancy in W: A firstprinciples study[END_REF], 6 nitrogen atoms [START_REF] You | Interaction of carbon, nitrogen and oxygen with vacancies and solutes in tungsten[END_REF], and 6 oxygen atoms [START_REF] Alkhamees | Vacancy trapping behaviors of oxygen in tungsten: A first-principles study[END_REF]. However, except for these theoretical results, it is difficult to find an experimental study concerning LE-vacancy complexes and their impact on the evolution of the microstructure of tungsten under irradiation. In a similar study on carbon-doped bcc iron, Vehanen et al. [START_REF] Vehanen | Vacancies and carbon impurities in α -iron: Electron irradiation[END_REF] demonstrated the practicability of positron annihilation spectroscopy and showed that carbon-vacancy complexes are formed in stage III (200 K, related to V migration) due to the trapping of vacancies by carbon atoms, impeding the clustering of vacancies up to about 450 K when dissociation of the V-C complex was observed. They also showed that at about 350 K carbon atoms become mobile, and can be trapped at V-C complexes. The greater the number of carbon atoms n, the more the V-Cn complexes generated hinder the trapping of positrons. 0.21 (TIS-TIS) [START_REF] Heinola | Diffusion of hydrogen in bcc tungsten studied with first principle calculations[END_REF] 0.59 (OIS-TIS)

1.24 [START_REF] Yang | Effect of interatomic potential on the energetics of hydrogen and helium-vacancy complexes in bulk, or near surfaces of tungsten[END_REF] 0.20 [START_REF] Sun | Hydrogen behaviors in molybdenum and tungsten and a generic vacancy trapping mechanism for H bubble formation[END_REF] (

V 1 -H 12 ) C 
4.25 (SS) 2.24 -2.28 (TIS) [START_REF] Yang | Effect of interatomic potential on the energetics of hydrogen and helium-vacancy complexes in bulk, or near surfaces of tungsten[END_REF] 0.78 (OIS)

1.46 (TIS-OIS) [START_REF] Liu | Interaction of C with vacancy in W: A firstprinciples study[END_REF] 3.87 (OIS-TIS)

1.93 [START_REF] Liu | Interaction of C with vacancy in W: A firstprinciples study[END_REF] 0.55 [START_REF] Liu | Interaction of C with vacancy in W: A firstprinciples study[END_REF] (V

) N -0.13 (SS) -3.06 (TIS) [START_REF] Kong | First principles study of foreign interstitial atom (carbon, nitrogen) interactions with intrinsic defects in tungsten[END_REF] -3.79 (OIS) 0.73 (TIS-OIS) [START_REF] Kong | First principles study of foreign interstitial atom (carbon, nitrogen) interactions with intrinsic defects in tungsten[END_REF] 3.60 (OIS-TIS) 2.48 [START_REF] You | Interaction of carbon, nitrogen and oxygen with vacancies and solutes in tungsten[END_REF] 9.66 [START_REF] You | Interaction of carbon, nitrogen and oxygen with vacancies and solutes in tungsten[END_REF] (V

) O 0.5 (SS) -1.75 (TIS) [START_REF] Alkhamees | Vacancy trapping behaviors of oxygen in tungsten: A first-principles study[END_REF] -1.43 (OIS) 0.17 (TIS-TIS) [START_REF] Alkhamees | Vacancy trapping behaviors of oxygen in tungsten: A first-principles study[END_REF] 0.32 (TIS-OIS) 3.05 [START_REF] Alkhamees | Vacancy trapping behaviors of oxygen in tungsten: A first-principles study[END_REF] 11.21 [START_REF] You | Interaction of carbon, nitrogen and oxygen with vacancies and solutes in tungsten[END_REF] (V

)

Table 1: Calculated formation energy 𝐸 𝑓 𝑋 , migration energy 𝐸 𝑚 𝑋 of element X and its binding energy with a tungsten single vacancy 𝐸 𝑏 𝑉 1 -𝑋 1 , and the binding energy, 𝐸 𝑏 𝑉 1 -𝑋 𝑛 of a tungsten single vacancy with the maximum of LE atoms that can be trapped, n. (SS: substitutional site TIS: tetrahedral interstitial site, OIS: octahedral interstitial site) [START_REF] Hasegawa | Neutron irradiation effects on tungsten materials[END_REF][START_REF] Miyazawa | Neutron irradiation effects on the mechanical properties of powder metallurgical processed tungsten alloys[END_REF][START_REF] Castin | The influence of carbon impurities on the formation of loops in tungsten irradiated with self-ions[END_REF][START_REF] Sun | Hydrogen behaviors in molybdenum and tungsten and a generic vacancy trapping mechanism for H bubble formation[END_REF][START_REF] Liu | Interaction of C with vacancy in W: A firstprinciples study[END_REF][START_REF] You | Interaction of carbon, nitrogen and oxygen with vacancies and solutes in tungsten[END_REF][START_REF] Alkhamees | Vacancy trapping behaviors of oxygen in tungsten: A first-principles study[END_REF][START_REF] Lu | A review of modelling and simulation of hydrogen behaviour in tungsten at different scales[END_REF][START_REF] Heinola | Diffusion of hydrogen in bcc tungsten studied with first principle calculations[END_REF].

In this paper, we show the first experimental results elucidating the impact of LE-vacancy interactions on the vacancy's evolution in irradiated tungsten. We introduced vacancy-type defects into tungsten samples of two purity levels i.e. 3N-HP (99.95 wt.%) and 6N-XHP (99.9999 wt.%) by self-irradiation of 20 and 1.2 MeV at various temperatures (RT, 500 °C, and 700 °C). Post-irradiation characterizations were performed by TEM to directly observe the cavities with sizes above ~0.5 nm. To characterize the vacancy-type defects below the TEM detection limit, we employed PAS as it enables the probing of vacancy-type defects from single vacancies to vacancy clusters made of up to around 30 vacancies.

Experimental details 2.1 Sample preparation and irradiation conditions

This experimental study was carried out in polycrystalline W samples with two purity levels. They were first polished using abrasive SiC papers (P600 to P2500) and then the surface was improved by flocked felt (FD3 to FD1) from the ESCIL company. Next, the single-face mirror-polished samples were rinsed in an ultrasonic bath for 20 minutes in acetone and then in ethanol. Then, as-polished samples were annealed in a high vacuum (< 10 -7 mbar) furnace at 1700 °C for 3 hours to eliminate the native and polishing-induced defects. The grain sizes after annealing were evaluated by light microscopy (Figure 1). The mean size was about 500 µm and 200 µm for the 3N-HP sample and 6N-XHP sample, respectively. The as-annealed discs (Ø3 mm) prepared for TEM observations were electropolished into thin foils (electron transparent areas of ~60 nm thickness) using Tenupol-5 with a double jet of prepared NaOH solution (0.05 mol/L, 15 °C, and 15 V) for 10 minutes. Lastly, the thick square samples (thickness > 100 µm) were checked prior to irradiation by PAS for further comparison, and the thin foil samples were qualified by TEM. The qualified thin foil samples have homogenous large grains with the lowest possible dislocation density and other microstructural defects. [START_REF] Dudarev | DPA definition and estimates[END_REF] and the lattice binding energy Eb was 0 eV [START_REF] Stoller | On the use of SRIM for computing radiation damage exposure[END_REF]. As shown in Figure 2, for pertinent fluences (7.48 × 10 12 cm -2 for 20 MeV-W + in thick samples and 1.8 × 10 12 cm -2 for 1.2 MeV-W + in lamella samples), the mean damage dose in the characterized region (the first 700 nm and 50 nm for PAS and TEM, respectively) was equivalent for both energy irradiations, around 0.02 dpa. The experimental fluxes were fixed at 2.8 × 10 10 cm -2 . s -1 and 3.3 × 10 9 cm -2 . s -1 , respectively, in order to obtain a comparable mean damage rate of about 5 × 10 Température et Irradiation). This device exhibits high efficiency in the characterization of tiny vacancytype defects in the first micron under the surface of solid samples (see [START_REF] Desgardin | Slow Positron Beam Facility in Orléans[END_REF] for further technical details).

In the SPB-DB experiment, a monoenergetic positron beam produced by a 22-sodium source is guided onto the sample, where it appears as a 2-3 mm spot. At the same time, it is accelerated with adjustable energy ranging from 0.5 to 25 keV which allows an effective probing of vacancy-type defects within increasing depth. For the energy ranges from 0.5 to 25 keV, the slow positrons probe until 700 nm in tungsten. The implantation profile of monoenergetic positrons is a Makhovian type [START_REF] Soininen | High-temperature positron diffusion in Si, GaAs, and Ge[END_REF]. When the positrons have lost their kinetic energy, the thermalized positrons diffuse in the material and end up by annihilating with electrons, emitting in most cases two γ-rays with an energy of 511 ± ΔEγ keV. The energy deviation ΔEγ is proportional to the longitudinal kinetic momentum of the e + -e -pairs just before the annihilation and causes Doppler Broadening (DB) of the annihilation line. The DB spectrum is the photon count number as a function of their energy, i.e. the e + -e -pairs' kinetic momentum, and is also called the e + -e -annihilated pairs momentum distribution. Its shape depends on the positron states where it annihilates, i.e. either it is delocalized in the lattice or trapped at a vacancy-type defect. When a positron is trapped at a vacancy-type defect, the probability of it annihilating with core electrons or high momentum electrons is decreased compared to the case where it is delocalized in the lattice. The measured DB spectrum of material with vacancy-type defects is, therefore, thinner than that of a defect-free one. Two line-shape parameters S and W were used to quantify the evolution of the DB spectrum. S and W were respectively the low and high momentum annihilation fractions. They were equal to the ratio of photon counts in the central region close to 511keV and in the two wing regions respectively of the DB spectrum over the total counts of the full spectrum. S is related to the positron annihilations with mostly valence electrons. W is associated with annihilation which occurs mainly between positrons and core electrons. In this study, the momentum ranges chosen for the calculation of S and W were 0-|2.64| × 10 -3 m0c and (|9.80|-|24.88|) × 10 -3 m0c (m0: electron mass, c: light speed).

Since the surrounding electrons of positrons trapped in open volumes are mainly valence electrons with low momentum, the annihilation that occurs at vacancy-type defects leads to an increase in S and a decrease in W, in contrast to the annihilation taking place in the delocalized perfect lattice. It is crucial to point out that each annihilation state can be brought out with specific values of S and W in each material: that is why the curve S(W) exhibits the nature of the principal annihilation states. Regarding tungsten, as shown in Figure 3, the specific values for a perfect lattice (SL = 0.367( 4), WL = 0.084( 5)) and single vacancies (SV1 = 0.417 [START_REF] Hirai | Status of technology R&D for the ITER tungsten divertor monoblock[END_REF], WV1 = 0.057(1)) were determined in previous work [START_REF] Debelle | First temperature stage evolution of irradiation-induced defects in tungsten studied by positron annihilation spectroscopy[END_REF][START_REF] Sidibe | Etude du comportement du tungstène sous irradiation : applications aux réacteurs de fusion[END_REF], as well as those of vacancy-clusters (SVN=0.503(1), WVN=0.036( 1)) [START_REF] Sidibe | Etude du comportement du tungstène sous irradiation : applications aux réacteurs de fusion[END_REF] which concerns probably the largest clusters detectable in our SPB-DB experiments performed in tungsten. The SVN, WVN values were measured in W irradiated with 20 MeV-W ions with a fluence of 3.7 × 10 14 W + .cm -2 (1dpa) and postannealed at 550 °C/1h. It can be shown that the annihilation characteristics no longer change when the number of vacancies in the cluster increases above a threshold. It has been found from positron lifetime calculations [START_REF] Troev | Positron simulations of defects in tungsten containing hydrogen and helium[END_REF] that this threshold is approximately 20 to 30 in tungsten. The diameter of a cluster of 27 monovacancies in W was evaluated to be 0.94 nm for N = 27 if no relaxation occurs [START_REF] Fikar | Stability of small vacancy clusters in tungsten by molecular dynamics[END_REF]. annihilation rate is 100 % (in the lattice or the defect), it is clear that, at the same line, the closer the (S, W) point is to the defect characteristic point (SVn, WVn), the higher the concentration is.

In the SPB-DB measurement, the DB spectrum is recorded as a function of positron energy E. One high purity germanium detector with about 10 % dead time offers a high resolution (< 1.3 keV at 511 keV) and detection efficiency (> 25 % at 1.33 MeV) of the γ-rays. To obtain valid statistics, at least 4 × 10 5

counts are cumulated for each positron energy in the Doppler peak -in the region of momentum between -24.88 to +24.88 × 10 -3 m0c-and S, W values are extracted from each spectrum. In addition to the S(W) plot, the curves S and W as a function of positron energy E, S(E), and W(E) respectively, illustrate the depth distribution of the vacancy-type defects. Furthermore, using the VEPTFIT program [START_REF] Van Veen | Analysis of positron profiling data by means of '"VEPFIT[END_REF] the S W depth profiles can be extracted from the S(E) and W(E) curves by fitting the experimental data. The program calculates the S(E) and W(E) by taking into account the implantation profiles and diffusion of positrons using a model that considers the solids as a sequence of several homogenous layers with independent S and W annihilation characteristics, thickness, and positron effective diffusion length 𝐿 𝑒𝑓𝑓 + for each layer. Note that the diffusion of positrons is limited by their trapping at defects. Hence, the effective diffusion length 𝐿 𝑒𝑓𝑓 + can be written as follows [START_REF] Vehanen | Variable-energy positron studies of metallic glasses[END_REF]:

𝐿 𝑒𝑓𝑓 + = √ 𝐷 + 𝜆 𝐿 + ∑ 𝐾 𝑑 𝑖 𝑛 𝑖=1 (1)
where Kdi are the positron trapping rates at various detected defects i (single vacancy, vacancy clusters VN, dislocations, etc.), D + is the intrinsic positron diffusion coefficient (D + = 1.26 × 10 -4 m 2 .s -1 for tungsten [START_REF] Schultz | Interaction of positron beams with surfaces, thin films, and interfaces[END_REF]) and λL the lattice annihilation rate (λL = 1/τL, τL= 101 -105 ps [START_REF] Xu | Molecular dynamics simulation of vacancy diffusion in tungsten induced by irradiation[END_REF]). The trapping rate Kd at the detected defects d is the product of their concentration Cd and their specific trapping coefficient µd. The trapping coefficient of single vacancies in tungsten is approximated to the value determined for the single vacancy in tantalum which presents a similar atomic number (Z = 73) (µV = 6 ± 3 × 10 -15 m 3 . s -1 [START_REF] Hautoj&auml | Positron Spectroscopy of Defects in Metals and Semiconductors[END_REF]). It is expected that the specific trapping coefficient for vacancy clusters VN is about 1.6 × 10 -13 m 3 . s -1 as it can be extrapolated from TEM and PAS measurements in aluminum [START_REF] Hautoj&auml | Positron Spectroscopy of Defects in Metals and Semiconductors[END_REF]. It should be mentioned that data acquired at low energy below 2 keV are disregarded in the fittings because the model used in the VEPFIT program poorly describes the positron properties for such low energies.

Transmission Electron Microscopy (TEM)

To complement PAS characterization, TEM observations of the 3N-HP and 6N-XHP samples irradiated with 1.2 MeV-W ions were performed on two instruments. A JEOL ARM200F field emission gun microscope operating at 200 kV and equipped with double spherical aberration correctors was used for samples irradiated at 500 °C. The thin lamellae irradiated at 700 °C were observed with a Philips CM20 also operating at 200 kV. Defocus series were recorded from a focus of -0.4 µm to + 0.4 µm.

According to the microscope performance, the Fresnel contrast method was able to characterize the cavities with a diameter above 0.5 nm. Since both the out-of-focus level and the magnification impact on the apparent size of cavities [START_REF] Yao | Multislice simulation of transmission electron microscopy imaging of helium bubbles in Fe[END_REF], all TEM observations were carried out in comparable conditions, i.e. acceleration voltage and magnification. The sizing of cavities was performed on over-focused images with the same defocus (+250 or +300 nm), to minimize the uncertainty on the size determination.

The thickness of the thin region where cavities were characterized was measured using EFTEM (Energy Filtered Transmission Electron Microscopy) for the 500 °C irradiated samples. The thickness of the 6N-XHP lamella varied from 70 to 110 nm in the observed region, so we used an average value of 90 ± 30 nm to estimate the cavities' density. For the 3N-HP thin lamella, the thickness of the observed region was quite constant at about 55 ± 20 nm. For the 700 °C irradiated samples, the thickness could not be measured. It was estimated as the mean value of the thicknesses measured by EFTEM in several W thin lamellae prepared in the same conditions. The thickness was fixed at 35 ± 20 and 60 ± 50 nm for 3N-HP and 6N-XHP samples respectively.

The uncertainty on the diameter d and the density D of cavities can be estimated by the following equations [START_REF] Michel | TEM characterisation of helium platelets in implanted uranium dioxide[END_REF]:

∆𝑑 = 𝑑 × ( ∆𝑁 𝑁 + ∆𝑑 𝑎𝑣 𝑑 𝑎𝑣 ) ( 2 
)
where ∆𝑑 is the total uncertainty of the diameter d,

∆𝑁

𝑁 the error on the number N of cavities which equals to 1 √𝑁 , and

∆𝑑 𝑎𝑣 𝑑 𝑎𝑣
is the error on the diameter measurement which was experimentally estimated at 15 %. To determine the latter term, we chose 10 cavities of different sizes to estimate the minimum and maximum size for each cavity and finally, we found the average size and the standard deviation (for each cavity).

∆𝑑 𝑎𝑣 𝑑 𝑑 𝑎𝑣 𝑑 was taken as the average ratio of the standard deviation over the average size:

∆𝐷 = 𝐷 × ( ∆𝑁 𝑁 + ∆𝑡 𝑡 ) ( 3 
)
where ∆𝐷 is the total uncertainty of the density D and ∆𝑡 𝑡 is the error on the thickness 𝑡 measurement equal to the ratio of uncertainty over measured thickness.

Results

PAS results

Figure 3 For virgin W samples, the slow decrease in S with increasing positron energy indicates that a considerable fraction of positrons diffuse back to the surface. These experimental data of the two virgin samples can be fitted with VEPFIT by using a single homogenous layer model. The S and W characteristics found in this layer are very similar for both types of materials 3N-HP and 6N-XHP (Table 2), and the effective diffusion length is long in both cases (3N-HP: 𝐿 𝑒𝑓𝑓 + = 130 𝑛𝑚, 6N-XHP: 𝐿 𝑒𝑓𝑓 + = 105 𝑛𝑚) within the range reported in the literature (between 80 and 140 nm) [START_REF] Lhuillier | Etude du comportement de l'hélium et des défauts lacunaires dans le tungstène[END_REF] for intrinsic diffusion in polycrystalline W with a purity of 99.95 %.wt. Thus, the annihilation occurs both in the perfect lattice and at the surface of the samples. In Figure 3 

indicating a homogenous distribution of induced defects in the region probed by positrons as is expected from the SRIM calculations. This was confirmed by the data fitting which required only a single layer to model the characterized region (0-700 nm). In Figure 3 (b), the S and W fitted values are linked to the lattice point (star symbol) by a dotted line D2. The absolute value of the D2 slope R slightly exceeds that of the single vacancy line L1, meaning that the induced defects are mostly related to small vacancy clusters Vn, the majority of which are single vacancies. As shown in table 2, the estimated effective diffusion length 𝐿 𝑒𝑓𝑓 + of positrons in the damaged region is extremely short ( < 4 nm) for both tungsten purities, indicating a very high trapping rate of positrons KD of about 1.5 ± 0.5 × 10 14 s -1 estimated using equation ( 4) with an intrinsic diffusion 𝐿 + fixed at 135 nm [START_REF] Vehanen | Improved slow-positron yield using a single crystal tungsten moderator[END_REF] and a lattice positron lifetime of 105 ps [START_REF] Troev | Positron simulations of defects in tungsten containing hydrogen and helium[END_REF]. That could correspond to a maximum concentration of whole vacancy defects of about 10 27 m -3 (using a trapping coefficient of µV = 6 ± 3 × 10 -15 m -3 .s -1 [START_REF] Hautoj&auml | Positron Spectroscopy of Defects in Metals and Semiconductors[END_REF]).

For irradiation (0.02 dpa) at high temperatures (500 °C and 700 °C), the S(E) curves exhibit a drastic increase in S below 10 keV before reaching a plateau value. Note that for the same sample purity, the S plateau values (and W ones not shown here) are close for both high irradiation temperatures 500 °C and 700 °C. For the same irradiation temperature, these plateau values depend strongly on the purity of W samples, indicating a meaningful difference in induced defects between the two types of samples 3N-HP and 6N-XHP. The experimental data were adjusted using a single layer model (solid line in Figure 3 (a)) and the S and W values extracted for this damaged layer are reported in Table 2 and plotted in Figure 3 (b). In this figure, it can be observed that the SW points measured for the irradiations performed at high temperature are well above the single vacancy line L1, clearly indicating that large vacancy clusters were formed. Moreover, it was found that the SW points for the irradiation performed at 500 and 700 °C are very close, even if, for irradiation at 700 °C, the data closer to the line L2 signifying the largest detectable vacancy cluster but It is difficult to distinguish them with those of 500 °C, if we consider the measurement discrepancy for such samples. Finally, and more remarkably, at the same

𝐾 𝐷 = 𝜆 𝐿 [( 𝐿 + 𝐿 𝑒𝑓𝑓 + ) 2 -1] (4) 
irradiation temperature, the SW points measured for the purest sample (6N-XHP) are the furthest away from the annihilation characteristics of the single vacancy, indicating that the fraction of positrons annihilated at vacancy clusters is greater in the 6N-XHP than in the 3N-HP sample. A straight line can be plotted to go through the fitted SW points in the samples irradiated at the same damage level (0.02 dpa) for 500 °C and 700 °C, which will be denoted D3. When extending this line toward larger S and lower W it can be observed that it joins the SVN, WVN point corresponding to annihilation at the largest vacancy clusters detected in tungsten. When elongating D3 to the lower S and larger W, the line does not coincide with the lattice point but tends to two-thirds of the L1 straight line segment from the lattice point. As shown in Table 2, the estimated effective diffusion length 𝐿 𝑒𝑓𝑓 + of positrons in the damaged region is quite short (between 9 and 17 nm) for all irradiation conditions and tungsten purities. From equation 4, we can deduce a high trapping rate K of positrons of about 1 x 10 12 s -1 for the mean value of the estimated effective diffusion length 𝐿 𝑒𝑓𝑓 + of 13 nm. It follows that the fraction of positrons annihilated in the delocalized state, i.e. the perfect lattice, is negligible (< 1 %). Moreover, the SW points of irradiated samples are located well below the annihilation characteristics of the largest vacancy clusters VN containing 20 -30 vacancies or with a diameter equal to or greater than 1 nm. This indicates that positrons either detected mainly vacancy clusters with a diameter smaller than that of VN -i.e. 1 nm-or that positrons are trapped and annihilate at different vacancy defects, i.e. the vacancy clusters VN and a defect for which the annihilation characteristics SW are not yet known but which should be located on the D3 line. We will denote this defect Dx in the following discussion.

Consequently, in the first case, the trapping rate is equal to KVn which means the trapping rate at Vn vacancy clusters (which are smaller than VN ones). In the second case, K is the sum of two trapping rates, KVN, for trapping at VN, and KDX for trapping at DX. We will discuss both cases in section 4.

TEM results

To characterize the larger vacancy-type defects, i.e. cavities, we directly performed observations using two different TEM microscopes with the same acceleration voltage and comparable magnification.

Figure 4 shows the typical over-focused images (+300nm) of the 3N-HP and 6N-XHP tungsten samples self-irradiated to 0.02 dpa at 500 °C and 700 °C. The identification and counting of the cavities were performed in only one over-and under-focused image pair for the samples irradiated at 500°C (Figure 4 a-b). For the samples irradiated at 700 °C, the over-and under-focused images were recorded in several adjacent zones in the same grain, and the cavities were counted in 4 images (Figure 4 c-f) for 3N-HP and 2 images (Figure 4 g-h) for 6N-XHP to ensure a reliable statistical analysis. For the 3N-HP sample irradiated at 500 °C, because of a low contrast quality, an area with a low distribution of cavities included in the 20 nm on the left side of figure 4a (red mask) was not taken into account and was removed from the probed volume. The size distribution of cavities, i.e. the number counted as a function of the diameter measured, was plotted and superimposed on the images in Figure 4. A total number of 491 and 479 cavities were counted for the 3N-HP sample irradiated at 500 °C and 700 °C respectively, and 1015 (500 °C) and 346 (700 °C) for the 6N-XHP one. Table 3 summarizes the mean diameters and the density of counted cavities in 3N-HP and 6N-XHP for both irradiation temperatures.

The centroid of a Gaussian fitting was considered as the mean diameter of the cavities. The effective analyzed surface was multiplied by the corresponding thickness to assess the volumetric density of the cavities in the probed region. The corresponding errors on the diameter and density were estimated by using equations 1 and 2 in section 2.2.2. For irradiation at 500 °C, the cavity density was comparable for both purities at about 1.6 ± 0.5 × 10 24 m -3 . It remained very close for both purities when the irradiation temperature increased to 700 °C, but decreased by approximately a factor of 2 (0.65 ± 0.5 × 10 24 m -3 ) for the highest temperature. Regarding the diameter, whatever the irradiation temperature, the mean value of the 3N-HP sample (about 0.97 nm) was slightly lower than that of the 6N-XHP sample (1.13 -1.22 nm for 500 °C and 700 °C, respectively). Furthermore, a large number of cavities with a diameter above 1 nm were counted in the 6N-XHP sample (82 % for 500 °C and 87 % for 700°C), in contrast to the 3N-HP samples (22 %, for 500 °C and 36 % for 700 °C). This indicates that larger cavities are observed in 6N-XHP samples for both irradiation temperatures (500 and 700 °C) as is clearly shown in Figure 5, where the total cavity size distributions are plotted for all the samples for the irradiations performed at 500°C (Figure 5a) and 700°C (Figure 5b). Besides, assuming that the cavities are spherical, the local swelling due to cavities was estimated by dividing the total volume of the cavities counted by the total analyzed volume. The local swelling due to cavities was estimated to be between approximately 0.1 % in 6N_XHP irradiated at 500 °C and 0.04 % for 3N-HP irradiated at 700 °C. For both irradiation temperatures, larger local swelling was obtained in 6N-XHP samples than in 3N-HP ones. 

Discussion

PAS exhibits the formation of vacancy-type defects in self-irradiated tungsten at a low damage dose of 0.01 to 0.02 dpa. The nature of these defects changes with the irradiation temperature and whereas mainly single vacancies are detected for irradiation at RT, a large fraction of positron annihilates as trapped at vacancy clusters when irradiation is performed at 500 and 700°C. TEM observations confirmed the presence of cavities for these irradiation conditions. The formation of the vacancy clusters or cavities is probably the result of the migration of single vacancies of tungsten and their agglomeration which becomes possible at such high temperatures considering the migration energy of the single vacancy (Em(V)=1.66eV [START_REF] Becquart | Ab initio calculations about intrinsic point defects and He in W[END_REF]). This agglomeration has been already observed after the annealing of irradiated tungsten with 800 keV 3 He at RT when the annealing temperature exceeds 350 °C [START_REF] Debelle | First temperature stage evolution of irradiation-induced defects in tungsten studied by positron annihilation spectroscopy[END_REF][START_REF] Backer | Modelling of the implantation and the annealing stages of 800keV 3He implanted tungsten: Formation of nanovoids in the near surface region[END_REF]. As explained in section 3. samples. The nature of these defects is discussed in the following. First, since the two techniques show that the agglomeration of small vacancies was impeded in 3N-HP samples compared to 6N-XHP ones, it is reasonable to pay attention to the LEs in the samples, such as H, C, N and O considering their properties in tungsten and their strong interactions with vacancy-type defects (see Table 1). As shown in Table 4, since the 6N-XHP was analyzed by LA-ICP-MS, the quantity of the LEs could not be detected.

Regarding the 3N-HP sample, an obvious and large quantity of LEs was recorded, suggesting a higher concentration of LEs that ranges between 130 to 910 at. ppm, within in particular 460 at. ppm of carbon in 3N-HP samples. These LEs have low migration energy in tungsten, which indicates their high mobility under the irradiation conditions performed in this study. Furthermore, they can be linked firmly with a single vacancy leading to the formation of V-LE complexes owing to their high binding energy. Thus, such V-LE complexes could be formed in tungsten when the irradiation temperature is high enough to allow the migration of either LEs or of the single vacancies, which is the case for both from 500°C. In these complexes, the most favorable occupation site for C, N, and O atoms is in the vicinity of a single vacancy, at a distance of about 1.3 Å from the vacancy's center close to an octahedral site [START_REF] Alkhamees | Vacancy trapping behaviors of oxygen in tungsten: A first-principles study[END_REF][START_REF] Lu | A review of modelling and simulation of hydrogen behaviour in tungsten at different scales[END_REF][START_REF] Kong | First principles study of foreign interstitial atom (carbon, nitrogen) interactions with intrinsic defects in tungsten[END_REF]. Their theoretical dissociation energies are given in Table 4, i.e. the sum of the migration of the most mobile species of the complexes and the binding energies. A high value was calculated for carbon (3.39 eV), nitrogen (3.21 eV), and oxygen (3.22 eV), but it was only 1.4 eV for hydrogen.

Consequently, for the cases of C, O, and N, the complexes should be stable even though the irradiation is performed at 500 °C and 700 °C, whereas the V-H complexes should be dissociated at high temperatures. However, such complexes cannot be detected by TEM because of their size. Positrons, however, should be sensitive to these complexes because the LE atoms are not trapped in the center of the vacancy and leave some space with a lower electron density than in the lattice of the W. The annihilation characteristics SDx and WDx of these complexes should be different from those of single vacancies and manifested by a lower S and higher W due to the electronic density which is higher in the complex than in an empty single vacancy. Therefore, the SDx, WDx point should be on the lower part of the D3 line. octahedral interstitial site). The dissociation energy of the V-X1 complex is 𝐸 𝑑𝑖𝑠𝑠 𝑉-𝑋 1 = 𝐸 𝑚 𝑖 + 𝐸 𝑏 𝑉-𝑋 1 where i is the most mobile species between V and X.

X

The formation of these V-LE complexes could be more efficient in the less pure material (3N-HP) than in the purer one (6N-XHP). These complexes could impede the migration of some single vacancies that can migrate and join the vacancy clusters, contributing to their growth in the less pure tungsten (3N-HP), as it has been shown in carbon-doped Fe for the V-C complex [START_REF] You | Interaction of carbon, nitrogen and oxygen with vacancies and solutes in tungsten[END_REF]. In addition, Asoka-Kumar et al.

[52] and Rementeria et al. [START_REF] Rementeria | Positron Annihilation Spectroscopy Study of Carbon-Vacancy Interaction in Low-Temperature Bainite[END_REF] showed two examples of the effect of the C trapping at vacancies on the electron momentum distribution probed by positrons in Fe based alloys, in fatigued type 304 stainless steel and in bainite phase of Fe-0.66C-1.45Si-1.35Mn-1.02Cr-0.10Ni-0.24Mo alloy respectively. The carbon effect was evident at around 10 × 10 -3 m0c, which is included in the W region of our SPB-DB measurement.

The nature of the complexes cannot be determined from the data presented in this study. It could be V-Cn, V-Nn, V-On, or V-C-H as predicted by simulation, although the number of LE atoms in the complexes cannot be specified. Nevertheless, the number of bound LEs n should be low enough to make positron trapping at V-LE complexes still possible. If we consider the density of vacancy clusters or cavities VN observed in TEM of about (1.6 ± 0.5) × 10 24 m -3 and the trapping coefficient of the positron at VN of about 1.6 × 10 -13 m 3 .s -1 as given in reference [START_REF] Hautoj&auml | Positron Spectroscopy of Defects in Metals and Semiconductors[END_REF], then the trapping rate at VN can be estimated to be about 3 × 10 11 s -1 . From the total trapping rate estimated from the positron effective diffusion length, the trapping rate at defects Dx is 5 × 10 11 s -1 . Considering that the trapping coefficient at defects

Figure 1 :

 1 Figure 1: Well-annealed polycrystalline tungsten samples a) 3N-HP 99.99 wt.% and b) 6N-XHP 99.9999 wt.% Self-irradiation was performed at various temperatures RT, 500, and 700 °C, and the energy of the

  This suggests that the SVN, WVN values could correspond to annihilation at such vacancy clusters made of at least 20-30 vacancies i.e. a diameter of approximately 1 nm. Moreover, it has been demonstrated that, in the S(W) graph, the absolute value of the slope of the segment lines R(= ‖ 𝑆 𝑉𝑛 -𝑆 𝐿 𝑊 𝑉𝑛 -𝑊 𝐿 ‖) linking the lattice point (SL, WL) to that of the defect Vn (SVn, WVn), where n is the number of vacancies in the vacancy cluster (n = 1,2, 3..), increases with n or the size of vacancy clusters. The (S, W) points located at the same line going through the lattice point indicate that only one defect or the same size defect distribution with various global concentration is detected. For instance, in Figure 3, the line L1 indicates annihilation at single vacancies and the line L2 indicates vacancy clusters. If we assume that the

  Figure 3 (a) shows the low momentum annihilation fraction S as a function of positron energy E in

Figure 3 :

 3 Figure 3: a: Low momentum annihilation fraction S as a function of positron energy and b: the fit extracted values S as a function of the high momentum annihilation fraction W ones in 3N-HP W samples (solid symbols) and 6N-XHP samples (open symbols), before irradiations (square (3N) (6N)) after irradiation at room temperature (0.01 dpa downward triangle (3N) (6N)), at high temperatures (upward triangle (3N) (6N), plotted in purple for irradiation performed at 0.02 dpa, 500 °C, and in red for 0.02 dpa 700 °C)

  (b), SW values extracted for both virgin materials using the VEPFIT program are close to the annihilation characteristics of the tungsten perfect lattice. These results indicate that samples of both purities show similar positron annihilation characteristics before irradiation and that the density of open volume defects is below the detection limit of the SPB-DB (i.e. approximately 10 24 m -3 ).

Figure 4 :Figure 5 :

 45 Figure 4: Over focused (+300 nm) images a) 3N-HP sample and b) 6N-XHP sample irradiated at 500 °C (0.02 dpa) observed by a JEOL ARM200F cold field emission gun microscope and Over-focus (+300 nm) image c-f) 3N-HP sample and g-h) 6N-XHP sample irradiated at 700 °C (0.02 dpa) observed by a Philips CM20 microscope. The size distributions of cavities are superimposed on their respective images and were fitted by a Gaussian function (cyan dashed line).

2.2 Characterization methods 2.2.1 Positron annihilation spectroscopy (PAS)

  -5 dpa. s -1 .
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	Figure 2 : a) Damage profile of self-irradiation with 7.48 × 10 12 W + .cm -2 (15 °, 20 MeV), b) damage profile of self-
	irradiation with 1.8 × 10 12 W + . cm -2 (45°, 1.2 MeV) according to SRIM2008 with Kinchin-Pease formalism. The
	characterized region depends on the thickness that can be probed by slow positrons: at most 700 nm for 25
			keV [36] for PAS measured samples and about 60 nm for TEM observed samples.	
	PAS takes advantage of two fundamental properties of positrons. First, they annihilate with electrons
	of the solids, making it possible to probe the electronic structure of materials. Second, they can be
	trapped in open volumes such as vacancy-type defects (single vacancies, vacancy clusters,
	dislocation...), and then annihilate with surrounding electrons, enabling the detection of the nature
	and concentration of the defects. In the present work, a slow positron beam was coupled to a Doppler
	Broadening spectrometer (SPB-DB) developed at CEMHTI (Conditions Extrêmes et Matériaux: Haute

Table 2

 2 

	Sample	Purity	Damage	Temperature	S	W	𝑳 𝒆𝒇𝒇 +
		wt.%	level(dpa)	°C			(nm)
	G-35	99.95	0	-	0.3690(2)	0.0828(4)	132(6)
	J-17	99.9999	0	-	0.3690(2)	0.0835(4)	105(4)
	G-04 J-05	99.95 99.9999	0.01	RT	0.4172(17) 0.0590(6) 0.6(1.7) 0.4170(16) 0.0590(9) 0.4(0.2)
	G-05	99.95			0.4589(21) 0.04814(9)	17(2)
	J-11 J-06	99.9999	0.02	500	0.4723(38) 0.0431(8) 0.4741(32) 0.0434(14)	9(1) 11(2)
	J-15				0.4726(37) 0.0442(10)	17(2)
	G-02 J-03	99.95 99.9999	0.02	700	0.4567(43) 0.0506(12) 0.4697(68) 0.0461(9)	14(2) 17
	: irradiation conditions of 3N-HP and 6N-XHP samples and the positron annihilation characteristics
	obtained from the adjustment of S(E), W(E) experimental data measured in virgin and as-irradiated samples
	using the VEPFIT program with one homogenous layer model. S, W, and L + eff are the extracted values for the
				damaged layer.			

After irradiation (0.01 dpa) at RT, quasi-identical positron annihilation characteristics were found in 3N-HP and 6N-XHP samples. S increases slightly and forms a plateau in a large part of the energy range,

Table 3 :

 3 The mean diameters of cavities observed by TEM and their density in irradiated 3N-HP and 6N-XHP samples and the measured or evaluated thickness

  1, the SW values obtained in samples irradiated at 500 and 700 °C could correspond to either 100 % of annihilation in vacancy clusters with a diameter below 1 nm, or to a competition of annihilation in at least two types of vacancy defects, i.e. the vacancy clusters VN and a defect Dx for which the annihilation characteristics are not yet known and which should be located on the D3 line. TEM detects vacancy clusters or cavities with a mean diameter of about 1 nm, which eliminates the first hypothesis. It can be concluded that the positrons are sensitive to a defect Dx that cannot be detected in TEM. It follows that the differences between the PAS results obtained in

	Damage level (dpa)		0.02		
	Observation conditions	JEOL ARM200, 200 kV, 500 kX,	Philips CM20, 200 kV, 500 kX
	Irradiation Temperature (°C)	500		700	
	Purity	3N-HP	6N-XHP	3N-HP	6N-XHP
	Thickness (nm)	55 ± 20 (EFTEM)	90 ± 30 (EFTEM)	35 ± 20 (evaluated)	60 ± 50 (evaluated)
	Mean diameter(nm)	0.97 ± 0.19	1.13 ± 0.21	0.97 ± 0.25	1.22 ± 0.25
	Density (10 24 m -3 )	1.73 ± 0.71	1.56 ± 0.52	0.70 ± 0.42	0.60 ± 0.53
	Swelling %	0.09 ± 0.02	0.12 ± 0.04	0.04 ± 0.02	0.08 ± 0.05

3N-HP and 6N-XHP samples can be explained by a lower fraction of annihilation in the vacancy clusters VN in 3N-HP than in 6N-XHP, in other words, a higher fraction of annihilation in Dx is revealed in 3N-HP

Table 4 :

 4 Elementary composition in the 3N-HP and 6N-XHP sample from the supplier (Ud: undetectable), and the most favorable calculated value of migration energy 𝐸 𝑚 𝑋 1 of element X and its binding energy 𝐸 𝑏 𝑉-𝑋 1 with a tungsten single vacancy. The most favorable inter-site migration (TIS: tetrahedral interstitial site, OIS:

		at. ppm	𝑬 𝒎 𝑿	𝑬 𝒃 𝐕-𝑿 𝟏	𝑬 𝒅𝒊𝒔𝒔 𝑽-𝑿 𝟏
		3N-HP	6N-XHP	(eV)	(eV)	(eV)
	H	910	Ud	0.21 (TIS-TIS) [27]	1.24 [28]	1.45
	C	460	Ud	1.46 (TIS-OIS) [23]	1.93 [23]	3.39
	N	130	Ud	0.73 (TIS-OIS) [29]	2.48 [24]	3.21
	O	345	Ud	0.17 (TIS-TIS) [25]	3.05 [25]	3.22
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Dx is close to that of single vacancies, i.e. µV = 6 ± 3 × 10 -15 m -3 .s -1 [START_REF] Hautoj&auml | Positron Spectroscopy of Defects in Metals and Semiconductors[END_REF], the concentration of Dx could be about 7 × 10 25 m -3 (i.e. about 1200 at. ppm). These values are of the same order of magnitude as the total C, N, and O concentrations in 3N-HP samples (935 at. ppm).

Summary

In this work, we performed PAS and TEM to characterize the vacancy-type defects induced by selfirradiation in tungsten as a function of its purity and the irradiation temperature. The two techniques consistently indicate a clear effect of the purity on the vacancy-type defect behaviors as a function of irradiation temperature. At RT, PAS characterization revealed an equivalent homogenous distribution of small vacancy clusters in the samples of two different purities. However, an obvious purity effect was observed at 500 °C and 700 °C with the damage level (0.02 dpa). TEM characterization showed larger cavities in the higher purity samples than in the lower purity ones, with a drastically increasing number of cavities with diameters above 1 nm. The PAS results revealed at least two different positron traps: (1) large vacancy clusters VN and (2) Dx vacancy defects. A greater fraction of annihilation at defects Dx was observed in lower purity samples. These consistent results can be compared to the properties of the LEs (carbon, oxygen, nitrogen) in tungsten and in particular to their high propensity to be bound to a single vacancy. This could suggest that the formation of V-LE complexes could impede the clustering of vacancies in lower purity material. Further annealing experiments and qualitative measurements such as positron lifetime spectroscopy (PALS), atom probe tomography (APT), or SIMS will be performed to identify in greater detail the nature of the complexes. 
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